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Spinocerebellar ataxia type 3 (SCA3), known as Machado-Joseph disease, is an
autosomal dominant disease caused by an abnormal expansion of polyglutamine
in ATXN3 gene, leading to neurodegeneration in SCA3 patients. Similar to other
neurodegenerative diseases, the dysfunction of mitochondria is observed to cause
neuronal death in SCA3 patients. Based on previous studies, proteolytic cleavage of
mutant ATXN3 is found to produce truncated C-terminal fragments in SCA3 models.
However, whether these truncated mutant fragments disturb mitochondrial functions
and result in pathological death is still unclear. Here, we used neuroblastoma cell
and transgenic mouse models to examine the effects of truncated mutant ATXN3 on
mitochondria functions. In different models, we observed truncated mutant ATXN3
accelerated the formation of aggregates, which translocated into the nucleus to
form intranuclear aggregates. In addition, truncated mutant ATXN3 caused more
mitochondrial fission, and decreased the expression of mitochondrial fusion markers,
including Mfn-1 and Mfn-2. Furthermore, truncated mutant ATXN3 decreased the
mitochondrial membrane potential, increased reactive oxygen species and finally
increased cell death rate. In transgenic mouse models, truncated mutant ATXN3 also led
to more mitochondrial dysfunction, neurodegeneration and cell death in the cerebellums.
This study supports the toxic fragment hypothesis in SCA3, and also provides evidence
that truncated mutant ATXN3 is severer than full-length mutant one in vitro and in vivo.

Keywords: truncated aTXN3, spinocerebellar ataxia type 3, mitochondria dynamics, transgenic mice,
neurodegeneration, fusion and fission

INTRODUCTION

Spinocerebellar ataxia type 3 (SCA3), known as Machado-Joseph disease, is one of nine
polyglutamine (polyQ) diseases that occurs due to an abnormal expansion of polyglutamine in
exon 10 of the ATXN3 gene (Kawaguchi et al., 1994). The mutant ATXN3 leads to a toxic
gain in function, and results in neuropathological characteristics, such as neuronal aggregates,
neurodegeneration and neuronal death, in the central nervous system (Paulson et al., 1997;

Frontiers in Molecular Neuroscience | www.frontiersin.org 1 June 2017 | Volume 10 | Article 196

http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
http://www.frontiersin.org/Molecular_Neuroscience/editorialboard
https://doi.org/10.3389/fnmol.2017.00196
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fnmol.2017.00196
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2017.00196&domain=pdf&date_stamp=2017-06-20
http://journal.frontiersin.org/article/10.3389/fnmol.2017.00196/abstract
http://loop.frontiersin.org/people/336751/overview
http://loop.frontiersin.org/people/425833/overview
http://www.frontiersin.org/Molecular_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Molecular_Neuroscience/archive


fnmol-10-00196 June 19, 2017 Time: 16:6 # 2

Hsu et al. Truncated ATXN3 Disrupts Mitochondria Dynamics

Riess et al., 2008). With the progression of this disease, patients
display symptoms of motor ataxia and deficit due to cerebellar
and brainstem dysfunction, and also show impairment in
cognitive functions (Paulson, 2012). To date, there is no cure for
this disease, and clinical treatments only alleviate its symptoms in
patients.

The molecular weight of the disease-causing protein, ATXN3,
is approximately 42 kDa, and the exact size is dependent on
the repeats of polyQ in the C-terminal region (Kawaguchi
et al., 1994). The proteolytic cleavage of ATXN3 to remove
the N-terminus is critical for the progression of this disease,
which is known as the toxic fragment hypothesis. The truncated
C-terminal fragments of ATXN3 were observed in the brains
of SCA3 patients, especially in intranuclear aggregates. The
truncated and expanded C-terminal fragments not only result
in conformational changes to the protein, but also facilitate
the formation of pathological aggregates, such as intranuclear
aggregates (Jana and Nukina, 2004; Haacke et al., 2006;
Simoes et al., 2012; Matos et al., 2016). Furthermore, previous
studies also have shown truncated C-terminal fragments of
ATXN3 are highly related to calpain-dependent proteolytic
cleavage (Simoes et al., 2012; Matos et al., 2016), suggesting
critical roles of ATXN3 proteolysis during the progression
of SCA3. In neurons, normal ATXN3 has been confirmed to
play important roles in neuronal differentiation, morphology,
proliferation and survival, and also affects the ubiquitin-
proteasome system, cytoskeleton construction, neuronal
transmission and mitochondrial functions at the cellular level
(Chou et al., 2006, 2014; Chen et al., 2014; Neves-Carvalho et al.,
2015; Teixeira-Castro et al., 2015). This suggests that mutant
ATXN3 causes multiple cellular dysfunctions, and then results
in neuropathological characteristics and symptoms in SCA3
patients.

Mitochondrial deficit is often observed in neurodegenerative
diseases, such as Parkinson’s and Huntington’s diseases.
In SCA3, full-length mutant ATXN3 has been shown to
increase mitochondrial-mediated cell death in different models
(Tsai et al., 2004; Chou et al., 2006). In addition, full-length
mutant ATXN3 is also reported to decrease mitochondrial
DNA copy numbers in cell and transgenic mouse models
(Yu et al., 2009; Kazachkova et al., 2013). In SCA3 patients,
disturbance of mitochondrial copy numbers and complex II
has also been reported (Yu et al., 2009; Laco et al., 2012).
These results support the idea that full-length mutant ATXN3
exacerbates mitochondrial functions in neurodegenerative
SCA3.

Since the proteolytic cleavage of ATXN3 is an important
progression to generate truncated mutant C-terminal fragments
and facilitate the formation of cellular aggregates (Haacke
et al., 2006), whether this truncated mutant ATXN3 leads
to the dysfunctions of mitochondria to support the toxic
fragment hypothesis is still unknown. In this study, we
used in vitro neuroblastoma cells and in vivo transgenic
mouse models to examine the effects of truncated mutant
ATXN3 on mitochondrial functions, and showed that truncated
mutant ATXN3 exacerbated above functions, further leading to
neurodegeneration.

MATERIALS AND METHODS

DNA Construction
Full-length ATXN3 cDNA with short 22 (FSQ) or long 88 (FLQ)
CAG repeats in exon 10 was amplified from the ATXN3 templates
gifted from Dr. Xiao-Jiang Li at Emory University based on
the sequence of ATXN3 (accession number: BC033711). The
truncated forms of ATXN3 cDNA, which start from the 163rd
amino acid and contain C-terminal fragment of ATXN3 with
short CAG repeats (TSQ) or long CAG repeats in exon 10 (TLQ),
were amplified from FSQ and FLQ, respectively. The truncated
ATXN3 includes C-terminus of the Josephin domain, ubiquitin
interacting motifs and nuclear localization sequence (Haacke
et al., 2006). These different ATXN3 cDNAs were tagged with one
Flag epitope sequence (Figure 1), and inserted into a lentiviral
vector (Addgene plasmid: #14883), which is under the control of
a human ubiquitin promoter.

Cell Culture and Transfection
Neuron 2A (N2a) mouse neuroblastoma cells were maintained
in Eagle’s minimum essential medium (MEM; Invitrogen) with
1 mM sodium pyruvate (Sigma), 10% (v/v) heat-inactivated fetal
bovine serum (Hyclone), 100 U/mL penicillin and 100 µg/mL
streptomycin (Invitrogen) at 37◦C in a 5% CO2 incubator.
Human SH-SY5Y neuroblastoma cells were cultured in high
glucose Dulbecco’s modified Eagle’s medium (DMEM) with
2 mM L-glutamine, 1 mM sodium pyruvate and 15% fetal bovine
serum (Hyclone) at 37◦C in a 5% CO2 incubator. These cells
were passaged every 3–5 days depending on cell confluency.
To perform transfection, N2a or SH-SY5Y cells were seeded
1 day before transfection, and then plasmid DNAs, including
FSQ, FLQ, TSQ, TLQ or pDsRed2-Mito Vector (Clontech),
were transfected using LipofectamineTM 2000 (Invitrogen). The
transfection efficiency was approximately 50–60%. Cells were
kept culturing for 12–48 h as needed and then subjected to the
following assays.

Generation of Transgenic Mice
TSQ and TLQ constructs were used to generate high-
titer lentiviruses for production of transgenic mice, as
described before (Cheng et al., 2016). This study was
carried out in accordance with the recommendations
of Institutional Animal Care and Use Committee at
National Cheng Kung University, Taiwan. The protocol
was approved by the Institutional Animal Care and Use
Committee at National Cheng Kung University, Taiwan. All
methods were performed in accordance with the relevant
guidelines and regulations. TSQ and TLQ constructs used
for generating transgenic mice were described in the “DNA
construction” part. FVB female mice were used to collect
zygotes at two pronuclei stage, and then these zygotes were
subjected to lentiviral transgenesis. Live pups from two
constructs were genotyped using PCR primers, including
Forward-primer: GAGGCGTCAGTTTCTTTGGTC located
in the ubiquitin promoter region and Reverse-primer:
AGTAGGCTTCTCGTCTCTTCC located in the ATXN3 gene to
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FIGURE 1 | The characterization of different ATXN3 constructs. (A) Different ATXN3 constructs used in this study are graphed. The detailed information is described
in “Materials and Methods.” UIM, ubiquitin interacting motifs; NLS, nuclear localization sequence. (B) N2a cells were transfected with different constructs for 48 h,
and the expression of exogenous ATXN3 was detected by Western blotting using an ataxin-3 antibody, as indicated by arrow heads. The γ-tubulin was used as an
internal control.

detect the 654 bp amplicon. Transgenic and non-transgenic mice
were used for further studies.

Nuclear and Cytoplasmic Protein
Extraction
We performed nuclear and cytoplasmic protein extraction based
on a previous study (Suzuki et al., 2010). Briefly, the transfected
N2a cells were cultured for 2 days, and then collected with
ice-cold phosphate buffer saline (PBS) pH 7.4. Cell pellets were
resuspended in ice-cold 0.1% NP40 (Calbiochem), and then used
as “whole cell lysate.” Laemmli sample buffer (Bio-Rad) was
added into part of the whole cell lysate, and then these lysates
were sonicated and centrifuged. The supernatant was used as
the “cytosolic fraction.” To extract the “nuclear fraction,” the
remaining pellets were resuspended and boiled with Laemmli
sample buffer, and then centrifuged to remove the supernatant.
The pellets were resuspended again with ice-cold 0.1% NP40 in
PBS, centrifuged to remove the supernatant, and resuspended
with Laemmli sample buffer. This was used as “nuclear fraction.”
“Whole cell lysate,” “cytosolic fraction,” and “nuclear fraction”
were then subjected to Western blotting to determine the location
of specific proteins.

Western Blotting Analysis
Samples for Western blotting were lysed in RIPA buffer (50 mM
Tris-HCl pH8.0, 150mM NaCl, 1 mM EDTA pH 8.0, 1 mM EGTA

pH 8.0, 0.1% SDS, 0.5% deoxycholate, 1% Triton) and extracted
using a sonicator (Qsonica). Protein concentration was measured
and quantitated using the Bradford assay (Pierce). Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (Bio-Rad)
was performed to separate crude proteins, and then proteins
were transferred onto a PVDF membrane (Bio-Rad) using
protein mini trans-blot cells (Bio-Rad). For the Western blotting,
PVDF membranes were blocked in 5% skimmed milk, and
then incubated with the primary antibodies, including ATXN3
(GeneTex GTX 115032; 1:3000 dilution), α-tubulin (GeneTex
GTX; 1:10,000 dilution), Histone 3 (Millipore; 1:10,000 dilution),
Mfn-1 (Abcam Ab57602; 1:1,000 dilution), Mfn-2 (Abcam
Ab124773; 1:2,000 dilution), Drp-1 (Cell signaling NB110-55237;
1:500 dilution), OPA 1 (GeneTex GTX48589; 1:500 dilution), and
γ-tubulin (Sigma T6557; 1:10,000 dilution) antibodies. Secondary
peroxidase-conjugated antibodies (Jackson ImmunoResearch
laboratories) were then applied, and protein expression levels
were measured using an Amersham ECL kit (PerkinElmer).

Immunofluorescence Staining
Neuron 2A or SH-SY5Y cells were cultured and transfected
with plasmid DNAs, and then fixed with 4% paraformaldehyde.
Fixed cells were blocked with blocking buffer (0.2% triton X-100,
sodium azide 3 mM, saponin 0.1%, BSA 2%, donkey serum 5%
PBS to final volume) for 1 h and then subjected to hybridization
with a flag antibody (Sigma) overnight at 4◦C. The next day
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FIGURE 2 | Expression profiling of FLQ and TLQ in cytoplasm and nuclear fractions at different time points. N2a cells were transfected with FLQ or TLQ constructs,
and collected for Western blotting using cytoplasm and nuclear fractions 24 (A), 36 (B), and 48 (C) h after transfection. The expression of exogenous ATXN3 is
indicated by arrow heads. α-tubulin was used as a marker for the cytoplasm fraction, and histone H3 was used as a marker for the nuclear fraction.

the primary antibodies were washed out, and these cells were
stained with secondary antibodies conjugated with Alexa 488
(Invitrogen). In addition, cellular nuclear were stained with
1 µg/mL Hoechst 33342 (Sigma), and fluorescence images were
taken with a DM2500 fluorescent microscope (Leica).

Cell Survival, Death and Proliferation
The cell survival rate was determined by the
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. N2a cells transfected with TSQ and TLQ constructs
were cultured for 48 h, and MTT was added into the medium
with a final concentration of 0.25 mg/mL. Cells were kept
culturing for 4 h, the medium was removed and then DMSO
was added into culture wells. After mixing for 5 min the
optical density was determined by an ELISA reader (BioTek)
at the wavelength of 540 nm. Furthermore, the cell death
and proliferation rate was analyzed using 0.4% trypan blue dye
(Gibco), and dead cells stained by trypan blue dye were calculated
via a hemocytometer chamber. In addition, cells not stained by
trypan blue dye were also determined using a hemocytometer
chamber for cell proliferation.

Mitochondrial Morphology Analysis
SH-SY5Y cells transfected with TSQ and TLQ constructs were
co-transfected with pDsRed2-Mito Vector (Clontech), and then

cultured for 48 h. Transfected cells were fixed and fluorescence
images were taken with a fluorescent microscope (Leica).
DsRed images of mitochondrial morphology were quantitated
using the NIH-developed Image J software, and individual
mitochondria (particles) were subjected to particle analyses.
All mitochondria were quantitated to determine the values for
circularity (4p.Area/perimeter2), lengths of major/minor axes
and the number of particles, and then the form factor (FF, the
reciprocal of circularity value) and aspect ratio (AR, major
axis/minor axis) were calculated. Higher values of FF and AR
indicate an increase in mitochondrial complexity (length and
branching) and elongated tubular mitochondria, respectively.
Data from different transfected groups were subjected to
statistical analyses.

TMRE-Mitochondrial Membrane
Potential Assay
Mitochondrial membrane potential (MMP) was assayed
by Tetramethylrhodamine, ethyl ester, perchlorate (TMRE;
Invitrogen)-MMP assay. Briefly, N2a cells were cultured and
transfected in a 96-well plate for 48 h, and then the culture
medium was removed. 250 nM of TMRE staining solution was
added into each well, and then incubated in a CO2 incubator at
37◦C for 1 h. The staining solution was discarded, and washed
and replaced with 1xPBS. The fluorescent intensities of the
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FIGURE 3 | Morphological fusion and fission of mitochondria in SH-SY5Y cells transfected with TSQ and TLQ constructs. SH-SY5Y cells transfected with TSQ (A)
or TLQ (B) were co-transfected with the mitoDsRed, and mitochondrial morphology (Red) in neurites was detected under a florescent microscope. Arrows indicate
mitochondrial fusion, and arrow heads indicate mitochondrial fission in neurites. Images were analyzed using the NIH ImageJ software, and statistical quantitation of
form factor and aspect ratio are shown in (C,D), respectively. Four independent experiments were examined, and the number of examined mitochondria is indicated
inside the bars. ∗∗∗ represents p < 0.001.

TMRE were determined using an ELISA reader (BioTek) with
the setting Ex/Em = 530/595 nm. As to brain tissues, mice
were anesthetized and perfused using 4% paraformaldehyde
(Sigma), and brain samples were fixed in 4% paraformaldehyde.
Post-mortem brains were then cryosectioned with 25 µm
thickness, and then subjected into 25 nM TMRE staining
solution for 1 h. The staining solution was discarded, and washed
and replaced with 1xPBS. The fluorescent images of the TMRE
were examined by a DM2500 fluorescent microscope (Leica) and
Leica Application Suite software (Leica).

Measurement of Reactive Oxygen
Species (ROS)
Reactive oxygen species in transfected cells was determined by the
measurement of 2′,7′-dichlorofluorescindiacetate (DCFDA) and
2′,7′-dichlorofluorescein (DCF) using Reactive Oxygen Species
Detection Reagents (Invitrogen). N2a cells transfected with TSQ
and TLQ constructs were cultured for 48 h, washed with PBS,
and then mixed with PBS containing 5 µg/µL DCFH-DA.
DCFDA was deacetylated and then oxidized by ROS into DCF,
and fluorescent signals of DCF were determined via 485 nm
excitation and 530 nm emission wavelength using an ELISA
reader (BioTek).

Immunohistochemical (IHC) Staining for
Mouse Brain
Mice were anesthetized and perfused using 4% paraformaldehyde
(Sigma), and brain samples were fixed in 4% paraformaldehyde.

Post-mortem brains were then cryosectioned with 25 µm
thickness and these sections were incubated with 0.3% hydrogen
peroxide for 15 min, blocked for 1 h at room temperature, and
incubated with the ATXN3 primary antibody (GeneTex) at 4◦C
overnight. After washing with DPBS, the brain sections were
processed using Vectastain Elite ABC kit (Vector Laboratories),
and 3,3′-diaminobenzidine (DAB, Vector Laboratories), and then
mounted on the slides with mounting media (Ted Pella). Images
were examined by a DM2500 microscope (Leica) and captured by
Leica Application Suite software (Leica).

Fluoro-Jade B Staining
The neurodegeneration was determined by Fluoro-Jade B
staining (Millipore) following the protocol provided by the
manufacturer. Briefly, the cerebellums of mice were fixed with 4%
paraformaldehyde, and then subjected to frozen sectioning. The
cerebellum sections were incubated with 1% sodium hydroxide
dissolved in 80% alcohol, 70% ethanol and distilled water,
consecutively. The sections were transferred to 0.006% potassium
permanganate, and then stained with a 0.01% stock Fluoro-Jade
B solution. The sections were mounted with mounting media
(Ted Pella), and images were examined by a DM2500 microscope
(Leica) and Leica Application Suite software (Leica).

Terminal Deoxynucleotidyl Transferase
dUTP Nick End Labeling (TUNEL)
The cell death was determined by In Situ Cell Death
Detection Kit (Sigma) following the protocol provided by the
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FIGURE 4 | Expression of mitochondrial proteins in TSQ and TLQ N2a cells. N2a cells were transfected with TSQ and TLQ for 48 h, and then subjected to Western
blotting using Mfn-1, Mfn-2, OPA1, and Drp-1 antibodies (A). Quantitative results of Mfn-1 (B), Mfn-2 (C), OPA1 (D) and Drp-1 (E) were normalized by an internal
control, γ-tubulin. ∗ represents p < 0.05 and ∗∗ represents p < 0.01. Data represent the mean ± SD. N = 3 batches of experiments.

manufacturer. Briefly, the cerebellum of mice were fixed, cut
and mounted on the slides. Then, the sections were incubated
in permeabilisation solution (0.1% Triton X-100, 0.1% sodium
citrate), washed with PBS, and then resuspended with TUNEL
reaction mixture for 1 h at 37◦C. After washing with PBS
again, the cerebellum sections were covered with mounting
media (Ted Pella). Images were examined by a DM2500
microscope (Leica) and captured by Leica Application Suite
software (Leica).

Statistical Analysis
Data were expressed as the mean ± standard deviation.
Differences between groups were analyzed using one-way
analysis of variance in commercial statistical software (GraphPad
Prism 4.02; GraphPad Software, San Diego, CA, United States).
Tukey’s procedure was used to test differences among different
groups. In some cases Student’s t-test was used to compare
differences between particular groups. Statistical significance was
set at p < 0.05.
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FIGURE 5 | Mitochondrial functions in TSQ and TLQ N2a cells. N2a cell were transfected with TSQ and TLQ for 48 h, and then subjected to examination of
mitochondrial membrane potential (MMP) via TMRE-MMP Assay (A), reactive oxygen species (ROS) production via the measurement of 2′,7′-dichlorofluorescein
(DCF) (B), cell viability via MTT assay (C), cell death rate (D) and cell proliferation (E) via trypan blue staining. ∗ represents p < 0.05, ∗∗ represents p < 0.01, and
∗∗∗ represents p < 0.001. Data represent the mean ± SD. N = 3 batches of experiments.

RESULTS

Truncated Mutant ATXN3 Accelerates
Nuclear Aggregates In Vitro
The toxic fragment hypothesis of ATXN3 is based on proteolytic
cleavage in the ATXN3 protein, accelerating the formation of
neuropathological aggregates (Jana and Nukina, 2004; Haacke
et al., 2006). However, whether this truncated ATXN3 leads
to the dysfunctions of the mitochondria to support the toxic
fragment hypothesis is still unknown. Based on the Haacke et al.
study (Haacke et al., 2006), when the N-terminus of ATXN3 was
deleted more than 186 amino acids, the C-terminus of ATXN3
formed aggregates easier. Since we did not want to observe too
severe phenotypes in vitro and in vivo, we chose the truncated
forms of ATXN3, which starts from 163rd amino acid. We first
constructed four different ATXN3 expression vectors, including
FSQ, FLQ, TSQ, and TLQ (Figure 1A). We transfected these
four constructs into N2a neuroblastoma cells, and confirmed the

expression level of ATXN3 via Western blotting. As shown in
Figure 1B, we observed soluble forms of FSQ, FLQ, and TSQ at
lower molecular weights in separating gel, whereas TLQ formed
mutant ATXN3 aggregates at high molecular weight in stacking
gel. Furthermore, we also performed immunofluorescence
staining, and found N2a cells transfected with TLQ formed
intranuclear and periphery aggregates, whereas the FSQ and
TSQ displayed a homogenous distribution of ATXN3 signals in
cytoplasm (Supplementary Figure S1). We also observed N2a
cells transfected with FLQ form certain periphery aggregates
(Supplementary Figure S1). In addition, we collected N2a cells
transfected with FLQ and TLQ at 24, 36, and 48 h, and detected
the expression of mutant ATXN3 using nuclear and cytoplasmic
protein extraction (Figure 2). In both constructs, we observed an
increase in aggregates with time, especially in the nuclear fraction.
However, TLQ led to earlier aggregates in the nucleus than
seen with FLQ at 24 or 36 h after transfection (Figures 2A,B),
and showed much stronger intensity of mutant ATXN3 signals
at 48 h after transfection (Figure 2C). We also used FSQ and
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FIGURE 6 | Neuropathological aggregates in cerebellum of truncated ATXN 3 transgenic mice. The cerebellum samples from WT (A), TSQ (B), and TLQ (C) mice
were collected at 4 months of age, and then subjected to immunohistochemical staining using an ataxin-3 antibody. The upper panel shows molecular layers,
granular layers, and white matter under lower magnification. The middle and bottom panels show granular and molecular layers, respectively, under higher
magnification. Higher magnification images are shown in upper right squares as the arrow heads indicate. Arrow indicate intranuclear aggregates. Quantitative
analyses show the percentages of cells with intranuclear aggregates in granular (D) and molecular (E) layers. Aggregate numbers are counted from 4 to 6 randomly
different 0.02 mm2 regions. ∗∗∗ represents p < 0.001. Data represent the mean ± SD. N = 3 for each group.

LSQ to transfect N2a cells, and collected cell samples at 48 h
for nuclear and cytoplasmic protein extraction and Western
blotting, showing that there is no aggregate in both fractions
(Supplementary Figure S2). These suggest that the truncated
form of mutant ATXN3 accelerates the translocation of mutant
ATXN3 into the nucleus.

Truncated Mutant ATXN3 Exacerbates
Mitochondrial Morphology and
Functions In Vitro
To further address the effects of truncated ATXN3 on
mitochondrial functions, we first determined the mitochondrial
morphology. TSQ and TLQ constructs were co-transfected
with pDsRed2-Mito vectors to trace mitochondrial morphology,
such as mitochondrial fusion and fission. As shown in
Figures 3A,B, we observed TSQ formed continuous and longer
mitochondrial fusion, but TLQ showed discontinuous and
shorter mitochondrial fission. We further used the ImageJ
software to quantitate the mitochondrial fusion and fission, and
TLQ had a significantly lower FF and AR than those of TSQ
(Figures 3C,D), suggesting that TLQ displays relatively more
mitochondrial fission status in neuroblastoma cells.

There are several critical proteins involved in the
mitochondrial dynamics, including Mitofusins 1 (Mfn-1),
Mitofusins 2 (Mfn-2), Optic atrophy protein 1 (OPA1), and
Dynamin-related protein 1 (Drp-1) (Cho et al., 2010). Mfn-1 and
Mfn-2 are two proteins for the fusion of the outer mitochondrial
membrane. OPA1 is for the fusion of the inner mitochondrial
membrane, and Drp-1 is mediated for mitochondrial fission.
We thus further examined the expression profiling of these
four proteins in TSQ and TLQ transfected cells (Figure 4A),

showing Mfn-1 and Mfn-2 proteins were significantly decreased
in TLQ cells (Figures 4A–C); however, OPA1 and Drp-1 did
not show any difference (Figures 4A,D,E). We also examine the
expression profiling of Mfn-1 and Mfn-2 in N2a cells transfected
with FLQ and TLQ, showing TLQ cells display lower trend of
Mfn-1 and Mfn-2 expression level (Supplementary Figure S3).
These results suggest the higher mitochondrial fission status in
TLQ cells might be due to lower expression levels of Mfn-1 and
Mfn-2.

Mitochondrial fission morphology might lead to worse
functions of the mitochondria, such as a decrease in the MMP
and increase in the reactive oxygen species and cell death rate
(Cho et al., 2010). To demonstrate on MMP, we transfected N2a
cells with TSQ or TLQ, and then subjected these to TMRE-MMP
assay. As shown in Figure 5A, we observed a significant decrease
of TMRE fluorescence signals in the TLQ group, implying TLQ
leads to lower MMP. We also compared the MMP among FSQ,
TSQ, FLQ, and TLQ cells using the same method, and observed
that TLQ significantly decreases the TMRE fluorescence signals
compared to those of FSQ, TSQ, and FLQ (Supplementary
Figure S4). Furthermore, we determined the production levels
of ROS, and found TLQ did generate more ROS (Figure 5B);
however, there was no significant difference between the TSQ and
TLQ groups. Since dysfunction of mitochondria finally leads to
the death of cells, we further determined the cell survival rate
in these two groups. We first used MTT assay to evaluate the
cell viability, and TLQ significantly decreased the cell viability
compared to TSQ (Figure 5C). To further confirm the cell
survival rate, we used trypan blue to determine the cell death rate
and found TLQ did significantly increase cell death (Figure 5D).
We also examined the cell proliferation rate after transfection
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FIGURE 7 | Expression of Mfn-1, Mfn-2, and MMP in cerebellum of TSQ and
TLQ transgenic mice. The cerebellum samples from TSQ and TLQ transgenic
mice at 4–6 months of age were collected for Western blotting and TMRE
assay. (A) Western blotting show the expression profiling of ataxin 3, Mfn-1,
and Mfn-2. Quantitative results of Mfn-1 (B) and Mfn-2 (C) were normalized
by an internal control, γ-tubulin. MMP functions are shown via TMRE
florescence signals in cerebellum of TLQ (D) and TSQ (E) transgenic mice.
Data represent the mean ± SD. N = 3 for each group.

of these two constructs, and the results showed that there was
no significant difference between these two groups (Figure 5E).
The above results suggest that TLQ worsens the functions of the
mitochondria and finally leads to death of cells in vitro.

Truncated Mutant ATXN3 Leads to Lower
Expression of Mitofusin Proteins and
Neurodegeneration In Vivo
Since above results were obtained from neuroblastoma cells
in vitro, we further attempted to examine the dysfunction
of mitochondria using TSQ and TLQ transgenes in vivo.
We generated TSQ and TLQ transgenic mice via lentiviral
transgenesis (Cheng et al., 2016), and confirmed genotyping of
these founders using PCR (Supplementary Figures S5A,B). We
also extracted raw protein from the cerebellums of these mice
at 4–6 months of age, and confirmed the expression of mutant
ATXN3 via Western blotting (Supplementary Figure S5C). In
TLQ transgenic mice, we found mutant ATXN3 formed much
more aggregates in stacking gels compared to those of the same
aged controls (Supplementary Figure S5C). However, we did not
observe significantly abnormal appearance and motor ability at

this stage compared to non-transgenic littermates. In addition,
immunohistostaining using an ATXN3 antibody was performed
in the cerebellums of these mice at 4 months of age (Figure 6).
ATXN3 signaling was detected in the granular and molecular
layers in wild-type (Figure 6A), TSQ (Figure 6B), and TLQ
(Figure 6C) mice, whereas the signal, which was the endogenous
ATXN3, was weaker in wild-type mice. In TSQ mice, the signal
was homogenously distributed in the nucleus, but there were
no intranuclear aggregates; however, the intranuclear aggregates
could be easily found in the cerebellums of TLQ transgenic mice.
Quantitative results show intranuclear aggregates in granular
(Figure 6D) and molecular (Figure 6E) layers of TLQ transgenic
mice are significantly higher than those of TSQ mice. These
results suggest TLQ accelerates the formation of intranuclear
aggregates in the cerebellum, the most susceptible area of SCA3
patients, in vivo.

Since we detected the significantly lower expression of Mfn-1
and Mfn-2 in the TLQ cells in vitro (Figure 4), we speculated
whether TLQ transgenic mice also show lower expression of
these two proteins in cerebellum. We subjected the tissues of
cerebellums from TSQ and TLQ transgenic mice to Western
blotting using Mfn-1 and Mfn-2 antibodies. As shown in
Figure 7A, we observed the expression of aggregated ATXN3
at high molecular weight in TLQ transgenic mice. Regarding
Mfn-1 and Mfn-2, although there were no significant differences
between these two transgenic lines (p = 0.08 and p = 0.09 for
Mfn-1 and Mfn-2, respectively; Figures 7B,C), the trends of lower
expression in these two proteins in TLQ transgenic mice were
observed. We further determine the MMP in cerebellum in vivo
using TMRE-MMP assay, showing that TLQ transgenic mice
have lower TMRE fluorescence signals (Figure 7D) compared
to those of TSQ transgenic mice (Figure 7E), suggesting lower
MMP, one of mitochondrial functions, in cerebellum of TLQ
mice.

Finally, since the in vitro results showed that TLQ led
to dysfunctions of the mitochondria and an increase in cell
death, we determined degenerative neurons in these mice
using Fluoro-Jade B staining (Figure 8). In wild-type and
TSQ mice at 4 months of age we did not observe the signal
of neurodegeneration in cerebellums (Figures 8A,B), whereas
positive signals of Fluoro-Jade B staining were detected in TLQ
transgenic mice (Figure 8C). Quantitation results show that the
positive signals of Fluoro-Jade B in cerebellums of TLQ mice
are significantly increased compared to those in wild-type and
TSQ mice (Figure 8D). In addition, we also performed terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
to determine dead cells in the cerebellums of TSQ and TLQ mice,
showing these are fewer TUNEL positive signals in TSQ mice
(Figure 8E) compared to those of TLQ mice (Figure 8F). These
results suggest that TLQ causes more neurodegeneration and cell
death in the cerebellums in the transgenic mouse model.

DISCUSSION

Based on previous studies, the truncated C-terminal fragment
of mutant ATXN3 could form cellular aggregates. However,
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FIGURE 8 | Neurodegeneration and cell death in cerebellum of truncated mutant ATXN 3 transgenic mice. The cerebellum samples from WT (A), TSQ (B,E), and
TLQ (C,F) mice were collected at 4 months of age, and then subjected to Fluoro-Jade B staining (A–C) and TUNEL staining (E,F). Arrow heads in (C) indicate
degenerative neurons with green filament structure, and higher magnification image of degenerative neurons is shown in bottom left. (D) Quantitative results from
(A–C) are counted from four randomly different 0.05 mm2 regions. ∗∗∗ represents p < 0.001. Arrows in (F) show TUNEL-positive dead cells. ML, molecular layer;
GL, granular layer; WM, white matter. N = 3 for each group.

whether this truncated ATXN3 could cause dysfunctions of
the mitochondria is still unclear. In this study we observed
truncated mutant ATXN3, TLQ, more easily formed insoluble
aggregates, and translocated into the nucleus earlier in vitro.
In addition, this also led to more mitochondrial fission due
to lower expression of Mfn-1 and Mfn-2, two proteins for
the fusion of the outer mitochondrial membrane. Moreover,
TLQ also reduced MMP and generated more ROS, resulting in
lower cell survival. In the in vivo results, we also found that
TLQ transgenic mice displayed more intranuclear aggregates,
lower expression of Mfn-1 and Mfn-2, lower MMP and earlier
neurodegeneration and cell death. Since we always performed the
control experiments using the TSQ construct, these results not
only provide solid evidence that truncated C-terminal fragments
of mutant ATXN3 disrupt mitochondrial functions in vitro and
in vivo, but also further support the toxic fragment hypothesis in
SCA3.

In this study we showed that TLQ accelerates the formation
of neuropathological aggregates in vitro (Figures 1, 2 and

Supplementary Figure S1) and in vivo (Figures 6 and
Supplementary Figure S4). This result is consistent with a
previous report (Haacke et al., 2006), and we also provided in vivo
evidence of this using transgenic mouse models. These transgenic
mouse models will be longitudinally examined with regard to the
molecular, pathological and behavioral phenotypes. We expect
these models will provide not only evidence to support the toxic
fragment hypothesis in SCA3, but also a truncated ATXN3 mouse
model, which may reduce the window of disease progression for
the field of SCA3.

Mitochondrial deficit is often reported in polyglutamine
diseases, such as spinal and bulbar muscular atrophy and
Huntington’s disease (Yano et al., 2014; Borgia et al., 2017).
The dysfunction of the mitochondria, including increase of
mitochondrial-mediated cell death, decrease of mitochondrial
DNA copy numbers and disturbance of mitochondrial complex
II, has previously been reported in SCA3 cells, transgenic
mice and patients. (Tsai et al., 2004; Chou et al., 2006;
Yu et al., 2009; Laco et al., 2012; Kazachkova et al.,
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2013). However, these studies are all based on the model
of full-length mutant ATXN3. Our truncated ATXN3 model
showed abnormal morphology and dysfunction of mitochondria,
and finally led to neurodegeneration or cell death in vitro
and in vivo (Figures 3–5, 7, 8). These results are quite
comparable to the studies of full-length mutant ATXN3
models, suggesting that truncated C-terminal ATXN3 is a
critical component leading to mitochondrial dysfunction in
SCA3.

Based on previous reviews, mitochondrial morphology,
including fusion and fission, affects in mitochondrial integrity
and functions (Bertholet et al., 2016; Guedes-Dias et al., 2016).
Generally, mitochondrial fission leads to the production of
small mitochondrial fragments, resulting in lower MMP. In
several disease models, such as Parkinson’s or Huntington’s
diseases, relatively more mitochondrial fissions are observed
in diseased neuronal cells (Manczak and Reddy, 2015; Peng
et al., 2016). Furthermore, our truncated ATXN3 model also
revealed more mitochondrial fissions (Figure 3), suggesting
that mitochondrial fission is a common characteristic of
neurodegenerative diseases. To the best of our knowledge,
our results are not only the first to show the abnormal
mitochondrial fusion/fission in SCA3 models, but also imply
that therapies targeting mitochondrial dynamics/functions
might be an important direction for these neurodegenerative
diseases.

Mfn-1, Mfn-2, OPA1, and Drp-1 are important molecules
regulating mitochondrial dynamics (Cho et al., 2010; Bertholet
et al., 2016). Generally, Mfn-1, Mfn-2, and OPA1 are
responsible for mitochondrial fusion, whereas Drp-1 is the
major mediator for mitochondrial fission. In this study,
truncated ATXN3 led to more mitochondrial fission (Figure 3),
and decreased levels of Mfn-1 and Mfn-2, not OPA1 and
Drp-1, were observed (Figure 4). In the in vivo results, we
also observed lower expression trends of these two proteins
in the cerebellum of TLQ transgenic mice, although the
difference was not significant (Figure 7). We speculate that
these mice might not be old enough for severer expression
profiling. However, we did observe neurodegeneration in
the TLQ transgenic mice (Figure 8). Therefore, combining
the in vitro and in vivo results suggests that Mfn-1 and
Mfn-2 might play more important roles in mitochondrial
dynamics during the progression of SCA3. Mutant ATXN3
has been reported to sequester other interacting proteins into
aggregates, and causes the dysfunctions of these interacting
proteins (Donaldson et al., 2003; Yang et al., 2014). Therefore,
whether our truncated ATXN3 sequesters Mfn-1 and Mfn-2
to disrupt their functions is an issue that still needs further
investigation.

Taken together, this study provides evidence showing that
the truncated ATXN3 accelerates the formation of aggregates,
disrupts the dynamics of mitochondria, and leads to neuronal
death in vitro and in vivo. These results support not only
the toxic fragment hypothesis in SCA3, but also the critical
roles of truncated ATXN3 for mitochondrial dysfunctions, with
further implications for therapeutic developments with regard to
mitochondria in SCA3.
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FIGURE S1 | The distribution of exogenous ATXN3 in FSQ, FLQ, TSQ, and TLQ
N2a cells. N2a cells were transfected with FSQ (A), FLQ (B), TSQ (C) or TLQ (D),
and then subjected to immunofluorescence staining using a flag antibody (Green).
Hoechst staining (blue) shows the location of the nuclei. Arrows indicate the
expression of exogenous ATXN3 homogeneously, and arrow heads indicate
aggregates of ATXN3.

FIGURE S2 | Expression profiling of ATXN3 after FSQ, FLQ, TSQ or TLQ
overexpression in cytoplasm and nuclear fractions. N2a cells were transfected
with FSQ (A, left panel), FLQ (A, right panel), TSQ (B, left panel) or TLQ (B, right
panel) constructs, and collected for Western blotting using cytoplasm and nuclear
fractions 48 h after transfection. Ataxin-3 was used as a marker for ATXN3
expression, α-tubulin was used as a marker for the cytoplasm fraction and histone
H3 was used as a marker for the nuclear fraction.

FIGURE S3 | The expression profiling of Mfn-1 and Mfn-2 in FLQ and TLQ N2a
cells. N2a cells were transfected with FLQ and TLQ for 48 h, and then subjected
to Western blotting using Mfn-1 (A) and Mfn-2 (B) antibodies. The expression
levels were normalized by an internal control, γ-tubulin, and showed in the bottom
of (A,B).

FIGURE S4 | Mitochondrial membrane potential in FSQ, TSQ, FLQ, and TLQ N2a
cells. N2a cell were transfected with FSQ, TSQ, FLQ or TLQ for 48 h, and then
subjected to examination of MMP via TMRE-Mitochondrial Membrane Potential
Assay. Different characters on different bars indicate statistically significant
difference. Data represent the mean ± SD. N = 3 for each group.

FIGURE S5 | Generation of TSQ and TLQ transgenic mice. Transgenic mice were
generated via lentiviral transgenesis. Transgenic status was confirmed by PCR in
TSQ (A) and TLQ (B) transgenic mice. Wild-type mice (WT) were used as the
negative control, and 293 FT cells transfected with plasmid DNAs were used as
the positive control (PC). The expression of cerebellum ATXN3 in different mice
was examined by Western blotting using an ataxin-3 antibody (C). Different lanes
present different individual transgenic mice as indicated. Cells transfected with
TSQ (TSQ PC) and TLQ (TLQ PC) were used as positive controls. The expression
of exogenous ATXN3 is indicated by arrow heads. β-actin was used as an internal
control.
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