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Machado-Joseph disease (MJD) is a fatal neurodegenerative
disorder clinically characterized by prominent ataxia. It is
caused by an expansion of a CAG trinucleotide in ATXN3,
translating into an expanded polyglutamine (polyQ) tract in
the ATXN3 protein, that becomes prone to misfolding and ag-
gregation. The pathogenesis of the disease has been associated
with the dysfunction of several cellular mechanisms, including
autophagy and transcription regulation. In this study, we
investigated the transcriptional modifications of the autophagy
pathway in models of MJD and assessed whether modulating
the levels of the affected autophagy-associated transcripts
(AATs) would alleviate MJD-associated pathology. Our results
show that autophagy is impaired at the transcriptional level in
MJD, affecting multiple AATs, including Unc-51 like auto-
phagy activating kinase 1 and 2 (ULK1 and ULK2), two homo-
logs involved in autophagy induction. Reinstating ULK1/2
levels by adeno-associated virus (AAV)-mediated gene transfer
significantly improved motor performance while preventing
neuropathology in two in vivo models of MJD. Moreover,
in vitro studies showed that the observed positive effects may
be mainly attributed to ULK1 activity. This study provides
strong evidence of the beneficial effect of overexpression of
ULK homologs, suggesting these as promising instruments
for the treatment of MJD and other neurodegenerative disor-
ders.

INTRODUCTION
Machado-Joseph disease (MJD), also known as spinocerebellar ataxia
type 3 (SCA3), is the most frequent dominantly inherited ataxia
worldwide,1 reaching the highest prevalence in the Azorean island
of Flores.2 The causative mutation of MJD is mapped to chromosome
14q32.123 within the ataxin-3 (ATXN3) gene and is characterized by
the over-repetition of the trinucleotide CAG that translates into an
370 Molecular Therapy Vol. 30 No 1 January 2022 ª 2021 The Americ
abnormal tract of glutamines within the protein (ATXN3). The accu-
mulation of mutant protein species leads to neurodegeneration in
different brain regions, such as the cerebellum, pons, substantia nigra,
and striatum.4,5 The onset of MJD typically occurs in the adult age
and is characterized by a wide clinical spectrum of symptoms,
including progressive cerebellar ataxia, pyramidal signs, peripheral
neuropathy, and oculomotor abnormalities.6,7 MJD is an incapacitat-
ing and fatal disorder with no current treatment available to prevent
or stop disease progression.

Although not fully understood, impairment of macroautophagy (here-
after called autophagy) and transcription dysregulation are considered
some of the underlying pathogenic mechanisms. Autophagy is a com-
plex metabolic process, governed by multiple autophagy-related pro-
teins (Atgs), that involves the sequestration of intracellular cargoes by
double-membrane autophagosomes, which are then delivered to lyso-
somes for degradation.8 Initially described as a bulk degradation system,
autophagy is a central mechanism for the elimination of insoluble pro-
teins and is highly important for neuronal survival.9–11 Much evidence
suggests the implication of autophagy in the accumulation of mutant
ATXN3 (mutATXN3) aggregates and neurodegeneration in MJD.
Studies using brain tissue from MJD patients and animal models have
identified the presence of ubiquitin and insoluble p62, a classical cargo
receptor, in ATXN3-positive inclusions.12–14 In addition, an abnormal
an Society of Gene and Cell Therapy.
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Molecular Therapy
expression of different autophagic markers, the accumulation of auto-
phagosomes, and the decreased levels of the autophagy regulator be-
clin-1 were also reported, which indicates that autophagy flux is
impaired in MJD.13–16 Furthermore, it is known that mutATXN3 can
abnormally interact and recruit specific transcription factors to poly-
glutamine (polyQ)-rich nuclear inclusions, therefore affecting tran-
scription and contributing to neurotoxicity.17–20

Despite the compelling evidence of the contribution of autophagy
and transcription dysfunction to MJD pathogenesis, it is still unclear
whether autophagy is dysregulated at the transcriptional level.
Therefore, the first aim of this work was to investigate the transcrip-
tional modifications of the autophagy pathway in postmortem brain
tissue from MJD patients and in brain samples from a transgenic
mouse model of MJD. Among the multiple dysregulated auto-
phagy-associated transcripts (AATs), Unc-51 like autophagy acti-
vating kinase 1 and 2 (ULK1 and ULK2), two orthologs of the yeast
Atg1, were found to be drastically reduced in both MJD brain tissue
and transgenic mice samples. Given the importance of ULK1/2 ac-
tivity in the regulation of the autophagy, we hypothesized that the
restoration of their levels could allow the normalization of the
cellular degradation system, preventing the progression of the dis-
ease. Thus, using in vitro and in vivo models of MJD, we
provide evidence that ULK overexpression mitigates motor and
neuropathological deficits, suggesting that it may constitute a new
therapeutic strategy for this condition.

RESULTS
The autophagy pathway is dysregulated at the transcriptional

level in MJD

Our previous studies have demonstrated a reduction of the auto-
phagy-associated protein beclin-1, along with an impairment of auto-
phagic clearance in MJD models.13,16 To further evaluate whether
autophagy is dysregulated at the transcriptional level in MJD, we
took advantage of a qRT-PCR array that allowed the analysis of 84
key genes involved in autophagy and autophagy-related processes
(autophagy RT2 Profiler� PCR array; QIAGEN). For this study, we
used (1) postmortem brain tissue fromMJD patients, namely the den-
tate nucleus of the cerebellum (UniversityMedical Center Groningen,
Groningen, the Netherlands), and (2) brain samples from 8-week-old
transgenic mice expressing a hemagglutinin (HA)-tagged N-terminal
truncated fragment of the human ATXN3 with 69 glutamine repeats
(Tg-Q69) in the cerebellum (expression driven by the Purkinje cell-
specific L7 promoter).21
Figure 1. The autophagy pathway is dysregulated at the transcriptional level in

Eighty-four autophagy-associated transcripts (AATs) were analyzed using the RT2 Pro

depicting fold change of AATs. Green and red colors represent downregulated and upreg

and D) Scatterplot visualization of the analyzed genes, with a fold change threshold of 1.

respectively. Commonly altered genes were detected in both human and mouse sam

downregulated and upregulated genes, respectively. (E–J) qPCR (E–G) and western blo

ULK1 levels relative to b-actin. ULK1mRNA and protein levels are significantly decreased

transgenic animals. Statistical significance was evaluated with an unpaired Student’s t
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In the dentate nucleus of MJD patients, we found that 67 out of the 84
AATs were downregulated (Figure 1A). Regarding the cerebellar re-
gion of Tg-Q69 mice, 51 AATs were downregulated and 17 were up-
regulated (Figure 1B), which suggests that the transcriptional levels of
autophagy genes are markedly affected in pathological conditions.

When analyzing the top differentially expressed AATs, a more exten-
sive list was found in MJD patients, when compared to Tg-Q69 mice.
However, some common dysregulated genes were found, such as
ULK1, ATG16L2, and TNFS10 (Figures 1C and 1D; Table 1). By the
combined analysis of the top 12 downregulated AATs in both MJD
patients and Tg-Q69 mice, we identified several genes involved in
multiple steps of autophagy, as well as in the co-regulation of the
autophagy and autophagy-related processes (Table 1). In fact, genes
involved in the autophagosome formation, maturation, and lyso-
somal function were confirmed to be downregulated in Tg-Q69
mice, when compared to wild-type (WT) animals (Figure S1).

ULK1, an important factor involved in the initial stages of autophagy,
was one of the main affected AATs identified in the qRT-PCR array
analysis. To validate this observation, we further evaluatedmRNA (Fig-
ures 1E–1G) and protein levels (Figures 1H–1J) of ULK1 in 4-, 8-. and
16-week-old Tg-Q69 mice. We observed a significantly altered expres-
sion (decrease of about 50%) starting at 8 weeks of age, suggesting that
the impairment of ULK1 occurs after the establishment of the disease.

ULK1/2 overexpression improves balance and motor

performance in a transgenic mouse model of MJD

The serine/threonine-protein kinases ULK1 and ULK2 are evolu-
tionary conserved orthologs of the yeast Atg1 that are essential for au-
tophagosome formation and for the regulation of autophagy.22–24

Because of their upstream and redundant functions in the autophagy
pathway, and having found that ULK1/2 levels are drastically reduced
(Figure 1; Figure S1B), we investigated the therapeutic potential of
ULK1/2 overexpression in MJD.

For this purpose, we took advantage of the Tg-Q69 mouse model that
exhibits a severe ataxia characterized by the lack of coordination and
balance, detected in early age (Figure S2).21,25,26 Six-week-old Tg-Q69
mice and WT littermates were centrally injected into the cerebellar
parenchyma with adeno-associated viruses serotype 1/2 (AAV1/2),
encoding for green fluorescent protein (GFP) or ULK1 and ULK2
(Figure 2A), and their behavioral performance was accessed before
and 3, 6, and 9 weeks post-injection. The injection of AAV1/2 vectors
MJD

filer� array in samples from MJD patients and Tg-Q69 mice. (A and B) Heatmap

ulated genes, respectively. The list of genes is specified inMaterials andmethods. (C

99, showing top differentially expressed genes in MJD patients and transgenic mice,

ples, including ULK1, ATG16L2, and TNFSF10 Green and red colors represent

t (H–J) analysis of ULK1 at 4, 8, and 16 weeks of age. Densitometric quantification of

at 8 and 16 weeks of age. Values are expressed asmean ± SEM of n = 5 forWT and

test (**p < 0.01, ***p < 0.001). See also Figure S1.



Table 1. Top 12 differentially expressed AATs in MJD patients and Tg-Q69 mice, combined

Gene symbol Name

Human
tissue fold
regulation

Tg-Q69 mice
fold regulation

Protein function (GO molecular function or
biological process)

ATG16L2 autophagy-related 16-like 2 �2.41 �1.99 autophagosome formation

ATG4D autophagy-related 4D �1.85 �1.90 autophagosome formation; protein transport

ATG7 autophagy-related 7 �1.45 �1.50 autophagosome formation; protein transport

BAX Bcl2-associated X protein �1.61 �1.51 co-regulation of autophagy and of cell cycle

BCL2L1 Bcl2-like 1 �1.53 �1.48
co-regulation of autophagy, cell death, and cell
cycle

GABARAPL2 GABA A receptor-associated protein-like 2 �1.46 �1.45
autophagosome formation/maturation; protein
transport

HTT huntingtin �2.23 �1.64 protein transport

MAPK14 mitogen-activated protein kinase 14 �1.71 �1.60 RNA polymerase II transcription factor binding

RB1 retinoblastoma 1 �1.88 �1.64 co-regulation of autophagy and cell cycle

TNFSF10 tumor necrosis factor superfamily, member 10 �9.22 �7.37 co-regulation of autophagy and cell death

TRP53 transformation related protein 53 �1.67 �1.45
co-regulation of autophagy, cell death, and cell
cycle

ULK1 Unc-51 like kinase 1 �1.99 �2.24
autophagosome formation; regulation of
autophagy
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allowed a robust transduction of the cerebellum, as observed by the
GFP immunoreactivity and western blot analysis of GFP and ULK1
(Figures 2B and 2C).

Since this transgenic mouse model recapitulates the MJD-associated
motor impairments, we used the rotarod, swimming, and beam
walking tests to evaluate whether the re-establishment of ULK1/2
levels would improve motor coordination and balance.

Tg-Q69 mice displayed marked behavior deficits, when compared to
WT littermates, that were partially rescued by ULK1/2 overexpres-
sion (Figure S2). At 9 weeks post-injection, transgenic animals in-
jected with ULK vectors presented a clear improvement in
motor performance, when compared to control mice, as evidenced
by the significant increase in latency to fall in stationary (Figure
2D, 10.56 ± 2.198 versus 4.367 ± 0.5454 control, Figure S2A) and
accelerated rotarod (Figure 2E, 15.45 ± 3.033 versus 7.476 ± 1.551
control). Furthermore, in the swimming (Figure 2F; Figure S2B)
and beam walking (Figure 2G; Figure S2C) tests, ULK1/2-overex-
pressing mice took less time to cross the swimming pool (6.667 ±

0.2041 versus 8.593 ± 0.5368 control) and a squared beam (16.72 ±

1.016 versus 20.85 ± 1.157 control), respectively.

In order to evaluate the impact of ULK1/2 overexpression in ataxic
gait, we analyzed Tg-Q69 mice footprint patterns. The typical severe
ataxic gait observed in this mouse model was partially recovered
6 weeks after AAV delivery, as evidenced by the tendency for a
decrease in the footprint overlap distance in Tg + ULK1/2 (Fig-
ure 2H). Similarly, a significant increase of the stride length was
observed in ULK1/2-overexpressing Tg-Q69 mice in comparison
with the control group (Figure 2I and 6.283 ± 0.1195 versus
5.850 ± 0.1376 control, Figure S2D), which suggests an amelioration
of the ataxic gait mediated by ULK1/2 overexpression.

Altogether, these results indicate that ULK1/2 overexpression im-
proves the motor performance of MJD transgenic mice.

ULK1/2 overexpression prevents cerebellar neuropathology in

transgenic MJD mice

Along with the severe motor impairments, this transgenic mouse
model is characterized by a profound cerebellar atrophy, particularly
affecting Purkinje cells (Figure S3).21,25,26 Therefore, we further eval-
uated whether the improvement in behavioral performance was
correlated with a preservation of cerebellar structures. For that, we
collected brains of ULK1/2-overexpressing and control mice for his-
tological analysis 9 weeks after injection of viral vectors.

Using cresyl violet-stained brain sections, cerebellar volume and layer
thickness were measured. Tg-69Q mice exhibited a marked cerebellar
neuropathology, when compared toWT littermates, which was atten-
uated by ULK1/2 overexpression (Figure S3; Figure 3). ULK1/2-over-
expressing transgenic mice showed a significantly larger cerebellar
volume (normalized to brain volume, Figures 3A–3C, 4.664 ±

0.07376 versus 4.136 ± 0.1383 control, Figure S3D) and a preservation
of the molecular layer thickness, when compared to control Tg + GFP
mice (Figures 3D–3F, 119.3 ± 2.089 versus 98.58 ± 3.777 control, Fig-
ure S3H). In agreement with the previous results, a clear preservation
of the number and morphology of Purkinje cells was observed in Tg +
ULK1/2 mice (Figure 3H) in comparison with control Tg + GFP mice
(Figure 3G), confirmed by the significantly higher number of calbin-
din-positive Purkinje cells (Figure 3I, 516.1 ± 16.54 versus 427.2 ±

21.41 control).
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Figure 2. ULK1/2 overexpression improves balance, gait, and motor performance in a transgenic mouse model of MJD

(A) Schematic representation of the stereotaxic injection of AAV1/2 vectors encoding for ULK1 and ULK2 or GFP into cerebellar parenchyma of Tg-Q69 mice. Behavioral

assessment was performed before stereotaxic injection (time point 0) and at 3, 6, and 9 weeks post-injection of AAV1/2 vectors. (B and C) Immunofluorescence of GFP (B) and

western blot analysis (C) shows that the stereotaxic injection of the viral vectors allowed the overexpression of GFP or ULK1 in the cerebellum of Tg-Q69mice. Scale bar, 200 mm.

(D–G) Behavioral assessment at 9weeks post-injection reveals an improvement in the performance of ULK1/2-overexpressing transgenicmice, observed in the stationary (D) and

accelerated (E) rotarod tests, swimming test (F), and beamwalking test (G). (H and I) Behavioral assessment at 6 weeks post-injection reveals an improvement in the footprint test

performance of ULK1/2 overexpressing transgenic mice, observed in the overlap (H) and stride length (I) measurements. Values are expressed asmean ± SEM of n = 7–8 males

(Tg + GFP) and n = 5–7 males (Tg + ULK1/2). Statistical significance was evaluated with unpaired Student’s t test (*p < 0.05). See also Figure S2.

Molecular Therapy
We further evaluated whether ULK1/2 overexpression could reduce
mutATXN3 levels. Upon immunohistochemical analysis, we
observed a significant decrease of HA-positive inclusions in trans-
genic mice injected with ULK1/2 vectors, when compared to control
Tg + GFP mice (Figures 3J–3L, 4,872 ± 599 versus 9,286 ± 1,700 con-
trol). Similarly, western blot analysis revealed a significant reduction
of high molecular weight (MW) species (Figures 3M and 3N,
374 Molecular Therapy Vol. 30 No 1 January 2022
�46.18 ± 10.33), while a tendency for a decrease of soluble mu-
tATXN3 species (Figures 3M and 3Q, �31.21 ± 15.88) was observed
in Tg + ULK1/2 mice.

Taken together, these results show that ULK1/2 overexpression pre-
vents cerebellar neurodegeneration by promoting mutATXN3 clear-
ance and, thus, preserving Purkinje cells and cerebellar structures.
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ULK1/2 overexpression reduces the toxic forms of mutATXN3 in

the lentiviral-based mouse model of MJD

To further assess whether ULK1/2 overexpression would alleviate the
MJD-associated neuropathology in a different brain region, we took
advantage of the striatal lentiviral-based mouse model of MJD.27

Importantly, this strategy allows a localized full-length mutATXN3
expression, which can be useful not only to study themolecular mech-
anisms of the disease but also to effectively and quantitatively assess
the efficacy of a certain therapeutic approach.28–30

Lentiviral vectors encoding for mutATXN3-72Q were injected in one
striatal hemisphere, whereas the contralateral hemisphere, serving as
control, was injected with lentiviral vectors encoding for WT
ATXN3-27Q (Figure S4). ULK1 levels were initially measured in both
hemispheres. As a result of striatal full-length mutATXN3 expression,
a tendency toward reduced ULK1 protein levels was observed, when
compared to theWTATXN3 control hemisphere, which is particularly
evident at 8 weeks post-injection (p = 0.0592; Figures S4B and S4C).

To further evaluate whetherULK1/2 overexpressionwould alleviate the
neuropathology characteristic of this MJD mouse model,29–31 6-week-
old mice were bilaterally co-injected in the striatum with lentiviral vec-
tors encoding for mutATXN3-72Q and AAV1/2 vectors encoding for
GFP (control, left hemisphere) or ULK1 and ULK2 (right hemisphere,
Figure 4A) and were sacrificed at 4 weeks post-injection. A large area of
striatumwas efficiently transduced, as observed by the GFP immunore-
activity (Figure 4B) and the overexpression of GFP or ULK1 by western
blot (Figure 4C). The use of AAVs with a single-stranded genome for
expression of ULK1/2 allows a delayed sequential expression compared
to mutATXN3 by lentiviral vectors.

Similar to other polyQ diseases, mutATXN3 tends to aggregate and its
nuclear accumulation in neurons is considered a hallmark of the dis-
ease.32 In addition, the expanded protein can suffer proteolytic cleav-
age, and the generation of ATXN3 fragments has been related to an
increase of aggregation and toxicity.31,33–35 Importantly, ULK1/2
overexpression drastically reduced the toxic forms of mutATXN3,
when compared to GFP control hemispheres. ULK1 and ULK2 pro-
moted a significant decrease of high-MW species, soluble mu-
tATXN3, and 34-kDa fragment levels by 67.44% ± 7.21%, 88.45% ±

7.75%, and 68.81% ± 14.59%, respectively (Figures 4C–4F). Further-
Figure 3. ULK1/2 overexpression prevents cerebellar neuropathology in transg

(A–F) Cresyl violet-stained sections from Tg-Q69 mice. (A–C) ULK1/2 overexpressing tr

than did control GFP-expressing transgenic mice (A), as quantified in (C). (D–F) Represe

that ULK1/2 overexpression prevented the reduction of molecular layer thickness, confir

calbindin antibody, indicates a preservation of Purkinje cells in ULK1/2 overexpressing

which was confirmed by quantification of the number of calbindin-positive Purkinje cells

ULK1/2). Statistical significance was evaluated with an unpaired Student’s t test (**p < 0.

H). (J–L) Immunohistochemical analysis of mutATXN3 inclusions, detected by the HA

overexpressing transgenic mice (K), comparing to control GFP-overexpressing transgen

the number of inclusions per section (L). Values are expressed as mean ± SEM, n = 5 (

analysis of mutATXN3 levels confirms a reduction of high-MW species (N) and soluble

b-actin is shown. Values are expressed as mean ± SEM, n = 4. Statistical significanc

significant). MW, molecular weight; ML, molecular layer. See also Figure S3.
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more, upon immunohistochemistry, the quantification of the number
of ubiquitin-positive inclusions further revealed a similar significant
reduction upon ULK1/2 overexpression (37.78% ± 6.50% versus
100% ± 20.99% control, Figures 4G–4I).

These results show thatULK1/2 overexpression prevents the accumula-
tion ofmutATXN3 in the striatal lentiviral-basedmousemodel ofMJD.
ULK1 exerts an essential role in autophagy-mediatedmutATXN3

clearance in vitro

Although ULK1 and ULK2 display redundant functions in autophagy
induction, they may play distinct autophagy-related and non-related
roles, which are still not fully understood.36–38 To investigate the spe-
cific contribution of ULK1 and ULK2 in the attenuation ofMJD-asso-
ciated neuropathology, we further evaluated their impact in vitro.
Neuro2a cells were transfected with a plasmid encoding for the trun-
cated mutATXN3 with 69Q21 and with GFP, ULK1, ULK2, or
ULK1 + ULK2 vectors (Figure 5A). The overexpression of ULK1
and both ULK1 + ULK2 led to the simultaneous reduction of high-
MW species by 77.17% ± 5.34% and 61.08% ± 13.37% and of soluble
mutATXN3 levels by 52.61% ± 5.052% and 52.38% ± 4.50%, respec-
tively, whereas ULK2 alone had no significant effect on the levels of
these species (Figures 5B–5D). Our results suggest that ULK1 plays
a major role in the clearance of mutant protein clearance.

To further explore the role of ULK1 in MJD, we took advantage of a
human HAP1 ULK1 knockout (KO) cell line. Control and ULK1 KO
HAP1 cells were transduced with lentiviral vectors encoding for mu-
tATXN3. ULK1 KO cells were further infected with lentiviral vectors
encoding for ULK1 (Figure 5E). The expression of the transgenes of
interest was confirmed by western blot analysis (Figure 5F).

First, to evaluate whether differences of ULK1 expression levels have
an impact on autophagy activation, we evaluated the protein levels of
the transient autophagosomal membrane-bound LC3BII, commonly
used as a marker for autophagosome formation. Autophagic flux was
accessed by LC3BII turnover assay, which compares LC3BII levels be-
tween samples in the presence and absence of a lysosomal inhibitor
(chloroquine).39 We observed a significant decrease in LC3BII net
flux in ULK1 KO cells that trended toward recovery in ULK1-
enic MJD mice

ansgenic mice (B) presented a larger cerebellar volume, relative to cerebral volume,

ntative images of molecular layer from Tg + GFP (D) and Tg + ULK1/2 (E) mice show

med by the respective analysis (F). (G–I) Immunohistochemical analysis, detected by

transgenic mice (G), compared with control GFP-expressing transgenic mice (H),

per section (I). Values are expressed as mean ± SEM, n = 5 (Tg + GFP) and 6 (Tg +

01, ***p > 0.001). Scale bars, 500 mm (A and B), 100 mm (D and E), and 50 mm (G and

antibody, shows a decrease in the number of HA-positive inclusions in ULK1/2

ic mice (J). Reduction in HA-positive inclusions was confirmed by the quantification of

Tg + GFP) and 6 (Tg + ULK1/2). Scale bars, 200 mm (J and K). (M–O) Western blot

mutATXN3 levels (O). Densitometric quantification of mutATXN3 levels relative to

e was evaluated with an unpaired Student’s t test (*p < 0.05, **p > 0.01; ns, not



Figure 4. ULK1/2 overexpression reduces the toxic forms of mutATXN3 in the lentiviral-based mouse model of MJD

(A) Schematic representation of the stereotaxic injection of lentiviral vectors encoding for the human mutATXN3 72Q into the mouse striatum (both hemispheres) and AAV1/2

vectors encoding for GFP (left hemisphere) and ULK1 and ULK2 (right hemisphere). Neuropathological analysis was performed at 4 weeks post-injection of viral vectors. (B

and C) Immunofluorescence of GFP (B) and western blot analysis (C) confirm that the stereotaxic injection of the viral vectors mediated the overexpression of GFP and ULK1.

Scale bar, 200 mm. (D–F) Western blot analysis shows a significant reduction of high-MW species (D), soluble mutATXN3 (E), and 34-kDa fragment levels (F). Densitometric

quantification of mutATXN3 levels relative to b-tubulin is shown. Values are expressed asmean ± SEM of n = 3. Statistical significance was evaluated with a paired Student’s t

test (*p < 0.05, **p < 0.01). (G–I) Immunohistochemical analysis reveals the reduction of ubiquitin-positive inclusions in MJDmice upon overexpression of ULK1 and ULK2 (H)

when compared tomice injectedwith GFP (G), as quantified in (I). Values are expressed asmean ± SEM of n = 7. Statistical significance was evaluated with a paired Student’s

t test (*p < 0.05). Scale bars, 50 mm. LV, lentiviral vector. See also Figure S4.
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overexpressing cells (Figure 5G), suggesting a critical role of ULK1 in
the autophagosome formation.

Based on this evidence, we next evaluated the mutATXN3 clearance
in the absence or presence of ULK1. When compared to control cells,
ULK1 KO cells showed an increase in mutATXN3 levels (p = 0.052),
while the overexpression of ULK1 led to a significant decrease of the
mutant protein (Figure 5H). These observations support the benefi-
cial effect of ULK1 in autophagy-mediated mutATXN3 clearance.

DISCUSSION
In this study, we provide evidence of the transcriptional dysregulation
of key autophagy genes in MJD, including ULK1 and ULK2. We
explored their in vivo therapeutic potential, demonstrating that the
overexpression of the ULK homologs leads to significant improve-
ments in MJD-associated behavior and neuropathological deficits.
Moreover, we also demonstrated a central role of ULK1 in promoting
autophagy-mediated mutATXN3 clearance, most likely responsible
for the additional positive effects observed in MJD models.

First, we observed a general transcriptional dysregulation of the auto-
phagy-associated genes in twomodels of MJD, which suggests that, in
fact, transcription is markedly affected in pathological conditions, as
previously described.17,40,41 The robust transcriptional dysregulation
observed might be explained by the severity of the analyzed models.
In this study we made use of postmortem tissue of MJD patients,
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specifically from the dentate nucleus region in the cerebellum, one of
the most affected regions in the disease42,43 where, therefore, an exac-
erbation of the pathogenic mechanisms might be expected. Moreover,
the analyzed Tg-Q69 mouse model expresses an N-terminal trun-
cated human ATXN3 driven for expression in Purkinje cells, being
characterized by a profound cerebellar atrophy and early motor
impairments.21

The impairment of autophagy induction in MJD is well estab-
lished, given by the observation of decreased beclin-1 levels in
several models.13,16,44 Nonetheless, several studies show the accu-
mulation of autophagosomes, autophagy-related proteins (ATG7,
ATG12, ATG16L1, ATG16L2), endosomal/lysosomal markers
(LAMP-2, RAB7, RAB1A), and the incorporation of ubiquitin-
related proteins (p62 and NRB1) into neuronal intranuclear inclu-
sions13–15 in MJD brains, suggesting that the autophagic sub-
strates are not efficiently delivered to autophagosomes for degra-
dation, and therefore other pathways might be affected. Our
results support these observations, since AATs involved in the
late steps of autophagy were shown to be dysregulated in the
analyzed MJD models. A combined analysis of AATs dysregula-
tion in MJD brain tissue and the Tg-Q69 mouse model led us
to the identification of several common transcripts robustly down-
regulated, such as ATG16L2, ATG4D, ATG7, HTT, GABARAPL2,
and ULK1, that are involved in autophagosome formation, matu-
ration, or protein transport.45–47 Even though further functional
studies are needed, the abnormal reduction of expression levels
of autophagy genes may affect their normal function, contributing
to the impairment of the autophagy pathway in MJD.

One of the main downregulated genes identified in this study was
ULK1, the levels of which were drastically decreased in the Tg-69Q
mouse model after 8 weeks of age, when neuropathology and robust
symptoms are already established. In line with these results, previous
studies have found a reduction of beclin-1 levels in a late stage of a
MJD transgenic mouse model,13 as well as a decline of beclin-1 in
an age-dependent manner in brains of Huntington’s disease pa-
tients,48 suggesting that decreased levels of autophagy proteins might
influence the disease onset and progression. Furthermore, ULK1
function was shown to be affected in polyQ disease models. ULK1-
mediated phosphorylation of ATG14 is impaired in Huntington’s dis-
ease, which is possibly caused by the p62-induced sequestration of
ULK1.49 In addition, a destabilization of ULK1, possibly due to an
Figure 5. ULK1 exerts an essential role in autophagy-mediated mutATXN3 clea

(A) Schematic representation of the experimental conditions. Human ULK1 KO and contr

The stable expression of the transgenes was confirmed by western blot analysis. (C) HAP

blot analysis of LC3B shows a significant decrease of LC3BII net flux in the ULK1 KO

analysis of ATXN3 shows a significant decrease of mutATXN3 levels in HAP1 KO express

to b-actin and b-tubulin, respectively. Values are expressed as mean ± SEM of n = 4.

significance (*p < 0.05, **p < 0.01). (E) Schematic representation of Neuro2a transfectio

ULK2, using PEI reagent. (F–H) Western blot analysis shows a significant reduction of hig

mutATXN3 levels relative to b-actin. Values are expressed asmean ±SEMof n = 4 and 5.

expressing ULK constructions to GFP (*p < 0.05, **p < 0.01). CTRL NI, non-infected co

molecular weight
increased p53-FIP200 interaction, and subsequent inhibition of auto-
phagy were observed in a SCA7 model.50

Considering that strategies based on autophagy activation can repre-
sent promising therapies in diseases characterized by the abnormal
accumulation of toxic proteins, it is important to understand and
target the mechanism by which mutant proteins disturb the auto-
phagy pathway. By overexpressing ULK1/2 proteins abnormally
diminished in the disease, we anticipate a restoration of the cellular
degradation system. Moreover, regulating autophagy at its initial
step may contribute to a more effective response as compared to
more downstream interventions.

ULK1 and ULK2 serine/threonine protein kinases are widely studied
factors of the autophagy induction complex, sharing 52% of the over-
all sequence identity and 76% within their kinase domains.51 The
importance of these homologs for autophagy activity is supported
by the evidence that kinase-inactivated forms of ULK1 and ULK2
strongly inhibit autophagy.36 Moreover, while ULK1�/� or ULK2�/�

mice display a normal development, double KO of ULK1 and ULK2
lead to neonatal lethality.37,52,53 For these reasons, we made the op-
tion to overexpress simultaneously both ULK1 and ULK2 in vivo.
For this approach, we took advantage of two mouse models vastly
used in our previous studies.27,29–31,54–58

We first investigated the re-establishment of ULK1 and ULK2 levels
in a Tg-Q69 mouse model expressing a truncated form of the human
mutATXN3 in the cerebellum.21 This model displays a severe and
early phenotype, which is highly relevant for pre-clinical studies.
Notably, the marked behavioral deficits observed in these mice
were partially prevented by ULK1/2 overexpression. The significant
improvements can be explained by the autophagic reduction of mu-
tATXN3 aggregated and soluble species. Nevertheless, since the role
of ULK1/2 is not limited to autophagy, other mechanisms might be
involved.

Indeed, autophagy and apoptosis are intimately connected, as some
regulators can control both processes. Compelling evidence demon-
strates that autophagy can be cytoprotective in neurons, by prevent-
ing apoptosis, a process where ULK1 has been shown to exert an
important function.59,60 In fact, the recovery of motor performance
was accompanied by the amelioration of neuropathology, namely
the preservation of Purkinje cells and cerebellar morphology,
rance in vitro

ol HAP1 cell lines were infectedwith lentivirus encoding for mutATXN3 and ULK1. (B)

1 cells were analyzed in the presence or absence of chloroquine (100 mM). Western

cell line that trended toward recovery upon ULK1 overexpression. (D) Western blot

ing ULK1. Densitometric quantification of LC3BII levels andmutATNX3 levels relative

A one-way ANOVA with Bonferroni’s post hoc test was used to evaluate statistical

n with plasmids encoding for the mutATXN3 with 69Q and GFP, ULK1, or ULK1 +

h-MW species (G) and soluble mutATXN3 levels (H). Densitometric quantification of

A one-way ANOVAwith Dunnett’s post hoc test was used to compare Neuro2a cells

ntrol; CTRL, control; KO, knockout; chQ, chloroquine; PEI, polyethyleneimine; MW,
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suggesting a reduction of neuronal cell death. Moreover, the neuron-
specific functions of ULK1 and ULK2, as well as their involvement in
the regulation of autophagy in response to proteotoxic stress, could
represent an important advantage of a therapy to be applied in
MJD and other neurological disorders.60–64

To clarify whether ULK1/2 would exert protective effects in a
different brain region that is also affected in MJD, we used the striatal
lentiviral-based mouse model. This model expresses the full-length
human mutATXN3 and allows the assessment of the efficacy of the
developed therapy in a short period of time by the precise quantifica-
tion of the neuropathological deficits. Moreover, ULK1 levels were
also found to be reduced in this model, reinforcing the idea of the
deleterious impact of mutATXN3 in ULK1 expression and the impor-
tance of restoring ULK1 activity. Indeed, 4 weeks after injection of
viral vectors, ULK1/2 overexpression promoted the clearance of mu-
tATXN3 toxic forms.

Importantly, autophagy has been shown to be a crucial pathway for
the clearance of insoluble protein aggregates, since they cannot be
efficiently degraded by the ubiquitin-proteasome system.65 Along
with the insoluble protein, a significant reduction of a mutATXN3
fragment was observed, which may suggest, in line with the “toxic
fragment hypothesis,” a prevention of the aggregation process until
inclusion formation.33,66,67 Independently of the pathophysiological
implications of the different polyQ toxic forms, which are still contro-
versial, the overall reduction of mutATXN3 could indicate a retarda-
tion of the associated neuropathological mechanisms.

We further evaluated the specific contribution of ULK1 and/or ULK2
in the activation of autophagy andmutATXN3 degradation in in vitro
models of the disease. Interestingly, we observed a central role of
ULK1 in promoting protein clearance, since ULK1 alone, but not
ULK2, strongly reduced mutATXN3 levels in vitro. Moreover, our re-
sults show that the absence of ULK1 led to the impairment of the au-
tophagic flux, which was tendentially prevented by reinstating ULK1
levels. This is in accordance with previous evidence showing that only
the knockdown of ULK1, but not ULK2, drastically decreases starva-
tion-induced autophagy activity in HEK293T cells and mouse embry-
onic fibroblasts.23,68

Our results suggest that the neuroprotective effects observed
in vivo were more likely due to ULK1 activity; however, further
studies are needed to understand the separate function of ULK1
and ULK2 in this context. While being partially redundant,
ULK1 and ULK2 may also have important independent functions
since they act differently depending on the underlying stimulus or
cell type.36,53,69 Indeed, a recent computational analysis that
compared the human ULK1 and ULK2 proteins found major dif-
ferences in their autophagy-related and non-autophagy-related in-
teractors, as well as specific transcriptional and post-translational
regulators, suggesting distinct functions for ULK1 and ULK2.38

Therefore, the identification of the specific processes wherein
these homologs are involved would result in a better comprehen-
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sion of the impact of ULK1 and ULK2 imbalance in autophagy
and disease pathogenesis.

In conclusion, the present study provides evidence that autophagy is
markedly dysregulated at the transcriptional level in MJD, and that
the overexpression of the ULK homologs alleviates MJD-associated
motor deficits and neuropathology. Thus, gene delivery of AATs,
such as ULK1, may be a promising strategy for MJD treatment.
MATERIALS AND METHODS
Vector constructions

For lentiviral ULK1 construction, cloning was performed into XhoI
and BamI sites of the LTR-SIN-PGK-ATXN3-LTR vector.27 For
AAV ULK1 and ULK2 constructions, cloning was performed into
EcoRI/BamH and EcoRI/XhoI sites, respectively, of a single-stranded
AAV (ssAAV) backbone under the cytomegalovirus (CMV)
promoter.
Viral production, purification, and titer assessment

Lentiviral vectors encoding for human mutATXN3 with 72 gluta-
mines (LV-PGK-ATXN3 72Q)27 and ULK1 (LV-PGK-ULK1) were
produced in human embryonic kidney 293 (HEK293T) cells with a
four-plasmid system, as previously described.70 Lentiviral particles
were suspended in sterile 0.5% bovine serum albumin diluted in phos-
phate-buffered solution (PBS). The viral particle content of each
batch was evaluated by assessing the HIV-1 p24 antigen levels by
ELISA (Retro Tek, Gentaur), in accordance with the manufacturer’s
instructions.

AAV1/2, encoding for ssAAV-GFP, ssAAV-ULK1, and ssAAV-
ULK2, were produced in HEK293T cells as described elsewhere.71

AAV vectors were purified based on the fast protein liquid chroma-
tography (FPLC) technique, using the ÄKTA pure 25 system (GE
Healthcare Life Sciences). AAV titer was determined by quantitative
real-time PCR using the AAVpro titration kit (for real-time PCR) v2
(Takara Bio), in accordance with the manufacturer’s instructions.

Concentrated viral stocks were stored at �80�C until further use.
HAP1 cell culture and transduction

HAP1 cells (Horizon) are a human adherent cell line, with fibroblast-
like morphology, derived from male chronic myelogenous leukemia
cell line KBM-7. HAP1 cells are near haploid, having a single copy
of nearly every chromosome.72

HAP1 control and ULK1 KO cells were maintained in culture in Is-
cove’s modified Dulbecco’s medium (IMDM, Sigma-Aldrich) supple-
mented with 10% fetal bovine serum (FBS, Life Technologies), 1%
penicillin-streptomycin (Life Technologies) and kept at 37�C in a
5% CO2 atmosphere incubator.

Both cell lines were infected with lentiviral vectors encoding for mu-
tATXN3 (LV-PGK-ATXN3 72Q), and two passages after infection,
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HAP1 KO cells were infected with lentiviral vectors encoding for
ULK1 at the ratio of 60 ng of p24 antigen/1� 105 cells of each vector.

After transduction, 0.6� 104 cells were plated on six-well cell culture-
treated multiwell plates (Thermo Fisher Scientific) for western blot
analysis. Twenty-four hours later, each line was incubated with
100 mM chloroquine for 3 h prior to collection. Cells without chloro-
quine incubation were used as control.

Neuro2a cell culture and transfection

Amouseneural crest-derived cell line (neuro2a cells)was obtained from
the American Type Culture Collection. The cells were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma-Aldrich) sup-
plemented with 10% heat-inactivated FBS (Life Technologies) and 1%
penicillin- streptomycin (LifeTechnologies) and culturedat 37�Cunder
a humidified atmosphere containing 5%CO2.Neuro2a cells were trans-
fected with plasmids encoding for truncated mutATXN3 with 69Q21

and (1) GFP (as control), (2) ULK1, (3) ULK2, or (4) ULK1 and
ULK2. For that, 1� 104 cells were plated on 12-well cell culture-treated
multiwell plates (ThermoFisher Scientific) forwestern blot analysis.Af-
ter 24h, cells were transfectedwith amixture ofDNA/polyethylenimine
(PEI) complexes (MW40000, Polysciences). Complex formation was
performed by combining 400 ng of each plasmid DNA in 50 mL of
serum-free DMEM and 4 mL of PEI (1 mg/mL) per well. This mixture
was vortexed for 10 s and incubated at room temperature for 10 min.
Afterward, DNA/PEI complexes were diluted in complete DMEM
and added to cell culture. At 48 h post-transfection, cells were collected.

Human postmortem tissue

Postmortem human brain tissue from dentate nucleus was obtained
from the University Medical Center of Groningen (UMCG), the
Netherlands. Tissue from two healthy individuals (male, 68 years
old; further details unknown) and twoMJD patients (female, 34 years
old, 77 CAG repeats; female, 70 years old, 68 CAG repeats) was used.
All individuals gave informed consent for clinical data and sample use
for research as approved by the Medical Ethical Committee of the
UMCG.

Animals

The lentiviral-based MJD mouse model was produced as previously
established in our laboratory.27 C57BL/6 mice from Charles River
Laboratories were used. The detailed protocol is described in the
next section.

The transgenic mouse model used was developed by Hirokazu Hirai
(Kanazawa University, Japan),21,73 and a colony of these transgenic
mice was established in a licensed animal facility (International Ani-
mal Welfare Assurance no. 520.000.000.2006) at the Center for
Neuroscience and Cell Biology (CNC) of the University of Coimbra,
Portugal. Transgenic mice express an N-terminal truncated human
ATXN3 in cerebellum, with 69 CAG repeats together with an N-ter-
minal HA epitope, driven by a L7 promoter. The genotype was
confirmed by PCR. Animals were housed in groups (two to five per
cage) in plastic cages (365 � 207 � 140 mm) with food and water
ad libitum and maintained on a 12-h light/12-h dark cycle at a
room with constant temperature (22�C ± 2�C) and humidity
(55% ± 15%).

The experiments were carried out in accordance with the European
Union Community directive (2010/63/EU) for the care and use of lab-
oratory animals. Researchers received adequate training (Federation
of European Laboratory Animal Science Associations (FELASA)-
certified course) and certification from Portuguese authorities (Direc-
ção Geral de Alimentação e Veterinária) to perform the experiments.

In vivo injection of viral vectors

Mice with 6 weeks of age were anesthetized by intraperitoneal injec-
tion of a mixture of ketamine (80 mg/kg) and xylazine (4 mg/kg).

For experiments using the lentiviral-based MJD mouse model, WT
mice were stereotaxically injected into the striatum with concentrated
lentiviral vectors containing 400 ng of p24 antigen and encoding for
the mutATXN3 with 72Q and 2� 109 viral genomes of AAV1/2 vec-
tors encoding for GFP or ULK1 + ULK2 in each hemisphere at the
following coordinates: +0.6 mm rostral to lambda,�1.8 mmmidline,
and�3.3 mm ventral to the skull surface, with the mouth bar set at 0.

For experiments using the Tg-Q69mouse model, transgenic mice and
WT littermates were injected into the cerebellum with 2 � 109 viral
genomes of AAV1/2 vectors encoding for GFP or ULK1 + ULK2 at
the following coordinates: anteroposterior �2.3 mm, lateral 0 mm,
and ventral �3.0 mm, relative to lambda. After the injection, the sy-
ringe needle was left in place for an additional 5 min to minimize
backflow.

Behavioral assessment

Transgenic males were subjected to locomotor tests before and 3, 6,
and 9 weeks after injection of viral vectors. Animals were acclimatized
for 1 h to a quiet room with controlled temperature and ventilation
and dimmed lighting, and handled prior to behavioral testing.

Rotarod

Motor coordination and balance were assessed using the rotarod appa-
ratus (Letica Scientific Instruments, Panlab) at a constant speed (5 rpm)
and at an accelerated speed (4–40 rpm), both for a maximum of 5 min.
The timeduringwhichmice remainedwalking in the rotationdrumwas
recorded. Mice performed three trials, at each time point, for both con-
stant and accelerated speed rotarod, with at least 20min of rest between
trials. The results were expressed as the average of the trials.

Swimming

Mice were placed in one side of a 100-cm-long rectangular swimming
pool made of glass, with a safe platform in the opposite side. The pool
was filled with water at 25�C, up to the platform level. Mice performed
three trials for each time point, with at least 20 min of rest between
trials. The time (in seconds) that mice took to reach the safe platform
(with the four paws) was recorded. The results were expressed as the
average of the trials.
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Beam walking

Motor coordination and balance of mice were assessed by measuring
the time (in seconds) to cross a 9-mm squared beam and reach an en-
closed safety platform. The beam was placed horizontally and raised
to a height of approximately 20 cm, and mice had to traverse 40 cm to
reach the safe platform. Three trials were performed in each time
point, with at least 20 min of rest between trials. The results were ex-
pressed as the average of the trials.

Footprint patterns

Gait was evaluated by performing the footprint analysis, in which the
forepaws and hindpaws of the animal were painted with non-toxic
dyes of different colors. Mice were allowed to walk along a blank pa-
per runway (100 � 10 � 15 cm). Five consecutive steps were chosen,
and the footprint overlap and stride length were measured. The over-
lap between forepaw and hindpaw placement was measured as the
distance between the front and hind footprints on each side. Measure-
ments were performed on the left and right sides and the mean from
10 measurements (5 left, 5 right) was recorded. To measure the stride
length, the average distance of the forward movement between each
stride was quantified. The results were expressed as the mean value
for the forepaw and hindpaw stride length.

mRNA expression analysis

mRNA isolation and integrity assessment

Total RNA of human brain tissue was isolated using a miRCURY
RNA isolation kit (Exiqon), while RNA of transgenic mice was ex-
tracted with a NucleoSpin RNA kit (Macherey-Nagel), according to
the manufacturer’s instructions. For the mouse samples, the protocol
was preceded by homogenization of the tissue with TRIzol reagent
(Invitrogen) and chloroform (Merck).

RNA integrity, purity, and concentration were determined using an
Experion RNA StdSens kit (Bio-Rad) and a NanoDrop 2000 spectro-
photometer (Thermo Fisher Scientific). The RNA samples were
stored at �80�C until further use.

Reverse transcription and quantitative real-time PCR

For RT2 Profiler� PCR array autophagy analysis (QIAGEN), cDNA
was synthesized by the conversion of 0.5 mg of total DNase I-treated
RNA, using an RT2

first-strand kit (QIAGEN), according to the man-
ufacturer’s instructions.

Quantitative real-time PCR (qPCR) was carried out in a 2,700-mL re-
action volume containing 102 mL of cDNA synthesis reaction (control
or MJD pooled samples) and 1,350 mL of RT2 SYBR Green mastermix
(QIAGEN). In each model of the disease, one 96-well plate for control
or the MJD group was analyzed. qPCR was performed in the StepO-
nePlus real-time PCR system (Applied Biosystems), which was initi-
ated with enzyme activation by heating at 95�C during 10 min, fol-
lowed by 40 cycles of two steps: 95�C for 15 s, and 60�C for 1 min.
To verify PCR specificity a melting curve was performed, with the
following program: 95�C for 15 s, 60�C for 1 min, and 60�C–95�C
with an increment of 0.3�C per 15 s.
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For following qPCR assays, cDNA was synthesized by the conversion
of 1 mg of the DNase I-treated RNA with an iScript selected cDNA
synthesis kit (Bio-Rad), according to the manufacturer’s instructions,
and stored at�20�C. qPCR was carried out in 10 mL using the SsoAd-
vanced SYBR Green supermix (Bio-Rad). Primers (mouse ULK1 for-
ward, 50-CAGACAGCCTGATGTGCAGT-30, reverse 50-TCAATG
CGCTGGTAGTTCTG-30; mouse Gapdh forward 50-TGGAGAA
ACCTGCCAAGTATGA-30, reverse 50-GTCCTCAGTGTAGCCCA
AG-30) were designed using Primer-BLAST software,74 and their
efficiency and specificity were subsequently evaluated. qPCR was per-
formed in the StepOnePlus real-time PCR system (Applied Bio-
systems) according to the following specifications: 95�C for 30 s, fol-
lowed by 45 cycles at 95�C for 5 s and 60�C for 15 s. The melting step
was performed with slow heating, starting at 65�C with an increment
of 0.5�C per 5 s up to 95�C.

Each assay included a non-template control, non-reverse transcrip-
tion control, and a standard curve for each target gene. The amplifi-
cation rate was evaluated from the cycle threshold (Ct), which was
automatically determined by the software with cDNA dilutions.

Data analysis

For RT2 Profiler� PCR array autophagy, data analysis was performed
in the RT2 Profiler� data analysis web portal using theDDCtmethod.
Data normalization was performed using the housekeeping genes
with a variation of %0.5 Ct between samples. The following house-
keeping genes were used in qPCR array analysis: ACTB, HPRT1,
RPLP0 (human samples) and Actb, Hsp90ab1, Gusb, and Gapdh
(mouse samples).

The fold change (FC) value was calculated by convertingDDCt from a
log2 scale to a linear scale using the following equation: FC = 2�DDCt.
For all FC values greater than 1, the fold regulation and FC values are
the same. For all FC values less than 1, the fold regulation is the nega-
tive inverse of the FC (�1/FC).

The autophagy genes (human and mouse) analyzed in the PCR array
are listed in Table 2.

FC of following qPCR assays was determined using Pfäffl method. To
each gene and experiment, a standard curve was performed to assess
the efficiency of each set of primers. Data were corrected for Gapdh
levels, normalized for the control group, and FC was expressed as
percentage.

For Gene Ontology analysis we took advantage of the Gene Ontology
Consortium data base.75,76

Protein isolation and western blot analysis

For protein isolation, brain tissue and cells were lysed with radioimmu-
noprecipitation assay (RIPA) buffer solution (50 mMTris-base [Fisher
Scientific], 150 mMNaCl [Fisher Chemical], 5 mM ethylene glycol tet-
raacetic acid [Sigma-Aldrich], 1% Triton X-100 [Sigma-Aldrich], 0.5%
sodium deoxycholate [Sigma-Aldrich], and 0.1% sodium dodecyl



Table 2. RT2 Profiler� PCR array human/ mouse autophagy, gene list

A01 Aakt1 B10 Becn1 D07 Gabarap F04 Pik3c3

A02 A mbra1 B11 Bid D08 Gabarapl1 F05 Pik3cg

A03 AApp B12 Bnip3 D09 Gabarapl2 F06 Pik3r4

A04 Atg10 C01 Casp3 D10 Hdac1 F07 Prkaa1

A05 Atg12 C02 Casp8 D11 Hdac6 F08 Pten

A06 Atg16l1 C03 Cdkn1b D12 Hgs F09 Rab24

A07 Atgl2 C04 Cdkn2a E01 Hsp90aa1 F10 Rb1

A08 Atg3 C05 Cln3 E02 Hspa8 F11 Rgs19

A09 Atg4a C06 Ctsb E03 Htt F12 Rps6kb1

A10 Atg4b C07 Ctsd E04 lfng G01 Snca

A11 Atg4c C08 Ctss E05 Igf1 G02 Sqstm1

A12 Atg4d C09 Cxcr4 E06 Ins2 G03 Tgfb1

B01 Atg5 C10 Dapk1 E07 Irgm1 G04 Tgm2

B02 Atg7 C11 Dram1 E08 Lamp1 G05 Tmem74

B03 Atg9a C12 Dram2 E09 Map1lc3a G06 Tnf

B04 Atg9b D01 Eif2ak3 E10 Map1lc3b G07 Tnfsf10

B05 Bad D02 Eif4g1 E11 Mapk14 G08 Trp53

B06 Bak1 D03 Esr1 E12 Mapk8 G09 Ulk1

B07 Bax D04 Fadd F01 Mtor G10 Ulk2

B08 Bcl2 D05 Fas F02 Nfkb1 G11 Uvrag

B09 Bcl2l1 D06 Gaa F03 Npc1 G12 Wipi1
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sulfate [SDS,AcrosOrganics] containingprotease inhibitors [RocheDi-
agnostics] and supplemented with 0.2 mM phenylmethylsulfonyl fluo-
ride [Sigma-Aldrich], 1 mM dithiothreitol [DTT, Sigma-Aldrich],
1mM sodium orthovanadate [Sigma-Aldrich], and 5mMsodium fluo-
ride [Sigma-Aldrich]). Tissue and cell lysates were further submitted to
two series of 4 s of ultra-sound pulses (1 pulse/s). Protein concentration
was determined using the Bradford protein assay (Bio-Rad). Samples
were then denatured with 6� sample buffer (9.3% DTT, 10% SDS,
30% glycerol in 0.5 M Tris-HCl/0.4% SDS [pH 6.8] and bromophenol
blue [0.012%]) and incubated during 5 min at 95�C. Forty to 60 mg of
total protein extract was resolved on SDS-polyacrylamide gels (4%
stacking, 10% running). The proteins were transferred onto polyvinyli-
dene fluoride membranes (Millipore) according to standard protocols.
Themembraneswere blockedby incubation in 5%non-fatmilk powder
inTris-buffered salinewith 0.1%Tween 20 for 1 h at room temperature,
and then incubated overnight with the following primary antibodies
diluted in blocking buffer, that is, rabbit monoclonal ULK1 (1:1,000,
Cell Signaling Technology), mouse monoclonal anti-GFP (1:1,000,
#11814460001, Roche), rabbit monoclonal anti-LC3B antibody
(1:1,000, Cell Signaling Technology), mouse monoclonal anti-ATXN3
antibody (1H9, 1:5,000, Merck Millipore), mouse monoclonal anti-
HA antibody (1:1,000, InvivoGen), mouse monoclonal anti-b-actin
(1:5,000, A5316, clone AC74, Sigma-Aldrich), and mouse monoclonal
anti-b-tubulin (1:10,000, SAP.4G5, Sigma-Aldrich). Blots were incu-
bated with the corresponding alkaline phosphatase-linked secondary
goat anti-mouse or anti-rabbit antibodies (1:10,000, Thermo Fisher Sci-
entific) for 2 h at room temperature. Bands were visualized with
enhanced chemifluorescent substrate (GE Healthcare), using chemi-
fluorescence imaging (ChemiDoc imaging system, Bio-Rad). Semi-
quantitative analysis was carried out based on the optical density of
scanned films (Image Lab software version 5.1, Bio-Rad). The specific
optical density was then normalized with respect to the amount of
b-actin/b-tubulin loaded in the corresponding lane of the same gel
and to control group, expressed as a percentage.

Histological staining and immunohistochemistry procedure

Tissue preparation

Mice were sacrificed with an overdose of xylazine/ketamine (8/160mg/
kgbodyweight, intraperitoneally). PerfusionwithPBS andfixationwith
4% paraformaldehyde (Sigma-Aldrich) were performed transcardially.
Brains were collected and post-fixed in 4% paraformaldehyde for 24 h
and were then cryoprotected/dehydrated by immersion in 25% su-
crose/PBS for 36–48 h. Dried brains were frozen at �80�C, and 25-
mmcoronal sections from stereotaxically injectedmicewere sliced using
a cryostat (Leica CM3050 S, LeicaMicrosystems) at�21�C. Slices were
collected in anatomical series and stored in 48-well plates as free-
floating sections in PBS supplemented with 0.05% (m/v) sodium azide,
at 4�C until immunohistochemical procedures.

Bright-field immunohistochemistry

The immunohistochemical procedure was initiated by endogenous
peroxidase quenching with a 30-min incubation at 37�C in a 0.1% phe-
nylhydrazine (Merck)/PBS solution. Sections were then incubated at
room temperature for 1 h in blocking solution constituted by PBS
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with0.1%TritonX-100 containing 10%normal goat serum(Gibco), and
then incubated overnight at 4�C in blocking solution with the primary
antibody, that is, rabbit polyclonal anti-ubiquitin antibody (1:1,000,
Dako). After washing, sections were incubated for 2 h at room temper-
aturewith the respective biotinylated secondary antibody (1:200, Vector
Laboratories). Bound antibody was visualized using a Vectastain ABC
kit, with 3,30-diaminobenzidine (DAB) tetrahydrochloride (DAB metal
concentrate, Pierce) as substrate. The sections were mounted, dehy-
drated, and coverslipped with mounting medium (Thermo Fisher
Scientific).

Cresyl violet staining

Pre-mounted sagittal sections were stained with cresyl violet (Sigma-
Aldrich) for 5 min, differentiated in 70% ethanol, dehydrated by pass-
ing through 96% ethanol, 100% ethanol, and xylene solutions, and
mounted with mounting medium (Thermo Fisher Scientific).

Immunofluorescence

The immunohistochemical procedure was initiated with 1 h of blocking
and permeabilization at room temperature in 0.1% Triton X-100 10%
normal goat serumprepared in PBS. Sectionswere then incubated over-
night at 4�C with the following primary antibodies: rabbit polyclonal
anti-GFP antibody (1:1000, Thermo Fisher Scientific), rabbit polyclonal
anti-HA antibody (1:1,000, BioLegend), or rabbit polyclonal anti-cal-
bindin D-28K antibody (1:1,000, Merck Millipore). Sections were
washed and incubated for 2h at room temperaturewith the correspond-
ing secondary antibody coupled to fluorophores (1:200, Molecular
Probes, Life Technologies) diluted in the respective blocking solution.
Nuclei staining was performed with 40,6-diamidino-2-phenylindole
(DAPI, 2 mg/mL in PBS, Invitrogen), after which sections were washed,
mounted, and coverslipped with mounting medium (Dako).

Quantification of ubiquitin-positive inclusions

The quantification of ubiquitin-positive inclusions in mouse striata
was performed by scanning 12 coronal pre-stained 25-mm-thick sec-
tions spread over the anterior-posterior extent of the striatum with an
inter-section distance of 200 mm, using a �20 objective Zeiss Axio
Imager 2 microscope (Carl Zeiss Microscopy) with ZEN software.
For each animal, the total number of ubiquitin-positive inclusions
in the striatumwasmanually counted in all 12 sections andmultiplied
by 8 to account for the intermediate sections in 200 mm of tissue.77

Results are expressed as percentage of control.

Quantification of thickness of the cerebellar layers and

cerebellar volume

Quantification of neuropathological parameters in the cerebellum of
transgenic mice was blindly performed by scanning four sagittal sec-
tions with 30-mm thickness, starting in the middle of the cerebellum,
with an inter-section distance of 240 mm.

Quantification of cerebellar layer thickness was measured over the
sagittal sections stained with cresyl violet in the interception of cere-
bellar lobules, using a �20 objective Zeiss Axio Imager 2 microscope
(Carl Zeiss Microscopy) with ZEN software. For cerebellar/cerebrum
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volume evaluation, �5 objective images were obtained of each sec-
tion. Cerebellar volume of the selected sections was calculated by
quantifying the area of both cerebellum and cerebrum following the
formula: volume = d(a1 + a2 + a3 + a4), where d is the distance be-
tween serial sections (240 mm) and ax values are cerebellar or cerebral
areas for individual sections. The result was expressed as a ratio of
cerebellar volume over cerebrum volume.

Quantification of Purkinje cells

Quantification of the number of Purkinje cells was performed after
performing calbindin immunohistochemistry and imaging of the
selected sections, using a�20 objective on a Zeiss Cell Observer spin-
ning disk microscope (Carl Zeiss Microscopy) with ZEN software.
The number of Purkinje cells was blindly manually counted and ex-
pressed as the average of Purkinje cells per section.

Quantification of HA-tagged ATXN3-positive inclusions

For quantification of HA-tagged ATXN3-positive inclusions, serial z
stack images (interval = 0.9 mm) were captured by a�20 objective on
confocal microscope (Zeiss Cell Observer spinning disk microscope).
HA-positive inclusions were quantified in the axon terminals of Pur-
kinje cells in deep cerebellar nuclei, using semi-automated image
analysis software (ImageJ, National Institute of Health). The results
are expressed as the average of HA-positive inclusions per section.

Statistical analysis

Statistical analysis was performed with a paired or unpaired Student’s t
test and one-way analysis of variance (ANOVA) followed by the
adequate post hoc test formultiple comparisons, usingGraphPadPrism
6 (version 6.01, GraphPad). For behavior results (Figure S2), a trend
analysis was used to compare linear regression slopes using the two-
tailed t test hypothesis. Outliers were excluded from analysis using
Grubb’s test. Results are expressed as mean ± standard error of the
mean (SEM). Significant threshold was set at p < 0.05, as defined in
the text.
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