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Identifying modifiers of dosage-sensitive genes involved in neurodegenerative disorders is imperative to discover
novel genetic risk factors and potential therapeutic entry points. In this study, we focus on Ataxin-1 (ATXN1), a
dosage-sensitive gene involved in the neurodegenerative disease spinocerebellar ataxia type 1 (SCA1). While the
precise maintenance of ATXN1 levels is essential to prevent disease, the mechanisms that regulate ATXN1 ex-
pression remain largely unknown. We demonstrate that ATXN1’s unusually long 5′ untranslated region (5′ UTR)
negatively regulates its expression via posttranscriptional mechanisms. Based on recent reports that microRNAs
(miRNAs) can interact with both 3′ and 5′ UTRs to regulate their target genes, we identify miR760 as a negative
regulator that binds to a conserved site inATXN1’s 5′ UTR to induce RNA degradation and translational inhibition.
We found that delivery of Adeno-associated virus (AAV)-expressing miR760 in the cerebellum reduces ATXN1
levels in vivo and mitigates motor coordination deficits in a mouse model of SCA1. These findings provide new
insights into the regulation of ATXN1 levels, present additional evidence for miRNA-mediated gene regulation via
5′ UTRbinding, and raise the possibility that noncodingmutations in theATXN1 locusmay act as risk factors for yet
to be discovered progressive ataxias.
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Alterations in protein folding and levels underlie the path-
ogenesis of several neurodegenerative diseases including
Alzheimer’s and Parkinson’s disease and polyglutamine
expansion disorders. Despite the heterogeneity of these
diseases, in each case the misfolded proteins accumulate
over time, eventually causing toxicity in the affected neu-
rons (Katsnelson et al. 2016). Interestingly, neurons are
also sensitive to elevated levels of wild-type (WT) protein.
Duplications of the amyloid precursor protein (APP), as
observed in individuals with Trisomy 21 orAPP locus du-
plications, cause autosomal dominant early-onset Alz-
heimer’s disease (Rumble et al. 1989; Rovelet-Lecrux
et al. 2006; Sleegers et al. 2006), and both duplications
and triplications of α-synuclein are associatedwith famili-
al Parkinson’s disease (Singleton et al. 2003; Chartier-Har-
lin et al. 2004). While it may be expected that such severe

changes cause disease, even subtle increases in protein
levels can be pathogenic. As such, slight increases in
APP and α-synuclein caused by mutations in regulatory
promoter and enhancer elements are associated with Alz-
heimer’s and Parkinson’s disease, respectively (Theuns
et al. 2006; Soldner et al. 2016).
An exemplar dosage-sensitive gene is Ataxin-1

(ATXN1), the causative gene involved in the neurodegen-
erative disease Spinocerebellar ataxia type 1 (SCA1) (Banfi
et al. 1994; Zoghbi and Orr 1995). In SCA1, a CAG repeat
expansion encoding the polyglutamine (polyQ) tract in
ATXN1 stabilizes the protein, resulting in a toxic gain-
of-function mechanism in the cerebellum (Orr et al.
1993; Cummings et al. 1999; Fryer et al. 2011; Rousseaux
et al. 2018a). Various strategies to lower ATXN1 levels
were successful in reducing ATXN1’s accumulation and
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mitigating cerebellar SCA1 pathogenesis (Park et al. 2013;
Keiser et al. 2014; Friedrich et al. 2018). Furthermore, it
was shown that slight increases in the levels of WT
ATXN1, independent of the polyQ expansion, could also
cause ataxia and motor coordination deficits in mice,
two hallmarks of SCA1 (Gennarino et al. 2015). Converse-
ly, decreasing ATXN1 levels in the hippocampus increas-
es the levels of BACE1, also implicating ATXN1 levels as
a risk factor for Alzheimer’s disease (Suh et al. 2019).
These studies highlight the importance of maintaining
ATXN1 protein levels within an optimal range as pertur-
bances in its levels may, over time, increase susceptibility
to disease.

Given the importance of ATXN1 levels in disease, the
regulation of ATXN1 expression has been of particular in-
terest in hopes of identifying therapeutic strategies as well
as disease risk factors. Previous studies found ATXN1’s
3′ untranslated region (3′ UTR) to be critical for ATXN1’s
posttranscriptional regulation. MicroRNA 101 (miR101),
as well as the RNA-binding protein PUMILIO1 (PUM1),
interact with ATXN1’s 3′ UTR to negatively regulate
ATXN1 expression (Lee et al. 2008; Gennarino et al.
2015). Subsequently, loss-of-function mutations in
PUM1 were shown to cause ataxia in patients with previ-
ously unknown disease etiology, presumably, in part, by
increasing WT ATXN1 (Gennarino et al. 2018).

While ATXN1’s regulation via its 3′ UTR has been ex-
tensively studied, not much is known about its regulation
via the 5′ untranslated region (5′ UTR). 5′ UTRs are main-
ly known for their importance in translational regulation
by dampening translation via upstream open reading
frames and secondary structures (Mignone et al. 2002). In-
deed, a recent study showed that ATXN1’s 5′ UTR is in-
volved in its translational control (Manek et al. 2019).
Studies have also shown that 5′ UTRs can provide a plat-
form formiRNAs to bind and regulate their target gene ex-
pression via a variety of other posttranscriptional
mechanisms (Ørom et al. 2008; Moretti et al. 2010; Dew-
ing et al. 2012; Zhou and Rigoutsos 2014). Importantly,
genes that require fine regulation, such as growth factors,
transcription factors, and proto-oncogenes have been
shown to contain longer 5′ UTRs, providing more oppor-
tunity for regulation (Kozak 1987; Mignone et al. 2002).

AsATXN1’s 5′ UTR is exceptionally longwith its exons
spanning a genomic region of >433 kb (Banfi et al. 1994),
we sought to investigate its role in regulating ATXN1 ex-
pression. We show that the 5′ UTR negatively regulates
ATXN1 expression via posttranscriptional mechanisms
and identify miR760 as a miRNA that interacts with a
conserved binding site in ATXN1’s 5′ UTR to negatively
regulate its expression through Argonaute 2 (AGO2)-me-
diated RNA degradation and translational inhibition. We
further demonstrate that increasing miR760 expression
in the cerebellum of a SCA1 mouse model reduces
ATXN1 protein levels and ameliorates motor learning
and coordination deficits. These findings highlight the im-
portance of noncoding regions in regulating ATXN1 ex-
pression and raise the possibility that mutations in
regulatory elements of ATXN1 may act as risk factors
for non-CAG mediated ataxias.

Results

ATXN1 contains a long 5′ UTR that negatively regulates
its expression

Human ATXN1 spans a genomic region of 462 kb on the
short arm of chromosome 6 (Banfi et al. 1994). The vast
majority of this region is occupied by ATXN1’s 5′ UTR,
which consists of eight exons spanning a genomic region
of 433 kb (Fig. 1A). Even after splicing, the 5′ UTR remains
remarkably long, consisting of 971 bp (Fig. 1A). Human
coding genes, on average, have a 5′ UTR length of 351 bp
and contain two 5′ UTR exons (Fig. 1B,C). With 971 bp,
ATXN1’s 5′ UTR ranks in the top 5.6th percentile (Fig.
1B), and its number of 5′ UTR exons (8 exons) ranks in
the top 2.4th percentile (Fig. 1C) in comparison with all
5′ UTRs of human coding genes.

Given this unusual length and the known importance of
5′ UTRs in regulating gene expression (Mignone et al.
2002), we cloned the spliced 5′ UTR of ATXN1 upstream
of a luciferase reporter construct and transfected the con-
struct into HEK293T cells to investigate its impact on
gene expression (Fig. 1D). Compared with the control,
which expresses luciferase alone, the 5′ UTR drastically
reduced luciferase activity, indicating a negative regulato-
ry function (Fig. 1E). While a recent study found that
ATXN1’s 5′ UTR regulates its translation via out-of-frame
upstream AUGs (Manek et al. 2019), we were in parallel
interested in studying the effect the 5′ UTR may have
on mRNA levels. To investigate whether the 5′ UTR has
an effect on mRNA stability, we measured luciferase
RNA levels and found that compared with the control,
ATXN1’s 5′ UTR significantly decreased luciferase RNA
levels (Fig. 1F), suggesting that in addition to translation
efficiency, the 5′ UTR may regulate the stability of
ATXN1’s mRNA.

miR760 negatively regulates ATXN1’s expression

miRNAs are small noncodingRNAs that regulate gene ex-
pression typically via binding to the 3′ UTR of their target
genes (Bartel 2004). However, recent studies provide evi-
dence that miRNAs can also bind to the 5′ UTR to regu-
late target gene expression (Lytle et al. 2007; Ørom et al.
2008; Dewing et al. 2012; Zhou and Rigoutsos 2014). To
identify miRNAs that may bind to ATXN1’s 5′ UTR and
regulate ATNX1 expression, we used miRDB, an online
miRNA target prediction database (Wong and Wang
2015; Liu andWang 2019). The analysis identifiedmiRNA
548g-3p (miR548g-3p) and miRNA 760 (miR760) as the
strongest predicted candidates to interact with ATXN1’s
5′ UTR (Fig. 2A). We further used the COMETA approach
(Gennarino et al. 2012) and found that while ATXN1 is
highly coexpressed with the targets of miR760, it is not
coexpressed with the targets of miR548g-3p or other puta-
tive miRNAs (Supplemental Fig. S1), suggesting a regula-
tory function of miR760 on ATXN1. Additionally, we
found that miR760 is expressed in multiple human brain
regions (Supplemental Fig. S2A,B) and that the levels of
miR760 and ATXN1 were negatively correlated across
the majority of these brain regions (Fig. 2B). In
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comparison, ATXN1 and other putative miRNAs did not
show the same extent of negative correlation (Supplemen-
tal Fig. S2C–G). Together, these findings support the idea
that ATXN1 is a potential direct target of miR760 in the
human brain (Fig. 2B).
In an unbiasedmanner, we tested the effect of the top 10

predicted miRNAs frommiRDB (Fig. 2A) on ATXN1 pro-
tein levels. We performed gain-of-function studies in cell
culture by transfecting commercially available miRNA
mimics, which imitate the mature miRNA of interest,
into the DAOY human medulloblastoma cell line.
miR760, most miR548 family members, and miR1273e
were able to reduce ATXN1’s protein levels (Fig. 2C; Sup-
plemental Fig. S3). However, when using miRNA inhibi-
tors, which sequester the endogenous miRNA from its
target, only inhibitors against miR760 were able to in-
crease ATXN1 levels (Fig. 2D; Supplemental Fig. S4). To
validate our findings, we repeated the miR760 mimics
and inhibitor experiments in HEK293T cells, a human
embryonic kidney cell line. We confirmed that miR760
mimics decrease ATXN1 levels while miR760 inhibitors
increase ATXN1 levels (Fig. 2E,F). As miR760 is endoge-
nously expressed in both cell lines (Supplemental Fig.
S5), these data indicate that endogenousmiR760 negative-
ly regulates ATXN1 expression.

miR760 regulates ATXN1 by binding to a specific site
in its 5′ UTR

Next, we tested whether miR760 directly regulates
ATXN1’s expression by binding to its 5′ UTR or whether

its effect is mediated by binding to other regions in
ATXN1. miRNAs bind to their target mRNA via comple-
mentary base pairing of the 7nucleotide (nt) seed region lo-
cated at position 2–8 in the 5′ end of the miRNA (Bartel
2009). ATXN1 contains four sites with complete com-
plementarity to the seed region of miR760 (5′-GGCU
CUG-3′). Two of the sites are located in the 5′ UTR, one
in the coding region (CDS) and one in the 3′ UTR of
ATXN1 (Fig. 3A). Importantly, of these four putative sites,
only binding site 2 in the 5′ UTR and binding site 3 in the
CDSarehighly conservedacrossmultiple species (Fig. 3A).
To investigate which of the four sites miR760 preferen-

tially binds,we first generated a transgenicDAOYcell line
that only expressesATXN1’s CDS fused to a Flag tag (Flag-
ATXN1[82Q]). Transfection of miR760 mimics slightly,
but significantly increased Flag-ATXN1 protein levels
(Fig. 3B), suggesting that the negative regulatory effect of
miR760 on ATXN1 requires either the 5′ UTR or the
3′ UTR. To determine whether miR760 binds to the
5′ UTRor the 3′ UTR,we then generated luciferase report-
er constructs expressing luciferase alone, luciferase fused
to ATXN1’s 5′ UTR, or luciferase fused to the region of
ATXN1’s 3′ UTR containing miR760’s predicted binding
site and transfected them into HEK293T cells (Fig. 3C).
Compared with luciferase alone, miR760 decreased lucif-
erase levels only when luciferase was fused to ATXN1’s
5′ UTR, supporting our prediction that miR760’s negative
regulatory effect occursvia binding to the 5′ UTR (Fig. 3C).
Last, to determine which of the two predicted 5′ UTR

binding sites miR760 is interacting with, we deleted three
nucleotides from each site, either alone or in combination
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D

Figure 1. ATXN1’s 5′ UTRnegatively regu-
lates ATXN1 expression. (A) Schematic
overview of ATXN1’s genomic region and
its spliced transcript (red arrow points to
the miR760’s binding site in ATXN1). (B,C )
Scatter plots showing the distribution of
5′ UTR length (B) and exon number (C ) of
all known coding genes in the human ge-
nome. Dashed horizontal lines indicate the
top percentile among which ATXN1 is
ranked. (D) Schematic overview of Renilla
luciferase constructs: control (pRL-TK) and
5′ UTR (pRL-TK_5′ UTR). (E,F ) Relative
Renilla luciferase activity (E) and Renilla lu-
ciferase RNA levels (F ) following transient
transfection of control and 5′ UTR con-
structs into HEK293T cells. Renilla lucifer-
ase activity and RNA were normalized to
firefly luciferase activity and RNA, respec-
tively. For each assay, a minimum of eight
replicates were performed. Simple compari-
sons used Student’s t-test. (∗∗∗) P <0.001;
(∗∗∗∗) P <0.0001. All data are represented as
means ± SEM.
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(Fig. 3D). Disruption of binding site 2 or binding sites 1
and 2 in combination abolished miR760’s effect on lucif-
erase activity, while deletion of binding site 1 alone had
no effect (Fig. 3D). To ensure that this effect was not due
to changes in mRNA structure, we used the Web Server
mFold to predict the structure of ATXN1’s 5′ UTR with
and without the 3-nt deletion in binding site 2 (Zuker
2003). We found that the overall structure remained un-
changed upon binding site 2 deletion (Supplemental Fig.
S6), indicating that the observed effect was due to abolish-
ing miR760’s binding on ATXN1’s 5′ UTR and not due to
alterations in the secondary structure of the 5′ UTR. Inter-
estingly, in the absence of exogenously addedmiR760, the
basal luciferase activity of the binding site 2 mutant was
also increased (Fig. 3E), suggesting that endogenous
miR760 is sufficient to regulate the 5′ UTR luciferase con-
struct through this site.

These results show that miR760 negatively regulates
ATXN1 expression by binding to the conserved binding

site 2 in ATXN1’s 5′ UTR (chr6:16,328,355 to chr6:
16,328,361).

miR760 regulates ATXN1 expression via AGO2-
mediated RNA degradation and translational inhibition

Most miRNAs are transcribed as primary transcripts (pri-
miRNAs), which contain one or more hairpins. The pri-
miRNAs then get processed by the nuclear microproces-
sor complex and the RNase III Drosha to generate a single
hairpin, the precursor miRNA (pre-miRNA). After their
export to the cytoplasm via exportin 5, Dicer cleaves off
the loop of the hairpin, leaving a double-stranded RNA.
One strand is then often degradedwhile the other, thema-
ture miRNA, is loaded into the RNA-induced silencing
complex (RISC), where it interacts with a member of the
Argonaute (AGO) family (Meister 2013). In humans, the
Argonaute family consists of eight members. The first
four family members, Argonaute1-4 (AGO1-4), belong to
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Figure 2. miR760 negatively regulates ATXN1 levels. (A) Top 10 miRNAs predicted by miRDB (http://mirdb.org) to bind to ATXN1’s 5′

UTR. miR760, which also emerged from the COMETA analysis marked in red. (B) Spearman’s correlation ofATXN1 andmiR760 expres-
sion in 16 human brain regions: orbital prefrontal cortex (OFC), dorsolateral prefrontal cortex (DFC), ventrolateral prefrontal cortex (VFC),
medial prefrontal cortex (MFC), primarymotor cortex (M1C), primary somatosensory cortex (S1C), posterior inferior parietal cortex (IPC),
primary auditory cortex (A1C), superior temporal cortex (STC), inferior temporal cortex (ITC), primary visual cortex (V1C), hippocampus
(HIP), amygdala (AMY), striatum (STR),mediodorsal nucleus of the thalamus (MD), and cerebellar cortex (CBC). TheCBC bar represents a
value of 0.002. (C–F ) Representative Western blots (left) and quantifications (right) of ATXN1 levels in DAOY (C,D) and HEK293T (E,F )
cells treated with control, siATXN1, or miR760 mimics (C,E) or control, siATXN1, or miR760 inhibitors (D,F ). For each quantification,
ATXN1 levels were normalized to GAPDH. For each assay, aminimumof three replicates were performed.Multigroup comparisons used
one-way ANOVAs. (∗) P <0.05; (∗∗) P <0.01; (∗∗∗) P<0.001; (∗∗∗∗) P<0.0001. All data are represented as means ± SEM.

Nitschke et al.

1150 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.339317.120/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.339317.120/-/DC1
http://mirdb.org
http://mirdb.org
http://mirdb.org
http://mirdb.org


the AGO subfamily and are ubiquitously expressed
(Sasaki et al. 2003). The remaining four family members,
the Piwi subfamily, are exclusively expressed in the germ-
line (Sasaki et al. 2003; Siomi et al. 2011). While all four
AGO subfamily members were shown to be involved in
miRNA mediated silencing by inducing enhanced RNA
degradation and/or translational inhibition, AGO2 is the
only family member with catalytic activity, allowing it
to also cleave its target mRNA (Meister 2013).
As previous studies suggested that certain miRNAs

might preferentially bind to specific AGO proteins (Bur-
roughs et al. 2011), we next investigated which of the
four AGO proteins is required for the effect of miR760
on ATXN1 levels. To do so, we performed our miR760
mimic experiments in the presence of siRNAs against

each AGO. Knockdown of AGO2 completely disrupted
the effect of miR760 on ATXN1 protein levels (Fig. 4A).
While AGO2 appears to be the primary effector of the 5′

UTR-mediated regulation of ATXN1 by miR760, knock-
down of AGO1 and AGO3 also reduced miR760’s effect
on ATXN1 protein levels, indicating that AGO1 and
AGO3 are also capable of mediating miR760’s effect on
ATXN1, albeit to a lesser extent (Fig. 4A).
RISC-mediated gene silencing can occur via multiple

mechanisms: (1) direct cleavage of mRNA via AGO2, (2)
enhancedmRNAdegradation, and (3) translational silenc-
ing (Valencia-Sanchez et al. 2006). While AGO2 is the pri-
mary effector of miR760’s effect on ATXN1 levels and the
only known AGO to induce cleavage of its target mRNA,
AGO-2 mediated mRNA cleavage remains unlikely as it
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Figure 3. miR760 regulates ATXN1 expression by binding to a conserved site in ATXN1’s 5′ UTR. (A) Schematic overview of ATXN1’s
transcript with potential miR760-binding sites. Below is the species conservation of each potential binding site. (B) RepresentativeWest-
ern blot (top) and quantification (bottom) of ATXN1 levels in DAOY cells stably expressing a transgenic Flag-ATXN1[82Q] construct
missing the 5′ and 3′ UTR transfected with control or miR760 mimics. Flag-ATXN1 protein levels were normalized to GAPDH.
(C, top) Schematic overview of the control (pRL-TK), ATXN1 5′ UTR (pRL-TK_5′ UTR) and ATXN1 3′ UTR (pRL-TK_3′ UTR) luciferase
constructs. (Bottom) Relative Renilla luciferase activity following transfection of these constructs into HEK293T cells in the presence of
control ormiR760mimics. (D, top) Schematic overview ofATXN1 5′ UTRconstructs with 3-nt deletions in putative binding site 1 (dBS1),
putative binding site 2 (dBS2), or in combination (dBS1+2). Relative Renilla luciferase activity following transfection of these constructs
into HEK293T cells in the presence of control or miR760 mimics. (E) Basal Renilla luciferase activity of ATXN1 5′ UTR and dBS2 con-
struct (without expression of miRNA constructs). In each case, Renilla luciferase activity was normalized to firefly luciferase activity.
For each assay, a minimum of three replicates were performed. Simple comparisons used Student’s t-test, whereas multigroup compari-
sons used one- or two-way ANOVAs. (∗) P <0.05; (∗∗∗∗) P <0.0001. All data are represented as means ± SEM.
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requires extensive complementarity betweenmiRNA and
its target mRNA (Bartel 2009). AsmiR760 is only comple-
mentary at the seed region and a few additional bases on
the 3′ end of the identified binding site in ATXN1’s 5′

UTR (Fig. 4B), we focused our efforts on the latter two
possibilities.

To test for enhanced RNA degradation, we extracted
RNA from cells treated with miR760 mimics and mea-
sured ATXN1’s mRNA levels by qPCR. In both DAOY
and HEK293T cells, ATXN1’s mRNA levels were de-
creased, indicating an effect of miR760 on the stability of
ATXN1’s mRNA (Fig. 4C,D). To investigate whether the
mechanism also involves translational inhibition, we per-
formed polysome profiling and assessedATXN1’s transla-
tion efficiency in the presence of miR760. Cytoplasmic
extracts of HEK293T cells transfected with either control
or miR760 mimics were fractionated through a sucrose
gradient. The lighter fractions consisted of small (40S)
and large (60S) ribosomal subunits and monomers (80S),
while higher fractions contained progressively larger poly-
somes (Supplemental Fig. S7). Global translation rates in
control and miR760-transfected cells were unchanged
(Supplemental Fig. S7). The distribution of ATXN1’s
mRNA and the mRNA of housekeeping gene glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) were mea-

sured by qPCR analysis in all fractions. While the
distribution ofGAPDHmRNAwas unaltered throughout
the fractions in control and miR760 treated cells, signifi-
cantly less ATXN1 mRNA sedimented in heavier poly-
some fractions 14–16 in the miR760 transfected cells,
suggesting that transfection of miR760 alters the transla-
tion efficiency of ATXN1 mRNA (Fig. 4E,F).

Together, these data suggest that miR760 regulates
ATXN1 expression via AGO2-mediated RNA degradation
and decreased translation efficiency.

miR760 reduces ATXN1 protein levels in the mouse
cerebellum

As miR760’s sequence and its binding site in ATXN1’s/
Atxn1’s 5′ UTR are conserved between human andmouse
(Fig. 5A), wewanted to investigatewhethermiR760’s neg-
ative regulatory effect on Atxn1 is conserved in mice as
well. Interestingly, the 5′ UTR of mouse Atxn1 contains
several basepair substitutions, which increase miR760’s
complementarity to this region (Fig. 5A). To confirm our
human cell data in a murine system, we transfected
mouse hippocampal HT-22 cells with miR760 mimics.
Consistent with our findings in human cells, we detected
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Figure 4. miR760 regulates ATXN1 expression via AGO2-mediated RNA degradation and translational inhibition. (A) Representative
Western blot (left) and quantification (right) of ATXN1 levels inHEK293T cells treatedwith control ormiR760mimics and control siRNA
or siRNAs targeting AGO1–4. ATXN1 levels were normalized to GAPDH. Statistical comparison of all groups with miR760 + siControl
are shown. (B) Schematic showing the complementarity of miR760’s seed region to its binding site in the 5′ UTR of humanATXN1. (C,D)
RelativeATXN1mRNA levelsmeasured by qPCR inDAOY (C ) andHEK293T (D) cells treatedwith control ormiR760mimics.ATXN1’s
mRNA levels were normalized to GAPDH mRNA levels. (E,F ) GAPDH (E) and ATXN1 (F ) mRNA levels in single fractions following
sucrose gradient fractionation. For each assay, a minimum of three replicates were performed. Simple comparisons used Student’s
t-test, whereas multigroup comparisons used one- or two-way ANOVAs. (∗) P <0.05; (∗∗) P< 0.01; (∗∗∗∗) P <0.0001. All data are represented
as means ± SEM.
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a reduction in ATXN1 protein levels in the presence of
miR760 (Fig. 5B).
Given that transfection of miR760 mimics was able to

decrease WT ATXN1 levels in a mouse cell line, we
next determined whether increased miR760 expression
could also reduce ATXN1 levels in the cerebellum of
SCA1 (Atxn1154Q/2Q) mice, which express a WT (2Q)
and a polyQ-expanded (154Q) Atxn1 allele (Watase et al.
2002). To this end, we cloned AAV9 constructs expressing
either control or miR760 and yellow fluorescent protein
(YFP) under the control of the chicken beta-actin (CBA)
promoter (Fig. 5C). We performed stereotactic cerebellar
injections on 5-wk-old SCA1 mice. Five weeks following
injection, the virus was expressed in the cerebellum as in-
dicated by YFP localization (Fig. 5D). Upon dissection of
the cerebellum, we detected a 15-fold increase in
miR760’s expression (Fig. 5E). Despite interinjection var-
iability in miR760 expression, we observed a decrease in
polyQ-expanded and unexpanded ATXN1 levels in the
micro-dissected YFP-positive cerebellar tissue (Fig. 5F).
These data provide evidence that the negative regulatory
effect of miR760 on ATXN1 levels observed in cells holds

true in vivo and raises the question of whether overexpres-
sion of miR760 in the mouse cerebellum could mitigate
pathogenesis in SCA1 mice.

Overexpression of miR760 ameliorates cerebellar SCA1
phenotypes

SCA1 mice recapitulate many pathological and behavio-
ral characteristics of SCA1 including motor incoordina-
tion beginning at 5 wk of age (Watase et al. 2002).
Moreover, reduction of ATXN1 levels has previously
been shown to mitigate SCA1 disease progression in mul-
tiple SCA1 mouse models (Park et al. 2013; Keiser et al.
2014; Friedrich et al. 2018). To investigate whether lower-
ing ATXN1 levels by overexpressing miR760 can similar-
ly alleviate SCA1 phenotypes, we performed behavioral
assays formotor coordination andmotor learning upon in-
jection of control and miR760 AAV9 in 5-wk-old WT and
SCA1 animals (Fig. 6A).
To track the progression of motor phenotypes in inject-

ed WT and SCA1mice, we performed the pole test, an as-
say used tomeasuremotor coordination, at 7, 8, and 10wk
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Figure 5. miR760 regulates ATXN1 levels in the mouse brain. (A) Schematic showing miR760’s complementarity to its seed region in
mouseAtxn1. Nucleotides shown in blue are substitutions that differ betweenmouseAtxn1 and humanATXN1. (B) RepresentativeWest-
ern blot (left) and quantification (right) of mouse hippocampal HT-22 cells transfected with control, siAtxn1, or miR760mimics. ATXN1
levels were normalized to GAPDH. (C ) Schematic overview of AAV9 constructs used for injections in the adult mouse cerebellum. (ITR)
Inverted terminal repeat; (CBA) chicken β-actin promoter; (YFP) yellow fluorescent protein; (WPRE) woodchuck hepatitis virus posttran-
scriptional regulatory element; (pA) polyadenylation site. (D) Bright-field (top) and YFP fluorescent microscopy image (bottom) of brains
from uninjected, AAV9 control, and AAV9 miR760-injected SCA1 mice. (E) qPCR of miR760 in cerebella in uninjected, AAV9 control-
injected, and AAV9 miR760-injected SCA1 animals. miR760 expression was normalized to U6. (F ) Representative Western blot (left)
and quantification (right) of ATXN1[2Q] and [154Q] levels in cerebella of uninjected, AAV9 control-injected, and AAV9miR760-injected
SCA1 mice. ATXN1 levels were normalized to GAPDH. For each assay, a minimum of three replicates were performed. Simple compar-
isons used Student’s t-test, whereas multigroup comparisons used one- or two-way ANOVAs. (∗) P <0.05; (∗∗∗) P<0.001. All data are rep-
resented as means± SEM. Illustration was created with BioRender.com.
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of age. SCA1 animals that received either control or
miR760-harboring AAV9s performed worse thanWT con-
trol animals 2 wk following injection when YFP and
miR760 are just starting to be expressed (Fig. 6B). At
3 wk after injection, SCA1 mice injected with the
miR760-containing AAV9 showed a slight improvement
(Fig. 6C). Five weeks after injection, SCA1 mice injected
with the miR760-containing AAV9 showed a significant
improvement in motor coordination compared with con-
trol-injected SCA1 mice (Fig. 6D).

Fiveweeks following injection, at 10wkof age, themice
were subjected to a 4-d rotarod protocol to assess motor
coordination and motor learning. As expected, the perfor-
mance of WT control-injected mice improved over a 4-d
period, whereas the performance of SCA1 control-injected
mice failed to improve. Notably, miR760-injected SCA1
animals exhibited improvement over time and performed
similarly to the control- and miR760-injected WT con-
trols (Fig. 6E).

As weight could impact the performance on the rotarod
and pole test, we compared the weight of the control and
miR760-injected WT and SCA1 animals. We found that
the weight was similar in control and miR760-injected
SCA1 animals (Supplemental Fig. S8), indicating that
the improvement on the pole test and rotarod was indeed
due to rescue of cerebellar phenotypes.

Taken together, these data present evidence that over-
expression of miR760 in the cerebellum of adult SCA1

mice can rescue their motor coordination and motor
learning deficits.

Discussion

In this study, we identified a new mechanism regulating
the levels of ATXN1, a dosage-sensitive gene that plays a
critical role in the neurodegenerative disorder SCA1 (Banfi
et al. 1994). As a dosage-sensitive gene, ATXN1 levels
need to be under tight regulation. A slight increase in
ATXN1 levels causes ataxia and motor coordination defi-
cits (Gennarino et al. 2015), whereas a decrease of 50% or
more of ATXN1 leads to an increased risk for developing
Alzheimer’s disease (Suh et al. 2019). Previous studies
have focused on the importance of ATXN1’s 3′ UTR in
regulating its mRNA stability through the recruitment
of miRNAs and RNA-binding proteins (Lee et al. 2008;
Gennarino et al. 2015). As such,miR101was found to neg-
atively regulate ATXN1 levels in cell culture, while the
RNA-binding protein PUM1 was shown to have a nega-
tive regulatory effect onATXN1 in the cerebellum and ce-
rebrum (Lee et al. 2008; Gennarino et al. 2015). Here, we
chose to investigate the regulatory role of ATXN1’s
5′ UTR. Previous studies have suggested that longer
5′ UTRs provide a greater opportunity for regulation, espe-
cially for genes requiring finely tuned expression such as
growth factors, transcription factors, or proto-oncogenes
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Figure 6. Injection of AAV9 expressing miR760
improves cerebellar phenotypes in SCA1 mice.
(A) Time line of injection and behavioral experi-
ments. (B–D) Time to climb down during the
pole test for WT and SCA1 animals injected with
AAV9 control (control) or AAV9 miR760
(miR760) at 7 wk (B), 8 wk (C ), and 10 wk of age
(D). (E) Retention time across four training days
in the rotarod assay for WT and SCA1 animals in-
jected with control or miR760. Each group con-
tained 11–13 animals. Multigroup comparisons
used one- and two-way ANOVAs. (∗) P <0.05;
(∗∗∗) P <0.001; (∗∗∗∗) P <0.0001; (ns) P >0.05. All
data are represented as means ± SEM. Illustration
was created with BioRender.com.
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(Kozak 1987; Mignone et al. 2002). Therefore, we were in-
trigued to find that ATXN1 contains one of the longest
5′ UTRs found in humans. We report that ATXN1’s long
5′ UTR negatively regulates its expression by decreasing
ATXN1’s mRNA stability, a mechanism independent of
the recently reported translational inhibition via up-
stream AUGs and alternative splicing in cerebellar and
cortical tissues (Manek et al. 2019).
Given studies that have demonstrated the ability of

miRNAs to interact with 5′ UTRs to down-regulate the
expression of their target genes (Lytle et al. 2007; Dewing
et al. 2012; Zhou and Rigoutsos 2014) and ATXN1’s un-
usually long 5′ UTR, we focused our work on the regula-
tion of ATXN1 via miRNAs as a potential mechanism of
action. We identified miR760 as a miRNA that interacts
with an evolutionarily conserved site in ATXN1’s
5′ UTR and leads to increasedATXN1mRNAdegradation
and reduced translation rates. Overexpression of miR760
in the cerebellum of a SCA1 knock-in mouse model re-
duced ATXN1 levels and improved the cerebellar SCA1
motor coordination phenotypes, indicating that
miR760’s effect on ATXN1 is biologically relevant and
disease-mitigating. As ATXN1 is negatively correlated
with miR760 across multiple brain regions, it is likely
that miR760 has a negative regulatory effect on ATXN1
in other brain regions as well. Future studies need to in-
vestigate whether the effects of miR760 on ATXN1 and
the regulatorymechanisms are similar acrossmultiple tis-
sues and cell types.
It is worth noting that broad overexpression of endoge-

nousmiRNAsmight not be advisable as they can regulate
a multitude of target genes and cellular processes. As
such, miR760 has been shown to be involved in the regu-
lation of cell proliferation, migration, differentiation, and
apoptosis (Liao et al. 2016; Yang et al. 2018; Tang et al.
2019). Alterations in miR760 expression, in both direc-
tions, up and down, have been associated with multiple
forms of cancer, including ovarian, liver, and colorectal
cancer (Liao et al. 2016; Li et al. 2017; Wang et al. 2019),
making its systemic overexpression as long-term treat-
ment for SCA1 patients challenging. However, having
shown the benefit of local overexpression ofmiR760 gives
hope that one can avoid systemic effects and warrants fu-
ture studies that optimize its use to rescue cerebellar
symptoms.
Importantly, we also found that inhibiting miR760 or

mutating its binding site in the 5′ UTR of ATXN1 signifi-
cantly increased ATXN1 protein levels. This finding, to-
gether with the fact that miR760 decreases ATXN1 by
∼25% in the cerebellum is important, as even a 20% in-
crease in ATXN1 levels can lead to ataxia in both mice
and humans (Gennarino et al. 2015, 2018). Currently, pa-
tients with ataxia are classified solely based on the pres-
ence of the polyQ expansion in either ATXN1 or other
polyQ-encoding ATXNs, or the presence of known pro-
tein-coding mutations in other ataxia-associated genes,
leaving a large number of patients unclassified (Alonso
et al. 2007). We propose that some of these unclassified
ataxia patients might contain mutations in regulatory el-
ements, leading to changes in expression levels of ataxia-

associated genes. In the case of ATXN1, a mutation in
miR760’s binding site within the 5′ UTR or mutations
in the 3′ UTR binding sites of miRNAs and RNA-binding
protein may increase ATXN1 expression, causing ataxia
symptoms. The findings from this study add to the grow-
ing list of studies highlighting the critical need to identify
and characterize regulatory regions of various ataxia-caus-
ing genes and to perform whole-genome sequencing in
ataxia patients with unknown genetic etiologies in order
to investigate potential disease-causingmutations in non-
coding regulatory regions.

Materials and methods

Bioinformatic analysis

To perform the 5′ UTR analysis, the 5′ UTR length and exon
number data for UCSC RefSeq (refGene) coding transcripts were
downloaded from the UCSC Genome Browser database (http
://genome.ucsc.edu). The 5′ UTR length of a gene was defined
as the length of the longest 5′ UTR of all coding transcripts asso-
ciated with the gene. The 5′ UTR exon number of a gene was de-
fined as the largest 5′ UTR exon number of all the coding
transcripts associated with the gene.
To identify potentialmiRNAs binding toATXN1’s 5′ UTR, the

custom prediction of the miRNA prediction tool miRDB (http
://mirdb.org) was used (Wong and Wang 2015; Liu and Wang
2019). To calculate the correlation of miR760’s expression to
ATXN1, miR760 and ATXN1 expression data in the developing
human brain (Kang et al. 2011) were obtained from the BrainSpan
database (http://www.brainspan.org) and analyzed as described
previously (Kim et al. 2016).

Cloning of ATXN1 5′ UTR and 3′ UTR luciferase constructs

For the cloning of ATXN1’s 5′ UTR upstream of luciferase, the
pRL-TK vector was digested with EcoRI-HF and NheI-HF restric-
tion enzymes (New England Biolabs). gBlocks containing part of
the HSV TK promoter and human ATXN1’s 5′ UTR including
the splice donor and acceptor of the first intron were purchased
from Integrated DNA Technologies and digested with the same
restriction enzymes. Both products were then ligated using T4
DNA ligase (New England Biolabs). Correct ligation was con-
firmed by Sanger sequencing.
For the cloning of ATXN1’s 3′ UTR downstream from lucifer-

ase, the pRL-TK vector was digested with XbaI and NotI-HF
(New England Biolabs). gBlocks (Integrated DNA Technologies)
containing the predicted miR760-binding site in ATXN1’s
3′ UTR and 500 bp upstreamof and downstream from the predict-
ed site were purchased from Integrated DNA Technologies and
digested with the same restriction enzymes. Both products were
then ligated using T4 DNA ligase (New England Biolabs). Correct
ligation was confirmed by Sanger sequencing.

Site-directed mutagenesis of ATXN1 5′ UTR construct

To test the binding ofmiR760 toATXN1’s 5′ UTR, both predicted
binding sites ofmiR760weremutated alone or in combination by
deleting three nucleotides in the core binding region. To do so,
the QuikChange Lightning multisite-directed mutagenesis kit
(Agilent) was used according to the manufacturer’s instructions
using primers miR760_BS1 5′-CTCAGGAGCCCTCAGCCTGT
GGGAAG-3′ and/or miR760_BS2 5′-GTGACTTTCCGTTTATC
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AGACTAAAATAGCCATCCAGACA-3′ (Sigma-Aldrich). The
mutations were confirmed by Sanger sequencing.

Luciferase assay

All cells were cultured in DMEM supplemented with 10% FBS
(Atlanta Biological) and 1% antibiotic/antimycotic (Invitrogen)
at 37°C in 5% CO2. HEK293T cells were seeded at five 8 × 104

cells per well in 24-well plates. Twenty-four hours after seeding,
the cells were transfected with either 12.5 ng of pRL-TK control,
pRL-TK 5′ UTR construct, or pRL-TK 3′ UTR construct, and
50 ng of pGL3-control (Promega) using jetPRIME transfection re-
agent (Polyplus). For miR760 experiments, the cells were further
transfected with either 30 pmol of mirVana miRNA mimic neg-
ative control #1 (Invitrogen 4464059) or 30 pmol of hsa-miR-
760 mimic (Invitrogen 4464066 MC12767). Forty-eight hours af-
ter transfection, luciferase activities were measured using the
dual-luciferase reporter assay system (Promega) according to the
manufacturer’s instructions.

Transfection of miRNA mimics, miRNA inhibitors, and siRNAs

All cell lines were cultured in DMEM supplemented with 10%
FBS (Atlanta Biological) and 1% antibiotic/antimycotic (Invitro-
gen) at 37°C in 5% CO2. The number of cells seeded per well in
a six-well plate varied based on the cell line used: 3 × 105 for
HEK293T, 8 × 104 forDAOY, and 3×105 for HT-22. The following
day, the cells were transfected with either 70 pmol of miRVana
miRNA mimics (Invitrogen), 200 pmol of miRNA inhibitors
(Invitrogen), and/or 40 pmol of siRNAs (Dharmacon or Invitro-
gen) using DharmaFECT 1 transfection reagent (Dharmacon) ac-
cording to the manufacturer’s instructions. The miRVana
miRNAmimics usedweremirVanamiRNAmimic negative con-
trol #1 (Invitrogen 4464059) and miRVana hsa-miR-760 mimic
(Invitrogen 4464066 MC12767) (see also Supplemental Table
S1). The miRNA inhibitors used were mirVana miRNA inhibitor
negative control #1 (Invitrogen 4464076) and miRVana hsa-miR-
760 inhibitor (Invitrogen 4464084 MH12767) (see also Supple-
mental Table S2). The siRNAs used were ON-TARGETplus
human ATXN1 siRNA (Dharmacon J-004510-06-0010), Silencer
Select negative control #1 siRNA (Invitrogen 4390843), Silencer
Select mouse Atxn1 (Invitrogen 4390771 s73331), Silenc-
er Select siRNA AGO1 (Invitrogen 4427038 s25500), Silencer Se-
lect siRNA AGO2 (Invitrogen 4427037 s25931), Silencer Select
siRNA AGO3 (Invitrogen 4427037 s46947), and Silencer Select
siRNA AGO4 (Invitrogen 4427037 s46949). The cells were cul-
tured for 72 h before harvesting for protein or mRNA analyses.

Generation of stable cell lines expressing Flag-tagged ATXN1

DAOY cells stably expressing ATXN1[82Q] fused with an N-ter-
minal Flag tag were generated using the pINDUCER system
(Meerbrey et al. 2011). For lentiviral production, 4 × 106

HEK239T cells were seeded in a 10-cm dish containing DMEM
supplemented with 10% FBS (Atlanta Biological). The next day,
8 µg of pINDUCER_Flag_ATXN1[82Q] vector, 6 µg of psPAX2
vector (Addgene 12260), and 2 µg of pMD2.G vector (Addgene
12259)were transfectedusingLipofectamine 2000 (Invitrogen) ac-
cording to the manufacturer’s instructions. Twenty-four hours
following transfection, an additional 5 mL of fresh medium was
added to the dish and all media were collected the following day.
For lentiviral transduction, 2 × 105 DAOY cells were seeded in
six-well plates. Twenty-four hours after seeding, 50 µL of the len-
tiviral-containing medium was added to the cells. The next day,
the medium was changed to selection medium containing

DMEM supplemented with 10% FBS (Atlanta Biological), 1% an-
tibiotic/antimycotic (Invitrogen), and 350 ng/mLGeneticin (Invi-
trogen). The cells were passaged for a minimum of three
generations in geneticin-containing medium to ensure complete
selection.
To test the effect of miR760 on ATXN1 levels in the pINDU-

CER_Flag_ATXN1[82Q] cell line, 8 × 104 DAOY cells were seed-
ed in six-well plates with DMEM supplemented with 10% FBS
(Atlanta Biological), 1% antibiotic/antimycotic (Invitrogen), and
300 ng/mL doxycycline hyclate (Sigma) at 37°C in 5% CO2 to in-
duceATXN1 expression. The next day, the cells were transfected
as described above. Following transfection, cells were cultured for
72 h before harvesting for Western blot analyses.

Protein extraction and Western blot from cell culture experiments

Cellswere scraped fromthewells andhomogenized inRIPAbuffer
(25 mM Tris-HCL at pH 7.6, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, 1× protease inhibitor [Roche],
1× phosphatase inhibitor [Sigma]). After homogenization, the
sampleswere placed for 30min on ice at 4°C, sonicated five times,
and spun down at 13,000 rpm for 15 min. Protein concentrations
of the supernatant were measured using the Pierce BCA protein
assay kit (Thermo Fisher Scientific) and samples were diluted
and prepared in NuPAGE sample-reducing agent (Invitrogen)
and NuPAGE LDS sample buffer (Invitrogen). The samples were
boiled for 10 min and then run on NuPAGE 4%–12% Bis-Tris
gel 1.5-mm 15-well gels (Invitrogen) or NuPAGE Nocex 4%–

12% Bis-Tris Midi 26-well gels in MES running buffer (50 mM
MES, 50 mM Tris base, 0.1% SDS, 1 mM EDTA). The proteins
were subsequently transferred to Amersham Protran 0.2 NC ni-
trocellulose Western blotting membranes (GE Healthcare Life
Sciences) using Tris glycine transfer buffer (25 mM Tris base,
192 mM glycine, 10% methanol) and blocked at room tempera-
ture for 1 h using 3% BSA in Tris-buffered saline (5 mM Tris at
pH 7.5, 120 mM NaCl) with 0.1% Tween-20 (TBST). The mem-
branes were probed overnight at 4°C with anti-ATXN1 (1:2000;
11750VII) or anti-GAPDH (1:10,000; 6C5; Sigma ) in 3% BSA in
TBST. The next day, the membranes were washed three times
with TBST and then incubated for 1 h at room temperature with
either Immun-Star goat anti-rabbit HRP conjugate (1:10,000;
Bio-Rad) to detect ATXN1 or Immun-Star goat anti-mouse HRP
conjugate (1:10,000; Bio-Rad) to detect GAPDH. The membranes
were then washed three times with TBST, incubated for 1 min in
Amersham ECL Prime reagent (Fisher) and then imaged using an
ImageQuant LAS 4000 imager (GE Healthcare Life Sciences).

RNA extraction and qPCR for cell culture experiments

TotalRNAwas isolatedusing themiRNeasyminikit (Qiagen) fol-
lowing the manufacturer’s instructions. For the luciferase RNA
experiments, samples were treated with DNase using the Turbo
DNA-free kit (Thermo Fisher Scientific) to remove the plasmid
DNA. Random-primed cDNA was prepared from 1 µg of total
RNA using M-MLV reverse transcriptase (Invitrogen). RT-qPCR
was performed with PowerUp SYBR Green Master mix (Applied
Biosystems), and samples were run on a real-time PCR detection
system (Bio-Rad CFX96). All samples were analyzed in triplicate
and expression levelswere normalized to expression of the house-
keeping geneGAPDH. Primers forGAPDH andATXN1were ob-
tained from Sigma-Aldrich and were as follows: Renilla_For
(GGAATTATAATGCTTATCTACGTGC), Renilla_Rev (CTTG
CGAAAAATGAAGACCTTTTAC), Firefly_For (CTCACTGAG
ACTACATCAGC), Firefly_Rev (TCCAGATCCACAACCTTC
GC), hATXN1_For (TCCAGCACCGTAGAGAGGAT), hATXN1
_Rev (AGCCCTGTCCAAACACAAAA), hGAPDH_For (CGAC
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CACTTTGTCAAGCTCA), and hGAPDH_Rev (TTACTCCTT
GGAGGCCATGT).

Polysome profiling

HEK293T cells (8 × 106) were seeded in 15-cm dishes. Twenty-
four hours following seeding the cells were transfected with 750
pmol of miRVana miRNAmimic negative control #1 (Invitrogen
4464059) or 750 pmol of miRVana hsa-miR-760 mimics (Invitro-
gen 4464066 MC12767). The next day, the cells were washed
with PBS containing 100 µg/mL cycloheximide (Sigma-Aldrich)
before being lysed in polysome lysis buffer (10 mM HEPES-
KOH, 150 mM KCL, 5 mM MgCl2 in RNase-free water, supple-
mented with 0.5mMDTT, 100 µg/mL cycloheximide [Sigma-Al-
drich], RNase inhibitors [Invitrogen], andXpert protease inhibitor
cocktail [GenDEPOT]) using dounce homogenization. The sam-
ples were spun down at 2000 rcf for 10 min at 4°C. The superna-
tant was transferred to a prechilled Eppendorf tube and NP-40 (at
a final concentration of 0.5%) was added. The samples were incu-
bated for 5 min on ice and centrifuged again at 20,000 rcf for
10 min at 4°C. The samples were incubated for 20 min on ice
and then transferred onto a 17%–50% sucrose gradient. The gra-
dient was spun at 35,000 rcf for 2 h at 4°C. After centrifugation,
the fractions were obtained using a BR-184 tube piercer and sy-
ringe pump (Brande). Absorbance at 254 nmwasmonitored using
a UA-6 UV detector (Teledyne ISCO) and a DI-158U USB data ac-
quisition device (DATQ Instruments).
RNA was extracted from each fraction using Trizol LS accord-

ing to the manufacturer’s instructions. Random-primed cDNA
was prepared using M-MLV reverse transcriptase (Invitrogen).
RT-qPCR was performed with PowerUp SYBR Green Master
mix Applied Biosystems), and samples were run on a real-time
PCR detection system (Bio-Rad CFX96). All samples were ana-
lyzed in triplicate. Primers for GAPDH and ATXN1 were ob-
tained from Sigma-Aldrich (Table 4).

Generation of AAV9 viruses expressing miR760

To generate an AAV vector expressing mouse miR760, a previ-
ously described AAV vector (Rousseaux et al. 2018b) containing
both YFP and a miRE cassette-containing control shRNA under
the control of the chicken β-actin promoter was modified. The
vector was digested using NotI-HF and HindIII-HF (New England
Biolabs) to remove the control shRNA and replace it with the
mouse miR760 sequence. To do so, gBlocks (Integrated DNA
Technologies) containing miR760 pri-miRNA sequence were
purchased and digested with the same restriction enzymes.
Both products were then ligated using T4 DNA ligase (New En-
gland Biolabs). To generate AAV9 viruses, the vectors were pack-
aged by the Baylor College of Medicine Gene Vector Core.

Mouse husbandry

All mice were housed and maintained in the animal facilities at
Baylor College of Medicine. Atxn1154Q/2Q mice, whose genera-
tion and characterization were described previously (Watase
et al. 2002) were backcrossed to C57BL/6J background for a min-
imum of 10 generations. The mice were kept on a 12-h light/
dark cycle, and behavioral tests were always conducted during
the light phase of the cycle. The mice had access to food and wa-
ter ad libitum except during tests. All mice were age- and sex-
matched within experiments. Equal or similar numbers of
male and female mice were used for all experiments and no
differences between sexes were observed. Mice were randomly
assigned to treatment and experimental conditions. All experi-

ments used littermates as controls and were carried out and an-
alyzed with the experimenter blinded to genotype and
treatment. Animal care and experimental procedures were ap-
proved by the institutional animal care and use committee of
Baylor College of Medicine, according to U.S. National Insti-
tutes of Health Guidelines.

Intracerebellar AAV9 injections

AAV9-YFP-control and AAV9-YFP-miR760 were injected at four
cerebellar sites in 5-wk-old mice at a rate of between 0.1 and 0.15
μL/min. A total volume of 2 μL of each virus (4.0 × 1013 –8.0 × 1013

g.c/mL) was injected at each site. After the injection, the syringe
was left in place for a minimum of 10 min before it was removed.
The coordinates used for each site were anterior–posterior (AP):
6.2 mm, medial–lateral (ML): 0 mm, and dorsal–ventral (DV):
1.5 mm; AP: 6.96 mm, ML: 0 mm, DV: 1.5 mm; AP: 6.2 mm,
ML: 1.8 mm, and DV: 2.2 mm; and AP: 6.2 mm, ML: 1.8 mm,
and DV: 2.2 mm. Correct injection of the AAV was confirmed
by fluorescent imaging of whole brains using a Leica M80HD.
Twomicewere excluded from the behavioral studies as the injec-
tionsweremistargeted and resulted in strong expression of the vi-
rus in the brain stem.

RNA extraction and qPCR from AAV transduced cerebella

For the AAV injection experiments, cerebella from 10-wk-old
mice were dissected. Total RNA was isolated using the mi-
RNeasy mini kit from Qiagen following the manufacturer’s in-
structions. cDNA synthesis was performed using the TaqMan
microRNA reverse transcription kit (Invitrogen) according to
the manufacturer’s instructions. RT-qPCR was performed with
TaqMan Universal PCR Master mix (Invitrogen) using specific
primers for miR760 (Invitrogen 4427975, ID: 002328) and U6
(Invitrogen 4427975, ID: 001973). All samples were analyzed in
triplicate and expression levels were normalized to U6.

Protein extraction and Western blot from AAV transduced cerebella

Cerebellar tissues were dissected at 10 wk of age. Cerebellar ho-
mogenates from each genotype were prepared by dounce homog-
enization inNETN buffer (100mMNaCl, 20mMTris-HCl at pH
8.0, 0.5mMEDTA, 1.5%NP-40, 1× protease inhibitor [Roche], 1×
phosphatase inhibitor [Sigma]). Samples were incubated for 30
min at 4°C, sonicated a total of 10 times, and spun at 13,000
rpm for 15min at 4°C. Supernatantswere preparedwithNuPAGE
sample-reducing agent (Invitrogen) and NuPAGE LDS sample
buffer (Invitrogen), boiled for 10 min, and run on NuPAGE 4%–

12%Bis-Tris gel 1.5-mm15-well gels (Invitrogen) inMES running
buffer (50 mM MES, 50 mM Tris base, 0.1% SDS, 1 mM EDTA).
The proteins were subsequently transferred to 0.45-µm Immobi-
lon-FL PVDF membranes (Invitrogen) using Tris glycine transfer
buffer (25 mM Tris base, 192 mM glycine, 10% methanol) and
dried for a minimum of 1 h. Membranes were then blocked for
1 h at room temperature with 1:1 Odyssey TBS blocking buffer
(LI-COR) in TBS and probed overnight at 4°C with anti-ATXN1
(1:2000; 11750VII) and anti-GAPDH (1:10,000; 6C5; Sigma) in
1:1 Odyssey TBS blocking buffer (LI-COR) in TBST. The next
day, the membranes were washed three times with TBST and
then incubated for 1 h at room temperature with either rabbit
IgG (H&L) antibody DyLight 680 conjugate (1:10,000; Rockland
Immunochemicals) to detect anti-ATXN1 or mouse IgG (H&L)
antibody DyLight 800 conjugate (1:10,000; Rockland Immuno-
chemicals) to detect anti-GAPDH. The membranes were washed
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three times with TBST and then imaged using the Odyssey CLx
imaging system (LI-COR).

Behavioral tests

Rotarod The rotarod test was performed at 10 wk of age to eval-
uate coordination and motor skill acquisition (type 7650; Ugo
Basile). For each test, the mice were habituated for 30 min in
the test roombefore testing. Themicewere placed on the rotating
rod (3-cm diameter, 30 cm long) for four trials every day for a pe-
riod of 4 d. Each trial lasted a maximum of 10min. The rod accel-
erated from 4 to 40 rpm in 5 min, and remained at 40 rpm for the
remaining 5 min. The time the mice took to fall was recorded.
Two subsequent rotations around the rod were also counted as
a fall.

Pole test The pole testwas performed at 7, 8, and 10wkof age. All
mice were habituated for 30 min in the test room each day before
testing. Each mouse was then placed head-upward at the top of a
vertical threadedmetal pole. Time of descent wasmeasured with
a 60-sec cutoff time. Falls from the metal pole were counted as a
60-sec descent. In case the mouse fell off the pole within the first
10 sec, the trialwas not counted, and themousewas placed on the
pole again to assure proper grip. The test was performed in tripli-
cate for each animal.

Statistical analysis

Statistical tests were performed in accordance with the experi-
mental design. Simple comparisons used Student’s t-test, where-
as multigroup comparisons used one- or two-way ANOVAs. In
each case, a single asterisk denotes P<0.05, double asterisks
denote P<0.01, triple asterisks denote P <0.001, quadruple aster-
isks denote P<0.0001, and ns denotes P >0.05.
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