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Machado-Joseph disease (MJD) is a genetic neurodegenerative
disease caused by an expanded polyglutamine tract within the
protein ataxin-3 (ATXN3). Despite current efforts, MJD’s
mechanism of pathogenesis remains unclear and no disease-
modifying treatment is available. Therefore, in this study, we
investigated (1) the role of the 3’ UTR of ATXN3, a putative
microRNA (miRNA) target, (2) whether miRNA biogenesis
and machinery are dysfunctional in MJD, and (3) which specific
miRNAs target ATXN3-3' UTR and whether they can alleviate
MJD neuropathology in vivo. Our results demonstrate that
endogenous miRNAs, by targeting sequences in the 3’ UTR,
robustly reduce ATXN3 expression and aggregation in vitro
and neurodegeneration and neuroinflammation in vivo.
Importantly, we found an abnormal MJD-associated downre-
gulation of genes involved in miRNA biogenesis and silencing
activity. Finally, we identified three miRNAs—mir-9, mir-181a,
and mir-494—that interact with the ATXN3-3' UTR and whose
expression is dysregulated in human MJD neurons and in other
MJD cell and animal models. Furthermore, overexpression of
these miRNAs in mice resulted in reduction of mutATXN3
levels, aggregate counts, and neuronal dysfunction. Altogether,
these findings indicate that endogenous miRNAs and the
3’ UTR of ATXN3 play a crucial role in MJD pathogenesis
and provide a promising opportunity for MJD treatment.

INTRODUCTION

Machado-Joseph disease (MJD), or spinocerebellar ataxia type 3, be-
longs to the group of polyglutamine (polyQ) diseases, dominantly in-
herited disorders caused by a similar mutation, an overrepetition of
the trinucleotide CAG, which translates into overlong polyQ tracts
in different proteins. In the case of MJD, this mutation occurs in
the MJD1/ATXN3 gene. MJD is characterized by multiple clinical
symptoms such as gait and limb ataxia, peripheral neuropathy, dysto-
nia, and dysarthria, altogether leading to a progressive impairment of

s 1-3
motor coordination.

These symptoms result from severe neuronal dysfunction and neuro-
degeneration in selective brain regions such as the cerebellum,
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substantia nigra, and striatum.” Although the exact pathological
mechanisms underlying MJD are still unclear, it is accepted that the
polyglutamine expansion in the ataxin-3 (ATXN3) protein results
in a toxic gain-of-function, involving protein cleavage, oligomeriza-
tion and aggregation, dysfunction of cellular quality control mecha-
nisms, and transcriptional and translational dysregulation, among
others.””® Currently, there is no available treatment to cure or delay
the progression of the disease.

Promising results were observed in animal models of MJD upon
in vivo genetic silencing of mutant ataxin-3 (mutATXN3) using
viral encoded engineered short-hairpin RNAs (shRNAs), artificial
microRNAs (miRNAs), or systemically delivered siRNAs targeting
mutATXN3 mRNA.”'* These studies took advantage of the
siRNA/miRNA machinery and demonstrated that a reduction of mu-
tATXNS3 protein levels in MJD animal models reduces disease man-
ifestations. Nevertheless, the contribution of the endogenous miRNA
pathway to the regulation of ATXN3 levels and to MJD pathogenesis
is still unclear.

Furthermore, despite having been extremely important for the under-
standing of different pathogenic mechanisms in MJD, most of the an-
imal models that have been developed are based on the expression of
only the coding region of human mutATXN3."”** Therefore, further
studies in other models are required in order to understand the reg-
ulatory role of the human ATXN3 mRNA non-coding regions, partic-
ularly the 3’ UTR, a known regulatory hub for miRNAs and RNA
binding proteins.”®

miRNAs are a class of endogenous small non-coding RNAs (con-
taining about 22 nucleotides in size) that mediate post-transcrip-
tional gene regulation of their targets, mostly through sequence
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complementarity to the 3’ UTR of mRNAs, negatively controlling
their translation or causing mRNA degradation.”* Recent studies
have shown that miRNAs are important players in neurodegenerative
diseases and in particular in polyQ disorders.” >’

In the case of MJD, Bilen and colleagues identified a miRNA
(bantam) as a modulator of mutATXN3 toxicity in Drosophila.”
Despite the fact that bantam is not conserved between Drosophila
and mammals, this study together with more recent studies reporting
miRNA dysregulation and ATXN3 targeting in in vitro and in vivo
models and in human peripheral serum samples'*?'
of an important role of the miRNA pathway in MJD.

? are suggestive

Therefore, in this study, we evaluated whether the 3’ UTR of ATXN3
modifies disease progression, in vitro and in vivo, in a modified len-
tiviral model of MJD that includes the 3 UTR non-coding region of
human ATXN3. Moreover, we investigated whether miRNAs have a
relevant physiological role in the regulation of mutATXN3 levels,
their implication in the pathogenesis of MJD, and the in vivo thera-
peutic potential of specific miRNAs as silencing molecules for the
reduction of mutATXN3 levels.

Our results suggest that the 3’ UTR of ATXN3 enables specific
miRNAs to exert an unsuspectedly strong negative regulation of mu-
tATXN3 levels, with crucial relevance in MJD neuropathology.
Furthermore, our results suggest that impairments in the miRNA
biosynthesis and machinery contribute to MJD pathogenesis. Impor-
tantly, reinstating a specific set of miRNAs targeting the 3’ UTR
allows dramatic alleviation of MJD neuropathology.

RESULTS

The 3’ UTR of ATXN3 Reduces Levels and Aggregation of
mutATXN3

We previously developed a lentiviral vector system to induce the
expression of mutAtxn3 in vitro and in vivo (LTR-SIN-PGK-
mutAtxn3-LTR),"”” a strategy that is highly effective for disease
modeling.'"'”** Therefore, to evaluate the role of the 3' UTR of the
human ATXN3, we inserted this sequence immediately downstream
of the mutATXN3 coding sequence (LTR-SIN-PGK-mutATXN3-3'
UTR-LTR; Figures 1A and S1). Furthermore, based on previously
published data,”** " in order to potentiate mutATXN3 aggregation
in HEK293T cells, we generated two lentiviral vector constructs en-
coding a C-terminal fragment of mutAtxn3 with 72 glutamines,
with (LTR-SIN-PGK-TmutATXN3-3’ UTR-LTR) and without the
3’ UTR (LTR-SIN-PGK-TmutATXN3-LTR), respectively (Figure S2).
As expected, TmutATXN3 led to extensive aggregate formation in
in vitro cells when compared to full-length mutATXN3 (Figure S3).
This has been previously associated with increased nuclear transloca-
tion of C-terminal mutATXN3 fragments, which will then escape
cytoplasmic quality control leading to their further accumulation
and aggregation.”®*® Moreover, direct expression of TmutATXN3
will bypass the requirement of the proteolytic cleavage of full-length
mutATXN3, which has been described as essential for aggregate
formation.””

HEK293T cells were transfected with equimolar amounts of
TmutATXN3 or TmutATXN3-3’' UTR plasmid DNA. Immunoblot-
ting of total protein extracts revealed, upon incorporation of the
3" UTR, a striking reduction not only in aggregate levels (Figures 1B
and 1C; TmutATXN3: 2,063 + 0.1455 versus TmutATXN3-3’ UTR:
0.8594 + 0.2843), but also in soluble TmutATXN3 (Figures 1B and
1D; TmutATXN3: 1917 + 0.1906 versus TmutATXN3-3' UTR:
1.181 + 0.3388). Confocal microscopy analysis confirmed this result
showing a marked decrease in the number of ubiquitinated
TmutATXN3 inclusions numbers upon inclusion of ATXN3 3’ UTR
(Figures 1E and 1F; TmutATXN3: 32.10 + 5.147 aggregates/100 cells
versus TmutATXN3-3’ UTR: 6.426 + 0.3043 aggregates/100 cells).

In order to evaluate whether the effect of the ATXN3 3’ UTR was
linked exclusively to the ATXN3 coding sequence (CDS), HEK293T
cells were transfected with a construct encoding for firefly luciferase
(FLuc-CTRL) or firefly luciferase bound to the ATXN3 3’ UTR
(FLuc-3' UTR). As expected, the 3’ UTR induced a reduction in the
expression of a luciferase reporter gene, even in the absence of
ATXN3 CDS, suggesting the involvement of independent endoge-
nous regulators. Moreover, internal normalization with Renilla lucif-
erase control gene confirmed that the observed results were not due to
differences in transfection efficiencies (Figure 1G; FLuc: 100.0 + 4.95
versus FLuc-3' UTR: 77.80 + 4.70).

Taking into account that both constructions have the same coding
sequence, leading to the expression of the same protein, these results
led us to hypothesize that the ATXN3 3’ UTR was promoting a reduc-
tion in the expression of mutATXN3, either by promoting mRNA
decay or through translational inhibition. To investigate whether
the inclusion of the ATXN3 3’ UTR changed mutATXN3 mRNA sta-
bility, Neuro2A cells stably expressing either mutATXN3 or mu-
tATXN3-3' UTR were treated with actinomycin D (ActD) to block
transcription. As shown in Figure 1H, there was a significantly faster
decay of mutATXN3-3' UTR mRNA compared to mutATXN3,
which persisted until 4 hr post-treatment with ActD (Figure 1H; mu-
tATXN3: 0.57 + 0.018 versus mutATXN3-3’ UTR: 0.46 + 0.04).

Overall, these data indicate that mutant ataxin-3 mRNA and protein
levels are strongly negatively regulated by its 3’ UTR.

Genetic and Pharmacologic Blockage of miRNA Biogenesis
Prevents ATXN3 3' UTR Regulatory Effects

Given that miRNAs are among the most relevant class of molecules
capable of inducing mRNA degradation and inhibition of translation,
we next assessed whether they could mediate ATXN3 expression
regulation through its 3 UTR. We simultaneously silenced two key
enzymes for the biogenesis of miRNAs, Dicer and Drosha, to deplete
cells from endogenous miRNAs. At 48 hr after co-transfecting
TmutATXN3-3" UTR and either Dicer and Drosha shRNA-encoding
vectors or two control shRNA-encoding vectors (Figures 2A and
2B), we observed, in the knockdown condition, a significant
decrease in the levels of both Drosha and Dicer mRNA levels
(Figure 2C; hDrosha shCTRL: 1.00 + 0.05 versus hDrosha
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Figure 1. Inclusion of the 3' UTR of Human Ataxin-3 Reduces Expression and Aggregation of Mutant Ataxin-3 in HEK293T Cells

(A) Schematic representation of the lentiviral constructs used for the evaluation of the role of ataxin-3 3" UTR in vitro. Human ataxin-3 3' UTR (1-3,434 bp) was cloned
immediately downstream of the mutATXNS (72Q) coding sequence. The truncated versions of mutATXN3 with and without the 3" UTR were constructed in order to promote
aggregation of mutATXNS in vitro. (B) Western blot analysis of HEK293T transfected with equimolar amounts of TmutATXNS and TmutATXN3-3" UTR constructs showing
aggregated (stacking gel) and soluble forms of TmMutATXNS3 (~36 kDa). (C and D) Optical densitometry analysis of ATXNS fractions normalized with actin showing a significant
reduction in aggregated and soluble TmutATXNS protein levels (n = 3). (E and F) Representative images from laser confocal microscopy of HEK293T transfected with
equimolar amounts of TMUutATXN3 and TmutATXN3-3" UTR constructs. The analysis was performed by staining mutATXNS (red), ubiquitin (green), and nuclei (blue).
(F) Quantification of mutATXN3 aggregates per cell was normalized by nuclei counts, confirming western blot results (n = 4). (G) Dual-luciferase activity evaluation from
HEK293T transfected with a control construct encoding for firefly luciferase and renilla luciferase (FLuc) or a construct encoding for firefly luciferase bound to ATXN3 3" UTR
and renilla luciferase (FLuc-3' UTR). The quantitative analysis presented as firefly/renilla ratio (FL/RL) relative to control shows a reduction in FLuc-3' UTR luminescence
activity (n = 4). (H) MutATXN3 mRNA stability assay from Neuro2A cells stably expressing mutATXNS or mutATXN3-3’ UTR after treatment with actinomycin D for 0, 2, and
4 hr. The gPCR analysis for mutATXN3 mRNA levels normalized with endogenous control (18S) and relative to t = 0 showing a faster decay rate for mutATXN3-3" UTR mRNA
(n = 4 for each time point) is shown. The statistical significance was evaluated with paired Student’s t test (C-G) and unpaired Student’s t test (H) ("p < 0.05 and **p < 0.01).
The data are expressed as mean + SEM. The scale bars represent 5 um.
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Figure 2. Genetic and Pharmacological Blockage of miRNA Biogenesis Blocks ATXN3 3' UTR Regulatory Effects

(A) Schematic representation of the lentiviral constructs used for the modulation of endogenous hDrosha and hDicer through H1 mediated expression of shRNAs targeting
hDrosha and hDicer. The GFP or lacZ expression cassettes were inserted in order to follow gene expression in both targeting shRNAs and negative shRNAs (predicted not to
target any known human or mouse gene). (B) HEK293T co-transfected with TmutATXNS and either shRNAs against hDrosha and hDicer or neg shRNAs are efficiently co-
transfected as can be observed via reporter gene expression of GFP and lacZ. (C) gPCR analysis of endogenous hDrosha and hDicer mRNA levels 48 hr after co-transfection
with shRNAs against hDrosha and hDicer compared to control showing efficient gene knockdown (n = 3). (D) gPCR analysis of TmutATXN3 mRNA levels after hDicer and
hDrosha knockdown displays a significant increase in TmutATXN3 mRNA levels (n = 3). (E) Western blot evaluation of TmutATXNS protein levels (n = 6) in the knockdown
conditions when compared to control. The TmutATXN3 aggregated and soluble levels were increased after hDrosha/hDicer knockdown. (F) Western blot analysis of
TmUutATXN3 protein levels in HEK293T cells stably expressing TmutATXNS-3' UTR. The cells were maintained during 48 hr in complete DMEM as the control condition or in
complete DMEM containing kanamycin at a final concentration of 100 nM (n = 7). The TmutATXNS protein levels were significantly increased in kanamycin treated cells. The
gPCR analysis was normalized with endogenous control (ACTB). The statistical significance was evaluated with paired Student’s t test (*p < 0.05 and **p < 0.01). The data are
expressed as mean + SEM.

shDrosha/Dicer: 0.50 = 0.01 and hDicer shCTRL: 1.02  0.16 versus
hDicer shDrosha/Dicer: 0.38 + 0.03). Simultaneously, we observed a
significant increase in TmutATXN3 mRNA (Figure 2D; shCTRL:
1.00 + 0.01 versus shDicer/Drosha: 1.15 + 0.02) and protein levels
(Figure 2E; aggregated TmutATXN3 shCTRL: 1.00 + 0.19 versus

aggregated TmutATXN3 shDicer/Drosha: 1.43 + 0.32 and soluble
TmutATXN3 shCTRL: 1.00 £ 0.03 versus soluble shDicer/Drosha:
1.72 + 0.21). The comparatively small increase of 15% in
TmutATXN3 mRNA relative to the robust increase of 72% in soluble
protein levels upon Dicer/Drosha inhibition suggest a dominant
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effect of miRNAs on TmutATXN3 3’ UTR through translational in-
hibition and to a lesser extent through mRNA degradation, although
implicating both mechanisms.

We next took advantage of the previously described properties of
aminoglycoside antibiotics, reported to inhibit Dicer-mediated pre-
miRNA processing to pharmacologically reproduce the previous re-
sults.*>*" In accordance with the genetic silencing results, Kanamycin
A increased TmutATXN3 protein levels in cells stably expressing
TmutATXN3-3" UTR, as compared to PBS (vehicle) treated cells.
(Figure 2F; vehicle: 1.00 + 0.07 versus Kanamycin A: 1.26 + 0.13).

Altogether, these results confirm an important role for endogenous

miRNAs in controlling TmutATXN3 expression through interaction
with its 3" UTR.
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Figure 3. The 3’ UTR of ataxin-3 Reduces mutATXN3
Inclusions and Associated Neuronal Dysfunction
and Neuroinflammation in a Lentiviral Mouse Model
of Machado-Joseph Disease

(A) Schematic representation of the lentiviral vectors used
for the production of lentivirus used in the evaluation of the
role of ATXN3 3’ UTR in vivo and schematic representa-
tion of mice stereotaxic procedure. Lentiviral particles
encoding for mutATXN3 and mutATXN3-3' UTR were
injected bilaterally in the striatum of 5-week-old C57/BL6
mice at the following coordinates (x: +0.6; y: £1.8; and
z: —3.3). (B) gPCR analysis of gDNA transduction rates of
both LV-mutATXN3 and LV-mutATXN3-3' UTR after
infection of HEK293T cells (n = 3). (C-E) Immunohisto-
chemical peroxidase staining using anti-Ataxin3 antibody
(1H9 ab), 5 weeks post injection. The control mutATXN3
injected animals displayed a large number of mu-
tant ataxin-3 inclusions (C), which were significantly
decreased in the mutATXN3-3 UTR transduced striatum
(D), as quantified in (E) (n = 4). (F-H) Immunohistochemical
analysis using an anti-DARPP-32 antibody and lesion
identification. The mMutATXN3-3' UTR injected hemi-
sphere displayed a marked reduction in DARPP-32
depleted volume as quantified in (H) (n = 4). (-K) Fluo-
rescent immunohistochemical analysis of IBA-1 immu-
noreactivity showing a decrease in mutATXN3-3" UTR
injected animals as quantified in (K) (n = 4). gPCR analysis
was normalized with endogenous control (Alboumin). The
statistical significance was evaluated with paired Stu-
dent’s ttest ("p < 0.01 and **p < 0.001, n = 4). The data
are expressed as mean + SEM. The scale bars represent
40 pm (C and D) and 200 pum (F, G, |, and J).

volume (mm3)

The 3' UTR Reduces ATXN3 Aggregation
and Neuropathology in a Lentiviral-Based
Mouse Model of MJD

Even though our in vitro results suggest an
important role for the 3’ UTR of ATXN3
enabled through the action of endogenous
miRNAs, they were performed in cell models.
As endogenous miRNA profiles can vary be-
tween different cell types and tissues,”* and taking into account the
neurodegenerative profile of MJD, we then addressed whether these
results occurred in an in vivo context. For this, we employed our pre-
viously characterized lentiviral-based mouse model of MJD.*'” In
this experiment, lentiviral vectors encoding for mutATXN3 or
mutATXN3-3" UTR (Figure 3A) were stereotaxically injected in
each hemisphere of the striatum of 5-week-old mice (Figure 3A)
that were later sacrificed at 5 weeks post-injection. Importantly, no
differences were observed between viral productions regarding their
transduction efficiencies after infection of HEK293T cells with equal
p24 titers (Figure 3B; LV-mutATXN3: 1.001 + 0.029 versus LV-
mutATXN3-3" UTR: 1.035 + 0.1295).

background

We observed that the inclusion of the ATXN3 3’ UTR drastically
reduced the number of mutATXN3 inclusions when compared to
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the control hemisphere (Figures 3C-3E; LV-mutATXN3: 45,914 +
2,084 aggregates versus LV-mutATXN3-3' UTR: 5234 + 306
aggregates).

This model is also characterized by early neuronal dysfunction as
shown by depletion of the marker dopamine and cyclic adenosine
monophosphate-regulated phosphoprotein (DARPP-32).%'7* 1
accordance with the observed reduction of mutATXN3 inclusions,
immunostaining for DARPP-32 revealed a proportionally much
smaller area of depleted staining (Figures 3F-3H; LV-mutATXN3:
0382 + 0.041 mm’ versus LV-mutATXN3-3 UTR: 0.031 =+
0.007 mm®). Moreover, ionized calcium-binding adaptor molecule
1 (Iba-1) immunoreactivity which, as previously reported,” was
strongly exacerbated in the hemisphere injected with LV-
mutATXN3, was reduced in the hemisphere injected with LV-
mutATXN3-3' UTR (Figure 3I-3K; LV-mutATXN3: 1.382 + 0.013
versus LV-mutATXN3-3’ UTR: 1.160 + 0.030).

n

These results indicate that, similar to the previously presented in vitro
data, the 3’ UTR of ATXNS3 controls the expression of ATXN3 itself
in vivo, resulting in a massive decrease of mutATXN3 inclusions,
associated neurodegeneration, and neuroinflammation.

Transcriptional Dysregulation of miRNAs Predicted to Target
ATXN3 3’ UTR and of RISC Associated Genes

Building on the hypothesis that miRNAs modulate ATXN3 mRNA
levels through binding sequences in the 3’ UTR, we screened target
prediction databases to identify miRNA candidates.**™*” After identi-
fication of a first set of candidates, this information was crossed with
expression data of miRNAs in the brain to pick those with potential
relevance for MJD pathogenesis.*®

Three distinct miRNAs (hsa-mir-9-5p, MIMAT0000441; hsa-mir-
181a-5p, MIMAT0000256; and hsa-mir-494-3p, MIMAT0002816)
were identified as conserved miRNAs targeting the ATXN3 3’ UTR,
with simultaneously high expression in brain (Figure 4A; Table SI).
qPCR analysis of mature miRNA levels in post-mortem samples
from the dentate nucleus of a small number of patients with different
age and disease progression stages revealed a tendency for decreased
miRNA expression in MJD patient samples (Figure 4B; mir-9 CTRL:
1.138 + 0.306 versus mir-9 MJD: 0.736 + 0.129; mir-181a CTRL:
1.118 + 0.262 versus mir-181a MJD: 0.669 * 0.116; and mir-494

Molecular Therapy

CTRL: 1.069 + 0.181 versus mir-494 MJD: 0.816 + 0.067), although
not statistically significant given the small number of patients.

To corroborate these results, we screened miRNA levels in in vitro
and in vivo models of MJD. Total RNA was isolated from SH-SY5Y
human neuroblastoma cells stably expressing either wild-type
ataxin-3 with a 27 glutamines polyQ stretch (WtATXN3) or
mutATXN3. miRNA levels were evaluated by qPCR and, as observed
in the human brain samples, a tendency for decreased mir-9 and mir-
181a expression was observed in cells expressing mutATXN3
compared with wtATXN3 (Figure 4C; mir-9 WT: 1.256 + 0.427
versus mir-9 Mut: 0.812 + 0.051 and mir-18la WT: 1.122 + 0.257
versus mir-181a Mut: 0.825 + 0.158). Moreover, the levels of mir-
494 were significantly downregulated in SH-SY5Y cells expressing
mutATXN3 (Figure 4C; mir-494 WT: 1.056 + 0.141 versus mir-494
Mut: 0.509 + 0.183).

In order to screen another in vitro model more relatable to the human
condition, we successfully obtained neurons differentiated from
human induced pluripotent stem cells (hiPSCs) derived from both
control (CTRL) and MJD patient fibroblasts. Following 18 days of
neurosphere differentiation, both cell lines generated a high fraction
of B-IIT tubulin positive neurons (Figure 4D). miRNA profiling
from these cells revealed a significant downregulation in the levels
of mir-181a and mir-494 (Figure 4E; mir-181a CTRL: 1.016 + 0.086
versus mir-181a MJD: 0.705 = 0.041 and mir-494 CTRL: 1.022 +
0.112 versus mir-494 MJD: 0.599 + 0.077), whereas no significant dif-
ferences were obtained for mir-9 (Figure 4E; mir-9 CTRL: 1.057 +
0.170 versus mir-9 MJD: 0.917 + 0.198).

In order to investigate if the levels of mir-9, mir-181a, and mir-494
were also dysregulated in an in vivo model of MJD, we took advantage
of a previously developed MJD transgenic mouse model.'” This
model is characterized by early pronounced ataxic motor behavior
since the third week of age, which is accompanied by general cere-
bellar atrophy. Therefore, this model may be correlated with a late
stage disease scenario of MJD patients, where motor impairments
and cerebellar atrophy are also severe. Analysis of the miRNA profile
in samples from transgenic MJD mice cerebella showed a significant
and robust decrease in the levels of all miRNAs (Figure 4F; mir-9 WT:
1.051 + 0.125 versus mir-9 TG: 0.4566 + 0.042; mir-18la WT:
1.077 + 0.150 versus mir-181la TG: 0.2345 + 0.031; and mir-494

Figure 4. Transcriptional Dysregulation of miRNAs Targeting ATXN3 3' UTR and of RISC-Associated Genes

(A) Schematic representation of hATXNS 3" UTR with respective indication of predicted miRNA binding sites for selected miRNAs (mir-9, mir-181a, and mir-494). (B) miRNA
gPCR quantification of mir-9, mir-181a, and mir-494 performed in post-mortem human samples from the dentate nuclei of control (CTRL) or MJD patients (n = 6/5) displaying
a general downregulation profile for all miRNAs. (C) miRNA gPCR quantification of mir-9, mir-181a, and mir-494 performed in RNA extracted from SH-SY5Y cells stably
expressing WtATXNS (WT) or mutATXNS (MUT) (n = 6). The Mir-494 was found to be significantly reduced in SH-SY5Y stably expressing mutATXNS. (D) Immunostaining of
differentiated cultures of human neurons derived from diseased (MJD) or control (CTRL) patient neurospheres. (E) miRNA gPCR quantification of mir-9, mir-181a, and mir-
494 performed in neurons derived from human neurospheres (n = 4/5). (F) miIRNA gPCR quantification of mir-9, mir-181a, and mir-494 performed in cerebellar tissue from
MJD transgenic mice (TG) or littermate controls (WT) with 8 weeks of age (n = 8/14). (G and H) Expression profiling of genes involved in the biogenesis and function of miRNAs
(DGCR8, FMR1, Drosha, Dicer, DDX68, Ago2, and TARBP2) in cerebellum samples from MJD transgenic mice (TG) or littermate controls (WT) with 8 weeks of age (n = 5).
A general downregulation profile for most of the evaluated genes was observed. gPCR analysis for miRNA was normalized with endogenous control mir-103-3p (B and C) or
snRNAUS (E and F). gPCR analysis for mRNA was normalized with endogenous control (GAPDH). The statistical significance was evaluated with unpaired Student’s t test
(*p < 0.05, *p < 0.01, and **p < 0.001). The data are expressed as mean + SEM. The scale bars represent 40 um.
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Figure 5. Human ATXN3 Expression Is Regulated by mir-9, mir-181a, and mir-494

(A) Schematic representation of the lentiviral vector system used for overexpression of candidate miRNAs. The endogenous genomic sequences encoding for pre-miRNA
sequences plus approximately 400 bp of flanking sequences were cloned downstream of an H1 promoter. The mir-Neg sequence was used as control. Simultaneously, the
reporter gene expression was mediated by PGK controlled GFP expression. (B) Validation of miRNA overexpression. gPCR for mir-9, mir-181a, and mir-494 in transfected
HEK293T cells confirming efficient overexpression for each miRNA (n = 4). (C) MutAtxn3 mRNA levels in HEK293T co-transfected with miRNA constructs and mutATXN3-3'
UTR (n = 4). Mir-181a and mir-494 significantly reduced the mutATXN3 mRNA levels. (D) Western blot analysis of HEK293T cells transfected with mutATXN3-3' UTR and
different miRNA constructs. The optical densitometry analysis of mutATXNGS protein levels was normalized with actin. The results are expressed as ratio ataxin-3/actin relative
to mir-neg control (n = 3). All miRNAs significantly reduced mutATXNS protein levels. (E) Validation of direct interaction between miRNAs and ATXN3 3" UTR using a dual
luciferase assay. Luminescence activity from HEK293T cells co-transfected with a dual luciferase construct containing ATXN3 3" UTR or a control luciferase vector and

(legend continued on next page)
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WT: 1.039 + 0.106 versus mir-494 TG: 0.3606 + 0.044). Taken
together, these results indicate a general downregulation profile for
mir-9, mir-181la, and mir-494 in human samples and in MJD
in vitro and in vivo models.

Given the observed miRNA expression changes, we hypothesized that
this dysregulation could be associated with an impairment in the
expression of genes coding for components of the miRNA biogenesis
pathway. Gene expression analysis from samples of transgenic MJD
mice revealed a significant downregulation of genes implicated in
miRNA biogenesis, such as DGCRS, Dicer, and FMR1 (Figure 4G;
DGCR8 WT: 1.013 + 0.082 versus DGCR8 TG: 0.602 + 0.040; Dicer
WT: 1.037 + 0.051 versus Dicer TG: 0.891 + 0.020; and FMR1 WT:
1.003 + 0.039 versus FMR1 TG: 0.716 + 0.052), whereas no significant
differences were observed for Drosha levels (Figure 4G; Drosha WT:
1.004 = 0.042 versus Drosha TG: 0.943 = 0.013). We further evaluated
the expression levels of genes involved in miRNA silencing machinery
and found a significant downregulation of mRNA levels for Ago2,
TARBP2, and DDX6 (Figure 4H; Ago2 WT: 1.006 + 0.053 versus
Ago2 TG: 0.727 + 0.016; TARBP2 WT: 1.010 + 0.067 versus TARBP2
TG: 0.637 + 0.038; and DDX6 WT: 1.003 + 0.036 versus DDX6 TG:
0.735 + 0.036). Importantly, nRNA downregulation was also corrob-
orated at the protein level as was observed for DGCR8 (Figure S4A;
WT: 1.000 + 0.1333 versus TG 0.5509 + 0.0861) and Ago2 (Fig-
ure S4B; WT: 1.000 £ 0.0498 versus TG: 0.6285 = 0.1021).

Allin all, these results suggest not only an impairment in the miRNA
biogenesis pathway, which could be related with the observed miRNA
dysregulation, but also an impairment in miRNA function, which
might contribute for a disturbance in normal post-transcriptional
regulatory events.

ATXN3 Expression Is Regulated by a Specific Set of miRNAs

To evaluate whether mir-9, mir-181a, and mir-494 regulate ATXN3
expression, we first developed a lentiviral vector system for the
overexpression of these candidate miRNAs in vitro and in vivo
(Figure 5A).

After co-transfection of these miRNA-encoding vectors together with
mutATXN3-3’ UTR in HEK293T cells, we could successfully validate
a robust overexpression of all miRNAs of interest when compared to
control (Figure 5B). Moreover, QPCR analysis of mutATXN3 mRNA
levels showed a significant downregulation in mutATXN3 expression
for both mir-181a and mir-494 transfected cells when compared to
mir-neg (Figure 5C; mir-neg: 1.001 + 0.018 versus mir-181a:
0.626 + 0.051 versus mir-494: 0.701 = 0.023). However, no difference
was observed in cells co-transfected with mutATXN3 and mir-9 when
compared to control. Analysis of mutATXN?3 at the protein level re-
vealed similar results, but with a significant downregulation of
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mutATXN3 protein levels for all miRNAs including mir-9 (Figure 5D;
mir-neg: 1.000 + 0.005 versus mir-9: 0.674 + 0.041 versus mir-181a:
0.741 + 0.092 versus mir-494: 0.569 + 0.008).

These results suggest that, in vitro, mir-181a and mir-494 downregu-
late mutATXN3 expression either by inducing the degradation of its
mRNA or by inhibiting its translation, while mir-9 acts mostly
through translational inhibition.

Nevertheless, it is known that miRNAs can modulate the expression
of multiple genes at the same time. Therefore, a dual luciferase assay
was performed to confirm that mir-9, mir-181a, and mir-494 directly
bind to ATXN3 3’ UTR in order to downregulate its expression. All
candidate miRNAs significantly reduced luciferase activity when
co-transfected with a vector encoding for a luciferase gene bound to
ATXN3 3’ UTR (Figure 5E; Luc-3' UTR: mir-neg: 104.0 £ 2.400
versus mir-9: 80.00 + 4.864, mir-181a: 83.56 + 2.245, and mir-494:
79.98 + 2.137), but not when a control vector was used (Figure 5E;
Luc-CTRL: mir-neg: 97.908 + 4.121 versus mir-9: 97.447 + 4.437,
mir-181a: 123.055 + 3.733, and mir-494: 103.670 + 1.040.

Altogether, these results indicate that ATXN3 3’ UTR is a validated
target of mir-9, mir-181a, and mir-494, and genetic modulation of
these particular miRNAs can be seen as a potential tool for the manip-
ulation of mutATXNS3 levels in the disease.

In Vivo Overexpression of mir-9, mir-181a, and mir-494 Reduces
mutATXN3-3' UTR Expression and Associated Neuropathology
In order to evaluate the therapeutic potential of mir-9, mir-181a, and
mir-494 in vivo, we stereotaxically co-injected lentiviral vectors en-
coding for mutATXN3-3’ UTR with either mir-neg or each miRNA
in the striatum of 5-week-old mice (Figure 6A).

Lentiviral vectors encoding for the miRNAs of interest and EGFP,
efficiently transduced a large area of the striatum (Figure 6B). Anal-
ysis of miRNA expression levels from transduced striatal tissue shows
effective overexpression of all miRNAs, although at different magni-
tudes, probably due to differences in pre-miRNA processing effi-
ciencies*’ and in the endogenous levels of each miRNA™ (Figure 6C;
mir-9 LV-Neg: 1.001 + 0.028 versus mir-9 LV-mir-9: 1.237 + 0.124;
mir-181a LV-Neg: 1.032 + 0.138 versus mir-181a LV-181a: 1.547 +
0.116; and mir-494 LV-Neg: 1.047 £ 0.178 versus mir-494 LV-494:
2.197 £ 0.176).

Immunohistochemical analysis of coronal sections obtained from in-
jected mice showed a marked reduction in the total number of 1H9
reactive mutATXN3 inclusions in the hemispheres injected with
miRNA-encoding lentivirus when compared to the control hemi-
sphere. (Figures 6C, 6E, 6G, 6I, and 6K; LV-neg: 13,966 + 1,122

miRNA/mir-neg encoding constructs is shown. The results are expressed as a ratio of firefly luminescence/Renilla luminescence (FL/RL) relative to control (LucCTRL) (n = 4).
All miRNAs specifically reduced Luc-3" UTR activity when compared to mir-neg. The gPCR analysis for mRNA was normalized with endogenous control (ACTB). The gPCR
analysis for miRNA was normalized with endogenous control (snRNAUB). The statistical significance was evaluated with unpaired Student’s t test (B) or one-way ANOVA
comparing all mMiRNAs to mir-neg (C-E) (*p < 0.05 and **p < 0.01). The data are expressed as mean + SEM.
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Figure 6. In Vivo Overexpression of mir-9, mir-181a, and mir-494 Reduce mutATXN3 Levels and Associated Neuropathology

(A) Schematic representation of the stereotaxic procedure. The lentiviruses encoding for mutATXN3-3" UTR were injected bilaterally in the striatum of 5-week-old C57/BL6
mice. Simultaneously, lentiviruses encoding for mir-9, mir-181a, or mir-494 were co-injected with mutATXNS, while mir-Neg was co-injected as control. (B) Lentiviruses
encoding for interest miRNAs efficiently mediate in vivo transduction of mouse striatum, as can be seen through reporter expression of GFP. (C) gPCR analysis confirmed
miRNA overexpression levels for each miRNA in injected striatum tissue compared to control. (D, F, H, J, and L) Immunohistochemical peroxidase staining using anti-Ataxin3

(legend continued on next page)
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aggregates versus LV-9: 8,899 + 849.8 aggregates, LV-181a: 8,832 +
784.1 aggregates, and LV-494: 9,662 + 996.7 aggregates). Moreover,
western blot analysis revealed similar results in aggregated
mutATXN3 levels (Figure S5A). Furthermore, and in accordance
with the previous results, total DARPP-32 depleted volume was
also significantly reduced after overexpression of the studied miRNAs
(Figures 6D, 6F, 6H, 6], and 6L; LV-neg: 0.082 + 0.012 mm® versus
LV-9: 0.043 + 0.007 mm®, LV-181a: 0.034 + 0.007 mm’, and LV-
494: 0.037 + 0.007 mm?>).

Similarly, analysis of mutATXN3 mRNA levels showed a strong
reduction upon miRNA overexpression (Figure 6N; LV-neg:
1.027 + 0.136 versus LV-9: 0.427 + 0.128, LV-18la: 0.526 =+
0.085, and LV-494: 0.440 + 0.062). Altogether, these results clearly
demonstrate the potential for in vivo silencing of mutATXN3
both at the mRNA and protein level using miRNAs. Moreover, to
evaluate if these miRNAs would modulate endogenous mouse
Atxn3 (mAtxn3), qPCR for mAtxn3 mRNA was performed in
the same samples. We observed a significant reduction for
mAtxn3 mRNA levels for both LV-9 and LV-181a (Figure 60;
LV-neg: 1.002 + 0.029 versus LV-9: 0.818 + 0.045 and LV-18la:
0.769 + 0.008), but not for LV-494 (Figure 60; LV-neg: 1.002 +
0.028 versus LV-494: 0.969 = 0.068). Similar results were observed
on endogenous mAtxn3 protein levels (Figure S5B). Note that
mAtxn3 3’ UTR is considerably different from the human sequence.
Still, when in comparison with the human 3’ UTR, it contains an
identical mir-9 binding site and other non-conserved binding sites
for mir-181a and mir-494, which fit with the observed results
(Figure 6P).

Overall, these data provide evidence that mir-9, mir-181a, and mir-
494 efficiently reduce mutant ataxin-3 expression and associated
neuropathology and may therefore be promising physiological tools
to alleviate MJD.

DISCUSSION

In the present study using both in vitro and in vivo models, we
demonstrate that the 3 UTR of the human ATXN3 mRNA is targeted
by miRNAs, which mediate post-transcriptional negative regulation
of ATXN3 itself. Moreover, we present compelling evidence of
MJD-associated downregulation of the miRNA biogenesis and of
miRNA machinery, which presumably contribute to the disease path-
ogenesis. Furthermore, we identified three specific endogenous
miRNAs involved in the regulation of mutATXN3 in the brain and
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successfully incorporated these in gene therapy tools, which we vali-
dated for the treatment of MJD.

Despite the efforts that have been made in the development of
different MJD animal models for the study of MJD pathogenesis,
the vast majority of them have been based on the expression of the
CDS of mutant forms of human or mouse ATXN3."”"'%?°"** Dye
to this fact, and regardless of having been effective in the development
of promising strategies for the treatment of MJD, these studies lacked
in the elucidation of the physiological regulation of ATXN3 expres-
sion and how this might be contributing to mutATXN3 toxicity.

Human ATXN3 mRNA possesses a long 3 UTR, which might be a
target of post-transcriptional regulators, such as miRNAs or RNA-
binding proteins. In fact, our results are in accordance with recent re-
ports suggestive of a role for miRNAs as regulators of ATXN3
mRNA.*>** Additionally, another study recently described two novel
SNPs in ATXN3 3’ UTR found to modulate disease age-of-onset on
M]JD patients, highlighting the impact of 3’ UTR regulation on disease
progression.”!

On the other hand, our results gain further relevance when aligned
with the findings of Ramani and colleagues.” The authors observed
a retention of intron 10 in mutATXN3 transcripts, generating an
ATXN3-10e isoform which lacks ATXN3 3’ UTR. Furthermore,
they report an upregulation of total ATXN3 transcripts in SCA3
knockin mice, also pointing for likely differences in 3’ UTR regula-
tion.”” In light of our results, we believe this alternative splicing event
leads to the expression of an isoform of mutATXN3 that, by lacking
the endogenous 3’ UTR, will escape endogenous regulatory players
such as miRNAs.

Considering previous evidence implicating miRNAs in neurodegen-
erative diseases including MJD,”> ***>** we sought to investigate if
they would be the mediators of ATXN3 3’ UTR regulation. Impair-
ment of miRNA biogenesis led to an upregulation of mutATXN3
mRNA and protein levels. These results provide strong evidence
that endogenous miRNAs play an important role in the regulation
of mutATXN3 through its 3’ UTR. Moreover, the inclusion of
3’ UTR of ATXNS3 in our previously characterized lentiviral mouse
model of MJD resulted in a marked reduction of mutATXN3 aggre-
gates and associated neuropathology, suggesting that the 3’ UTR of
ATXNS3 enables regulation by brain miRNAs in vivo. These results
are in accordance with the report that the regulation of human

antibody (1H9 ab), 5 weeks post injection. The control mutATXN3-3" UTR/LV-mir-Neg injected animals displayed a large number of mutant ataxin-3 inclusions (D), which
were significantly decreased after co-injection with any of the study miRNAs (F, H, and J) as quantified in (L) (n = 4-5). (E, G, |, K, and M) Immunohistochemical analysis using
an anti-DARPP-32 antibody and lesion identification. The MutATXN3-3" UTR/LV-mir-Neg injected hemisphere displayed a higher depletion in DARPP-32 volume when
compared to the miRNA injected hemispheres (G, |, and K), as quantified in (M) (n = 5). (N) MutATXN3 mRNA levels quantification after miRNA co-injection. LV-mir-9, mir-
181a, and mir-494, significantly reduced the levels of mutATXNS in vivo (n = 4-5). (O) Evaluation of endogenous mouse ataxin-3 mRNA levels in injected mice. The LV-mir-9
and LV-mir-181a significantly reduced mouse ataxin-3 in vivo (n = 4-5). (P) Schematic representation of mouse ATXN3 3’ UTR displaying predicted mir-9, mir-181a, and mir-
494 binding sites. The gPCR analysis for mRNA was normalized with endogenous control (18S). The gPCR analysis for miRNA was normalized with endogenous control
(snRNAUB). The statistical significance was evaluated with one-way ANOVA comparing all miRNAs to mir-neg (L-O) (*p < 0.05 and **p < 0.01). The data are expressed as
mean + SEM. The scale bars represent 200 um (B, E, G, |, and K) and 50 um (D, F, H, and J).
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alpha-synuclein at its 3 UTR also decreases its levels and toxicity
o 5
in vivo.

Interestingly, overexpression of mutATXN3-3’ UTR in vivo resulted
in remarkably low toxicity. Notably, this finding is in accordance with
the previously mentioned MJD transgenic mouse models that include
the 3’ UTR of ATXN3. YAC ATXN3Q84, knockin ATXN3Q82, and
Ki91 models are all reportedly described with mild phenotypes, slow
progression, and modest neuropathology.”>>>® Being characterized
by a moderate yet clear neuropathology, all in a considerably short
time frame, we believe our modified mutATXN3-3UTR lentiviral
mouse model of MJD expands the repertoire of existing MJD mouse
models, presenting itself as a platform for the study of not only endog-
enous 3’ UTR regulators, which might be implicated in MJD patho-
genesis, but also novel therapeutic strategies for the treatment of MJD.

Although recent studies have approached the topic of miRNA dysre-
gulation in MJD, our study is the first to evaluate miRNA dysregula-
tion in human samples isolated from the dentate nucleus, and in
human neurons derived from hiPSCs, corroborating the results ob-
tained in other models. Although the changes observed in the miRNA
levels in vitro were modest, we observed a very significant downregu-
lation in the levels of all miRNAs in MJD transgenic mice cerebellum.
Such miRNA downregulation could be associated with a severely
aggravated phenotype and correspondent marked cerebellar degener-
ation in MJD, suggesting that the extent of miRNA downregulation is
associated with the progression of the disease and that the changes in
miRNA expression in vitro may be representative of early pathogenic
events mediated by mutATXN3. Importantly, the simultaneous
downregulation of multiple miRNAs, even if modest, may additively
contribute to the transcriptional dysregulation of target genes, such as
ATXN3. Moreover, we should account that mir-9, mir-181a, and mir-
494 participate in multiple molecular pathways, which will likely be
affected by their downregulation. For example, mir-181a has been
linked to the regulation of the production of pro-inflammatory cyto-
°7% and mir-9, a highly conserved neuronal miRNA which is
involved in the neuronal development and neuronal differentiation,*
is not only downregulated in HD and FTD, but is also dysregulated in
other neurodegenerative diseases such as Alzheimer’s, Parkinson’s
disease, and spinal muscular atrophy.*"** Accordingly, we believe
that in the future, miRNA dysregulation and its impact on their tar-
gets should be further assessed.

kines

In accordance with the observed miRNA profiling data, we observed a
general downregulation in the expression of genes controlling the
biogenesis and function of miRNAs. Importantly, miRNA biogenesis
appears to be impaired both at the pri- and pre-miRNA processing
steps due to the decrease of both DGCR8 and Dicer. Nevertheless,
we cannot exclude the existence of impairments at the transcription
level of these miRNAs, particularly taking into account the transcrip-
tionally dysregulated profile in MJD.'® Interestingly, it has been
previously reported that Dicer deficiency in Purkinje cells leads to
cerebellar degeneration and the development of ataxia.’” Therefore,
our data strongly suggest that the dysregulation of both miRNAs

and miRNA biogenesis and function components could be a
novel pathogenic mechanism in the development of MJD, where
mutATXN3 initiates a cycle of impaired miRNA biogenesis and pro-
cessing, leading to decreased miRNA expression, which results in
subsequent higher levels of mutATXN3. In any case, we believe indi-
vidual modulation of key RNAi mediators should be performed in
order to properly evaluate their role in MJD pathogenesis.

Other studies have identified miRNAs targeting ATXN3 mRNA. Mir-
25 was the first miRNA validated to target ATXN3 3’ UTR. Interest-
ingly, overexpression of this miRNA was only capable of reducing the
levels of mutATXNS3 at the protein level, but not at the mRNA level.
Still concomitant reduction of apoptosis was observed in vitro.*”
Nevertheless, no further attempts to pursue an in vivo application
of mir-25 in MJD animal models were made.

In this study, we demonstrated that the overexpression of three
distinct miRNAs was able to downregulate mutATXN3 in vitro and
in vivo by directly targeting its 3’ UTR. Despite having already been

employed in different neurodegenerative diseases,”**** this was
the first time that in vivo modulation of an endogenous miRNA

was used as a therapeutic approach for the treatment of MJD.

Given the observed downregulated miRNA profile in MJD models,
we anticipate that the reestablishment of normal levels of endogenous
miRNAs targeting ATXN3 might be a promising approach for the
reduction of mutATXN3 levels. In any case, whether the usage of
endogenous miRNAs will be beneficial over the usage of artificial
miRNAs, a strategy already employed by others,'"
depend on the required silencing potency and off-targeting character-
istics of each sequence.

will likely

In conclusion, our results support a 3’ UTR-based regulation of
mutATXN3, whose dysfunction may be implicated in the pathogen-
esis of MJD, not only due to changes in mutATXN3 mRNA levels, but
also due to defects in miRNA biogenesis and function. More impor-
tantly, we provide evidence that gene delivery of endogenous miRNAs
targeting ATXN3 may be a promising strategy for the treatment
of MJD.

MATERIALS AND METHODS

Vector Construction

Human ATXN3 3’ UTR (1-3,434 bp) was obtained by restriction
digestion of the dual luciferase vector clone HmiT054676a-MT01
(GeneCopoeia) using EcoRI and Xhol enzymes (New England Bio-
labs). The insert was gel purified using a DNA gel extraction kit
(MACHEREY-NAGEL), blunted using Klenow Polymerase (New
England Biolabs), and later inserted into the previously described
LTR-SIN-PGK-mutATXN3-LTR vector'” using a Smal site down-
stream of the mutATXN3 coding sequence in order to generate the
LTR-SIN-PGK-mutATXN3-3" UTR-LTR vector (Figure S1).

Truncated C-terminal mutATXN3 with 72 glutamines (TmutATXN3)
vectors were constructed using inverted PCR mutagenesis. Briefly, two
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5’ phosphorylated oligonucleotides (forward: GCAGATCTCCGCA
GGG and reverse: GTCAATTTCTTGGCGACTTAGTG) (Eurofins
Genomics) were designed in order to amplify the parental vectors
full sequence (LTR-SIN-PGK-mutATXN3-LTR or LTR-SIN-PGK-
mutATXN3-3' UTR-LTR), with the exception of the sequence corre-
sponding to the first 252 amino acids (756 bp), using Phusion DNA
Polymerase (Thermo Scientific) and a modified protocol for GC
rich templates. Linear products were circularized using T4 DNA
ligase (Thermo Scientific) and transformed into TOP10 chemically
competent cells (Life Technologies) to generate LTR-SIN-PGK-
TmutATXN3-LTR or LTR-SIN-PGK-TmutATXN3-3' UTR-LTR vec-
tors (Figure S2).

For the construction of the lentiviral plasmids encoding for miRNAs,
a series of oligonucleotides (Life Technologies) was designed in order
to amplify the corresponding genomic region encoding for the pre-
miRNAs, plus the endogenous flanking sequences in the total range
of approximately 400 bp (Table S2). Amplified inserts were then di-
gested with BglII and HindIII enzymes (New England BioLabs) and
ligated into pENTR/pSUPER+ (Addgene plasmid #17338). The
H1-miRNA expression cassettes were then transferred into LTR-
SIN-PGK-GFP-AttL1-ccdB-AttL2-LTR destination vector using a
Gateway LR recombination reaction (Life Technologies), in order
to generate LTR-SIN-PGK-GFP-H1-miRNA-LTR plasmids. The
mir-Neg lentiviral vector was generated through PCR amplification
of the mir-Neg cassette plus flanking sequences from the
pcDNA6.2-GW/miR-neg vector (Life Technologies), ligated into
pENTR/pSUPER+, and gateway recombined, in order to generate
LTR-SIN-PGK-GFP-H1-mir-Neg-LTR.

The protocol for the construction of shRNA lentiviral vectors has
been described in our previous study.”” Briefly, a shRNA negative
(control) and a shRNA targeting either human DICER or DROSHA
were created. For each one, a pair of oligonucleotides was designed,
annealed, and ligated into linearized p-ENTR/pSUPER+ (Addgene
575-1) (Table S3). The H1-shRNA cassette was then transferred,
into SIN-cPPT-PGK-EGFP-WHV-LTR or SIN-cPPT-PGK-lacZ-
WHYV-LTR, taking advantage of a LR Clonase recombination system
(Life Technologies).

All constructs were verified by restriction analysis and sequencing.
Oligonucleotide sequences are available in the Supplemental Mate-
rials and Methods (Tables S2 and S3).

Cell Line Culture, Transfection, and Transduction

HEK293T and Neuro2A cells were maintained in standard DMEM
(Sigma) supplemented with 10% fetal bovine serum (Life Technolo-
gies) and 1% penicillin/streptomycin (Life Technologies). SH-SY5Y
cells were maintained in DMEM/F12 (Gibco) medium supplemented
with 10% fetal bovine serum (Life Technologies) and 1% penicillin/
streptomycin.

For the transfection of HEK293T cell line, 2.75 x 10* cells were
initially plated on 12-well cell culture treated multiwell plates (Fisher
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Scientific). After 24 hr, medium was changed and cells were trans-
fected with a mixture of DNA/polethyleneimine (PEI) complexes
(MW40000, Polysciences) diluted in complete DMEM. Complex for-
mation was performed by combining 750 ng of plasmid DNA in
60 pL of serum free DMEM and 4.5 puL of PEI (1 mg/mL) per well.
This mixture was vortexed for 10 s and incubated at room tempera-
ture for 10 min. After that, DNA/PEI complexes were diluted in com-
plete DMEM and added to cell culture. Cell collection was performed
48 hr post-transfection.

For the transduction of N2A and SH-SY5Y cells, 24 hr after plating,
the culture medium was replaced with fresh medium containing lenti-
virus (400 ng of P24 per 200,000 cells). At 12 hr later, the medium was
replaced with regular complete medium and cells were cultured and
expanded in standard conditions.

Dual Luciferase Assay

A dual luciferase reporter construct including the 3 UTR of ATXN3
(FLuc-3' UTR) and a control vector (FLuc-CTRL) clone pEZX-MT01
were purchased from GeneCopoeia.

To evaluate the direct targeting of miRNAs to ATXN3 3’ UTR, 2.75 x
10" HEK293T cells were seeded per well in 12-well plates (Fisher Sci-
entific). In the next day, cells were transfected with 375 ng of the lucif-
erase reporter vector and 375 ng of miRNA constructs per well
(in triplicates). At 48 hr after transfection, cells were washed with
1x PBS and frozen at —80°C. Collected cells were lysed with 100 uL
of FLAR-T buffer per well containing 20 mM tricine, 100 pM
EDTA, 25 uM MgCl,, 2.67 mM MgSOy4, 17 mM DTT, and 0.1% Triton
in Milli-Q grade water pH 7.8. For the luminescent reaction, 30 puL of
cell lysates were loaded on an opaque 96-well plate (Corning) and the
firefly luminescence activity was measured on a LMax II 384 Lumin-
ometer (Molecular Devices) after automatic injection of 100 pL of
FLAR buffer containing 20 mM tricine, 100 pM EDTA, 25 pM
MgClz, 2.67 mM MgSOy, 17 mM DTT, 250 uM ATP, and 250 uM
D-luciferin (Synchem). Renilla luminescence activity was used as a
normalization control and was measured after automatic injection
of 100 pL of RAB buffer containing 1.1 M NaCl, 2.2 mM Na,EDTA,
0.22 M K,POy, 0.44 mg/mL BSA, 1.3 mM NaN3, and 1.43 mM coelen-
terazine (Life Technologies) in Milli-Q grade water pH 5.0 to 30 pL of
cell lysate per microplate well. Integration times were 10 s for firefly
luciferase signal capture and 5 s for renilla luciferase signal capture.
Unless stated, all reagents were purchased from Sigma-Aldrich.

RNA Stability Assay

Actinomycin D (10 mg/mL, Sigma-Aldrich) was used to inhibit
de novo mRNA synthesis. Neuro2A cells stably expressing either
mutATXN3 or mutATXN3-3' UTR at 50%-60% confluence were
treated with actinomycin D (10 mg/mL) for 0, 2, and 4 hr and
collected for total mRNA extraction and analysis.

Lentivirus Production, Purification, and Titer Assessment
Lentiviral vectors encoding for human mutant ataxin 3 (mutATXN3
and mutATXN3-3’ UTR) or miRNAs (mir-9, mir-181a, mir-494, and
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mir-Neg) were produced in HEK293T cells with a four-plasmid sys-
tem, as previously described.”* The lentiviral particles were resus-
pended in 1% BSA in PBS. The viral particle content of batches was
determined by assessing HIV-1 p24 antigen levels (Retro Tek,
GENTAUR). Viral stocks were stored at —80°C. For functional anal-
ysis of lentiviral transduction rates, genomic DNA from HEK293T
was isolated 72 hr after cell transduction with equal amounts of
p24 using a Genomic DNA Purification Kit (Thermo scientific).
qPCR analysis was performed with WPRE and Albumin primers us-
ing SsoAdvanced SYBR Green Supermix (Bio-Rad) and following
manufacturers recommended conditions (Table S4).

Animals

4-week-old C57BL/6] mice were obtained from Charles River. The
animals were housed in a temperature-controlled room maintained
on a 12 hr light/12 hr dark cycle. Food and water were provided ad
libitum. The experiments were carried out in accordance with the
European Union Directive 2010/63/EU covering the protection of
animals used for scientific purposes. The researchers received
adequate training (FELASA certified course) and certification to
perform the experiments from Portuguese authorities (Dire¢do Geral
de Veterinaria).

Mouse Surgery

5-week-old C57BL/6] mice were anesthetized by intraperitoneal
administration of Avertin (14 pL/g, 250 mg/Kg). Mice were stereotax-
ically injected into the striatum in the following coordinates calcu-
lated from bregma: anteroposterior: +0.6 mm; lateral: +1.8 mmy;
ventral: —3.3 mm; and tooth bar: 0, by receiving a single injection
of concentrated lentiviral vectors in a final volume of 2 uL containing
400 ng of p24 antigen for each vector encoding for the specific trans-
genes, at an infusion rate of 0.25 pL/min using a 10 pL Hamilton
syringe. At 5 min after the infusion was completed, the needle was re-
tracted 0.3 mm and allowed to remain in place for an additional 3 min
prior to its complete removal from the mouse brain.

Immunohistochemical Analysis

Tissue Preparation

Mice were sacrificed with an overdose of Avertin (35 pL/g, 625 mg/kg,
intraperitoneally), transcardially perfused with phosphate solution,
and fixed with 4% paraformaldehyde. Brains were collected and
post-fixed in 4% paraformaldehyde for 24 hr, cryoprotected by
incubation in 25% sucrose/phosphate buffer, and frozen at —80°C.
Coronal sections of 25 pm thickness were obtained using cryostat
equipment (LEICA CM3050S, Leica Microsystems).

Bright-Field Immunohistochemistry

Free-floating brain coronal sections were treated with a phenylhydra-
zyne/phosphate solution for the blockage of endogenous peroxidases
for 30 min at 37°C. After permeabilization in PBS/0.1% Triton X-100
with 10% normal goat serum (Gibco), sections were incubated over-
night at 4°C in blocking solution with primary antibodies: mouse
monoclonal anti-ataxin 3 antibody (1H9; 1:5,000; Merck Millipore),
rabbit anti-dopamine, and cyclic AMP-regulated neuronal phospho-

protein 32 (DARPP-32) antibody (1:1,000; Merck Millipore); fol-
lowed by incubation with respective biotinylated secondary goat
anti-mouse or anti-rabbit antibodies (1:200; Vector Laboratories).
Bound antibodies were visualized using the VECTASTAIN ABC
kit, with 3',3’-diaminobenzidine tetrahydrochloride (DAB metal
concentrate; Pierce) as substrate. Dry sections were mounted in
gelatin-coated slides, dehydrated with ethanol solutions and Xylene
Substitute (Sigma-Aldrich), and mounted in Eukit quick-hardening
mounting medium (Sigma-Aldrich).

Fluorescence Immunohistochemistry

Free-ﬂoating sections were incubated in PBS/0,1% Triton X-100 con-
taining 10% normal goat serum (Sigma-Aldrich) and then incubated
overnight at 4°C in blocking solution with primary antibody: rabbit
anti-ionized calcium binding adaptor molecule 1 (Iba-1) antibody
(1:1,000; Wako Chemicals USA). Sections were washed and incubated
for 2 hr at room temperature with the secondary antibody: goat anti-
mouse Alexa Fluor 594 (1:250; Molecular Probes-Invitrogen) diluted
in blocking solution. The sections were washed and incubated during
10 min with DAPI (1:5,000; Sigma), washed, and mounted in mowiol
(Sigma) on gelatin-coated slides.

Immunoreactivity of mouse sections was analyzed as previously
described.”® Staining was visualized with Zeiss Axioskop 2 imaging
microscope (Carl Zeiss Microlmaging) equipped with AxioCam HR
color digital cameras (Carl Zeiss Microlmaging) and Plan-Neofluar
5x/0.15 Ph 1 (440321), Plan-Neofluar 20x/0.50 Ph 2 (1004-989),
Plan-Neofluar 40x/0.75 Ph 2 (440351), and Plan-Neofluar 63x/
1.25 Oil (440460-0000) objectives using the AxioVision 4.7 software
package (Carl Zeiss Microimaging) or with a Zeiss Axio Imager Z2
imaging microscope (Carl Zeiss Microlmaging) equipped with EC
Plan-Neofluar 5x/0.16 M27 (420330-9901), Plan-Apochromat
20x/0.8 M27 (420650-9901), Plan-Apochromat 40%/1.3 Qil DIC
M27 (420762-9800), and Plan-Apochromat 63x/1.40 Oil DIC M27
(420782-9900) using ZEN software. Quantitative analysis of fluores-
cence was performed with a semiautomated image-analysis software
package and images were taken under the same image acquisition
conditions and uniform adjustments of brightness and contrast
were made to all images (Image]).

Fluorescence Immunocytochemistry

Cell cultures were washed with PBS and fixed with PBS/4% PFA.
After permeabilization in PBS/1% Triton X-100 solution for 5 min
and blocking in PBS/3% BSA, cells were incubated overnight at 4°C
with the primary antibodies: mouse anti-Myc tag clone 4A6
(1:1,000; Millipore), mouse anti-BIII tubulin clone 38F4 (1:1,000;
Life Technologies), and rabbit anti-GFAP Z0334 (1:1,000; Dako)
diluted in PBS/3% BSA. On the next day, cells were washed and incu-
bated for 2 hr at room temperature with the secondary antibody: goat
anti-mouse/rabbit Alexa Fluor 488/594 (1:250; Molecular Probes-
Invitrogen). Cells were washed and incubated during 5 min with
DAPI (1:5,000; Sigma), washed, and mounted in mowiol (Sigma)
on gelatin-coated slides. Staining in HEK293T was visualized
using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss
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Microlmaging), equipped with EC Plan-Neofluar 40x/1.30 Oil DIC
M27 (420462-9900) and Plan-Apochromat 63x/1.40 Oil DIC M27
(420782-9900) objectives and LSM Image software. In order to quan-
tify mutATXN3 aggregates in transfected HEK293T cells, five images
were randomly acquired per condition and total aggregates and nuclei
were manually counted using Image] software. The total number of
cells counted ranged from 800 to 1,100 cells per experimental
condition.

Quantification of mutATXNS3 Inclusions and DARPP-32 Depleted
Volume

Quantitative analysis of the total number of mutATXN3 inclusions
and the extent of DARPP-32 loss in the striatum was performed by
scanning 12 stained sections per animal that were distanced
200 pm from each other. Total number of inclusions were manually
counted in all 12 sections and multiplied by 8 to account for the in-
termediate sections. To calculate the DARPP-32 loss, sections were
imaged using a 5x objective. The quantifications were then per-
formed using image-analysis software (Image] software). The
DARPP-32-depleted volume was estimated using the following for-
mula: Volume = d(al + a2 + a3 +...), where d is the distance between
serial sections and al, a2, and a3 are the areas for individual serial
sections.

Isolation of Total RNA from Cells and Mouse Tissue

Total RNA was isolated with miRCURY RNA isolation kit (Exiqon)
according to manufacturer’s instructions. Monolayer cell cultures
were washed with 1x PBS and stored at —80°C before extraction.
For the extraction from mouse tissue, mice were sacrificed with a
lethal dose of Avertin. Striatum of mice were dissected and stored
at —80°C until RNA isolation. All samples were submitted to on-
column DNase I digestion (QIAGEN) during isolation. Total amount
of RNA was quantified by optical density (OD) using a NanoDrop
2000 Spectrophotometer (Thermo Scientific) and RNA was stored
at —80°C.

cDNA Synthesis and Real-Time gPCR

Specific cDNAs for miRNA quantification were synthetized using a
TagMan MicroRNA Reverse Transcription Kit combined with spe-
cific TagMan MicroRNA Assays (Applied Biosystems) for each
miRNA (mir-103-3p ID000439; mir-9-5p ID000583; mir-181a-5p
1D000480; mir-494-3p ID002365; and U6 snRNA ID001973) accord-
ing to manufacturer’s instructions. qPCR was performed using
TagMan Universal PCR Master Mix II with UNG (Applied Bio-
systems), combined with the TagMan MicroRNA Assays, following
manufacturer’s recommended cycling conditions, in a StepOnePlus
Real-Time PCR System (Applied Biosystems).

c¢DNA for mRNA quantification was obtained by conversion of total
RNA with iScript cDNA Synthesis kit (Bio-Rad) according to manu-
facturer’s. qPCR was performed in the StepOnePlus Real-Time PCR
System (Applied Biosystems) and SsoAdvanced SYBR Green Super-
mix (Bio-Rad). Primers for mouse DICER, DROSHA, GAPDH,
and human ACTB genes were pre-designed and validated by
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QIAGEN (QuantiTect Primers, QIAGEN). Primers for mouse
TARBP2, 18S, DDX6, AGO2, DGCRS8, FMR1, and human DICER
and DROSHA were designed using PrimerBlast Software (Table
S4). Appropriate negative controls were also prepared. All reactions
were performed in duplicate and using the following cycling condi-
tions: 95°C for 30 s, followed by 45 cycles at 95°C for 5 s, and 58°C
for 30 s. The amplification rate for each target was evaluated from
the cycle threshold (Ct) numbers obtained with cDNA dilutions. Dif-
ferences between control and experimental samples were calculated
using the 27**" method.

Protein Extraction and Western Blotting

Monolayer cells were scraped in radioimmunoprecipitation lysis
buffer (50 mM Tris HC, pH 8, 150 mM NaCl, 1% NP-40, 0.5% so-
dium deoxycholate, and 0.1% sodium dodecyl sulfate) containing
protease inhibitors (Roche) followed by sonication by two series of
4 s pulses. Cerebellar tissue from MJD transgenic mice was lysed in
identical radioimmunoprecipitation lysis buffer followed by sonicat-
ion by two series of 4 s pulses. Striatal tissue from mice injected with
lentiviral vectors encoding for mutATXN3 and miRNAs was
dissected from 12 sections per animal that were distanced 200 um
from each other in order to cover the full injection region. Tissue lysis
was performed in 20 Mm Tris-HCI, pH 9, and 2% SDS for 2 hr at
80°C followed by sonication by two series of 4 s pulses. Protein lysates
were stored at —20°C and protein concentration was determined with
Bio-Rad Protein Assay (Bio-Rad). Protein samples were denatured
with 6x sample buffer (0.375 M Tris pH 6.8 [Sigma-Aldrich], 12%
SDS [Sigma-Aldrich], 60% glycerol [Sigma-Aldrich], 0.6 M DTT
[Sigma-Aldrich], and 0.06% bromophenol blue [Sigma-Aldrich)
and 40 pg of protein were resolved by electrophoresis on 12% SDS-
PAGE and transferred onto polyvinylidene fluoride (PVDF) mem-
branes (GE Healthcare). Membranes were blocked by incubation in
5% non-fat milk powder in 0.1% Tween 20 in Tris buffered saline
(TBS-T) and incubated overnight at 4°C with primary antibody:
mouse monoclonal anti-ataxin-3 antibody (1H9; 1:5,000; Merck
Millipore); mouse monoclonal antibody anti-myc tag (4A6; 1:1,000;
Merck Millipore); rabbit DGCRS8 polyclonal antibody (10996-1-AP;
1:500; Proteintech); rabbit Ago2 monoclonal antibody (C34C6;
1:1,000; Cell Signaling), and mouse anti-B-actin antibody (AC74;
1:10.000; Sigma-Aldrich), followed by the incubation with alkaline
phosphatase-linked secondary goat anti-mouse/anti-rabbit antibody
(1:10,000; Thermo Scientific Pierce). Bands were visualized with
Enhanced Chemifluorescence substrate (ECF) (GE Healthcare) and
chemifluorescence imaging (ChemiDoc Imaging System, Bio-Rad).
Semiquantitative analysis was carried out based on the optical density
of scanned membranes (ImageLab version 5.2.1; Bio-Rad). The spe-
cific optical density was then normalized with respect to the amount
of B-actin loaded in the corresponding lane of the same gel.

Neurosphere Culture and Neuronal Differentiation

Human neurospheres derived from hIPSCs generated from MJD
or CTRL fibroblasts®® were maintained in neural expansion
media containing DMEM/F12, B27 supplement (1:50; Invitrogen),
MEM non-essential amino acid solution (1:100; Sigma-Aldrich),
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20 ng/mL EGF, 20 ng/mL bFGF (PeproTech), 1% penicillin/strepto-
mycin (Gibco), and 5 pg/mL Heparin (Sigma-Aldrich).

To initiate differentiation, NSCs were manually dissociated with a
pipette in small aggregates and plated in poly-ornithin/laminin
(Sigma-Aldrich) coated plates as small droplets. Neuronal dif-
ferentiation was performed during 18 days on DMEM/F12 and
Neurobasal (mixed 1:1), B27 supplement (1:100; Invitrogen), N2 sup-
plement (1:200; Invitrogen), L-glutamine (1:100; Life Technologies),
20 ng/mL BDNF (both PeproTech), 1% penicillin/streptomycin
(Gibco), 0.1 uM retinoic acid (Sigma-Aldrich), 200 nM ascorbic
acid (Sigma-Aldrich), 0.5 mM Dibutyryl-cAMP (Sigma-Aldrich),
and 10 uM forskolin (Sigma-Aldrich). Medium was half-changed
twice per week or as needed.”’

Human Brain Tissue

Post-mortem human brain tissue from dentate nucleus was obtained
from the Tissue Donation Program of the National Ataxia Founda-
tion, Minneapolis, USA (3 MJD and 4 CTRL) and from the University
of Groningen, the Netherlands (3 MJD and 1 CTRL).

MJD Transgenic Mice and Genotyping

C57BL/6-background transgenic mouse model expressing the C-ter-
minal-truncated ataxin-3 with 69 glutamine repeats and an N-termi-
nal haemagglutinin (HA) epitope driven by Purkinje-cell-specific L7
promoter were initially obtained from Gunma University Graduate
School of Medicine. The mice used in this study were obtained
from parallel breeding at the CNC animal facilities. All animals
used in this study were age matched transgenic (Tg) and wild-type
(WT) littermates at 8 weeks of age.

The experiments were carried out in accordance with the European
Community directive (2010/63/EU) covering the protection of ani-
mals used for scientific purposes. The researchers received adequate
training (FELASA-certified course) and certification to perform the
experiments from the Portuguese authorities (Direc¢do Geral de Ali-
mentagio e Veterindria).

For mouse genotyping, genomic DNA was isolated from collected
animal ear tissue. The presence of the transgene was validated by
PCR amplification using DreamTaq (Thermo Scientific) using stan-
dard amplification conditions and the following primers forward:
ATGTACCCATACGATGTTCC and reverse: CTAGCGAGGGAA
TGAAGAAT.
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