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Abstract: Emerging evidence has implicated non-neuronal cells, particularly oligodendrocytes, in
the pathophysiology of many neurodegenerative diseases, including Alzheimer’s disease, Parkin-
son’s disease, amyotrophic lateral sclerosis, Huntington’s disease and Spinocerebellar ataxia type 3
(SCA3). We recently demonstrated that cell-autonomous dysfunction of oligodendrocyte matura-
tion is one of the of the earliest and most robust changes in vulnerable regions of the SCA3 mouse
brain. However, the cell- and disease-specific mechanisms that underlie oligodendrocyte dysfunc-
tion remain poorly understood and are difficult to isolate in vivo. In this study, we used primary
oligodendrocyte cultures to determine how known pathogenic SCA3 mechanisms affect this cell
type. We isolated oligodendrocyte progenitor cells from 5- to 7-day-old mice that overexpress hu-
man mutant ATXN3 or lack mouse ATXN3 and differentiated them for up to 5 days in vitro. Utiliz-
ing immunocytochemistry, we characterized the contributions of ATXN3 toxic gain-of-function and
loss-of-function in oligodendrocyte maturation, protein quality pathways, DNA damage signaling,
and methylation status. We illustrate the utility of primary oligodendrocyte culture for elucidating
cell-specific pathway dysregulation relevant to SCA3. Given recent work demonstrating disease-
associated oligodendrocyte signatures in other neurodegenerative diseases, this novel model has
broad applicability in revealing mechanistic insights of oligodendrocyte contribution to pathogen-
esis.

Keywords: spinocerebellar ataxia type 3; Machado-Joseph disease; ataxia; polyglutamine; oli-
godendrocyte; myelination; oligodendrocyte precursor cells

1. Introduction

Spinocerebellar ataxia type 3 (SCA3), also called Machado—Joseph Disease, belongs
to the family of neurogenerative diseases caused by autosomal dominant CAG trinucleo-
tide expansions. In SCA3, the CAG repeat occurs in exon 10 of the ATXN3 gene, translat-
ing to an expanded polyglutamine (polyQ) repeat in the ATXN3 protein [1-3]. While the
number of CAG repeats in healthy individuals ranges between 12 and 44, affected indi-
viduals have at least one ATXN3 allele with 56-87 CAG repeats [4-7]. SCA3 patients ex-
perience progressive motor impairments due to cell loss in vulnerable brain regions in-
cluding the spinal cord, cerebellum, brainstem, midbrain, striatum, and thalamus [8-10].

Of interest in the underlying mechanism of disease are changes in the localization
and function of ATXN3. ATXN3 is ubiquitously expressed throughout all cell types in the
central nervous system (CNS) and was first described to function as a deubiquitinase
(DUB) with roles in protein quality control pathways [10-13]. Under basal conditions,
ATXNS is localized to the cytoplasm, but cellular stress triggers rapid nuclear transloca-
tion [14]. A hallmark of SCA3 neuropathology is the nuclear accumulation of ATXN3
[2,14,15], first established in the neuronal nuclei of post-mortem patient pontine tissue
[14]. Few studies have assessed the effects of ATXN3 nuclear accumulation in other CNS
cell types. More recent noninvasive imaging in patients documented the loss of white
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matter early in SCA3 disease progression [16-20]. Therefore, as the myelinating white mat-
ter cells of the brain, oligodendrocytes may have an important role in early disease path-
ogenesis. Investigations of ATXN3 localization and function in this cell type specifically
have yet to be tested.

Our lab recently demonstrated that the dysregulation of oligodendrocyte maturation
is among the earliest and most robust changes in SCA3 mice [21]. Using RNA-sequencing,
we identified a disease-associated weighted gene co-expression network analysis module
in YACQB84 (Q84) mice that was enriched for oligodendrocyte genes. This disease module
implicated the impairment of oligodendrocyte maturation that we validated through bio-
chemical, histological, and ultrastructural analysis in Q84 mice. We further demonstrated
that mutant ATXN3 acts via a toxic gain-of-function mechanism, as we observed no
changes in oligodendrocyte maturation markers by biochemical and histological analysis
in Atxn3 knockout (Atxn3-KO) mice. Culminating this work, we found the deficit in oli-
godendrocyte maturation to be cell-autonomous, with primary oligodendrocyte culture
from Q84 mice recapitulating the maturation impairments we see in vivo. These results
reveal the oligodendrocyte signature to be an early feature of SCA3 pathogenesis and
highlight the importance of investigating non-neuronal contributions to disease.

Oligodendrocyte impairments are not unique to the pathophysiology of SCA3. Re-
search in amyotrophic lateral sclerosis (ALS), Alzheimer’s disease (AD) and Huntington’s
disease (HD) have all reported significant pathogenic oligodendrocyte signatures in dis-
ease progression [22-27]. For example, Kang et al. (2013) demonstrated, in an ALS model,
the extensive degeneration of oligodendrocytes in the spinal cord of presymptomatic
50D1 mice, along with the increased proliferation of NG2+ cells. Similar to our results in
SCA3, this study also found an oligodendrocyte maturation failure in SOD1 mice [28]. A
recent paper in Nature Neuroscience highlighted a disease-associated oligodendrocyte sig-
nature in multiple AD mouse models [27]. In addition, there is a large body of evidence
supporting the role of oligodendrocytes in the pathogenesis of HD, another CAG repeat
expansion disorder [26,29-31]. One study showed that abnormalities in myelin preceded
behavioral deficits and neuron death in a mouse model of HD [26]. By conditionally re-
ducing mutant HTT in oligodendrocyte lineage cells in HD mice, the authors were able to
rescue several behavioral deficits [26]. Together, these studies indicate that disease-asso-
ciated oligodendrocyte signatures are a common feature of neurodegeneration that must
be further investigated.

Our previous study demonstrated the cell-autonomous defect in oligodendrocyte
maturation using primary oligodendrocyte cell culture from Q84 SCA3 mice [21]. What
remains unknown is the potential for this cell culture model to inform the molecular path-
ways underlying this SCA3 phenotype. We hypothesize the maturation impairments ob-
served in SCA3 oligodendrocytes occur from common pathomechanisms of SCA3 disease.
To test this hypothesis, we characterized known mechanisms of SCA3 in primary oli-
godendrocytes from Q84 and Atxn3-KO mice relative to their respective wild-type (WT)
littermates. Few studies have investigated the effects of SCA3 disease on protein quality
control in a cell-specific manner. Therefore, we characterize key protein changes of path-
ways known to be disrupted in SCA3 within the general oligodendrocyte population, in-
cluding the ubiquitin—-proteasome system and autophagy. Because DNA damage and the
methylation of histone 3 could affect the typical oligodendrocyte differentiation process,
we distinguish between immature and mature cells to decipher potential dysregulated
mechanisms influencing maturation state. We demonstrate both gain- and loss-of-func-
tion alterations in these pathways. Our findings illuminate the cell-autonomous charac-
teristics of oligodendrocytes in SCA3 and emphasize the utility of primary oligodendro-
cyte for mechanistic and translational research.
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2. Materials and Methods
2.1. Mice

All animal procedures were approved by the University of Michigan Institutional
Animal Care and Use Committee (PRO00010182; date of approval: 3/15/2021) and con-
ducted in accordance with the United States Public Health Service’s Policy on Humane
Care and Use of Laboratory Animals. Genotyping was performed using tail biopsy DNA
isolated prior to weaning and confirmed postmortem, as previously described [32]. Gen-
otyping for the YACQ84 line was previously described [33]. Genotyping for the Atxn3-
KO line [34] was completed using Atxn3-KO Forward 5-GAGGGAAGTCGTCATAA-
GAGT-3', Atxn3-KO Reverse 5'-TGGGCTACAAGAAATCCTGTC-3', and Atxn3-KO LTRa
5-AAATGGCGTTACTTAAGCTAG-3' primers.

2.2. OPC Isolation and Culture

As previously described [21], magnetic cell sorting (MACS, Miltenyi Biotec, Bergisch
Gladbach, Germany) was used to isolate oligodendrocyte precursor cells (OPCs) from the
whole brains of 5-7-day old YACQ84 or Atxn3-KO mice. Briefly, whole brains were dis-
sected and homogenized into a single cell suspension. Magnetic PDGFRa microbeads
(Miltenyi Biotec, Bergisch Gladbach, Germany, #130-101-502) were used to label OPCs,
which were then isolated using LS columns (Miltenyi Biotec, Bergisch Gladbach, Ger-
many, #130-042-401). Cells were plated in OPC media (+FGF2, + PDGFAA) on 8-well slides
at 5 x 103 per mm? or 4-well slides at 2.5 x 10% per mm?. The next day, cells were subjected
to either 4% PFA fixation for 20 min at room temperature (DIVO0) or switched to differen-
tiation media (OPC media, -FGF2, -PDGFAA, + T3) for fixation 3 days (DIV3) or 5 days
(DIV5) later. Differentiation media were changed every other day.

2.3. Immunocytochemistry

Oligodendrocytes were stained as previously described [21]. Briefly, cells were
washed with PBS, blocked with normal goat serum, permeabilized with Triton X-100, then
incubated in primary antibody overnight at 4 °C. The primary antibodies used are listed
in Table 1. The following day, cells were incubated with corresponding AlexaFluor488,
568, or 647 secondary antibodies (1:1000, Invitrogen, Waltham, MA, USA) for 1 h at room
temperature and co-stained with DAPL Slides were cover-slipped with Prolong Gold An-
tifade Reagent (Invitrogen) and imaged using a Nikon-A1l Standard Sensitivity confocal
microscope with NIS-Elements software. Four-to-eight images were randomly taken in
each well, with 1-2 wells per mouse, and 2-5 mice per genotype.

Table 1. List of primary antibodies used for oligodendrocyte immunocytochemistry.

Antibody Host Dilution Company Catalog #
ATXN3 (1H9) Mouse IgG1 ~ 1:500 Millipore MAB5360
SMOC1 Rabbit 1:100 ThermoFisher PA5-31392
MBP Rat 1:1000 Abcam Ab7349
SQSTM1/p62 Mouse IgG2a  1:200 Abnova 89-015-843
BECLIN1 Rabbit 1:100 Abcam Ab207612
SOX10 Mouse IgG1  1:100  Santa Cruz Biotechnology sc-365692
SOX10 Rabbit 1:500 Cell Signaling 893565
Ubiquitinated Proteins Mouse IgM  1:500 Millipore Sigma 04-262
Ki-67 Rat 1:300 ThermoFisher 14-5698-82
H3K27me3 Rabbit 1:500 Millipore ABE44
H3K9me3 Rabbit 1:500 Abcam ab8898

v-H2AX Mouse IgG1  1:500 Millipore 05-636
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2.4. Image Analysis

Images were analyzed using CellProfiler software [35]. Cell counts were obtained by
assessing the overlay of the protein marker of interest and DAPI-stained nuclei in each
image, taken as a percentage of total DAPI-stained nuclei, and normalized to the average
of WT/WT counts. The protein expression was measured using the intensity of fluores-
cence. All images were co-stained with DAP]I, therefore nuclear intensity was analyzed by
measuring the fluorescence in DAPI outlined nuclei. Whole-cell intensity was analyzed
by delineating each cell with an outline and quantifying the fluorescence within. Intensity
was averaged per cell for each image and images were normalized to WT/WT average.

2.5. Statistics

All statistical analyses were performed using Prism (GraphPad Software 9.0, La Jolla,
CA) using either a Student’s t-test or a one-way ANOVA with a post hoc Tukey’s multiple
comparisons test. Data are reported as the mean * standard error of the mean (SEM) and
all statistical tests are set to a p < 0.05 level of significance.

3. Results

3.1. Cell Autonomous SCA3 Oligodendrocyte Maturation is Impaired via a Toxic Gain-of-
Function Mechanism

Among the neurodegenerative diseases, the dominantly inherited polyglutamine re-
peat expansion disorders have pointed toward a significant role of oligodendrocytes in
disease pathogenesis [10,21-27]. Our lab has established the importance of oligodendro-
cytes early in SCA3 pathogenesis [21] and highlighted the importance of therapeutically
targeting this cell type [33,36]. However, the intrinsic mechanisms that underlie this cell-
autonomous defect in SCA3 are not well understood. Here, we characterize the gain of
toxic ATXN3 function compared to the loss of ATXN3 function in oligodendrocytes by
culturing primary oligodendrocytes from Q84 mice and Atxn3-KO mice.

Oligodendrocytes are thought to develop through three stages—OPCs, immature
(pre-myelinating) oligodendrocytes, and mature myelinating oligodendrocytes [37,38]. In
order to isolate sufficient OPCs for experimental differentiation analysis, oligodendro-
cytes need to be captured before differentiation begins. The highest rate of myelination in
mice occurs between post-natal days 7 and 21 [39], therefore we isolated OPCs from mice
between 5- and 7-days-old. Whole mouse brains were dissociated into a single cell sus-
pension and labeled with a magnetically conjugated antibody against the OPC-specific
receptor, PDGFRa (Figure 1A). Labeled cells were captured in a magnetic column, eluted,
and cultured in OPC proliferation media (+FGF2, +PDGFAA) for one day on chamber
slides. Cells were either fixed prior to differentiation (DIVO) or switched to differentiation
media (OPC media, -FGF2, -PDGFAA, +T3) for collection 3 or 5 days later (DIV3, DIV5)
(Figure 1A).

Using these cultures, we first verified the previous findings of a cell-autonomous
maturation defect in SCA3 oligodendrocytes at DIVO and DIV3 [21], and determined
whether this impairment extends to a later timepoint (DIV5) that allowed more time for
cells to mature. We used SMOCT as a marker of the OPC state [12,21,36] and confirmed
no differences in the maturation state after plating SCA3 OPCs (Figure 1B,E). Using a
marker for the mature myelinating state (MBP), we continued to observe a decrease in
mature Q84 oligodendrocytes at DIV3 with an increasing trend in immature oligodendro-
cytes (SMOC1+MBP- cells) (Figure 1F,G). These trends persisted at DIV5 (Figure 1C), with
a significant decrease in mature Q84 oligodendrocytes and a significant increase in imma-
ture oligodendrocytes relative to WT cultures (Figure 1H,I). Of note, SCA3 oligodendro-
cytes that are able to reach a mature state at DIV5 were consistently observed to be cyto-
architecturally abnormal (Figure 1D). Mature WT oligodendrocytes at this timepoint were
organized in their branching, with the expected pruning of unnecessary branches and end
feet for myelination [40-42], whereas diseased mature oligodendrocytes display
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unorganized and excessive branching (Figure 1D). Regardless of days in vitro or matura-
tion state, Q84 oligodendrocytes showed a disease dose-dependent increase in nuclear
ATXNBS accumulation (Figure 1J-N), a hallmark of SCA3 disease. Importantly, when we
isolated OPCs from Atxn3-KO mice, we found no differences in the immature or mature
oligodendrocyte cell counts at all timepoints assessed (Figures 10-S and S1). This implies
that the impairment impeding oligodendrocyte maturation in SCA3 is not due to ATXN3
loss-of-function, but rather it is likely caused by a gain of toxic function of mutant ATXN3.
We therefore utilized oligodendrocytes from Afxn3-KO mice throughout the remainder
of this study to distinguish between loss-of-function mechanisms and those that contrib-
ute to the maturation defect in SCA3 oligodendrocytes.
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Figure 1. ATXNB3 gain of toxic function, but not loss of function, leads to cell-autonomous oligoden-
drocyte maturation impairments. (A) Schematic of primary OPC isolation and culture. (B,C)
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Representative immunofluorescent images of SMOC1 (green), MBP (red), ATXN3 (white), and
DAPI (blue) expression in cultured WT/WT, Q84/WT, and Q84/Q84 oligodendrocytes prior to dif-
ferentiation (DIVO0) (B) and after 5 days of differentiation (+I3, DIV5) (C). Scale bar, 100 um. (D)
Representative high magnification images of MBP staining of cultured WT/WT, Q84/WT, and
Q84/Q84 oligodendrocytes depict irregular branching in Q84 cells. Scale bar: 25 pm. (E,F,G) Cell
counts of immature oligodendrocytes (SMOC1+/MBP-) at DIVO (E), DIV3 (F), and DIV5 (H). (G,I)
Cell counts of mature oligodendrocytes (MBP+) at DIV3 (G) and DIV5 (I). No differences in cell
counts were found at DIV0, however, at DIV3 and DIV5, immature oligodendrocytes were increased
and mature oligodendrocytes were significantly decreased in diseased mice. (J) Quantification of
average ATXN3 nuclear intensity in Q84 OPCs at DIVO0. (K-N) Quantification of average ATXN3
intensity in Q84 immature and mature oligodendrocyte nuclei at DIV3 (K-L) and DIV5 (M,N). Oli-
godendrocytes from diseased mice, regardless of maturation state, show a dose-dependent increase
in nuclear ATXN3 accumulation. (O-S) Cell counts of OPCs cultured from Atxn3-KO mice at DIVO
(0), of immature and mature oligodendrocytes at DIV3 (P,Q) and at DIV5 (R,S). Cell counts of im-
mature and mature oligodendrocytes are not different in Afxn3-KO mice compared to WT at all
assessed timepoints. Cell counts taken as a percentage of the total DAPI-stained nuclei per field and
normalized to WT/WT; Intensity quantifications normalized to averaged WT/WT images (n = 4-8
images per mouse, n = 4-5 mice per genotype). Data presented as mean + SEM. One-way ANOVA
with Tukey’s multiple comparisons test or Student’s t-test were performed: ns = not significant; ** p
<0.01; ** p <0.001; **** p <0.0001.

A lack of mature oligodendrocytes in disease could be attributed to various biological
processes, two of the most obvious being cell proliferation and death. SCA3 OPCs may be
proliferating or mature SCA3 oligodendrocytes may be dying at higher rates than WT
oligodendrocytes. However, after quantifying the number of OPCs at DIV0 and DIV5 pos-
itive for Ki-67, a cell proliferation marker, we found no differences in proliferating cells
(data not shown). We also saw no changes in total cell counts (DAPI+ cells) between gen-
otypes at each timepoint, suggesting there is no overt cell death (data not shown). Taken
together, these data imply that the increase in immature oligodendrocytes and decrease
in mature oligodendrocytes is not caused by the disproportionate proliferation or death
of oligodendrocyte lineage cells. Oligodendrocytes are complex cells that can be affected
by a variety of both intrinsic and extrinsic factors [40,43], yet SCA3 oligodendrocytes are
not overtly affected by the influences of cell death or proliferation. We therefore turned
inward to evaluate the role of ATXN3 in canonical pathways relevant to SCA3 disease
and oligodendrocyte maturation.

3.2. Protein Ubiquitination is Dysregulated in Both SCA3 and Atxn3-KO Oligodendrocytes

As endogenous ATXN3 functions as a DUB, we began our investigations of charac-
teristic SCA3 dysfunction by looking at the ubiquitin-dependent proteosome pathway. To
understand the role of ATXN3 as a DUB in oligodendrocytes specifically, we stained
SCA3 and Atxn3-KO oligodendrocytes at DIV0 and DIV5 for poly-ubiquitinated proteins
(Figures 2 and S2). We further utilized the 2D cell culture system to analyze the sub-cel-
lular localization of ubiquitinated proteins by distinguishing between nuclear and whole-
cell intensity. Unexpectedly, we found that in SCA3 OPCs, levels of ubiquitinated proteins
are significantly decreased in the nucleus at DIVO relative to WT, with no changes in
whole-cell analysis (Figure 2A-C). At DIV5, the localization of ubiquitinated protein
switches in that nuclear intensity is not changed, while the whole-cell intensity of ubiqui-
tinated substrates is decreased in Q84 oligodendrocytes compared to WT (Figure 2A,F,G).
If ATXNS3 functions as a DUB in oligodendrocytes, but in disease is sequestered in the
nucleus and unable to perform that function, we would expect levels of ubiquitinated
proteins to increase as they do in vivo [33]. However, we see the opposite. Interestingly,
Atxn3-KO oligodendrocytes display an increased intensity of ubiquitinated proteins at
DIVO but return to WT levels at DIV5 (Figures 2D,E,H,I and S2). This suggests there could
be a compensatory mechanism for deubiquitination. It is also possible that the primary
function of ATXN3 in oligodendrocytes is not a DUB. The role of ATXN3 in
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oligodendrocytes specifically has been completely unexplored, and these results show
that it may not be as simple as previously thought.
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Figure 2. Fewer ubiquitinated proteins are present in SCA3 oligodendrocytes. (A) Representative
immunofluorescent images stained for ubiquitinated proteins (red; Ub proteins) and pan-oligoden-
drocyte marker SOX10 (cyan) in WI/WT, Q84/WT, and Q84/Q84 oligodendrocytes at DIVO and
DIV5. Scale bar: 100 pum; inset scale bar: 12.5 um (B-E) Quantification of DIVO nuclear and whole-
cell ubiquitinated protein intensity in WT and Q84 oligodendrocytes (B,C) and in WT and Atxn3-
KO oligodendrocytes (D,E). Nuclear intensity of ubiquitinated proteins at DIVO is decreased in
(Q84/Q84 oligodendrocytes, with no changes in whole-cell intensity. Both the nuclear and whole-cell
intensities of ubiquitinated proteins are increased at DIVO in Atxn3-KO oligodendrocytes. (F-I)
Quantification of DIV5 nuclear and whole-cell ubiquitinated protein intensity in WT and Q84 oli-
godendrocytes (F,G) and in WT and Atxn3-KO oligodendrocytes (H,I). At DIV5, the whole-cell in-
tensity of ubiquitinated proteins is decreased in Q84 mice relative to WT while nuclear intensity is
unchanged. Atxn3-KO oligodendrocytes at DIV5 show no differences in ubiquitinated protein levels
compared to WT cultures. Intensity quantifications normalized to averaged WT/WT images (n = 4-
8 images per mouse, n = 2-5 mice per genotype). Data presented as mean + SEM. One-way ANOVA
with Tukey’s multiple comparisons test or Student’s t-test were performed: ns = not significant; * p
<0.05; ** p <0.01; **** p <0.0001.
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3.3. Autophagy is not Affected in SCA3 Oligodendrocytes

The ubiquitin—proteosome system is one of the two protein quality control pathways
in cells. The other, autophagy, utilizes the lysosome for protein degradation. Both path-
ways are often affected in SCAS3, as protein misfolding is a common contributor to disease
pathogenesis [10]. To determine the overall changes in protein quality control in Q84 and
Atxn3-KO oligodendrocytes, we quantified whole-cell intensity levels of p62 (Figure 3A),
a shuttling protein involved in both pathways [44].
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Figure 3. SCA3 oligodendrocytes have no changes in autophagy while the loss of ATXN3 function
leads to autophagic dysregulation. (A) Representative immunofluorescent images of p62 in WT/WT,
Q84/WT, and Q84/Q84 oligodendrocytes at DIVO and DIV5. Scale bar: 100 pm. (B-E) Quantification
of whole-cell p62 expression at DIVO and DIV5. Whole-cell p62 intensity in Q84 oligodendrocytes
remains similar to WT levels at both DIVO (B) and DIV5 (D), but is increased in Afxn3-KO oligoden-
drocytes relative to WT at both timepoints (C,E). (F) Representative immunofluorescent images of
BECLIN1 in WI/WT, Q84/WT, and Q84/Q84 oligodendrocytes at DIVO and DIV5. Scale bar: 100 pm.
(G-J) Quantification of whole-cell BECLIN1 expression at DIVO and DIV5. Whole-cell BECLINT is
unchanged in Q84 oligodendrocytes at both DIVO (G) and DIV5 (I) and is increased in Afxn3-KO
oligodendrocytes relative to WT at both timepoints (H,J). Intensity quantifications normalized to
averaged WT/WT images (n = 4-8 images per mouse, n = 3-5 mice per genotype). Data presented as
mean = SEM. One-way ANOVA with Tukey’s multiple comparisons test or Student’s t-test were
performed: ns = not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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We found that at DIVO and DIV5, p62 expression levels were unchanged in Q84 oli-
godendrocytes (Figure 3A,B,D). Interestingly, in Atxn3-KO oligodendrocytes, there was
an increase in p62 levels at both timepoints (Figures 3C,E and S3A). In combination, these
results suggest that the gain in toxic function of mutant ATXN3 in disease has no effect
on overall protein quality control in oligodendrocytes, but the loss of ATXN3 function in
Atxn3-KO oligodendrocytes leads to the upregulation of one or both of these pathways.

To measure the impact of ATXN3 on autophagy alone in oligodendrocytes, we quan-
tified whole-cell BECLIN1 intensity at DIVO and DIV5. At both timepoints assessed, we
again found no variance in BECLIN1 protein expression in Q84 oligodendrocytes com-
pared to WT, suggesting that autophagy is not dysregulated in SCA3 oligodendrocytes
(Figure 3F,G,I). In contrast, Atxn3-KO oligodendrocytes had increased whole-cell expres-
sion of BECLIN], validating the upregulation of autophagy in the absence of ATXN3 (Fig-
ures 3H,J] and S3B). It is important to note that previous literature demonstrating direct
interactions between ATXN3 and BECLIN1 have shown that in ATXN3-depleted systems,
autophagy is often downregulated [45-47]. To date, there are no other published reports
assessing either pathway in isolated SCA3 and Atxn3-KO oligodendrocytes. Although un-
expected, our data highlight the significance of examining individual pathways in a cell-
specific manner and across maturation state in future studies.

The lack of SCA3-like phenotypes at the molecular level in isolated oligodendrocyte
populations suggests that these pathways are not affected by ATXN3 gain of toxic func-
tions. Furthermore, ATXN3 loss-of-function leads to the dysregulation of protein quality
control. Therefore, these pathways likely do not contribute to the cell-autonomous SCA3
oligodendrocyte maturation impairment.

3.4. DNA Damage does not Play a Role in SCA3 Oligodendrocyte Maturation Impairments

As a highly metabolic cell type, oligodendrocytes are prone to oxidative stress-in-
duced DNA damage [48,49]. Interestingly, mutant ATXN3 has been shown to interact
with essential DNA strand break repair enzymes [50-52], implicating DNA damage in the
pathogenesis of SCA3. To evaluate the role of DNA damage in obstructing oligodendro-
cyte maturation in SCA3, we quantified the nuclear expression of y-H2AX, a characteristic
indicator of double-strand DNA damage [53]. To distinguish between maturation states,
we co-stained with SOX10, a marker of all oligodendrocyte maturation states, and MBP,
a marker of mature myelinating oligodendrocytes only (Figure 4).

At DIV, we observed an increase in the y-H2AX expression in SCA3 OPCs (Figure
4A,C), as well as in Atxn3-KO OPCs (Figures 4D and S4A). By DIV5, y-H2AX expression
returned to levels similar to WT in immature and mature Q84/Q84 oligodendrocytes,
though protein expression in mature Q84/WT oligodendrocytes is slightly decreased (Fig-
ure 4B,E-H). In KO cells at DIV5, y-H2AX expression remained elevated in immature ol-
igodendrocytes but returned to WT levels in mature oligodendrocytes (Figures 4B,G,H
and 54B). Because y-H2AX expression is increased at DIV0 and returns to normal levels
by DIV5 in SCA3 oligodendrocyte cultures, DNA damage signaling may be upregulated
due to the cellular stress of the extraction and isolation process. The result in Atxn3-KO
cells is consistent with literature support for ATXN3’s role in regulating DNA damage
[51]. Importantly, increased nuclear y-H2AX expression is unlikely to be associated with
a failure of immature oligodendrocytes to differentiate, as KO cells matured similarly to
WT (Figure 10-S5, S1). In agreement, we did not see differences in y-H2AX nuclear ex-
pression between maturation states in SCA3 oligodendrocytes relative to WT; therefore,
DNA damage is unlikely to facilitate SCA3 differentiation defects.
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Figure 4. DNA damage signaling does not correlate with SCA3 oligodendrocyte maturation impair-
ments, but may increase with cellular stress. (A-B) Representative immunofluorescent images of
nuclear DNA damage marker y-H2AX (white), mature oligodendrocyte marker MBP (red), and
pan-oligodendrocyte marker SOX10 (cyan) expression in cultured WT/WT, Q84/WT, and Q84/Q84
oligodendrocytes at DIVO (A) and DIV5 (B). Scale bar 100 pum, inset scale bar: 12.5 um. (C-D) Quan-
tification of nuclear y-H2AX in DIVO OPCs. Nuclear y-H2AX intensity at DIVO is increased in
Q84/Q84 oligodendrocytes relative to WT (C) and Atxn3-KO oligodendrocytes relative to WT (D).
(E-H) Quantification of nuclear y-H2AX in immature (MBP-/SOX10+) and mature (MBP+) oligoden-
drocytes at DIV5. Nuclear y-H2AX intensity is not significantly changed in immature diseased oli-
godendrocytes (E), nor in Q84/Q84 mature oligodendrocytes relative to WT. Loss of ATXN3 leads
to changes in y-H2AX nuclear expression only in immature oligodendrocytes (G), but not mature
cells. Intensity quantifications normalized to averaged WT/WT images (n = 4-8 images per mouse,
n = 3-5 mice per genotype). Data presented as mean + SEM. One-way ANOVA with Tukey’s multi-
ple comparisons test or Student’s t-test were performed: ns = not significant; * p < 0.05; ** p < 0.01;
¥ p <0.001.

3.5. Histone Methylation is Impaired in Proliferating and Maturing SCA3 Oligodendrocytes

Another important regulatory pathway for oligodendrocyte differentiation is the
methylation of histone 3 [54-56]. In particular, the trimethylation of lysine residues 9 and
27 on histone 3 (H3K9me3 and H3K27me3, respectively) has been shown to play a key
part in regulating OPC differentiation into mature, myelinating oligodendrocytes by tran-
scriptionally repressing neuronal differentiation genes [55,56]. Interestingly, H3K27me3
and H3K9me3 repression, though similar, are not redundant in their roles during OPC
maturation [56], therefore it is necessary to look at the expression of both. To do this, we
probed for the nuclear expression of H3K27me3 and H3K9me3 via immunocytochemistry
in OPCs, as well as in immature and mature oligodendrocytes (Figure 5A,B,L]).



11 of 18

Cells 2022, 11, 2615

1m/¥80

fyisuay seajony abelany gowy;
+dgIN A0

B,mcmu:_ me_uzz mmEm>< nmEhmv_mx

F +dgW SAIQ

: — _ — +0LXOS / -d9IN SAIQ

&
Aysuaiu| ses|onN abejaay gaw L zMeH
D +0LXQS /-daW oAId

Ausuaju| seajony ebelaay cowzMeH

#¥80/¥30 C +0LXOS /- 0AIT

2 2
fususu) Jeajonp ebeiany meth._nI./,a.

LM/LMW

1M/¥80

*
. . au_wcwu:_._mw_u:Z bl meanr 4

_B_m:mu:_ me_o_._z aberoay nwmen: T
+d8W SAID

b_m_._w.:.__ Jeajonn mem>< COWEMEH,
+01X0S / -dgW SAId X

+dgW SAID

e[ o,

v80/780 &

ns

Aysusiu| reajanp abeiony EBWBMEH. 1,
M +0LX0S / -d8W SAId «\.a/
AN

Apsusju| seajany abelany CowgMEH
_ +01X0S /-d9IN 0AIQ
*

“5
Q
\wwo
% %,
* o,
2 g ? = o
Aysuspu| 1eajony abeiaay CoweMEH

1Mm/¥80

¥80/780 ¢ +01XOS / -dEIN OAIQ

Figure 5. ATXN3 toxic gain-of-function in SCA3 oligodendrocytes leads to maturation-state de-

pendent changes in the tri-methylation of H3K9, but not H3K27.

(A,B) Representative
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immunofluorescent images of H3K27me3 (magenta), mature oligodendrocyte marker MBP (red),
and pan-oligodendrocyte marker SOX10 (cyan) in WT/WT, Q84/WT, and Q84/Q84 oligodendro-
cytes at DIVO (A) and DIV5 (B). Scale bar: 100 pum. (C,D) Quantification of nuclear H3K27me3 in-
tensity of DIVO OPCs show no changes in SCA3 oligodendrocytes (C) or Atxn3-KO oligodendro-
cytes (D). (E-H) Quantification of nuclear H3K27me3 intensity at DIV5 also shows no differences
between genotypes in immature (MBP-/SOX10+) or mature (MBP+) oligodendrocytes in diseased
(E,F) or Atxn3-KO oligodendrocytes (G,H). (L]J) Representative immunofluorescent images of
H3K9me3 (magenta), MBP (red), and SOX10 (cyan) in WT/WT, Q84/WT, and Q84/Q84 oligodendro-
cytes at DIVO (I) and DIV5 (J). Scale bar: 100pum. (K,P) Quantification of nuclear H3K9me3 intensity
at DIV0 and DIV5. DIV0 Q84 OPCs have increased nuclear H3K9me3 intensity (K). By DIV5, imma-
ture oligodendrocytes (MBP-/SOX10+) show no significant difference (M), but H3K9me3 nuclear
intensity in mature Q84/Q84 oligodendrocytes (MBP+) has decreased relative to WT (N). Afxn3-KO
oligodendrocytes show no differences of nuclear H3K9me3 intensity in DIVO OPCs (L), nor in im-
mature or mature oligodendrocytes at DIV5 (O,P). Intensity quantifications normalized to averaged
WT/WT images (n = 4-8 images per mouse, n = 2-5 mice per genotype). Data presented as mean +
SEM. One-way ANOVA with Tukey’s multiple comparisons test or Student’s t-test were performed:
ns = not significant; * p <0.05; ** p <0.01.

When compared to WT cultures, H3K27me3 expression in both Q84 and Atxn3-KO
cells were not different at either timepoint assessed (Figures 5A-H and S5A,B). Consistent
with previous oligodendrocyte maturation literature, H3K27me3 expression increased
over time in WT, Q84, and Atxn3-KO lines as oligodendrocytes differentiated (Figures
5A,B and S5A,B; data not shown).

In contrast, the expression of H3K9me3 does change in a disease-relevant, maturation
state-dependent manner. At DIVO, H3K9me3 is increased in Q84 OPCs relative to WT
OPCs (Figure 5LK). The quantification of H3K9me3 expression at DIV5 reveals it is not
changed in immature oligodendrocytes, but is downregulated in mature oligodendro-
cytes (Figure 5],M,N). Atxn3-KO oligodendrocytes did not show any changes in expres-
sion of H3K9me3 at either timepoint relative to WT cells (Figures 5L,O,P and S5C,D), in-
dicating this dysregulation is specific to SCA3 disease. These results align with recent
studies that demonstrated the inhibition of H3K9me3 hindered oligodendrocyte differen-
tiation, whereas silencing of H3K27me3 had no effect [56]. Thus, the dysregulation of
H3K9me3 in SCA3 oligodendrocytes may play an essential role in the impairment of oli-
godendrocyte maturation.

4. Discussion

Evidence of oligodendrocyte dysfunction has recently expanded beyond classic de-
myelinating diseases into neurodegenerative diseases, including ALS, Alzheimer’s dis-
ease, Huntington’s disease, and SCA3 [21-27,57-59]. The underlying mechanisms of this
dysfunction, however, remain poorly understood. The primary culture of oligodendro-
cytes can be a powerful tool in understanding cell-specific pathways and disease mecha-
nisms. In this study, we utilized the primary cell culture of SCA3 and Atxn3-KO oligoden-
drocytes to assess the cell-specific contributions of ATXN3 gain of toxic function and loss-
of-function to pathways known to be involved in SCA3 pathogenesis and oligodendrocyte
maturation.

By recapitulating our findings on cell-autonomous SCA3 oligodendrocyte matura-
tion impairments at DIV3 and extending this measurement to DIV5, we established pri-
mary oligodendrocyte culture as a representative model of in vivo SCA3 oligodendrocyte
dysfunction [21]. We further characterized this dysfunction by comparing Q84 cultures to
Atxn3-KO and found the maturation defect to be disease-specific and due to the gain of
toxic function of mutant ATXN3. Establishing this distinction allowed us to compare Q84
oligodendrocytes and Atxn3-KO oligodendrocytes to identify the pathways affected by
mutant ATXN3 that could contribute to the maturation impairment in SCA3.

We found an intriguing lack of differences in maturation defects in our hemi and
homozygous SCA3 oligodendrocyte lines. Specifically, we know this to be a dose-
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dependent gain of toxic function phenotype in vivo based on our previous studies [21] and
gene silencing work [36]. It would then be expected that the clear dose-dependent nuclear
accumulation of ATXN3 in SCA3 oligodendrocytes would correlate with maturation im-
pairments. Our findings, however, do not match this expectation. Future assessments of
mutant ATXN3 gene silencing in oligodendrocyte cell culture will inform the level of toxic
protein expression necessary to elicit the oligodendrocyte maturation impairments we re-
port here. In addition, these studies may also tell us more about the role mutant ATXN3
toxic gain-of-function is playing in this cell population.

ATXN3 is widely recognized as a DUB; therefore, changes in the functionality of this
protein would be expected to alter protein quality control pathways such as the ubiquitin-
proteasome system and autophagy [33]. The results presented here are contrary to what
would be expected from gain-of-function mutations of a DUB, highlighting the need to
study disease protein functions in individual cell populations. Little is known about pro-
tein quality control pathways in glial cells and how they are affected in SCA3. Proteasomal
and autophagic regulators need to be further explored in these isolated cell types. With
regard to oligodendrocytes in particular, the state of maturation could play a role in the
regulation of these pathways; i.e., OPCs or immature cells could manage protein quality
differently than mature oligodendrocytes. By analyzing oligodendrocytes in culture, we
are able to assess specific processes in isolated cell populations to better understand how
these pathways function normally and how they become dysfunctional in disease.

The results presented here allude to the possibility of ATXN3 primarily functioning
in other cellular processes. The lack of ATXN3 has been linked to disorganization of the
cytoskeleton [60], and microtubule dysregulation has been demonstrated in a knock-in
mouse model of SCA3 [61]. Moreover, a loss of the microtubule-associated protein Tau
was demonstrated to affect oligodendrocyte differentiation and the formation of neuron-
glia contact, consequently impairing myelination [41,62]. Tau pathology is a common fea-
ture in several neurodegenerative diseases [63]; therefore, studies investigating the role of
tau in oligodendrocytes specifically may provide mechanistic insight toward disease-as-
sociated oligodendrocyte signatures. Consistent with the studies implicating ATXN3 in
cytoskeleton organization, our cultured SCA3 mature oligodendrocytes display aberrant
branching in comparison to WT cells. Furthermore, SCA3 phenotypes stemming from the
inability of oligodendrocytes to mature, including excessive branching and thinner mye-
lin sheaths [21], mirror those seen in oligodendrocytes lacking the microtubule-interacting
Golgi outpost protein, TPPP [64]. Further analyses will need to quantitatively evaluate the
branching and cytoskeletal regulation of these cells. Additional future mechanistic studies
should also explore alternative cell-specific ATXN3 functions, particularly in the cytoar-
chitectural organization of oligodendrocytes.

ATXNS3 has also been shown to play a role in DNA damage, a common pathological
symptom of neurodegenerative diseases [65]. In fact, ATXN3 has been shown to work
with HTT, the mutated protein in Huntington’s disease, in a transcription-coupled repair
(TCR) complex to repair DNA strand breaks [50,51,66]. However, the mutant form of
ATXNS3 binds and sequesters a protein of the TCR complex, preventing it from performing
its role and leading to increased DNA strand breaks[50,53,66]. Evidence supporting this
function has shown DNA damage to be increased in mouse models of SCA3, as measured
by y-H2AX signaling [50,61]. While we did not observe increased DNA damage via -
H2AX expression in SCA3 oligodendrocytes at DIV5, we did observe y-H2AX expression
in Atxn3-KO cultures. Perhaps DNA damage is elicited by the loss-of-function of ATXN3
or the cellular stress of losing this protein. This does not preclude the possibility that oli-
godendrocytes in both SCA3 and Atxn3-KO oligodendrocytes may be prone to a different
type of DNA damage. y-H2AX is a marker of double-stranded DNA breaks [67], and be-
cause of high metabolic rates, high iron levels, and low glutathione levels, oligodendro-
cytes are particularly vulnerable to oxidative stress[48,49,68]. High oxidative stress can
cause other types of DNA damage, including single-stranded DNA breaks and blocked
DNA replication and transcription [69]. Future investigations of DNA damage in SCA3
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oligodendrocytes should examine the relative contributions of various types of DNA
damage to disease-associated oligodendrocyte signatures.

Of the canonical SCA3 disease-relevant pathways assessed in this study, none ap-
peared to contribute to the cell-autonomous SCA3 oligodendrocyte maturation impair-
ment. We therefore pivoted to evaluate the impact of mutant ATXN3 on characteristic
pathways in oligodendrocyte differentiation. To understand what underlies the inability
to mature in SCA3 oligodendrocytes, we probed for changes in the trimethylation of H3K9
and H3K27. This epigenetic regulatory modification is associated with the suppression of
neuronal gene programs, enabling the continuation of oligodendrocyte differentiation
[55]. The small magnitude of changes in H3K9me3 but not H3K27me3 was surprising but
may point toward the need for more targeted investigations. Future studies should incor-
porate ChIP-seq to determine the methylation status of specific genes, since the immuno-
cytochemistry results here represent global nuclear expression levels. Activation markers
should also be investigated to determine whether the failed activation of oligodendrocyte
maturation genes could be involved in the stalled differentiation process.

While the findings in this study are preliminary, they highlight the lack of under-
standing of common pathways in specific cell types within SCA3 disease. The use of im-
munocytochemistry alone is a major limitation to this study and future exploration of bi-
ochemical and histological mechanistic analysis will be necessary to investigate the func-
tion of mutant and normal ATXN3. For example, the assessment of the role ATXN3 plays
in ubiquitin-proteasome pathways will be crucial, as our ubiquitinated proteins result in
SCA3 and Atxn3-KO oligodendrocytes were opposing. Broader, unbiased approaches,
such as proteomics or single-cell RNA sequencing, could be used to assess changes in OPC
and oligodendrocyte protein or RNA expression to provide significant insight into the
cell-specific pathomechanisms of SCA3 disease.

5. Conclusions

In this study, we established primary oligodendrocyte cell culture as a powerful
mechanistc and translational model for many diseases with oligodendrocyte dysfunction,
including SCA3, ALS, Alzheimer’s disease, and Huntington’s disease [10,21-27]. While
many of the results presented here are contrary to what was expected, this also empha-
sizes the necessity of considering individual cell populations as isolated systems to study
disease-relevant pathways. By culturing primary oligodendrocytes in a 2D system, ad-
vanced imaging and longitudinal cell tracking techniques can be utilized to further eval-
uate cell-specific disease-associated signatures. It is crucial to study the effects of disease
on differentiation processes, protein quality control pathways, DNA damage signaling,
and methylation modifications in isolated oligodendrocytes before we can fully compre-
hend how these mechanisms are influenced by extrinsic factors and contribute to disease
in vivo. Understanding these interactions will offer insight into the cell-specific mecha-
nisms driving disease pathogenesis.

Supplementary Materials: The following are available online at www.mdpi.com/arti-
cle/10.3390/cells11162615/s1, Figure S1: ATXN3 loss-of-function does not impact oligodendrocyte
maturation. Figure S2: Protein ubiquitination is increased in Atxn3-KO OPCs, but not DIV5 oli-
godendrocytes. Figure S3: Loss of ATXN3 leads to upregulation of autophagy. Figure S4: DNA dam-
age is increased in Atxn3-KO OPCs and immature oligodendrocytes, but not mature oligodendro-
cytes. Figure S5: Histone 3 methylation in oligodendrocytes is not affected by loss of ATXN3.
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