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1 | INTRODUCTION

Machado-Joseph disease (MJD)/spinocerebellar ataxia type 3 (SCA3)

is an autosomal dominant neurodegenerative disease caused by

Abstract

Machado-Joseph disease (MJD)/Spinocerebellar ataxia type 3 (SCA3) is an inherited
neurodegenerative disease that can lead to a regression of motor coordination and
muscle control in the extremities. It is known that expansion of CAG repeats encodes
abnormally long polyQ in mutant ataxin-3, the disease protein. It is also noted that mu-
tant ataxin-3 interacts with 1,4,5-trisphosphate receptor type 1 (IP3R1) and induces
abnormal Ca®* release. Previously, we have shown a significant increase in the expres-
sion of carbonic anhydrase VIII (CA8) in SK-N-SH-MJD78 cells, which are human neuro-
blastoma cells overexpressing mutant ataxin-3 with 78 glutamine repeats. In the current
study, we showed the presence of significantly increased CA8 expression in MJD mouse
cerebellum in either early or late disease stage, with a gradual decrease in CA8 expres-
sion as the MJD mice naturally aged. By immunofluorescence and immunoprecipitation
analysis, we also found that CA8 co-localized and interacted with mutant ataxin-3 in
SK-N-SH-MJD78 cells harboring overexpressed CA8 (SK-MJD78-CAS8). In addition, we
found that SK-MJD78-CAS8 cells, as well as cerebellar granule neurons (CGNs) of MJD
transgenic (Tg) mouse with overexpressed CA8, were more resistant to reactive oxy-
gen species (ROS) stress than the control cells. Importantly, overexpression of CA8 in
SK-MJD78-CA8 cells and in MJD CGN's rescued abnormal Ca?* release and caused an
increase in cell survival. In summary, we demonstrate the protective function of CA8 in
MJD disease models and speculate that the declining expression of CA8 following an

initial increased expression may be related to the late onset phenomenon of MJD.
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polyglutamine expanded ataxin-3. The main symptoms of MJD include
progressive ataxia, eye movement abnormalities, dysarthria, hyper-
reflexia, dystonia, and ophthalmoplegia (Coutinho & Andrade, 1978;
Rosenberg, 1992; Soong, Cheng, Liu, & Shan, 1997). Previous neuro-
pathological studies have detected neuronal loss in the cerebellum,
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midbrain, pons, medulla oblongata, and spinal cord in MJD patients
(Riess, Rub, Pastore, Bauer, & Schols, 2008); and the MJD disease gene
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resulted in reduced mutant ataxin-3 proteolysis, nuclear localization,

Significance aggregation, and alleviated toxicity in vitro and in vivo (Haacke, Hartl,

In this study, we showed a significant increase in CA8 ex-
pression in the Purkinje cells of MJD mouse cerebellum in
either early or late disease stage, as compared with its wild-
type control. Additionally, we reported an interesting finding
that CA8 co-localized and interacted with mutant ataxin-3.
Furthermore, overexpression of CA8 in mutant MJD neu-
ronal cells and in MJD cerebellar granule neurons rescued
abnormal calcium release and caused an increase in cell sur-
vival, indicating a protective function of CA8 in MJD disease
models. Our findings may provide an important information

for potential therapeutic targets in the future.

was subsequently mapped to chromosome 14q32.1 (Kawaguchi et
al., 1994). It was previously found that WT ataxin-3 contains 12 ~ 44
glutamine repeats with a molecular weight of approximate 42 kDa,
whereas mutant ataxin-3 contains more than 52 glutamine repeats
(Kawaguchi et al., 1994). WT ataxin-3 was shown to be a deubiquit-
inating enzyme (DUB) with a modulating function on substrate deg-
radation through the ubiquitin-proteasome pathway (Durcan & Fon,
2013). Ataxin-3 also functions to regulate the transcriptional process
and interact with numerous transcriptional regulators (Burnett &
Pittman, 2005; Evert et al., 2006; McCampbell et al., 2000; Mueller
et al., 2009; Shimohata et al., 2000). It has been shown that oxida-
tive stress induced by mutant ataxin-3 could lead to mitochondrial
dysfunction and cell damage (Laco, Oliveira, Paulson, & Rego, 2012).
Our previous study also showed that overexpressed mutant ataxin-3
in a cell model reduced antioxidant enzyme levels and increased mito-
chondrial DNA damage, both indicating that mitochondrial function
was impaired in MJD (Yu, Kuo, Cheng, Liu, & Hsieh, 2009).
Furthermore, the expanded polyQ stretch in the C-terminus of
ataxin-3 most likely leads to pathological changes in protein confor-
mation and binding properties. Within the cell, ataxin-3 is found to
be distributed in the cytoplasm and capable of translocating to the
nucleus and back (Chai, Shao, Miller, Williams, & Paulson, 2002).
Furthermore, the presence of nuclear aggregations has been es-
tablished as a major hallmark in MJD patients. In fact, the intracel-
lular aggregations composed of expanded polyQ fragments and
full-length ataxin-3 were observed in cerebellar neurons and ventral
pons (Trottier et al., 1998). Following this discovery, the “toxic frag-
ment hypothesis” was proposed to illustrate the proteolytic cleavage
of mutant ataxin-3 in MJD disorder pathogenesis (Berke, Schmied,
Brunt, Ellerby, & Paulson, 2004; Haacke et al., 2006; Takahashi et al.,
2008). Additionally, mutant ataxin-3 was also found to be cleaved
by calpains, a cysteine protease activated by calcium, and resulted
in the formation of C-terminal ataxin-3 fragments, contributing to
aggregation (Hubener et al.,, 2013). Several proteolytic enzymes,
such as caspases and calpains, were identified to be responsible for
the generation of the toxic ataxin-3 fragments (Simdes, Gongcalves,
Nobre, Duarte, & Pereira de Almeida, 2014). Inhibition of calpains

& Breuer, 2007; Simoes et al., 2012). In addition, mutant ataxin-3
was found to bind to inositol 1,4,5-trisphosphate receptor type 1
(IP;R1) and activated intracellular calcium release (Chen et al., 2008).
Collectively, these findings suggest that the alteration of cellular cal-
cium homeostasis plays an important role in the pathogenesis of MJD.

Carbonic anhydrase 8 (CA8) is a member of a-carbonic anhydrase
family, which consists of 16 isozymes. Thirteen of the isozymes (CA1,
2,3,4,5A, 5B, 6,7,9,12, 13, 14, and 15) can catalyze the reversible
hydration of carbon dioxide (CO,) to bicarbonate and protons, a pro-
cess that helps maintain pH balance in blood (Berthelsen, 1982). There
are three additional CA isozymes called carbonic anhydrase related
protein 8, 10, and 11 (CA8, 10 and 11), which lack the reversible hydra-
tion activity due to the deficiency in one or more histidine residues that
are required to catalyze CO, hydration (Picaud et al., 2009; Sjoblom,
Elleby, Wallgren, Jonsson, & Lindskog, 1996). Further, CA8 is known to
be predominantly present in the Purkinje cell layer of the cerebellum
in mouse and human (Aspatwar, Tolvanen, & Parkkila, 2010; Hirota,
Ando, Hamada, & Mikoshiba, 2003). The expression of CA8 can also be
observed in various organs, such as liver and lung (Hirota et al., 2003).
Functionally, CA8 binds to inositol 1,4,5-trisphosphate receptor type 1
(IP;R1) to decrease the affinity of IP, (Hirota et al., 2003).

Previous studies of CA8 mainly focused on the roles of CA8 in
neurodegeneration. It was reported that the waddles (wdl) mouse,
exhibiting ataxic movement and dystonia, harbors a 19-bp deletion
in ca8 gene (Jiao et al., 2005). Furthermore, two homozygous point
mutations in CA8 gene, SI00P and G162R, were reported in patients
with cerebellar ataxia and cerebellar atrophy in Iragi families (Kaya et
al., 2011; Turkmen et al., 2009). Previous studies from our laboratory
also demonstrated that knockdown of CA8 in zebrafish larvae re-
sulted in abnormal phenotypes, defective locomotion, and neuronal
cell death (Huang et al., 2014). In addition, we showed a significant
decrease in CA8 mRNA and protein expression in cybrid cells con-
taining MERRF A8344G mutation. Myoclonus epilepsy associated
with ragged-red fibers (MERRF) syndrome is a mitochondrial dis-
ease with pathological features of ataxia and myoclonus. Moreover,
overexpression of CA8 has been identified to play a protective func-
tion in MERRF cybrids (Wang et al., 2014). These findings support
that CA8 plays an important role in neuron function and cerebel-
lum development. Additionally, our previous results have revealed
that CA8 was significantly increased in human neuroblastoma cells
harboring mutant ataxin-3 as compared with cells containing WT
ataxin-3 (Hsieh et al., 2013). However, the mechanisms underlying
these observations remain to be addressed.

In this study, we hope to further study the expression and func-
tion of CA8 in MJD cellular and animal models. A MJD Tg mouse
model was previously established by Cemal and colleagues (Cemal et
al., 2002). The MJD Tg mice, harboring two copies of human MJD1
gene with 84 CAG repeats, demonstrated a mild and slowly pro-
gressive cerebellar deficit. As the disease progressed in the mice,
hypotonia, motor and sensory loss emerged. Neuronal intranuclear
inclusion (NII) formation and neuronal cell loss were prominent in the
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pontine and in the cerebellum (Cemal et al., 2002). Therefore, the
MJD Tg mice could be used as a valuable resource for the detailed
analysis of the roles of CA8 in the neurodegenerative processes un-
derlying MJD pathogenesis. Using MJD Tg mice and the WT control
along with two cellular models created in our laboratory, we aimed
to understand the regulation and functions of CA8 in the presence
of mutant ataxin-3 in vitro and in vivo.

2 | METHODS

2.1 | Animals

C57BL/6J MJD mice expressing two copies of human ataxin-3 gene
with 84 CAG repeats (Cemal et al., 2002) (IMSR Cat# JAX:012705,
RRID:IMSR_JAX:012705) and their WT littermates were purchased
fromJackson's laboratory (Bar Harbor, ME). All mice were of C57BL/6J
background (IMSR Cat# JAX:000664, RRID:IMSR_JAX:000664),
and the generation of transgenic mice was achieved as described
(Chen et al., 2008). The identities of the MJD transgenic mice were
confirmed by genomic PCR from the mouse tail DNA (Chen et al.,
2008). The primers used were: 5-CCAGTGACTACTTTGATTCG-3'
and 5-TGGCCTTTCACATGGATGTGAA-3' for human MJD1 gene;
5'-CATCACCATCTTCCAGGAGC-3' and 5'-ATGCCAGTGAGCTTCC-
CGTTC-3' for mouse GAPDH (Glyceraldehyde-3-phosphate-dehy-
drogenase). Animals were maintained on a 12-hr light/dark cycle with
free access to food and water. Both male and female mice, without
regard to sex, were utilized for all experiments. The mice were sac-
rificed under Zoletil 50 and all the efforts were made to minimize
suffering. All the procedures involving mice in this research were
approved by the Institutional Animal Care and Use Committee of
Tunghai University (#102-24; 103-19; 104-22).

2.2 | Celllines and antibodies

Human neuroblastoma cell line SK-N-SH (ATCC Cat# HTB-11,
RRID:CVCL_0531) was provided by Dr. Shin-Lan Hsu (Taichung
Veterans General Hospital, Taiwan) and human embryonic kidney cell
line HEK293 (ATCC Cat# CRL-1573, RRID:CVCL_0045) was provided
by Dr. Hsi-Chi Lu (Tunghai University, Taiwan). All materials for cell
culture were obtained from Gibco Life Technologies (Gaithersburg,
MD). Mouse monoclonal antibody against ataxin-3 (Millipore Cat#
MAB5360, RRID:AB_2129339) and rabbit polyclonal antibody
against IP;R1 (Millipore Cat# 07-514, RRID:AB_310680) were from
Merck Millipore (Billerica, MA). Mouse monoclonal antibodies against
HA (Santa Cruz Biotechnology Cat# sc-7392, RRID:AB_627809) and
GFP (Santa Cruz Biotechnology Cat# sc-8334, RRID:AB_641123)
were obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Rabbit polyclonal antibody against CA8 (Santa Cruz Biotechnology
Cat# sc-67330, RRID:AB_2066293) was obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal antibodies
against B-actin (Novus Cat# NB600-501, RRID:AB_10077656) and
a-tubulin (Novus Cat# NB100-690, RRID:AB_2210209) were ob-
tained from Novus Biologicals (Littleton, CO).

2.3 | Isolation of total RNA and RT-PCR

Mice were anesthetized with Zoletil 50 and sacrificed by decapi-
tation. Brains were removed for immediate dissection. Total RNA
was extracted from the cerebellum of mice (n = 6/group from both
sexes) using TRIzol® reagent from Life Technologies. Semi-quanti-
tative RT-PCR (reverse transcription PCR) was performed. Four mi-
crogram of total RNA was reverse transcribed into cDNA in a final
volume of 20 pl with 50 pmol oligo-dT primer, 0.5 mM dNTP and
200 units of MMLV (Moloney murine leukemia virus) reverse tran-
scriptase (Life Technologies) for 50 min at 37°C and 15 min at 70°C.
The primers used were: 5-TCCTGATGCTAATGGGGAATACCAG-3'
and 5-CTAAGAGGCTGAGTGGGCCGAAAG-3' for CA8; 5-CCAT-
GACAACTTTGGCATTG-3' and 5-CCTGCTTCACCACCTTCTTG-3'
for GAPDH (Glyceraldehyde-3-phosphate-dehydrogenase). The PCR
consisted of varying cycles with denaturation at 94°C for 30 s, anneal-
ingat 57°Cfor 30 s, and elongation at 72°C for 30 s. The PCR-amplified
DNA products were electrophoretically separated on 1% of agarose
gels. In order to compare the amplified products semi-quantitatively,
signal quantification was performed using a densitometric scanner
(Image J). We confirmed that the amounts of PCR products were at a

linear range after 22 cycles of PCR amplification.

2.4 | Preparation of lysate for SDS/PAGE

Mice were anesthetized with Zoletil 50 and sacrificed by decapita-
tion. Brains were removed for immediate dissection (n = 5-8/group
from both sexes). The cerebellum tissues or cells were washed twice
with PBS, resuspended in 500 pl of lysis buffer (15% of glycerol,
1 mM of sodium EDTA, 1 mM of sodium EGTA,1 mM of DTT, 40 pg/
ml of leupeptin, 20 pg/ml of pepstain, 1 mM of PMSF, and 0.5% of
Triton X-100 in PBS) and then sonicated on ice for 15 min. The re-
sulting lysate was centrifuged at 13,000 rpm for 30 min at 4°C. The
supernatant was collected and the protein concentration was deter-

mined using the Bio-Rad protein assay.

2.5 | Western blotting

The cell lysates containing 10-30 pg of protein were loaded by 10%
of sodium dodecyl sulfate (SDS) polyacrylamide gels. The resolved
proteins were electrophoretically transferred on to 0.2 ym PVDF
membranes. After blocking the membrane with 5% (w/v) non-fat
milk powder in TTBS (10 mM of Tris/HCI (pH 7.5), 150 mM of NaCl,
and 0.1% of Tween 20) buffer for 1 hr at room temperature, the an-
tibody binding reaction was performed in the same buffer at 4°C
overnight or at room temperature for 1 hr for primary antibodies and
at room temperature for 1 hr for secondary antibodies to couple to
HRP (horseradish peroxidase)-conjugated anti-(goat IgG) antibody.
Pre-stained high molecular mass markers were included. Signals
were captured by the enhanced chemiluminescent (Millipore).
Protein bands were quantified by densitometry, and protein loading
was normalized with f-actin or a-tubulin. For quantification of pro-

teins, the amount of proteins loaded on to the gel was optimized, and
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multiple exposures were performed to ensure that the signals were

within the linear response range.

2.6 | Plasmid construction

Plasmid MJD26-GFP containing full-length MJD with 26 glutamines,
plasmid MJD78-GFP containing full-length MJD with 78 glutamines
and plasmid tMJD78-GFP lacking N-terminus of MJD (with amino
acids 56-279 deleted) were constructed previously (Chang, Tien,
Chen, Nukina, & Hsieh, 2009). Plasmid pcDNA3.1 containing full-
length MJD with 78 glutamines was a gift from Dr. Henry Paulson.
A lentivirus transfer vector containing full-length CA8 with myc
tagged (pLKOAS3w.puro.CA8-myc) was constructed by Tang-Hao
Chi (unpublished data). The recombinant DNA sequence was con-
firmed by DNA sequencing. The lentiviral eGFP expression vectors
of control ()LKOAS7w.eGFP.puro), shRNA expression vectors of sh-
Ctrl (pLKO.1-shLuc) and sh-CA8 (TRCN000155916) were purchased
from the National RNAi Core Facility (Institute of Molecular Biology,

Academia Sinica, Taipei, Taiwan).

2.7 | Cell culture and selection of stable cells

Human neuroblastoma cell line was maintained in a medium contain-
ing Dulbecco's modified Eagle's medium (DMEM) supplemented with
1% of non-essential amino acid, 100 units/ml of penicillin, 100 pg/ml
of streptomycin, 2 mM of L-glutamine, 10% of fetal bovine serum
(FBS), and 100 pg/ml of pyruvate. SK-N-SH cells were transfected
with pPCDNA3-HAMJD78 and a stable cell line (SK-MJD78) was se-
lected in a culture medium supplemented with G418 (neomycin sul-
fate, 500 pg/ml) (Wen et al., 2003). Viruses carrying recombinant
pLKOAS3w-CA8-myc.puro and pLKOAS7w.eGFP.puro were gener-
ated by the National RNAi Core Facility in Academia Sinica. Infection
of the modified virus for stable expression of CA8 was performed
according to the instructions provided by the National RNAi Core
Facility. SK-MJD78 cells infected with recombinant lentivirus were
selected using 0.7 pg/ml puromycin (Sigma). Expression of CA8 pro-
teins was determined by Western blot analysis using an anti-CA8
antibody. Expression of eGFP proteins was determined by Western
blot analysis using an anti-GFP antibody. After 5 days of selection,
the surviving cells were grown in a medium containing 0.7 pg/ml
of puromycin. Stable cells were collected after 10-15 days. Human
embryonic kidney (HEK293) cell line was maintained in a medium
(MEM) supplemented with 1% of non-essential amino acid, 100
units/ml of penicillin, 100 pg/ml of streptomycin, 2 mM of L-glu-
tamine, 10% of fetal bovine serum (FBS), and 100 pg/ml of pyruvate.
Cells were transfected using Polyjet reagent (SignaGen) following
the manufacturer's instructions. Cells were transfected with 1 pg of
MJD26-eGFP, MJD78-eGFP, or tMJD78-GFP. Eighteen hours after
transfection, cells were selected in a culture medium supplemented
with 500 pg/ml G418 (Life Technologies). Expression of GFP pro-
teins was determined by Western blot analysis using an anti-GFP an-
tibody. After 14 days of selection, the surviving cells were diluted to
a density of 10 cells/ml and grown in a medium containing 500 pg/ml

Neuroscience Researc

of G418. Stable cells were collected after 14-20 days. For all experi-

ments, cells were placed in a medium lacking puromycin and G418.

2.8 | Luciferase activity

A luciferase reporter plasmid containing the full-length of CA8 pro-
moter was constructed previously (Lo, Ma, Wei, Hsieh, & Hsieh,
2018). The construct was co-transfected into HEK293 cell lines
(HEK293-MJD26, HEK293-MJD78 and HEK293-tMJD78) along
with a B-galactosidase ($-gal) vector. After 48 hr, luciferase activity
was measured and normalized to p-galactosidase levels. Promoter
activity was determined by measuring relative luciferase activity
in the transfected cells using a luciferase reporter kit (Promega,
Madison, WI). In these experiments, all the data were normalized

to pB-galactosidase activity.

2.9 | Immunohistochemistry

The cerebellum tissues were isolated from MJD Tg mice and age-
matched WT mice at ages of 3 weeks, 26 weeks, or 52 weeks after
sacrificed with Zoletil 50 (n = 5-8/group from both sexes), and fixed
at 4°C in 4% of paraformaldehyde (PA) in PBS overnight. The fixed
cerebellum tissues were washed with PBS, and incubated in 10% of
sucrose solution at 4°C for 1 hr; in 20% of sucrose solution at 4°C for
2 hr; and in 30% of sucrose solution at 4°C overnight. The cerebellum
tissues were frozen by OCT compound (Tissue Freezing Medium) and
10 pm sections were cut using a cryostat (LEICA CM3050S) at -20°C.
After washing with PBS, cerebellum tissues were blocked using 10%
of fetal bovine serum (FBS) in PBS for 1 hr at room temperature. The
samples were incubated with the primary antibody solution at 4°C
overnight (1:200 anti-CA8). Endogenous peroxidases were blocked
using 30% of hydrogen peroxide (H,0,) for 30 min at room tempera-
ture. After washing with PBS for three times, the samples were incu-
bated with secondary antibodies for 2 hr at room temperature (1:200
dilution, HRP conjugated goat anti-rabbit 1gG). After washing with
PBS, the diaminobenzidine substrate (DAB; KOMA) was added, and
the reaction was stopped in PBS after the desired degree of straining
was reached. Slides were counterstained with hematoxylin (Merck).
Finally, slides were mounted by permount mounting medium (Fisher
Scientific). The immunohistochemistry results were scored by taking
into account the intensity of the staining. Each slide was examined
and scored blindly by 15 examiners who assigned a score of O (no
staining), 1 (slightly staining), 2 (moderately staining), or 3 (most in-
tense staining) within Purkinje cell layers, then the averages of the

scores were recorded for comparison and statistical analysis.

2.10 | Immunofluorescence

WT and MJD Tg mice at age of 52 weeks (n = 3/group) were an-
esthetized with Zoletil 50 and perfused intracardially with ice-cold
4% of paraformaldehyde in phosphate buffered saline (PBS). Brains
were removed and postfixed overnight. The samples were cryopro-
tected in graded sucrose over a 5 day period and then embedded
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and frozen in Tissue-Tek O.C.T. Compound (Sakura Finetek USA, Inc.

Torrance, CA) and stored at -80°C until use. The tissues were cut at
10 pm sections by a cryostat (LEICA CM3050S) at -20°C. Cells were
seeded on glass coverslips at 3 x 10° cells/well in six-well tissue cul-
ture plates and incubated for 48 hr at a 37°C in a 5% of CO2 incuba-
tor. Cells were then washed three times with PBS (pH 7.4), fixed and
permeabilized with 4% of paraformaldehyde (PA) in PBS for 20 min
at room temperature. After washing with PBS, cells and tissues were
blocked using 10% of fetal bovine serum (FBS) in PBS for 1 hr at room
temperature. The samples were incubated with the primary antibody
solution at 4°C overnight (anti-ATXN3, 1:1,000, 1:200 anti-CAS,
1:100 anti-GFP, 1:200 anti-HA, and 1:100 anti-myc). After washing
with PBS for three times, the samples were incubated with second-
ary antibodies and propidium iodide (PI) for 2 hr at room temperature
(1:500 PI, 1:200 anti-mouse IgG FITC, and anti-rabbit-lgG DyLight
649). Finally, cells and tissues were washed three times and mounted.
The images were recorded on Zeiss LSM 510 confocal microscope.

2.11 | Immunoprecipitation

Cells were solubilized in lysis buffer (50 mM of Tris-HCI, pH 7.9,
150 mM of NaCl, 1% of NP-40, 1X protein inhibitor cocktail, 10% of
glycerol, 1.5 Mm of MgCl,, 1mM of EGTA, 1mM of EDTA) and lysates
were cleared by centrifugation. Equal amounts of total proteins were
incubated with monoclonal anti-myc or polyclonal anti-CA8 for 1 hr,
and then incubated with Protein A agarose beads overnight. The
beads were pelleted by centrifugation and washed with washing
buffer (50 mM of Tris-HCI, pH 7.9, 150 mM of NaCl, 1%of NP-40,
10% of glycerol, 1.5 Mm of MgCl,, 1ImM of EGTA, 1mM of EDTA).
The immunopellets were resuspended in SDS-PAGE sample buffer

and subjected to electrophoresis and Western blot analysis.

2.12 | Mouse cerebellar granule neuron (CGN)
isolation and treatment

C57BL/6J WT and MJD mice (postnatal day 5-7) (n = 3/group) were
anesthetized on ice for a few minutes before decapitation, then the
crumbed meninges and cerebellum tissue were carefully removed using
fine tweezers. The cerebellum tissue was then incubated for 10 min in
1 ml of dissociation solution containing 0.25% of trypsin and 1 mM of
EDTA at 37°C, pipetted with P1000 pipet every 5 min, centrifuged at
1,000 rpm for 5 min, and then the supernatant was removed. 10 pl of
10 mg/ml of DNase | (Sigma) was added to the pellet, after briefly tip-
ping the tube, 1 ml of DMEM containing 20% of FBS was added into the
tube. The mixture was centrifuged at 1,000 rpm for 5 min, and then the
supernatant was removed. Four millilitrer of 20% of FBS DMEM was
added in to the pellet (cerebellar granule neurons). After cell counting,
we seeded 1 x 10° CGNs into 3 cm dishes for the following experi-
ments. For lentivirus infection, 5 x 10° of CGNs were seeded in 3 cm
dishes with 20% of FBS DMEM for 24 hr. One day after, culture media
were replaced by 20% of FBS DMEM containing 8 pg/ml of polybrene.
According to the virus titer, we added the appropriate amounts of len-
tivirus carrying recombinant pLKOAS3w-CA8-myc-puro, CA8 shRNA

(pLKO.1-shCA8, TRCN0O00155916), or control vector (pLKOAS7w.
eGFP.puro and pLKO.1-shLuc) (M.O.l = 3) into CGNs for 12 hr infec-
tion. After lentivirus infection, the infection medium was replaced
by 20% of FBS DMEM, selected by 1 pg/ml of puromycin (Sigma) for
3 days and then incubated until cells were placed in a medium lacking
puromycin before the experiments.

2.13 | Cell viability

SK-N-SH cell lines were seeded at the density of 1.3 x 10° cells/
well and CGNs were seeded at the density of 2 x 10 cells/well in a
96-well tissue culture plate incubated for 24 hr in a 37°C, 5% CO2
incubator. One day after seeding, cells were incubated for 30 min
in a fresh medium containing 20 pM or 3uM of H,0, for SK-N-SH
and CGNs, respectively. For treatments with various agents, SK-N-
SH cells were treated with 5 pM of A23187, 20 pM of calpeptin, or
10uM of BAPTA-AM for 10 min before being treated with H,0,.
CGNs were treated with 10 pM of A23187, 10 pM of calpeptin,
or 5 pM of BAPTA-AM for 2 hr and 30 min before being treated
with H,0,. Cell viability was determined with the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma).
Then MTT (5 mg/ml) were added to each well and the mixture was
incubated at 37°C for 4 hr. To dissolve formazan crystals, the culture
medium was then replaced with an equal volume of DMSO. After
the mixture was shaken at room temperature (RT) for 10 min, ab-
sorbance of each well was determined at 570 nm using a microplate

reader. Results were expressed as the percentage of controls.

2.14 | Measurement of intracellular Ca%*

SK-N-SH cell lines were seeded at the density of 1.3 x 10° cells/well
and mouse CGNs were seeded at the density of 2 x 10* cells/well in
a 96-well tissue culture plate incubated for 24 hrin a 37°C, 5% CO,
incubator. After 24 hr, cells were washed by HEPES buffer with Ca?,
and loaded with 2.5 pM Fura-4AM in the HEPES buffer with Ca?".
After 45 min, cells were washed by the HEPES buffer without Ca®*,
and incubated for 30 min. Finally, cytosolic Ca?* signal in cells was
assessed in response to 0.1mM of ATP. Fura-4AM fluorescence was
recorded continuously at 37°C in a spectrofluorometer at the excita-

tion wavelength of 494 nm and an emission wavelength of 516 nm.

2.15 | Statistics

Statistical analysis was performed using R software (version 3.5.3). All
data are expressed as box plots. When two groups were compared,
significant differences were analyzed using the Student's t test. In
Figure 2 and Figures 12 through 14, a two-way ANOVA was used
to address the two factor design of mice type/time and mice type/
treatment, respectively. Assumptions of normality of residuals were
checked with Shapiro-Wilk test. Multiple pairwise comparisons were
assessed by post hoc Tukey's HSD. Figure legend indicates which test
was used for each corresponding experiment. Differences were con-

sidered statistically significant if the p value was less than 0.05.
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3 | RESULTS
3.1 | Protein expression of CA8 in a MJD Tg mouse
model

We have previously found an increased expression of CA8 in human
neuroblastoma cells containing mutant ataxin-3, as compared with
that in control human neuroblastoma cells containing WT ataxin-3
(Hsieh et al., 2013). Therefore, we were interested in evaluating the
expression levels of CA8 in the cerebellum tissue of MJD Tg mice.
Semi-quantitative RT-PCR and Western blot analysis were per-
formed to determine the CA8 expression levels. Our results showed
that the expression of mRNA and protein levels in the Tg mice at age
of 3 weeks or 52 weeks were both moderately higher than those of
the WT mice (Figure 1) (p = 0.013, Figure 1a; p = 0.002, Figure 1b;
p = 0.007, Figure 1c; p < 0.001, Figure 1d). However, it is noted
that the differences may not be clearly visible in the correspond-
ing images. Given the fact that CA8 is predominantly present in the
Purkinje cell layer of mouse cerebellum (Aspatwar et al., 2010) but
the total RNAs and proteins were isolated from different cell types
in the cerebellum, the expression of CA8 in MJD Tg mice may need
to be further verified.
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3.2 | Immunohistochemistry of CA8 expression in
WT and MJD Tg mice

To further confirm the increased expression of CA8 in the Purkinje cell
layer of MJD Tg mouse, we used immunohistochemical staining to ex-
amine the expression patterns of CA8. As shown in Figure 2a-d, CA8
was detected in Purkinje cells and more intense stains were observed
in MJD Tg mice of 3 weeks and 52 weeks, as compared with those
of the control WT mice. To quantify the results, immunohistochemical
scoring systems, which take into account the intensity of staining (Tsai
et al., 2014), was used for the analysis. Quantitative analysis demon-
strated that a significant increase in CA8 was observed in MJD Tg mice
of 3 weeks (p < 0.001), 26 weeks (p = 0.021) and 52 weeks (p = 0.027)
as compared with those in age-matched WT mice (Figure 2e). It is
worth noting that as the MJD Tg mice naturally aged, the expression
level of CA8 gradually decreased (p < 0.001).

3.3 | Increased CA8 promoter activity in HEK293-
MJD78 cells

To establish a set of MJD disease cellular model, we transfected

three constructs, containing WT ataxin-3 (MJD26), mutant ataxin-3
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FIGURE 1 CA8 mRNA and protein analysis in the WT and MJD Tg mice. (a and b) The mRNA levels were higher in MJD Tg mice of

3 weeks (a) and 52 weeks (b) than those of WT. Total RNA from the cerebellum of MJD Tg mice, as well as the age-matched WT control,

was analyzed. RT-PCR was performed using GAPDH primers as a control. The quantified values were presented as fold change compared

to WT from four independent experiments. n = 6 for each set of animals. *p < 0.05, **p < 0.01. (Student's t test) (c and d) Western blot
analysis of CA8 expression in MJD Tg mice of 3 weeks (c) and 52 weeks (d). CA8 protein level in MJD Tg mouse is higher than that of the WT
control. Total protein from the cerebellum of MJD Tg mice, as well as their age-matched WT control, was analyzed. Expression of a-tubulin
and B-actin was examined as a quantity control. Data were presented as fold change compared to WT from five independent experiments.

n = 8 for MJD Tg mice of 52 weeks and the age-matched WT control; n = 5 for MJD Tg mice of 3 weeks and the age-matched WT control.
**p < 0.01, ***p < 0.001. (Student's t test) [Color figure can be viewed at wileyonlinelibrary.com]
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Immunohistochemistry of CA8 expression in the WT and MJD Tg mice. CA8 was detected in Purkinje cells by

immunohistochemistry (arrow sign) and the more intense staining was observed in MJD Tg mice of 3 weeks and 52 weeks (b and d), as
compared with the control WT (a and c). P: Purkinje cell layer, G: Granular cell layer, M: Molecular cell layer. Scale bar represents 100 pm. (e)
The quantitative analysis indicated a significant increased CA8 expression in Purkinje cells of MJD mice of 3 weeks (3w), 26 weeks (26w),
or 52 weeks (52w), as compared with its WT control (n = 5-8/group). Data were presented from five independent experiments. *p < 0.05,

***p < 0.001. (Two-way ANOVA followed by Tukey's HSD test)

(MJD78), and N-terminal truncated mutant ataxin-3 (tMJD78), respec-
tively, into HEK293 cells (Chang et al., 2009) (Figure 3a). Stable clones
designated HEK293-MJD26, HEK293-MJD78, and HEK293-tMJD78
were established by proper antibiotic selection. As shown in Figure 3b,
the expression of ataxin-3 was confirmed in all three stable cell lines.
Consistent with what was observed in MJD Tg mice (Figure 1c,d), the
expression of CA8 was increased in HEK293 cells containing mutant

ataxin-3 and truncated mutant ataxin-3, as compared with that in cells
harboring WT ataxin-3. Because the increased mRNA and protein lev-
els of CA8 may indicate altered transcription regulation, we assayed
the promoter activity of CA8 in HEK293 stable cells with WT or mu-
tant ataxin-3. We transfected a luciferase reporter plasmid containing
the full-length of CA8 promoter (Lo et al., 2018) into HEK293-MJD26,
HEK293-MJD78, and HEK293-tMJD78 cells along with a p-gal vector
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FIGURE 3 The ectopic expression of ataxin-3 and CA8 promoter activity in HEK293 cells. (a) A schematic diagram to illustrate three
constructs containing ataxin-3 gene with 26 CAG repeats, 78 CAG repeats and N-terminal truncated 78 CAG repeats. JD represents
Josephin domain. UIMs are ubiquitin-interacting motifs. (b) Western blot analysis of endogenous and exogenous ataxin-3 expression in
HEK293 cells. All the three plasmids are GFP-tagged. Western blot analysis was performed using antibodies against ataxin-3, CA8 or
GFP. Expression of a-tubulin was examined as a loading control. (c) Increased CA8 promoter activity in HEK293 cells harboring mutant
ataxin 3. A construct containing the full-length of CA8 promoter region cloned into luciferase vector was co-transfected into HEK293 cell
lines (HEK293-MJD26, HEK293-MJD78, and HEK293-tMJD78) along with a p-gal vector. The luciferase activity of HEK293-MJD78 was
higher than HEK293-MJD26. Relative luciferase activity was calculated with respect to cells transfected with vector alone. Data were
presented from three independent experiments, each performed in duplicate. *p < 0.05. (Student's t test) [Color figure can be viewed at

wileyonlinelibrary.com]

as a transfection control. As shown in Figure 3c, the luciferase activ-
ity of HEK293-MJD78 cells was clearly higher than that of HEK293-
MJD26 cells (p = 0.045), suggesting that CA8 is upregulated at the
transcription level in the presence of mutant ataxin-3. However, we
did not observed a significant increase in CA8 transcripts in HEK293-
tMJD78 cells, as compared with that of HEK293-MJD26 cells.

3.4 | CAS8is co-localized with mutant ataxin-3 in SK-
MJD78-CA8 and in HEK293-MJD78 cells

Our previous study demonstrated that a higher mRNA expression
of CA8 in SK-MJD78 cells than that in SK-MJD26 cells (Hsieh et al.,
2013). However, due to the lack of endogenous CA8 protein detected
by antibodies against CA8 in SK-MJD78 cells (Figure 4), viruses car-
rying recombinant plasmid pLKOAS3w.puro.CA8-myc (a lentivirus
transfer vector containing full-length CA8) and pLKOAS7w.eGFP.
puro (control virus) were used to infect SK-MJD78 cells. Stable clones,

designated SK-MJD78-eGFP (SK-MJD78 cells infected with virus car-
rying pLKOAS7w.eGFP.puro) and SK-MJD78-CA8 (SK-MJD78 cells
infected with virus carrying pLKOAS3w.puro.CA8-myc), were ob-
tained after proper antibiotic selection. As shown in Figure 4, the ec-
topic expression of CA8 was confirmed in SK-MJD78-CA8 cells, with
a positive control signal of CA8 from HOS-CAB8 cells (Figure 4a), which
was made previously by overexpressing CA8 in human osteosarcoma
cells HOS (Wang et al., 2016). In addition, GFP expression was clearly
detected in SK-MJD78-eGFP with HOS-eGFP as a positive control
(Figure 4b). WT and mutant ataxin-3 expression was also validated in
those four cell lines (Figure 4c). Next, we used immunofluorescence
to examine the distributions of ataxin-3 and CA8 in SK-MJD78 cells
with stably overexpressed CA8 (SK-MJD78-CA8) or in HEK293 cells
with stably overexpressed WT full-length ataxin-3 (HEK293-MJD26),
mutant full-length ataxin-3 (HEK293-MJD78), or mutant truncated
ataxin-3 (HEK293-tMJD78). As shown in Figure 5ab, both CA8
and mutant ataxin-3 were mainly distributed in the cytoplasm and


www.wileyonlinelibrary.com

1 2 8 6 JOURNAL OF

HSIEH ET AL.

Neuroscience Research

(a) (b) & (c)

<

{ @ ¥ %

& & NN

AP ARG

I A $ $ &

O S S S &
F & &5 & F 3 L

CA8| 0 | eGFPl "~ | Transfected Ataxin-3

ctuti [T ctn

Endogenous Ataxin-3

pactn [ ]

FIGURE 4 Protein expression of CA8 and ataxin-3 in SK-MJD78 cells with and without CA8 expression. (a) Western blot analysis of CA8
in SK-MJD78 cells with overexpression of CA8 (SK-MJD78-CA8) or eGFP (SK-MJD78-eGFP). HOS-CA8 was used as a positive control for
the signal of CA8. (b) Western blot analysis of eGFP in SK-MJD78 cells harboring overexpressed CA8 or eGFP. HOS-eGFP was used as a
positive control for the signal of eGFP. (c) Western blot analysis of ataxin-3 in SK-N-SH, SK-MJD78, SK-MJD78-eGFP, and SK-MJD78-CA8
cells. Endogenous ataxin-3 (~42 kDa) and mutant ataxin-3 (~60 kDa) were detected by antibodies against ataxin-3. Expression of a-tubulin

and p-actin was examined for a loading control

co-localized together in these two MJD cellular models. It is further
noted that there was no difference in the distribution of CA8 among
the three HEK293 cell lines, suggesting that the cellular distribution

of CA8 is not altered by the presence or absence of mutant ataxin-3.

3.5 | CAS8 interacts with mutant ataxin-3 IN MJD
cellular models

It is known that mutant ataxin-3 interacts with inositol 1,4,5-trispho-
sphate receptor type 1 (IP;,R1) (Chen et al., 2008). In addition, CA8
interacts with IP;R1 and acts as an IP;R1-binding protein (Hirota et
al., 2003). Since our results showed that CA8 and ataxin-3 were co-
localized in SK-MJD78-CA8 and HEK293-derived MJD cell lines, we
next examined the possible interaction between CA8 and ataxin-3 by
immunoprecipitation. Interestingly, our analysis revealed a protein-
protein interaction between CA8 and ataxin-3 in SK-MJD78-CA8
cells (Figure 6a,b). Moreover, our results showed that the interaction
existed only between CA8 and mutant ataxin-3 in HEK293-MJD78
cells, not in HEK293-MJD26 (Figure 6c,d). Meanwhile, we tried to
determine whether the endogenous CAS8 interacts with mutant
ataxin-3 using cerebellum extract from MJD Tg mice. Unfortunately,
we failed to detect the interaction between CA8 and mutant ataxin-3
using antibody against CA8 by immunoprecipitation (Figure 7a,b).
Nevertheless, in an attempt to analyze their distributions by immu-
nofluorescence, we found that CA8 and mutant ataxin-3 were par-
tially co-localized in Purkinje cells of MJD Tg mice (Figure 7c). Taken
together, these observations suggest that the interaction between
endogenous CA8 and mutant ataxin-3 in MJD Tg mice may be rela-

tively weak to non-detectable under our experimental conditions.

3.6 | Overexpression of CA8 desensitizes SK-MJD78
cells to oxidative stress

It was noted that overexpression of CA8 in MERFF mutant cells

protected cells from apoptosis upon pro-apoptotic treatment

(Wang et al., 2014). Therefore, we attempted to understand
whether CA8 plays a protective role in SK-MJD78 cells by exam-
ining cell survival under oxidative stress. As shown in Figure 8a,
SK-MJD78 cells were more susceptible to oxidative stress than the
parental SK-N-SH cells (p < 0.001), which is consistent with our
previous report (Wen et al., 2003). Furthermore, overexpression
of CA8 in SK-MJD78-CA8 cells significantly desensitized cells to
H,O, treatment as compared with that in SK-MJD78-eGFP cells
(Figure 8b) (p = 0.012), supporting a protective role of CA8 in the
MJD disease cellular model.

Given that the overexpression of CA8 reduced cell death in the
neuronal cells, we investigated the protective effects of CA8 in MJD
cerebellar granule neurons (CGNs). To examine the effects of CA8
on granule neuron survival, CGNs were isolated from WT and MJD
Tg mice, and then infected with viruses carrying overexpressed CAS8,
CA8-shRNA, control pLKO.1-shLUC, and control pLKOAS7w.eGFP.
puro, respectively. As shown in Figure 9a, the expression level of CA8
was significantly increased in CGNs with CA8 overexpression, and
moderately decreased in CGNs with CA8 knockdown; as compared
with that of the individual control. The infected CGNs were further
treated with 3 pM of H,0, and cell viability was measured by MTT
assay to study the effects of CA8. The results showed no significant
difference of cell viability between WT CGNs with overexpression
and downregulation of CA8 (Figure 9b,c). However, overexpression of
CA8 in MJD CGNs resulted in an increase in the cell survival as com-
pared with that of the control cells (Figure 9¢) (p < 0.001). These find-
ings suggest that upregulation of CA8 has protective effects not only

on neuronal cell lines but also on primary CGNs from MJD Tg mice.

3.7 | CAS8rescues abnormal Ca?* release in
SK-MJD78 cells and in MJD CGNs

Previous evidence showed that neuronal Ca®* signaling was abnor-
mally increased in the pathogenesis of SCA3 (Bezprozvanny, 2009).
Mutant ataxin-3 was also found to interact with IP;R1 and activate
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FIGURE 5 CAS8 was co-localized with mutant ataxin-3 in SK-MJD78 cells with overexpressed CA8 (SK-MJD78-CA8) and HEK293 MJD
cell lines. (a) SK-MJD78-CAS8 cells, stably expressing HA-tagged mutant ataxin-3 and myc-tagged CA8, and SK-MJD78-eGFP cells, stably
expressing HA-tagged mutant ataxin-3 and GFP, were seeded on coverslips and analyzed by immunofluorescence using anti-HA-specific,
anti-GFP-specific and anti-myc-specific antibodies. Double staining indicated colocalization (yellow) of mutant ataxin-3 (green) and CA8
(red). Scale bar represents 50 pm. (b) HEK293 cells stably expressing GFP-tagged WT ataxin-3 (HEK293-GFP-MJD26), mutant ataxin-3
(HEK293-GFP-MJD78), and mutant ataxin-3 lacking N-terminal (HEK293-GFP-tMJD78) were analyzed by immunofluorescence using anti-
GFP-specific and anti-CA8-specific antibodies. Double staining indicated colocalization (yellow) of ataxin-3 (green) and CAS8 (red). Scale bar

represents 50 pm

intracellular calcium release by an agonist of IP;R1 (Chen et al.,
2008). Additionally, CA8 was proved to interact with IP;R1 and regu-
late Ca®* release by influencing IP, binding to its receptor (IP3R1) on
the ER. Since we also observed the interesting interaction between
mutant ataxin-3 and CA8, we next examined whether any altera-
tion of Ca2' release exists in SK-N-SH cells with and without mutant
ataxin-3 and whether CA8 overexpression influences Ca®* signaling.
We first measured the calcium release in SK-N-SH cells with or with-
out mutant ataxin-3, as well as in SK-MJD78 cells with or without
CA8 overexpression under a 0.1 mM ATP stimulus. To block ca?
influx due to the activity of the store-operated channel, the experi-

ment was performed in the absence of extracellular Ca?" ions. Under

our experimental conditions, the increase in cytosolic Ca®* after the
addition of ATP was largely from the ER pool. Our results demon-
strated that ATP induced a transient elevation of Ca®* for all tested
cell lines. As shown in Figure 10a, cells harboring mutant ataxin-3
(SK-MJD78) showed a significantly increased cytosolic ca? signal-
ing in response to ATP compared with that in the WT cells (SK-N-SH
cells) (p = 0.008). As expected, SK-MJD78-CA8 cells showed a re-
duced cytosolic Ca®* signaling as compared with that in SK-MJD78-
eGFP cells (Figure 10b) (p = 0.018).

Meanwhile, we also tried to determine whether overexpres-
sion of CA8 decreases cytosolic Cca? signaling in MJD CGNs. Our

results demonstrated that even though no significant difference of
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FIGURE 6 CA8 interacted with mutant ataxin-3 in SK-MJD78-CA8 and HEK293 cells stably expressing GFP-tagged mutant ataxin3
(HEK293-GFP-MJD78). (a) The cell lysates from SK-MJD78-CA8 were precipitated by anti-myc (CA8-tagged) and analyzed by Western
blotting with anti-HA (MJD78-tagged). (b) The cell lysates from SK-MJD78-CA8 were precipitated by anti-HA and analyzed by Western
blotting with anti-myc. The cell lysates from HEK293-MJD26 (c) and HEK293-MJD78 (d) were precipitated by anti-CA8 and analyzed by
Western blotting with anti-GFP. The input lanes containing 1/50 of cell lysates was used for IP experiments. IgG was used as a negative
control. Immunoblotting by the use of anti-IP;R1 was used as control because IP;R1 was known to interact with ataxin-3 and CA8

Ca®* release was detected between WT CGNs infected with lentivi-
ral CA8 and lentiviral eGFP (Figure 11b), both WT and MJD CGNs
with downregulated CA8 showed significantly increased cytosolic
Ca?" signaling as compared with that of the lentiviral control infected
CGNs (Figure 11a,c) (p < 0.001, Figure 11a; p = 0.009, Figure 11c).
Consistently, overexpression of CA8 in MJD CGNs significantly de-
creased abnormal calcium release as compared with that of the lenti-
viral control infected CGNs (Figure 11d) (p = 0.01). Taken together, our
findings confirm the abnormal Ca?* release in neuronal cells harboring
mutant ataxin-3 and further demonstrate that overexpression of CA8
rescues the abnormal Ca?* signaling induced by mutant ataxin-3.

3.8 | Calcium ionophore counteracts the protective
effect of CA8 in SK-MJD78-CA8 cells and in
MJD CGNs

To examine the effects of CA8 on Ca?'-induced cell survival, we
next treated cells with different agents that are known to influence

the Ca?" influx. Calcium ionophore A23187, a mobile ion carrier that

forms stable complexes with divalent cations (Pressman, 1976), is
commonly used to increase intracellular calcium levels. So in order to
correlate intracellular calcium concentration and cell survival, we ex-
amined the effects of A23187 on SK-MJD78 cells with and without
CA8 overexpression under oxidative stress. As shown in Figure 12a,
when SK-MJD78-CA8 cells were treated with calcium ionophore, a
significant decrease in cell survival was observed (p < 0.001), as com-
pared with cells without A23187 treatment, suggesting that calcium
ionophore-induced calcium release counteracted the protective
effect of CA8. Meanwhile, to determine whether the same effect
would be observed in MJD CGNs, MJD CGNs were also subjected
to calcium ionophore treatment. As shown in Figure 12b, after being
pretreated with calcium ionophore, MJD CGNs with overexpressed
CAB8 had significantly decreased cell survival as compared with MJD
CGNs treated with H,0, only (p = 0.007). Moreover, it is noted that
when MJD CGNs with overexpressed CA8 were treated with cal-
cium ionophore, cell survival was reduced to the level similar to that
in MJD CGNs without overexpressed CA8 treated with H,0, alone

(Figure 12b). Our results suggest that calcium ionophore treatment
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FIGURE 7 The interaction and localization between CA8 and mutant ataxin-3 in the MJD Tg mouse model. The cerebellum tissue lysates
from MJD Tg mice of 52 weeks (a) and the age-matched WT control (b) were precipitated by anti-CA8 and analyzed by Western blotting with
anti-ataxin-3 and anti-IP,R1 (n = 3/group). The input lanes contain 1/50 of cell lysates used for IP experiments. IgG was used as a negative control.
(c) CA8 was co-localized with mutant ataxin-3 in the MJD Tg mouse model. Expression and localization of CA8 and ataxin-3 were examined

in the cerebellums of 52-week-old MJD Tg mice and the age-matched WT control by immunofluorescent staining. Double staining indicated
colocalization (yellow) of CA8 (green) and ataxin-3 (red). Scale bar represents 50 um. Independent experiments were repeated three times

in either SK-MJD78-CA8 or MJD CGNs with overexpressed CA8

counteracted the protective effect of CA8.

3.9 | BAPTA-AM shows no effect on cell survival
in SK-MJD78-CAS8 cells and MJD CGNs with
overexpressed CA8

BAPTA-AM, (N,N’-[1,2-ethanediylbis (oxy-2,1-phenylene)] bis [N-[2-
[(acetyloxy) methoxy]-2-oxoethyl]-1,1’-bis[(acetyloxy)methyl] ester-
glycine), is membrane permeable calcium chelator that is commonly
used to evaluate the role of intracellular calcium in cell signaling (Lee
et al.,, 2012). Thus, we also examined whether BAPTA-AM pretreat-
ment may alter cell survival in cells with or without overexpressed CA8
under H,O, challenge. As shown in Figure 13a, cell survival in BAPTA-
AM-pretreated SK-MJD-eGFP cells was significantly increased com-
pared with that in cells without BAPTA-AM pretreatment (p = 0.004).

However, BAPTA-AM pretreatment showed no effects on cell survival
in SK-MJD78-CA8 cells upon H,0, treatment (p = 0.862). Consistently,
even though a significant increase in the cell survival was observed
in MJD-eGFP CGNs with BAPTA-AM pretreatment (p < 0.001), cell
survival showed no significant difference in CA8 overexpressing MJD
CGNs with and without BAPTA-AM pretreatment (Figure 13b) (p = O.
741). Therefore, our results support the notion that BAPTA-AM has no
obvious effect on cell survival in SK-MJD78-CA8 cells and MJD CGNs
with overexpressed CA8.

3.10 | Calpeptin shows no significant effect on cell
survival in MJD mutant cells with CA8 overexpression

Calpain is a cysteine proteases that is dependent on calcium to
attain functionally active forms (Saez, Ramirez-Lorca, Moron, &

Ruiz, 2006). It is known that altered calpain activity was associated
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FIGURE 8 Overexpression of CA8 decreased cell death upon H,0, treatment. (a) SK-N-SH cells showed increased cell survival than that
in mutant SK-MJD78 cells. (b) SK-MJD78-CA8 cells were more resistant to oxidative stress as compared with that of SK-MJD78-eGFP cells.
Data were presented from three independent experiments, each performed in triplicate. *p < 0.05, **p < 0.01. (Student's t test)

with the cleavage of mutant ataxin-3 in MJD disease (Haacke et
al., 2007). Calpeptin, an inhibitor of calpains, is a cell permeable
calpain inhibitor (Wang, 1990). Thus, we wanted to determine
whether calpeptin pretreatment inhibits calpain activity and al-
ters MJD cell survival when cells are challenged with H,0,. As
shown in Figure 14, the survival rates of the SK-MJD78-eGFP
cells and MJD-eGFP CGNs pretreated with calpeptin were mod-
erately higher than that of the control cells treated with H,0,
only. However, the cell survival rate showed no difference in
SK-MJD78-CA8 cells with and without calpeptin pretreatment
(Figure 14a) (p = 0.714), nor any difference in MJD-CA8 CGNs
(Figure 14b) (p = 0.349). Taken together, our results demonstrate
that calpeptin has no further effect on cell survival in MJD mutant

cells with CA8 overexpression.

4 | DISCUSSION

We have previously demonstrated that the expression level of
CAS8 is higher in human neuroblastoma cells harboring mutant
ataxin-3 (Hsieh et al., 2013). In order to validate the expression
levels of CA8 in a MJD animal model, we obtained MJD Tg mice
(Cemal et al., 2002) and WT mice for comparison. We found that
the mRNA and protein levels of CA8 were both moderately in-
creased in MJD Tg mice (Figure 1). Considering CA8 was detected
mainly in Purkinje cells (Bae et al., 2009), we further examined
the expression pattern of CA8 by immunohistochemical staining.
Our results confirmed that CA8 was expressed mainly in Purkinje
cells, with more intense staining in MJD Tg mice as compared to
that of the WT control (Figure 2). To assess the intensity in the im-
munohistochemical staining, we used a scoring system that takes
into account the various staining intensity of the positive signals
(Tsai et al., 2014). It is noted that CA8 expression was significantly

increased in the cerebellum of MJD mice at the age of 3 weeks,
26 weeks, and 52 weeks; supporting the notion that mutant
ataxin-3 expression contributes to the increase in CA8 expression.
Interestingly, we observed a gradual decrease in CA8 expression
with age in MJD Tg mice only. Considering the findings that CA8
overexpression desensitizes neuronal cells to staurosporine-in-
duced apoptotic stress and loss-of-function of ca8 gene results in
abnormal movement pattern in zebrafish (Huang et al., 2014) and
waddles mice (Jiao et al., 2005), we speculated that the decreased
CA8 expression, observed in MJD Tg mice of 52 weeks as com-
pared with that in MJD Tg mice of 3 weeks, may be relevant to the
disease's late onset and progression.

To study the mechanism underlying the altered CA8 expression
in the presence of mutant ataxin-3, we established three human
embryonic kidney cell lines containing WT ataxin-3 (MJD26), mu-
tant ataxin-3 (MJD78), and N-terminus truncated mutant ataxin-3
(tMJD78), respectively, for assaying the transcription activity of
hCA8 gene. Western blot was performed to assess the ectopic
ataxin-3 expression in these stable clones. It was noted that the
expression of truncated ataxin-3 was not detected by ataxin-3 an-
tibody. Because ataxin-3 antibody was raised against region E214-
L233 of the N-terminal Josephin domain, which was truncated from
tMJD78, the expression of truncated ataxin-3 was confirmed by
tagged GFP antibody (Figure 3b). Furthermore, transient transfec-
tion of luciferase reporter plasmid containing the full-length CA8
promoter was performed to determine the transcription activity
of hCA8 gene in the three stable clones. Consistent with our pre-
vious report (Hsieh et al., 2013), the results confirm that the CA8
expression is transcriptionally upregulated by the full length mutant
ataxin-3. However, no detectable increase in CA8 transcript was ob-
served in the presence of truncated ataxin-3. Even though we have
yet to understand the detailed mechanism involved, transcriptional
dysregulation has been implicated to play a central role in the SCA3
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experiments, each performed in triplicate. ***p < 0.001. (Student's t test)

pathogenesis (Riley & Orr, 2006). It is likely that mutant ataxin-3, but
not the truncated form, is involved in the transcriptional regulation
of hCA8 gene via chromatin binding or interaction with transcrip-
tional regulators (Evert et al., 2006; Lo et al., 2018).

Our previous studies have shown that transient expression of
mutant ataxin-3 altered the expression of CA11 in SK-N-SH cells
and CA11 was redistributed into the nuclei, aggregated in cells ex-

pressing truncated ataxin-3 (Hsieh et al., 2013). For CAS8, it was

previously noted to be located in the cytoplasm (Aspatwar et al.,
2010). Thus, whether CA8 is redistributed into the nuclei in the
presence of mutant ataxin-3 remains to be addressed. As such,
immunofluorescence was carried out to examine the cellular lo-
calization of CA8 and mutant ataxin-3. Our results showed that
CA8 was mainly distributed in the cytoplasm and co-localized, at
least partially, with WT, mutant or truncated ataxin-3 (Figure 5);
suggesting that the cellular localization of CA8 was not altered
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by mutant ataxin-3. In addition, immunoprecipitation revealed
that CA8 interacted with mutant ataxin-3 in SK-MJD78-CA8 and
HEK293-MJD78 cells (Figure 6). It is worth noting that the inter-
action between mutant ataxin-3 and the novel protein CA8 in
MJD disease cellular model was first reported in this study. Even
though we were not able to confirm the interaction between the
endogenous CA8 and mutant ataxin-3 using cerebellar tissue ly-
sates from Tg MJD and WT mice (Figure 7a,b), our results from
immunofluorescence further demonstrated that mutant ataxin-3
and CA8 were co-localized, at least partially, in the Purkinje layer
of mouse cerebellum (Figure 7c). This discrepancy between the
immunoprecipitation data obtained from cellular and animal mod-
els may be due to a relatively weak interaction between CA8 and
mutant ataxin-3. In other words, we suspect that the amount of
endogenous CA8 is not enough to precipitate the weakly interact-
ing mutant ataxin-3 in our experimental settings. However, more
investigations are warranted to clarify the physical interaction be-
tween CA8 and mutant ataxin-3 in vivo.

We have previously shown that the neuroblastoma cells contain-
ing mutant ataxin-3, SK-MJD78, are more susceptible to oxidative
stress than the control cells (Wen et al., 2003). Moreover, we found
a protective function of CA8 in cells harboring the A8344G muta-
tion of mitochondrial DNA (Wang et al., 2014). Additionally, CA8
knockdown was reported to impair brain development through in-
creased neuronal cell death (Aspatwar et al., 2013). Thus, we spec-
ulated that the significantly increased expression of CA8 in MJD Tg
mice may play an important protective role in the early disease stage
and may be relevant to the late onset of the disease. To investigate
the possible protective role of CA8, ROS stress was applied and cell
survival was assessed in both SK-N-SH MJD cellular model and in

primary CGNs with different expression levels of CA8. As expected,

overexpression of CA8 significantly increased the cell survival rate
of SK-MJD78-CA8 cells as compared with that of the SK-MJD78-
eGFP cells after H,O, treatment (Figure 8b). Moreover, MJD CGNs
with overexpressed CAS8 significantly increased the cell survival as
compared with that of the lentiviral control infected CGNs after
H,0, treatment (Figure 9e). Our results support a general protective
role of CA8 in both MJD neuronal cells and in MJD CGNs. However,
under H,0, treatment, the cell survival rate of WT or MJD CGNs
with downregulated CAS8 failed to show any significant alteration as
compared with that of WT or MJD CGNs infected with the lentivi-
ral control (Figure 9b,d). It was noted the downregulation of CA8
by lentiviral shCA8 only reduced the CA8 expression levels to 50
and 43% of that in the WT and MJD CGNs (Figure 9a), respectively,
which may explain why CGNs with downregulated CA8 did not show
significant alteration in cell survival.

As reported previously, mutant ataxin-3 interacts with IP;R1
and activates the intracellular calcium release by an agonist of IP,R1
(Chen et al., 2008), suggesting that abnormal neuronal Ca? signaling
plays an important role in the pathogenesis of SCA3 (Bezprozvanny,
2009; Chen et al., 2008). On the other hand, it is known that CA8
interacts with IP;R1 and suppresses the binding affinity of IP, to the
receptor IP;R1 (Hirota et al., 2003), resulting in a decrease in calcium
release. Given that the disease progression may be related to the
opposing effects of CA8 and mutant ataxin-3 on controlling calcium
release, we carefully examined the effects of CA8 on Ca?" signaling
in the presence of mutant ataxin-3 in the MJD cellular and animal
models. As expected, a significant decrease in calcium release was
observed in SK-MJD78-CA8 cells, as compared with SK-MJD78-
eGFP cells (Figure 10b). Similarly, our results showed a significant
decrease in calcium release in MJD CGNs with overexpression

of CA8 as compared with the lentiviral control infected neurons
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**p < 0.01, ***p < 0.001. (Student's t test)

(Figure 11d). These findings demonstrate that the increased expres-
sion of CA8 rescues the abnormal calcium release induced by mu-
tant ataxin-3, which may be important for the increased cell survival
rate in SK-MJD-CAS8 (Figure 8b) and MJD CGNs with overexpressed
CAB8 (Figure 9e). In contrast, there was no difference of calcium re-
lease between WT CGNs with overexpressed CA8 and the lentiviral
control (Figure 11b), indicating that overexpression of CA8 had no
further effect on the calcium release in WT CGNs with endogenous
CA8 expression. Interestingly, both WT and MJD CGNs with down-
regulated CA8 showed a significant increase in Ca?* signaling com-
pared with those in control WT and MJD CGNs (Figure 11a,c), even
though the reduction of CA8 was only less than 50% in the shRNA
treated CGNs. However, the increased Ca?" release accompanied

by downregulated CA8 did not directly correlate to an increase in

cell death (Figure 9), suggesting that the increased Ca?* release was
only a contributing factor in triggering cell death. Taken together,
our observation support the notion that overexpression of CA8 is
critical in the modulation of intracellular Ca?* signaling, which may
be responsible for the protective function in MJD neuroblastoma
cells and in MJD CGNs.

In order to further clarify the effects of CA8 on Ca?* release in
cells with or without mutant ataxin-3, we used various drugs to ma-
nipulate the calcium release in neuroblastoma cells and in CGNs. For
instance, calcium ionophore A23187 was used to increase intracel-
lular Ca2* levels. It is noted that the cell survival rate of SK-N-SH and
WT CGNs under H,0, treatment was not affected by the addition
of calcium ionophore (data not shown). Under the calcium iono-
phore treatment, cell survival in SK-MJD78-CA8 or MJD CGNs with
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FIGURE 12 Ca** ionophore treatment (A23187) in SK-MJD78
cells and MJD CGNs with or without overexpressed CA8. SK-
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survival in MJD-eGFP and MJD-CA8 cells under oxidative stress.
Data were presented from three independent experiments, each
performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001. (Two-
way ANOVA followed by Tukey's HSD test)

overexpressed CA8 showed a significant decrease, as compared
with that of cells without calcium ionophore treatment; suggesting
that the calcium ionophore-induced Ca®* release might counteract
the protective function of CA8 in cells harboring mutant ataxin-3.
However, it is noted that no significant difference of cell survival
was observed between cells with and without overexpressed CA8
under calcium ionophore treatment, which may be because the de-
creased calcium release accompanied by overexpressed CA8 is com-
pletely counteracted by the much greater calcium release induced by
calcium ionophore. Additionally, BAPTA-AM is a well-known mem-
brane permeable Ca®* chelator and can be used to control the level
of intracellular Ca®" (Lee et al., 2012). Hence, we also tried to de-
termine whether BAPTA-AM pre-treatment may decrease Ca®* and
alter cell survival in the MJD disease models. As shown in Figure 13,
the cell survival in SK-MJD78-eGFP cells and MJD-eGFP CGNs in-
creased after BAPTA-AM treatment (Figure 13a,b). However, SK-
MJD78-CA8 cells and MJD CGNs with overexpressed CA8 did not
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FIGURE 13 BAPTA-AM treatment in SK-MJD78 cells and MJD
CGNs with different expression levels of CA8. SK-MJD78 cells
and MJD CGNs were treated with BAPTA-AM and then cells were
challenged with H,0,. Cell viability was determined with MTT
assay. (a) BAPTA-AM increased cell survival in SK-MJD-eGFP cells
but showed no effects on cell survival in SK-MJD78-CAS8 cells. (b)
BAPTA-AM increased cell survival in MJD-eGFP cells but showed
no effects on cell survival in MJD CGNs with overexpressed CA8
cells. Data were presented from three independent experiments,
each performed in triplicate. **p < 0.01, ***p < 0.001. (Two-way
ANOVA followed by Tukey's HSD test)

show further increase in cell survival after BAPTA-AM treatment as
compared with their controls, suggesting that calcium chelator fails
to further reduce calcium release in cells harboring overexpressed
CAB8. Taken together, our results support and extend the notion that
CA8 has an important function to rescue abnormal Ca®* release and
decrease cell death in a MJD neuroblastoma cellular model and in
primary CGNs from MJD Tg mice.

On the other hand, the calcium-induced activation of calpain has
been shown to be responsible for mutant ataxin-3 cleavage in MJD
disease (Haacke et al., 2007). It is known that calpeptin, a calpain
inhibitor, treatment resulted in reduced mutant ataxin-3 proteoly-
sis and prevented cell toxicity in neurodegenerative disease mod-
els (Haacke et al., 2006, 2007; Simoes et al., 2012). Therefore, we
also treated MJD neuroblastoma cells and CGNs with calpeptin and
assayed for the cell survival under H,O, challenge. As expected,
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FIGURE 14 Calpeptin treatment in SK-MJD78 cells and

MJD CGNs with or without overexpressed CA8. SK-MJD78

cells and MJD CGNs were treated with calpeptin and then cells
were challenged with H,O,,. Cell viability was determined with
MTT assay. (a) Calpeptin showed no effects on cell survival in
SK-MJD78-CAS8 cells. (b) Calpeptin increased cell survival in MJD-
eGFP cells but showed no effects on cell survival in MJD CGNs
with overexpressed CA8 cells. Data were presented from three
independent experiments, each performed in triplicate. *p < 0.05.
(Two-way ANOVA followed by Tukey's HSD test)

SK-MJD78-eGFP cells and MJD-eGFP CGNs pre-treated with cal-
peptin showed an increase in cell survival upon H,0, challenge
(Figure 14a,b), indicating that the calpeptin inhibited the function of
calpain. However, SK-MJD78-CA8 cells and MJD CGNs with over-
expressed CA8 did not show a significant alteration of cell survival
after calpeptin treatment. Considering overexpression of CA8 in SK-
MJD78 cells and in MJD CGNs rescued the abnormal Ca?* release
(Figures 10b, 11d), we speculated that the reduced calcium release
due to overexpression of CA8 may have already led to inactivation of
calpains. Therefore, SK-MJD78-CAS8 cells and MJD CGNs with over-
expression of CA8 treated with calpeptin did not show further in-
crease in cell survival as compared with those without the calpeptin
treatment.

In summary, our results revealed several important findings in
Machado-Joseph disease. We demonstrate a significant increased
expression of CA8 in MJD cerebellar tissues. The immunostaining
of CA8 in MJD Tg mice was found to be dynamic and gradually
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