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Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease, is 
the most common dominantly inherited ataxia. SCA3 is caused by a CAG repeat 
expansion in the ATXN3 gene that encodes an expanded tract of polyglutamine in 
the disease protein ataxin-3 (ATXN3). As a deubiquitinating enzyme, ATXN3 regulates 
numerous cellular processes including proteasome- and autophagy-mediated 
protein degradation. In SCA3 disease brain, polyQ-expanded ATXN3 accumulates 
with other cellular constituents, including ubiquitin (Ub)-modified proteins, in 
select areas like the cerebellum and the brainstem, but whether pathogenic ATXN3 
affects the abundance of ubiquitinated species is unknown. Here, in mouse and 
cellular models of SCA3, we investigated whether elimination of murine Atxn3 or 
expression of wild-type or polyQ-expanded human ATXN3 alters soluble levels 
of overall ubiquitination, as well as K48-linked (K48-Ub) and K63-linked (K63-Ub) 
chains. Levels of ubiquitination were assessed in the cerebellum and brainstem of 
7- and 47-week-old Atxn3 knockout and SCA3 transgenic mice, and also in relevant 
mouse and human cell lines. In older mice, we  observed that wild-type ATXN3 
impacts the cerebellar levels of K48-Ub proteins. In contrast, pathogenic ATXN3 
leads to decreased brainstem abundance of K48-Ub species in younger mice and 
changes in both cerebellar and brainstem K63-Ub levels in an age-dependent 
manner: younger SCA3 mice have higher levels of K63-Ub while older mice have 
lower levels of K63-Ub compared to controls. Human SCA3 neuronal progenitor 
cells also show a relative increase in K63-Ub proteins upon autophagy inhibition. 
We conclude that wild-type and mutant ATXN3 differentially impact K48-Ub- and 
K63-Ub-modified proteins in the brain in a region- and age-dependent manner.
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1. Introduction

Spinocerebellar ataxia type 3 (SCA3), also known as Machado–Joseph disease, is the 
most common form of dominantly inherited ataxia (Schols et al., 2004; Paulson, 2007; Costa 
Mdo and Paulson, 2012). Patients with SCA3 display progressive ataxia as a core symptom 
accompanied by other neurological signs (Coutinho and Andrade, 1978; Paulson, 2007) that 

OPEN ACCESS

EDITED BY

Frédéric Ebstein,  
Institut National de la Santé et de la Recherche 
Médicale (INSERM),  
France

REVIEWED BY

Maria Pennuto,  
University of Padua,  
Italy
Partha Sarathi Sarkar,  
University of Texas Medical Branch at 
Galveston,  
United States

*CORRESPONDENCE

Henry L. Paulson  
 henryp@med.umich.edu  

Maria do Carmo Costa  
 mariadoc@med.umich.edu

SPECIALTY SECTION

This article was submitted to  
Brain Disease Mechanisms,  
a section of the journal  
Frontiers in Molecular Neuroscience

RECEIVED 30 January 2023
ACCEPTED 24 March 2023
PUBLISHED 14 April 2023

CITATION

Luo H, Todi SV, Paulson HL and 
Costa MC (2023) Regional and age-dependent 
changes in ubiquitination in cellular and mouse 
models of spinocerebellar ataxia type 3.
Front. Mol. Neurosci. 16:1154203.
doi: 10.3389/fnmol.2023.1154203

COPYRIGHT

© 2023 Luo, Todi, Paulson and Costa. This is an 
open-access article distributed under the terms 
of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction 
in other forums is permitted, provided the 
original author(s) and the copyright owner(s) 
are credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted which 
does not comply with these terms.

TYPE Original Research
PUBLISHED 14 April 2023
DOI 10.3389/fnmol.2023.1154203

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2023.1154203%EF%BB%BF&domain=pdf&date_stamp=2023-04-14
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1154203/full
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1154203/full
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1154203/full
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1154203/full
mailto:henryp@med.umich.edu
mailto:mariadoc@med.umich.edu
https://doi.org/10.3389/fnmol.2023.1154203
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2023.1154203


Luo et al. 10.3389/fnmol.2023.1154203

Frontiers in Molecular Neuroscience 02 frontiersin.org

reflect neuronal dysfunction and loss in the cerebellum, brainstem, 
and spinal cord (Seidel et al., 2012b). SCA3 is caused by expansion 
of a polyglutamine (polyQ)-encoding CAG trinucleotide repeat in 
the ATXN3 gene (Kawaguchi et  al., 1994), which encodes the 
ataxin-3 protein (ATXN3). The ATXN3 (CAG)n repeat length 
ranges from 12 to 44 in healthy individuals and from ~60 to 87 in 
SCA3 carriers (Maciel et al., 2001; Lima et al., 2005).

ATXN3 is a ubiquitously expressed deubiquitinating enzyme 
(DUB) that regulates many cellular processes including proteasome 
and autophagy-mediated protein degradation, transcription, 
cytoskeletal dynamics, and DNA damage repair (Costa Mdo and 
Paulson, 2012; Da Silva et  al., 2019; Matos et  al., 2019). While 
polyQ-expanded ATXN3 accumulates with other proteins, 
including ubiquitin (Ub)-modified proteins in selective areas of the 
brain (Chai et al., 1999, 2001, 2004; Seidel et al., 2012b), whether its 
ability to handle ubiquitinated proteins differs from wild-type 
ATXN3 is not known.

Posttranslational modification of proteins with Ub enables 
complex cellular signaling codes. Through isopeptide bonds, for 
example, the amino groups of lysine (K) or of initial methionine 
residues can be  monoubiquitinated, multi-monoubiquitinated, 
homotypically-polyubiquitinated (e.g., K48- or K63-linked Ub 
chains), or heterotypically-polyubiquitinated (mixed chains, 
branched chains, combination of Ub and Ub-like proteins, with 
additional spatial complications added by the modification of Ub 
itself by phosphorylation, etc.) (Dikic and Schulman, 2022). In 
addition, hydroxyl groups in serine and threonine residues (via 
ester bonds), and thiol groups in cysteine (C) residues (via thioester 
bonds) can be ubiquitinated (Pao et al., 2018; Kelsall et al., 2019; 
Mabbitt et al., 2020). Further increased complexity to the Ub code 
stems from Ub linkage modification by sugars and lipids (Yang 
et  al., 2017; Chatrin et  al., 2020; Otten et  al., 2021; Kelsall 
et al., 2022).

This complex Ub “language,” comprising different Ub 
modifications and chains that encode distinct cellular signals, 
involves code “writers” (E3 ligases in combination with E1 and E2 
enzymes that add Ub to proteins), “readers” (molecules harboring 
Ub-binding domains that distinguish specific Ub modifications and 
target the ubiquitinated substrate to a downstream process) and 
“erasers” (DUBs that reverse ubiquitination) (Dikic and Schulman, 
2022). DUBs recognizing specific Ub modifications therefore 
provide an important layer of regulation of the Ub code and 
cellular function.

ATXN3 displays DUB isopeptidase, esterase, thioesterase 
(Burnett et  al., 2003; De Cesare et  al., 2021), and deneddylase 
activities (Ferro et al., 2007). Given its broad molecular network, 
ATXN3 may also possess other types of protease activities (Costa 
Mdo and Paulson, 2012; Matos et al., 2019). ATXN3 contains a 
globular, amino-terminal, Josephin domain harboring the catalytic 
residues and two Ub-binding sites, and a carboxyl-terminal domain 
of largely undetermined structure containing two Ub interacting 
motifs (UIMs) followed by the polyQ tract and a third UIM, 
depending on the isoform (Goto et al., 1997; Masino et al., 2003; 
Nicastro et al., 2005, 2010). The catalytic cysteine residue (C14) in 
the Josephin domain is essential for protease activity, and the UIMs 
are required for selective polyUb binding (Burnett et al., 2003; Chai 
et  al., 2004; Mao et  al., 2005; Nicastro et  al., 2005; Winborn 
et al., 2008).

Although ATXN3 favors hydrolysis of isopeptide bonds from 
polyUb chains with four or more Ub molecules in vitro (Burnett 
et al., 2003; Winborn et al., 2008), it also deubiquitinates specific 
monoubiquitinated substrates (Scaglione et al., 2011). Among 
polyUb chains, ATXN3 favors in vitro deubiquitination of 
K63-linked and K48/K63-mixed chains over K48-linked chains 
(Winborn et al., 2008). K48-linked chains (K48-Ub) primarily 
target proteins for proteasomal degradation (Dikic and Schulman, 
2022) and K63-linked polyUb (K63-Ub) signals for the formation 
of inclusion bodies and initiation of autophagy, among other 
roles (Tan et  al., 2008; Chen et  al., 2019; Blount et  al., 2020). 
While overall levels of soluble protein ubiquitination are 
increased in brains of Atxn3 knockout mice (Scaglione et  al., 
2011), whether this increase represents a preferential in vivo 
activity of ATXN3 towards a specific type of ubiquitination, and 
whether the expanded polyQ tract affects ATXN3 activity, 
are unknown.

Here, we investigate whether mouse Atxn3 ablation and wild-
type or polyQ-expanded human ATXN3 impact soluble levels of 
overall ubiquitination and K48-Ub and K63-Ub polyubiquitinated 
chains in mouse and cellular models of disease.

2. Materials and methods

2.1. Animals

All animal procedures were approved by the University of 
Michigan Institutional Animal Care and Use Committee and 
conducted in accordance with the U.S. Public Health Service’s 
Policy on Humane Care and Use of Laboratory Animals (protocols 
PRO00008397 and PRO00008409). Atxn3 knockout (Atxn3 KO) 
(Reina et  al., 2010), and SCA3 YACMJD15.4 and YACMJD84.2 
transgenic mice (Cemal et al., 2002) (all in a C57Bl/6 J background) 
were genotyped using tail biopsy DNA isolated prior to weaning 
and genotypes were confirmed postmortem, as previously described 
(Reina et al., 2010; do Carmo Costa et al., 2013). For biochemical 
analysis, male and female mice (Supplementary Table S1) were 
euthanized with a lethal dose of ketamine-xylazine and 
PBS-perfused and brain regions were macro-dissected for 
biochemical assessments, as previously described (Reina et  al., 
2010; do Carmo Costa et al., 2013; Ashraf et al., 2019).

2.2. Cell culture and treatment

Mouse embryonic fibroblasts (MEFs) from both Atxn3 KO 
mice and WT littermates (Reina et al., 2010) were maintained in 
DMEM with 10% FBS, 1% Non-essential Amino Acids solution 
and 1% penicillin/streptomycin at 37°C and 5% CO2. Control 
and SCA3 neuronal progenitor cells (NPCs) were generated from 
the respective human embryonic stem cell (hESC) lines (CTRL, 
NIH registry #0147; SCA3, NIH registry # 0286), and were 
maintained in STEMdiff Neural Progenitor Medium (NPM), as 
previously described (Ashraf et al., 2020). Where indicated, cells 
were treated with lactacystin (15 μM; Enzo Life Sciences), 
Chloroquine (100 μM; Sigma-Aldrich), or DMSO (Sigma-
Aldrich) for 12 h.
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2.3. Immunoblotting

Total proteins were extracted in radioimmunoprecipitation 
assay (RIPA) buffer from macro-dissected cerebellar and brainstem 
tissues, as previously described (do Carmo Costa et al., 2013) from 
Atxn3 KO (Reina et al., 2010; Toulis et al., 2020), SCA3 transgenic 
YACMJD15.4 and YACMJD84.2 (Cemal et al., 2002) and their wild-
type mouse littermates (N = 3 males or females per genotype), and 
stored at −80°C. Mouse brain protein lysates were resolved in 
4–20% gradient sodium dodecyl sulfate-polyacrylamide (SDS)-
PAGE electrophoresis gels and transferred to 0.45 μm PVDF 
membranes. Membranes were incubated overnight at 4°C with 
various antibodies: rabbit anti-pan ubiquitin (1:1,000, #3933S; Cell 
Signaling Technology, Danvers, MA), rabbit anti-K48-linkage 
specific polyUb (D9D5) (1:1,000, #8081; Cell Signaling Technology, 
Danvers, MA), rabbit anti-K63-linkage specific polyUb (D7A11) 
(1:1,000, #5621S; Cell Signaling Technology, Danvers, MA), mouse 
anti-ATXN3 (1H9) (1:1,000, MAB5360; Millipore, Billerica, MA), 
and mouse anti-GAPDH (1:50,000, MAB374; Millipore, Billerica, 
MA). Bound primary antibodies were visualized by incubation with 
peroxidase-conjugated anti-mouse or anti-rabbit secondary 
antibodies (1:10,000; Jackson Immuno Research Laboratories, West 
Grove, PA) followed by treatment with ECL-plus reagent (Western 
Lighting; PerkinElmer, Waltham, MA) and exposure to 
autoradiography films. Band intensities were quantified using 
ImageJ analysis software (NIH, Bethesda, MD).

2.4. Statistical analyses

Comparison of groups was performed using One-way ANOVA 
with a post hoc Tukey test. All statistical analyses were performed 
using Prism 9. Statistical significance was considered at p value ≤0.05.

3. Results

3.1. Wild-type mouse Atxn3 impacts the 
abundance of high molecular weight 
K48-linked species in select mouse brain 
areas

We first evaluated whether wild-type murine Atxn3 impacts the 
brain levels of all ubiquitinated proteins and of proteins modified with 
K48-Ub or K63-Ub chains. By immunoblotting, we  assessed the 
abundance of proteins that are ubiquitinated (pan-Ub) or modified 
specifically with K48-Ub or K63-Ub linkages in soluble protein lysates 
from cerebellum and brainstem (Seidel et  al., 2012b) of Atxn3 
knockout (Atxn3 KO) mice (Reina et  al., 2010) and their control 
littermates (WT) (Supplementary Table S1). The cerebellum and 
brainstem were chosen because they are the two most heavily affected 
brain regions in SCA3.

Because disease manifestations of SCA3 typically appear in the 
third or fourth decade of life (Costa Mdo and Paulson, 2012) and 
ATXN3 DUB activity may differ with age, we evaluated the above Ub 
species in young (7-week-old) and aged (47-week-old) mice. For each 
immunoblot readout of pan-Ub, K48-Ub or K63-Ub-modified 

proteins, we  quantified three groups: total proteins (entire lane), 
HMW proteins (≥250 KDa) and LMW proteins (<250 Kda).

While cerebellar levels of pan-Ub (Figures 1A,D) and K63-Ub 
(Figures 1C,D) were similar between Atxn3 KO and WT controls in 
young and old mice, the abundance of cerebellar HMW K48-Ub 
species in 47-week-old Atxn3KO mice showed a 70% increase 
compared to controls of the same age (Figures 1B,D).

Brainstem abundance of pan-Ub, K48-Ub, and K63-Ub was 
similar between Atxn3 KO and WT controls for both ages 
(Figures 2A–D), except for total pan-Ub amount, which was modestly 
decreased in 7-week-old Atxn3 KO compared to control mice 
(Figure 2A).

In summary, absence of Atxn3 in the brain led to differences in some 
Ub species, but not others, implying a potentially selective regional and 
age-dependent activity of this DUB in overall Ub physiology.

We also observed differences in HMW polyUb species as a 
function of age: (a) cerebella of 47-week-old WT mice displayed a 40% 
decrease in HMW K48-Ub (Figure 1B) and a 45% increase in HMW 
K63-Ub (Figure 1C) compared to 7-week-old mice and (b) brainstems 
of 47-week-old WT mice showed about 70% more HMW Pan-Ub 
than 7-week-old mice (Figure 2A). As expected (Dulka et al., 2021), 
aging is associated with regional differences in the types of Ub species 
in brains of wild-type mice.

3.2. Atxn3 Affects levels of HMW K48-Ub 
proteins in mouse embryonic fibroblasts 
upon proteasomal inhibition

The above results suggest that Atxn3 regulates levels of HMW 
K48-Ub species in the aged mouse brain, potentially in a region-
specific manner (Figure 1B). K48-Ub chains mediate proteasomal 
degradation (Dikic and Schulman, 2022) and proteasomal activity 
is known to decrease with aging (Schmidt and Finley, 2014). 
Accordingly, we assessed whether levels of K48-Ub are impacted 
by loss of Atxn3  in non-brain cells subjected to proteasomal 
inhibition, which impacts levels of K48-Ub (Dikic and 
Schulman, 2022).

Similar to our results in aged Atxn3 KO mouse cerebella, MEFs 
derived from Atxn3 KO mice (Reina et al., 2010) treated with the 
proteasome inhibitor lactacystin selectively showed an 
approximately 20% increase in HMW K48-Ub species compared to 
WT controls (Figure 3B). Mirroring our results in mouse brain, an 
absence of Atxn3 in MEFs did not affect levels of pan-Ub or K63-Ub 
species, whether in vehicle- (DMSO) or lactacystin-treated MEFs 
(Figures 3A,C,D). However, Atxn3 KO MEFs treated with DMSO 
did show a 35% decrease of total K48-Ub compared with MEFs 
derived from WT littermates (Figure 3B), an effect that was not 
observed in baseline conditions (data not shown). This latter 
observation suggests that Atxn3-mediated effects on K48-Ub 
changes are impacted by DMSO, which is known to alter cellular 
conditions in a concentration-dependent manner (Braden and 
Neufeld, 2016; Dludla et al., 2018; Bhatt et al., 2020). Moreover, 
proteasomal inhibition in Atxn3 KO and WT MEFs led to similar 
increases in the levels of all types of K63-Ub proteins (Figure 3C) 
confirming that K63-Ub species also signal for proteasomal 
degradation (Ohtake et al., 2018).
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3.3. Expression of polyQ-expanded human 
ATXN3 increases overall levels of 
ubiquitination in select brain areas of 
young SCA3 mice

We next evaluated whether exogenous overexpression of wild-
type or polyQ-expanded human ATXN3 affects overall protein 
ubiquitination in the cerebellum and brainstem. We again assessed 
7-week-old and 47-week-old mice, comparing mice overexpressing 
normal or pathogenic ATXN3 to WT littermates 
(Supplementary Table S1). SCA3 YACMJD transgenic mice express 
the full-length human ATXN3 gene harboring a CAG repeat in either 
the nonpathogenic range (YACMJD15.4 mice) or the disease range 
(YACMJD84.2 mice) (Cemal et al., 2002). While both homozygous 
YACMJD84.2 (Q84/Q84) and hemizygous YACMJD84.2 (Q84) mice 
demonstrate intranuclear accumulation of ATXN3 in brain by 8 weeks 
of age, they differ phenotypically: Q84/Q84 mice display robust motor 
signs as early as 6 weeks of age whereas Q84 mice only show motor 
defects at ~75 weeks of age (do Carmo Costa et al., 2013). In contrast, 
hemizygous YACMJD15.4 (Q15) do not show motor impairment at 
any tested age, despite robustly overexpressing nonpathogenic ATXN3 
(Cemal et al., 2002).

Whereas 7-week-old WT, Q15 and Q84 mice exhibited similar 
cerebellar levels of pan-Ub (Figures 4A,D), 7-week-old Q84/Q84 
mice showed a 60–110% increase in cerebellar abundance of total, 
HMW and LMW pan-Ub compared to WT mice (Figure 4A). In 
contrast, 47-week-old mice showed no detectable differences in 
cerebellar pan-Ub levels across all genotypes (WT, Q15, Q84, and 
Q84/Q84; Figure 4A).

Brainstem levels of pan-Ub were similar in all four genotypes at 7 
and 47 weeks of age (Figures 5A,D) except that HMW pan-Ub levels 
in 7-week-old Q84 mice were 39% lower than in Q84/Q84 mice 
(Figure  5A). Furthermore, in older mice across all genotypes, 
brainstem levels of pan-Ub were lower (Figure 5A).

3.4. Wild-type and polyQ-expanded human 
ATXN3 differentially impact brain 
K48-linked and K63-linked 
polyubiquitination in SCA3 mice

We subsequently evaluated whether K48-linked ubiquitination is 
affected by expression of wild-type or polyQ-expanded human 
ATXN3 in young versus aged SCA3 transgenic mice. In 7-week-old 

A

B

C

D

FIGURE 1

Cerebella of 47-week-old Atxn3 KO mice show increased levels of HMW K48-Ub species. Western blots and quantifications of Pan-Ub (A), K48-Ub (B), 
and K63-Ub (C) signal from the cerebella of 7- and 47-week-old Atxn3 KO mice and WT littermates. Graph bars represent the mean percentage 
(± SEM) of each Ub type normalized for Gapdh, relative to the levels of 7-week-old WT mice. p values are from one-way ANOVA with a post hoc Tukey 
test. (D) Immunoblot detecting mouse Atxn3 in the same mouse protein extracts.
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mice, cerebellar abundance of K48-Ub linkages was similar across all 
four genotypes (Figure 4B). In 47-week-old mice, however, K48-Ub 
species were decreased by approximately 40% in the cerebellum, but not 
brainstem, of Q15 mice compared to WT and hemizygous Q84 mice 
(Figure 4B). This result suggests that, with aging, overexpression of wild-
type human ATXN3 modulates the abundance of K48-Ub chains in the 
cerebellum. At 7 weeks of age, brainstem K48-Ub levels were decreased 
by 20–30% in Q84 (total, MHW, and LMW) and Q84/Q84 (total and 
LMW) mice compared to WT mice (Figure 5B). At 47 weeks of age, 
however, no differences in brainstem K48-Ub levels were observed 
across the various genotypes (Figure  5B). Yet as with pan-Ub, at 
47 weeks of age for all genotypes, levels of K48-Ub were decreased 
compared to that in mice at 7 weeks of age (Figure 5B).

K63-Ub abundance patterns revealed a robust, age-dependent 
change in homozygous Q84/Q84 mice (Figures 4C, 5C). Cerebella 
and brainstems of 7-week-old Q84/Q84 mice displayed a striking 
50–200% increase in the levels of total, HMW and LMW K63-Ub 
compared with other groups (Figures 4C, 5C). Remarkably, and in 
contrast to results in younger mice, 47-week-old Q84/Q84 mice 
showed a 20–37% decrease in LMW K63-Ub levels in the cerebellum 
and brainstem, compared to WT mice (Figures 4C, 5C). Brainstems 

of 47-week-old hemizygous Q84 mice also showed a 35% decrease 
in LMW K63-Ub compared to controls (Figure 5C). These results 
suggest that pathogenic ATXN3 triggers a spike in the overall 
abundance of K63-Ub species in early stages of motor dysfunction, 
followed by a modest decrease of some K63-Ub species in later 
stages of disease.

3.5. Human SCA3 neuronal progenitor 
cells display an increase in overall 
ubiquitinated species at baseline and 
increased accumulation of K63-Ub signal 
upon autophagy inhibition

The SCA3 mouse lines used above overexpress wild-type or 
polyQ-expanded human ATXN3. To probe whether physiological 
levels of expanded ATXN3 affect the abundance of Ub species in 
human neuronal cells, we  assessed the levels of Ub species in 
neuronal progenitor cells (NPCs) derived from a hESC line 
harboring one disease and one healthy allele (SCA3, NIH registry # 
0286) (Moore et  al., 2019; Ashraf et  al., 2020). For comparison, 

A

B
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D

FIGURE 2

Brainstem of 7 and 47-week-old Atxn3 KO and WT littermate mice show similar levels of Pan-Ub, K48-Ub and K63-Ub species. Western blots and 
quantifications of Pan-Ub (A), K48-Ub (B), and K63-Ub (C) signal from the brainstems of 7- and 47-week-old Atxn3 KO mice and WT littermates. 
Graph bars represent the mean percentage (± SEM) of each Ub type normalized for Gapdh relative to the levels of 7-week-old WT mice. p values are 
from one-way ANOVA with a post hoc Tukey test. (D) Immunoblot detecting mouse Atxn3 in the same mouse protein extracts.
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we also assessed NPCs derived from a hESC line harboring two 
nonpathogenic ATXN3 alleles (CTRL, NIH registry #0147).

Under basal conditions, SCA3 NPCs displayed a 75% increase 
in HMW pan-Ub levels compared to CTRL NPCs (Figures 6A,D). 
This difference was maintained upon proteasomal inhibition, but not 
upon autophagy inhibition (Figure 6A).

With respect to linkage-specific Ub species, total and LMW 
K63-Ub were increased by 25% in SCA3 NPCs compared to CTRL 
NPCs upon autophagy inhibition (Figure  6C). In contrast, no 
differences in K48-Ub were noted between SCA3 and CTRL NPCs 
under any conditions (Figure 6B).

4. Discussion

Ub-positive intracellular aggregates have been recognized as a 
common feature of polyQ diseases for more than two decades (Jana 
and Nukina, 2003), but how Ub metabolism is affected in polyQ 
disorders is poorly understood. Assessment of the landscape of 
specific Ub protein modifications has been quite limited in polyQ 
diseases other than Huntington’s disease (HD) (Bennett et al., 2007). 
The accumulation of Ub, proteasomal subunits, and p62 in ATXN3-
positive aggregates in human SCA3 disease brain and cell and mouse 
models (Paulson et al., 1997; Schmidt et al., 1998; Chai et al., 1999; 

A

B

C

D

FIGURE 3

Levels of pan-Ub, K48-Ub and K63-Ub species in Atxn3 KO and WT MEFs upon proteasomal inhibition. Westerns blot and quantifications of Pan-Ub 
(A), K48-Ub (B), and K63-Ub (C) signal from Atxn3 KO and WT MEFs treated with the proteasome inhibitor lactacystin or with vehicle (DMSO). Graph 
bars represent the mean percentage (± SEM) of each Ub type normalized for Gapdh relative to the levels of WT MEFs treated with DMSO. p values are 
from one-way ANOVA with a post hoc Tukey test. (D) Immunoblot detecting mouse Atxn3 in the same cell protein extracts.

https://doi.org/10.3389/fnmol.2023.1154203
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org


Luo et al. 10.3389/fnmol.2023.1154203

Frontiers in Molecular Neuroscience 07 frontiersin.org

Cemal et al., 2002; Seidel et al., 2012a) implies that Ub metabolism 
is dysregulated in SCA3. Since ATXN3 is a DUB, such impairment 
could reflect altered DUB function of pathogenic ATXN3 due to 
conformational changes in the protein, or to its sequestration into 
aggregates. Because the Ub code is complex and ATXN3 displays 
versatile DUB activity, several forms of Ub protein modifications 
could be affected in SCA3. Here, we explored whether wild-type and 
mutant ATXN3 affect the abundance of pan-Ub, K48-Ub, and 
K63-Ub chains. Figure 7 summarizes the differences observed in Ub 
species in mouse models. The abundance of pan-Ub, K48-Ub and 
K63-Ub in two vulnerable brain regions, the cerebellum and 
brainstem, is differentially affected by eliminating mouse Atxn3 or 
by overexpressing wild-type or mutant human ATXN3, with specific 
changes in Ub species occurring in a region- and age-dependent 
manner. Two key findings are: (1) wild-type ATXN3 itself influences 
the abundance of HMW K48-Ub species in a region- and 
age-dependent manner and (2) pathogenic, polyQ-expanded 
ATXN3 affects the levels of linkage-specific Ub species in an age- 
and region-specific manner. In addition, as previously reported in 
the mouse cortex (Bennett et  al., 2007), we  observed that the 
abundance of total pan-Ub and K48-Ub, but not K63-Ub, decreases 
with age in the cerebellum and brainstem of all the SCA3 transgenic 

mouse groups we examined (Figure 7), confirming that levels of 
certain types of Ub protein modifications change with aging.

An earlier study of Atxn3 KO mice reported higher levels of 
HMW pan-Ub species in whole brain lysates (Scaglione et al., 2011). 
We instead observed similar pan-Ub levels in the cerebellum and 
brainstem of young and aged Atxn3 KO mice compared to wild-type 
controls (Figure  7). This apparent discrepancy between the two 
studies may reflect region-specific differences in Ub signaling. 
Consistent with our results in mice, MEFs lacking Atxn3 show 
increased levels of HMW K48-Ub species upon proteasomal 
inhibition (Figure 3B), in line with the reported in vitro preference 
of ATXN3 for cleaving longer Ub chains (Burnett et  al., 2003). 
K48-Ub chains target proteins for proteasomal degradation (Dikic 
and Schulman, 2022) and aging is associated with reduced or 
impaired proteasomal function (Chondrogianni et al., 2003). Our 
results suggest that wild-type ATXN3, a stress-response protein 
(Reina et al., 2012), participates in the regulation of K48-Ub species 
that accumulate when the proteasome is impaired (Bennett et al., 
2007), such us in the cerebella of aged (47-week-old) mice. While 
recombinant wild-type ATXN3 shows modest preference in vitro for 
short K63-Ub linked chains over short K48-Ub linked polyUb 
(Winborn et al., 2008), we noted no change in the abundance of 
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FIGURE 4

Cerebella of young homozygous SCA3 transgenic (Q84/Q84) mice show increased Pan-Ub and K63-Ub species. Westerns blot quantification of Pan-
Ub (A), K48-Ub (B), and K63-Ub (C) modified proteins in cerebella of 7- and 47-week-old hemizygous Q15, hemizygous Q84, homozygous Q84/Q84, 
and WT littermate mice. Graph bars represent the mean percentage (± SEM) of each Ub type normalized for Gapdh relative to the levels of 7-week-old 
WT mice. p values are from one-way ANOVA with a post hoc Tukey test. (D) Immunoblot detecting mouse and human ATXN3 in the same mouse 
protein extracts. *Represents band corresponding to nonspecific detection of mouse IgG.
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soluble K63-Ub proteins in the cerebellum and brainstem of Atxn3 
KO mice versus wild type or Q15 mice, or in MEFs lacking or 
containing Atxn3 (Figure 7). Thus, any preference that wild-type 
ATXN3 shows for K63-Ub linkages likely depends on the complex 
physiological context of the cell, which is not recapitulated by 
reconstituted Ub chain cleavage studies in vitro.

Expression of polyQ-expanded ATXN3 robustly increases the 
abundance of soluble K63-Ub proteins in the cerebellum and 
brainstem of SCA3 mice at a young age (7-weeks) when they 
already display motor dysfunction (Figure 7). Similarly, the cortex 
and striatum of HD R6/2 transgenic mice expressing a pathogenic 
huntingtin fragment display increased levels of K63-Ub chains 
(Bennett et al., 2007). While K63-linked Ub changes may prove 
to be  a common theme among polyQ diseases, further work 
assessing Ub chain composition in other polyQ disorders is 
clearly needed.

K63-linked ubiquitination is implicated in specific cell 
signaling pathways. Because one role of K63-Ub chains is to signal 
proteins for autophagy (Blount et al., 2020) and pathogenic ATXN3 
is reported to impair autophagy initiation (Ashkenazi et al., 2017), 
the accumulation of soluble K63-Ub in the cerebellum and 
brainstem of young Q84/Q84 mice may indicate that 

polyQ-expanded ATXN3 impedes autophagy initiation at early 
stages of disease. Further evidence supporting the hypothesis that 
mutant ATXN3 promotes an accumulation of soluble K63-Ub 
proteins comes from our observation of increased levels of K63-Ub 
in SCA3 NPCs, but not CTRL NPCs, upon autophagy inhibition 
(Figure 6C), and from an earlier report demonstrating impaired 
autophagy and the accumulation of large autophagosome-like 
vesicles in SCA3 disease brain (Sittler et  al., 2017). Given this 
possibility, why do we observe decreased soluble K63-Ub in the 
cerebellum and brainstem of aged Q84/Q84 mice (Figure  7)? 
Conceivably, K63-Ub proteins become sequestered in insoluble 
ATXN3 aggregates in later stages of disease and therefore are 
relatively depleted in the soluble protein lysates that we analyzed 
in this study.

While polyQ-expanded ATXN3 appears to markedly affect the 
abundance of soluble K63-Ub species in the two assessed 
vulnerable brain areas in SCA3, it selectively increases levels of 
soluble global Ub in the cerebellum, but not brainstem, of 
homozygous Q84/Q84 mice at early stages of overt motor 
impairment (Figure  7) and in SCA3 NPCs under basal and 
proteasomal inhibition conditions (Figure 6A). In contrast, young 
and aged hemizygous Q84 and WT littermates show similar 
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FIGURE 5

Brainstem of young homozygous Q84/Q84 mice show marked increase in K63-Ub species and a slight decrease in K48-Ub species. Western blots and 
quantifications of Pan-Ub (A), K48-Ub (B), and K63-Ub (C) signal from the brainstems of 7- and 47-week-old hemizygous Q15, hemizygous Q84, 
homozygous Q84/Q84, and WT littermate mice. Graph bars represent the mean percentage (± SEM) of each Ub type normalized for Gapdh relative to 
the levels of 7-week-old WT mice. p values are from One-way ANOVA with a pos hoc Tukey test. (D) Immunoblot detecting mouse and human 
ATXN3 in the same mouse protein extracts. *Represents nonspecific detection of mouse IgG.
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abundance of soluble Ub proteins in the cerebellar and brainstem 
(Figure 7), paralleling the reported findings of unchanged global 
Ub in the cortex and striatum of HD patients and mice (Bennett 
et  al., 2007). These results suggest that pathogenic ATXN3 
selectively impacts global ubiquitination levels in cells undergoing 
cellular stress.

With respect to K48-Ub, pathogenic ATXN3 was associated 
with modestly and selectively decreased K48-Ub levels in the 
brainstem of 7-week-old hemizygous Q84 and homozygous Q84/
Q84 mice (Figure 7). Because wild-type ATXN3 impacts K48-Ub 
abundance when the proteosome is compromised (Figures 1–3, 
7), our data in SCA3 mice suggest that pathogenic ATXN3 may 
normally modulate soluble K48-Ub levels in brain regions of 
SCA3 mice potentially undergoing proteasomal stress due to its 
own expression. However, the impact of polyQ-expanded ATXN3 
on soluble K48-Ub levels appears to be modest and transient, 
only noticeable in early stages of SCA3 disease progression. In 
contrast, overexpression of a pathogenic huntingtin fragment 
sustainably increased the amount of K48-Ub linkages throughout 
disease progression (Bennett et  al., 2007). Overall, polyQ-
expanded ATXN3 and the pathogenic huntingtin fragment 
appear to show common and distinct effects in the abundance of 

specific Ub chain modified proteins, suggesting that the protein 
context together with the polyQ tract drives their specific impact 
in Ub metabolism. Future work is required to explicate 
similarities and differences in the Ub landscape among 
polyQ disorders.

Limitations of the current study include the fact that 
we captured the ubiquitin environment at only two time points, 
using antibodies that provide a low-resolution view of the 
ubiquitin landscape in the central nervous system. Moreover, 
we  focused our attention on two brain regions vulnerable in 
SCA3, the cerebellum and brainstem, without assessing other 
brain regions, including basal ganglia, cerebral cortex and spinal 
cord, that show variable involvement. More comprehensive 
studies are needed to determine whether the region- and 
age-specific alterations in the Ub landscape reported here also 
occur in other brain regions over time. In addition, extending the 
analysis beyond soluble Ub species to insoluble material may shed 
light on the relationship between disease protein aggregation and 
changes to the Ub environment.

In summary, we report Ub linkage-, regional- and age-dependent 
differences in mouse brain and relevant mammalian cells caused by 
the expression of wild type or pathogenic ATXN3. These findings 
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FIGURE 6

SCA3 NPCs display increased overall ubiquitinated species in basal conditions and increased K63-Ub proteins upon autophagy inhibition. Western blots 
and quantifications of Pan-Ub (A), K48-Ub (B), and K63-Ub (C) signal from proteins in SCA3 and CTRL neuronal progenitor cells (NPCs) in basal 
conditions (baseline), treated with lactacystin (Lact, proteasome inhibitor) or vehicle (DMSO), or treated with chloroquine (CQ, autophagy inhibitor). 
Graph bars represent the mean percentage (± SEM) of each Ub type normalized for Gapdh relative to the levels of CTRL NPCs treated with DMSO. p 
values are from one-way ANOVA with a post hoc Tukey test. (D) Immunoblot detecting human ATXN3 in the same cell protein extracts.
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provide further physiological context for the normal functions of 
ATXN3 in the mammalian brain and will aid future investigations 
of substrates and cellular pathways regulated by this disease-
linked DUB.
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