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ARTICLE INFO ABSTRACT

Spinocerebellar ataxia type 3 (SCA3)/Machado-Joseph disease (MJD) is a heritable proteinopathy disorder,
whose causative gene, ATXN3, undergoes alternative splicing. Ataxin-3 protein isoforms differ in their toxicity,

. suggesting that certain ATXN3 splice variants may be crucial in driving the selective toxicity in SCA3. Using
polyQ diseases NA-seq d identified and determined the abundance of d ATXN3 ipts in blood (1 = 60
Neurodegenerative disease RNA-seq datasets we identified an e'terrmne the abundance of annotate ! transcripts in bloo ('n = )}
RNA-seq and cerebellum (n = 12) of SCA3 subjects and controls. The reference transcript (ATXN3-251), translating into
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an ataxin-3 isoform harbouring three ubiquitin-interacting motifs (UIMs), showed the highest abundance in
blood, while the most abundant transcript in the cerebellum (ATXN3-208) was of unclear function. Noteworthy,

two of the four transcripts that encode full-length ataxin-3 isoforms but differ in the C-terminus were strongly
related with tissue expression specificity: ATXN3-251 (3UIM) was expressed in blood 50-fold more than in the
cerebellum, whereas ATXN3-214 (2UIM) was expressed in the cerebellum 20-fold more than in the blood. These
findings shed light on ATXN3 alternative splicing, aiding in the comprehension of SCA3 pathogenesis and
providing guidance in the design of future ATXN3 mRNA-lowering therapies.

List of abreviations

AS alternative splicing

mRNA messenger RNA

HD Huntington disease

HTT huntingtin

ASO antisense oligonucleotide

siRNA small interference RNA

SCA3/ Spinocerebellar ataxia type 3/Machado-Joseph disease
MJD

PolyQ polyglutamine

CAG cytosine, guanine, adenine

UIM ubiquitin interacting motif

RNA-seq RNA sequencing

ESMI European spinocerebellar ataxia type 3/Machado-Joseph disease

Initiative

cDNA complementary DNA

bp base pairs

TPM transcripts per million

NMD nonsense mediated decay

CDS coding sequence

JD Josephin domain

1. Introduction

Alternative splicing (AS) is a fundamental step in the regulation of
eukaryotic gene expression through which introns are excised and exons
are ligated together to form the messenger RNA (mRNA) (Vuong et al.,
2016). Multiple evidence indicates that genetic variation in cis-acting
splicing sequence elements or in trans-acting splicing factors plays a
relevant role in patients with neurodegenerative conditions (reviewed in
(Daguenet et al., 2015; Nik and Bowman, 2019). Importantly, post-
mortem brains of Huntington disease (HD) patients and of mouse models
show aberrant splicing of the HD causative gene (huntingtin, HTT) itself,
leading to the production of high levels of a splice variant only con-
taining exon 1 that encodes a highly aggregation-prone protein and thus
contributes to disease pathogenesis (Barbaro et al., 2015; Mangiarini
et al., 1996; Neueder et al., 2017; Sathasivam et al., 2013). Currently,
several pathologies triggered by splicing defects, including neurode-
generative diseases, can be treated using different types of RNA mole-
cules, such as antisense oligonucleotide (ASO) or small interference RNA
(siRNA), either by reducing the levels of the defective protein or by
producing the corrected protein (reviewed in (Dhuri et al., 2020; Helm
et al., 2022; Zhu et al., 2022)). In fact, ASO-mediated therapies are
currently available for some common and rare diseases, including
neurological diseases such as spinal muscular atrophy and Duchenne
muscular dystrophy (reviewed in (Zhu et al., 2022)).

SCA3/MJD is an autosomal dominant neurodegenerative polyglut-
amine (polyQ) disorder and the most common dominant ataxia world-
wide (Sequeiros et al., 2012). SCA3/MJD is caused by an abnormal
polyQ-encoding CAG repeat motif, consensually containing >60 tri-
nucleotides within exon 10 of the ATXN3 gene (Kawaguchi et al., 1994;
Maciel et al., 2001; Takiyama et al., 1993). The ATXN3 gene
(ENSG00000066427) originates 54 transcripts (Martin et al., 2023) in
the GRCh38.p13 human genome assembly including the canonical
transcript (ENST00000644486/ATXN3-251) containing 11 exons and
spanning a genomic region about 48 kb (Ichikawa et al., 2001),
encoding the ataxin-3 canonical protein isoform (P54252-2, UniProt).

Ataxin-3 is a ubiquitously expressed deubiquitinating enzyme (e.g.,
(Burnett et al., 2003)) harbouring on its N-terminus the globular Jose-
phin domain (JD) that includes the catalytic residues, and on its C-ter-
minus a protein segment of undetermined structure containing the
polyQ tract and two or three ubiquitin interacting motifs (UIM) (Goto
etal., 1997; Masino et al., 2003). Aggregation of the ataxin-3 protein is a
hallmark of SCA3/MJD (reviewed in (Costa and Paulson, 2012)) and
occurs not only in brain regions with neuronal loss, such as the cere-
bellar dentate nucleus and the motor and pontine nuclei of the brain-
stem, but also in brain areas spared of neuronal destruction, like the
cerebellar cortex (Koeppen, 2018).

Despite nearly 30 years of research following the identification of
ATXN3 as the causative gene of SCA3/MJD (Kawaguchi et al., 1994;
Takiyama et al., 1993), the characterization of the transcriptional spe-
cies of ATXN3 remains very incomplete. While ATXN3 is known to un-
dergo AS (Bettencourt et al., 2010; Goto et al., 1997; Harris et al., 2010;
Ichikawa et al., 2001; Kawaguchi et al., 1994), the extent and regulation
of AS, the relative abundance of alternative transcripts in health and
disease conditions, the existence of transcript tissue/cell-specificity, and
the impact of AS in SCA3/MJD neurotoxicity remain poorly understood.
To the best of our knowledge, at least 24 ATXN3 transcripts, likely to be
translated into different isoforms of ataxin-3, have been detected in the
human brain and/or peripheral tissues including the blood (Bettencourt
et al., 2010; Goto et al., 1997; Harris et al., 2010; Ichikawa et al., 2001;
Kawaguchi et al., 1994), although validation of a large number of such
transcripts has not been conducted. In silico analysis performed to infer
the functional impact of the several putative ataxin-3 protein isoforms
showed that some variants were predicted to be “protective” (lacking
the CAG tract), whereas others were foreseen to show increased toxicity
(Bettencourt et al., 2010). Among the ATXN3 transcripts which are
predicted to be translated, only two transcripts encoding ataxin-3 iso-
forms that differ on the C-terminal containing either two (2UIM) or three
UIMs (3UIM) have been mostly studied so far (Harris et al., 2010;
Johnson et al., 2019; Weishaupl et al., 2019). These studies using
cellular, mouse or Drosophila models and post-mortem human brain tis-
sues from healthy individuals, though controversial, uncovered differ-
ences in the toxicity of these two ataxin-3 protein isoforms by mainly
revealing a faster degradation rate but higher aggregation propensity of
the 2UIM isoform compared to the 3UIM (Harris et al., 2010; Johnson
et al., 2019; Weishaupl et al., 2019). The fact that these two ataxin-3
isoforms seem to differentially impact SCA3/MJD pathogenesis, raises
the possibility that other species generated by ATXN3 AS play key roles
in promoting the selective neuronal toxicity displayed by SCA3/MJD
patients.

Hence, the goal of this study was to profile annotated ATXN3 AS
transcripts in blood and cerebellum of mutation carriers of SCA3/MJD
and healthy individuals using RNA sequencing (RNA-seq) data.

2. Material and methods
2.1. Samples and RNA-seq datasets

Two RNA-seq datasets, generated from a total of 72 samples, namely
60 samples from whole blood and 12 samples from post-mortem cere-

bellum (cerebellar lobules) were used in this study: i) a RNA-seq dataset
from whole blood samples of 40 SCA3/MJD subjects (30 patients and 10
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pre-ataxic) and 20 control individuals (Raposo et al., 2023), obtained in
the scope of the European spinocerebellar ataxia type 3/Machado-Jo-
seph disease Initiative (ESMI); and ii) RNA-seq dataset from post-mor-
tem cerebellar samples of six SCA3/MJD patients and six controls
publicly available from the work of Haas and colleagues (Haas et al.,
2022). Detailed information about the blood and cerebellum samples
from SCA3/MJD subjects (and corresponding healthy controls), is pro-
vided in supplementary Table 1. Briefly, RNA extraction and cDNA li-
brary preparation was performed according to manufacturer’s
instructions, as described elsewhere (Haas et al., 2022; Raposo et al.,
2023). Libraries from blood samples were sequenced as paired-end 100
bp reads on an Illumina NovaSeq6000 (Illumina), whereas libraries from
cerebellum samples were sequenced as paired-end 68 bp reads on a
HiSeq2000 (Illumina), both next-generation sequencing (NGS) plat-
forms with limited read length (short-reads). Total number of reads
(read depth) and average of reads length per sample is shown in sup-
plementary table 2.

Ataxin-3 protein levels in plasma (n = 28) and in cerebrospinal fluid
(CSF, n = 8) from a subset of the total 72 SCA3/MJD subjects were
available from previous studies (Gonsior et al., 2021; Hiibener-Schmid
et al., 2021). Briefly, total full-length ataxin-3 and/or mutant ataxin-3
were measured using a time-resolved fluorescence energy transfer
(TR-FRET)-based immunoassay (Gonsior et al., 2021) and a single
molecule counting (SMC) immunoassay (Hiibener-Schmid et al., 2021).

The study was approved by local ethics committees of all partici-
pating centers; all subjects provided written informed consent.

2.2. Bioinformatic analyses of ATXN3 splicing

The reads were trimmed using Cutadapt v2.3. Next, reads were
mapped to the reference genome GRCh38 (Ensembl), using STAR
v2.7.8a (Dobin et al., 2013) and assigned count estimates to genes with
RSEM v1.3.3 (Li and Dewey, 2011). Alignment options followed
ENCODE standards for RNA-seq (Dobin et al., 2013). FastQC (v0.11.8)
(Andrews, 2010) was run on .bam files in a post-alignment step,
including both aligned and un-aligned reads, to ensure data quality.
From the raw reads, TPM was calculated according to Zhao and col-
leagues (Zhao et al., 2020), considering the denominator as the sum over
all samples (brain and blood).

2.3. Ensembl classification biotype

ATXNS3 transcripts were clustered according to the Ensembl classi-
fication biotype (Ensembl release 108 — Jan 2023 (Martin et al., 2023))
as: (i) protein coding (a transcript that contains an open reading frame),
(ii) nonsense mediated decay (NMD; a transcript with a premature stop
codon, predicted as most likely to be subjected to targeted degradation
because the in-frame termination codon is found >50 bp upstream of the
final splice junction), (iii) protein coding sequence (CDS) not defined (a
transcript of a protein coding gene for which a CDS has not been
defined), and (iv) retained intron (a transcript that lacks an open reading
frame believed to contain intronic sequence relative to other, coding,
transcripts of the same gene) which is included in the major category of
long non-coding RNA transcripts. Additionally, using the Ensembl
annotation for the ATXN3 gene (Martin et al., 2023), ATXN3 transcripts
were clustered according to the presence or absence of the CAG tract,
inferred from the presence or absence of exon 10 where the CAG repeat
is located.

2.4. Statistical analyses

To increase the sample size and the power of statistical tests, ATXN3
transcripts were labelled according to its frequency by sample. Tran-
scripts not detected in at least half of our set of samples (i.e., 5 or less
samples from cerebellum and 29 or less samples for blood) were not
included in statistical analyses (Suppl. Table 3, Fig. S1). Transcripts
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levels were compared between biological groups (pre-ataxic versus
controls and patients versus controls) and between tissues (cerebellum
versus blood), and statistical differences were determined by the Mann-
Whitney U test. Among the blood samples from controls (n = 20), a
subset (n = 10) was paired-matched by age and sex to pre-ataxic (CTRL-
PA) and used for group comparisons (pre-ataxic versus CTRL-PA). The
significance of the association between absence/presence of transcripts
within each tissue by biological group (contingency table) was tested
using a Fisher’s exact test. In SCA3/MJD subjects’ group, the relation-
ship between transcript and protein levels was determined using a
Spearman rank correlation test. The ROUT method (Q = 1%) was used to
exclude outliers previously to correlation test. Statistical analyses were
performed in GraphPad Prism version 8.0.1 for Windows (GraphPad
Software, San Diego, California USA). The significance level of all tests
was set to 5%. Graphic bars are shown as median + 95% CI (confidence
interval).

2.5. Availability of data and materials

Data supporting the findings of this study are available in this
manuscript and in supplementary material.

3. Results

3.1. The abundance and the frequency of annotated ATXN3 transcripts
are higher in cerebellum than in blood regardless of the disease status

Data from RNA-seq of whole blood (n = 60) and post-mortem cere-
bellum (n = 12) from SCA3/MJD subjects and age- and sex-matched
controls was used to identify the currently annotated 54 ATXN3 tran-
scripts and quantify their abundance (Fig. 1). All annotated transcripts
were identified in our study. According to Ensembl annotation (Martin
et al., 2023), these 54 transcripts can be classified into four main bio-
types: protein-coding (n = 16), nonsense mediated decay (NMD; n = 19),
protein CDS not defined (n = 16) and retained intron (long noncoding)
(n = 3) transcripts (Fig. 1). In the 16 protein-coding transcripts group,
some structural-related particularities are highlighted (Fig. 1): four
transcripts encode full-length ataxin-3 protein isoforms (ATXN3-214,
ATXN3-215, ATXN3-227, ATXN3-251), including an intact Josephin
domain (JD), whereas the remaining 12 transcripts might encode pro-
teins with variations of the N-terminus (ATXN3-201, ATXN3-203,
ATXN3-204, ATXN3-206, ATXN3-207, ATXN3-209, ATXN3-213,
ATXN3-219, ATXN3-228, ATXN3-231, ATXN3-235, ATXN3-246).
Nine transcripts lack exon 11 and, therefore, translate ataxin-3 isoforms
only with 2UIM (ATXN3-209, ATXN3-213, ATXN3-214, ATXN3-219,
ATXN3-227, ATXN3-228, ATXN3-231, ATXN3-235, ATXN3-246),
while seven transcripts retain exon 11 (ATXN3-201, ATXN3-203,
ATXN3-204, ATXN3-206, ATXN3-207, ATXN3-215, ATXN3-251), and
thus encode 3UIMs isoforms. Finally, and although the annotation of the
3'untranslated (UTR) is incomplete, two ATXN3 transcripts seem to lack
exon 10, which contains the polyQ-encoding tract (ATXN3-209,
ATXN3-213) (Fig. 1).

To explore putative tissue-specific patterns of ATXN3 AS regardless
of the disease status, the frequency of each annotated ATXN3 transcript
detected in samples from SCA3/MJD subjects and controls was deter-
mined within each tissue (blood or cerebellum). Expression levels of
ATXN3 transcripts ranged from 0.01 (blood) to 50.49 (cerebellum)
transcripts per million (TPM). Globally, cerebellum samples displayed
higher expression levels than blood samples (Fig. 2; Suppl. Table 3). The
biotypes with more abundant transcripts in blood and cerebellum is the
retained intron and the noncoding, respectively (Fig. 2). Thirty out of
the 46 (74%) transcripts identified in the cerebellum and 44 out of the
52 (85%) transcripts expressed in the blood could only be detected in
less than half of samples (Fig. S1; Suppl. Table 3); for example, the
protein-coding transcript ATXN3-204 was only expressed in one out of
12 cerebellum samples (8%) and in six out of 60 blood samples (10%)
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Fig. 1. Schematic representation of the annotated 54 ATXN3 transcripts (adapted from Ensembl release 108 — Jan 2023 (Martin et al., 2023)) detected in blood and
cerebellum of pooled SCA3/MJD patients and controls. ATXN3 transcripts in both SCA3/MJD subjects and controls are clustered according to Ensembl-related
biotype - protein coding, nonsense mediated decay, protein coding sequence (CDS) not defined, and retained intron. Moreover, transcripts are clustered by
descending order of frequency within tissue calculated in the present study as well as transcripts with exclusive expression in blood and transcripts with exclusive
expression in cerebellum are highlighted in orange and green, respectively. The Ensembl’s ATXN3 reference transcript ENST00000644486.2|ATXN3-251 (MANE
Select v0.95) is highlighted in blue. Protein-coding transcripts not containing exon 10 (which contains the CAG tract) are highlighted in bold. *The annotation of the
transcript is incomplete at 5’ untranslated (UTR), 3’ UTR or both. The catalytic amino acids cysteine (C) 14, histidine (H) 119 and asparagine (N) 134 are shown in the
respective exons; red diamonds represent a premature termination codon (PTC). Grey box = coding exon (numbered according to the number of exons in the
reference transcript); light grey box = UTR; white box = non-coding exon; UIM = ubiquitin interacting motif; polyQ = polyglutamine tract; NES = nuclear export
signal; NLS = nuclear localization signal. The size of exons/introns/UTR are not drawn to scale. Information regarding variations in the N-terminus and the number
(#) of UIM in protein coding transcripts are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 2. Heatmap of the 54 annotated ATXN3 transcripts detected in cerebellum and blood samples of SCA3/MJD subjects and healthy individuals. Transcripts are
clustered by biotype (protein coding, nonsense mediated decay, protein sequence (CDS) not defined, and retained intron) and disease/health status. Expression
values, shown in transcripts per million (TPM), were obtained for 72 samples (12 from cerebellum - lines one to 12, and 60 from whole blood - lines 13 to 72). The
magnitude of the expression values was set independently for each transcript type cluster. Protein-coding transcripts not containing exon 10 (which contains the CAG
tract) are highlighted in bold. The brain (%) and/or blood (#) symbols indicate transcripts detected in >50% of all samples in each tissue. ATXN3 transcripts with
exclusive expression in blood and transcripts with exclusive expression in cerebellum are highlighted in orange and green, respectively. The Ensembl’'s ATXN3
reference transcript ENST00000644486.2|ATXN3-251 (MANE Select v0.95) is highlighted in blue. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(Suppl. Table 3). ATXN3-233). ATXN3-212 transcript showed the highest expression
The protein coding ATXN3-251 reference transcript and the protein among all transcripts detected in the blood (Fig. 2, Suppl. Table 3, and
CDS not defined ATXN3-208 transcript showed, respectively, the Fig. S1). Two NMD transcripts were exclusively expressed in the cere-
highest expression in blood and in cerebellum. Additionally, the tran- bellum (ATXN3-242, ATXN3-244) (Suppl. Table 3, Fig. S1).
scripts more abundant in blood by biotype were the protein coding
ATXN3-251, the NMD ATXN3-202, the noncoding ATXN3-208 and the
retained intron ATXN3-210, while in cerebellum the more abundant
were the protein coding ATXN3-214, the NMD ATXN3-234, the non-
coding ATXN3-208 and the retained intron ATXN3-205 (Fig. 2).

Eight of the overall 54 annotated transcripts were exclusively
expressed in blood: (i) two corresponded to protein-coding transcripts
(ATXN3-215, which is one of the four transcripts encoding the full-
length ataxin-3 protein isoforms, and ATXN3-228); (ii) four were tran-
scripts targeted for NMD (ATXN3-212, ATXN3-218, ATXN3-221,
ATXN3-236); and (iii) two were protein CDS not defined (ATXN3-220,

3.2. Cerebellar abundance of ATXN3 transcripts is similar in SCA3
patients and controls

Analysis of the distribution of ATXN3 transcripts by biological group
(SCA3/MJD patients and/or controls) in cerebellum samples revealed
that several transcripts were detected only in individual or in a limited
number of samples (Suppl. Table 3).

To compare distributions of cerebellar ATXN3 transcripts between
SCA3/MJD patients and controls, transcripts detected in >50% of all
cerebellum samples (six or more of 12 samples) were selected. Following
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this criterium, 16 transcripts were identified in cerebellum samples
corresponding to seven protein-coding (the reference variant -
ATXN3-251, plus ATXN3-201, ATXN3-206, ATXN3-207, ATXN3-214,
ATXN3-219, ATXN3-227), four targeted for NMD (ATXN3-234,
ATXN3-243, ATXN3-253, ATXN3-254), three protein CDS not defined
(ATXN3-208, ATXN3-217, ATXN3-226) and two retained intron
(ATXN3-205, ATXN3-210; Fig. 2). While all 16 transcripts showed
similar abundance in the cerebellum of SCA3/MJD patients and controls
(p > 0.05; Fig. 3), the protein CDS not defined transcript ATXN3-226
was expressed in all samples from controls but was not expressed in four
out of the six patients (Fisher’s exact test, p = 0.06; Suppl. Table 3).

3.3. Blood abundance of ATXN3 transcripts is similar in SCA3/MJD
subjects and controls

Analysis of the distribution of ATXN3 transcripts in blood samples
from SCA3/MJD subjects (pre-ataxic and patients) and controls revealed
that, similarly to the cerebellum, several transcripts were only detected
in individual or in a limited number of samples (Suppl. Table 3).

Following the same criterium used for the cerebellum, eight ATXN3
transcripts detected in >50% of all blood samples (SCA3/MJD subjects
and controls) were selected for comparative analyses of patients versus
controls and pre-ataxic carriers versus controls. These eight transcripts
corresponded to two protein coding (ATXN3-214 and the reference
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(ATXN3-202, ATXN3-254), one protein CDS not defined (ATXN3-249),
and three retained introns (ATXN3-210, ATXN3-205, ATXN3-248)
(Fig. 2). All eight transcripts showed similar levels between SCA3/MJD
patients or pre-ataxic carriers compared to their respective controls
(Fig. 4).

3.4. The amount of ATXN3-205 transcript in blood is directly associated
with CSF levels of soluble mutant ataxin-3

The relationship between ATXN3 transcript levels from blood cells
and soluble levels of ataxin-3 protein (mutant and/or total) quantified in
plasma, peripheral mononuclear blood cells (PBMCs) and CSF samples
from the same SCA3/MJD subjects was explored in this study (Fig. S2a).
Interestingly, levels of the retained intron transcript ATXN3-205 in
blood cells directly correlated with the abundance of soluble mutant
ataxin-3 in the CSF of SCA3/MJD subjects (p = 0.031, Fig. S2c).
Although not reaching statistical significance, high levels of ATXN3-248
and of the reference transcript ATXN3-251 displayed a trend to subtly
associate with low levels of total ataxin-3 measured in PBMCs of SCA3/
MJD individuals (Fig. S2b, d).

3.5. Expression of the four transcripts encoding full-length ataxin-3 2UIM
and 3UIM protein isoforms are tissue-specific, irrespective of disease status

transcript - ATXN3-251), two transcripts targeted for NMD From the 16 protein-coding transcripts, only four encode a full-
protein coding nonsense mediated decay
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Fig. 3. Levels of the 16 ATXN3 transcripts expressed in more than half of all cerebellum samples from SCA3/MJD patients (n = 6) and controls (n = 6). The
transcripts are clustered according to the type of transcript, as defined by Ensembl classification biotype (Ensembl release 108 - Jan 2023, Martin et al., 2023).
Transcript expression levels are shown in transcript per million (TPM). Bars in the graphs represent the median + 95% CI (confidence interval, error bars).
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transcript per millions (TPM). Bars in the graphs represent the median + 95% CI (confidence interval, error bars).

length ataxin-3 protein with an intact JD and a preserved C-terminus
(ATXN3-214, ATXN3-215, ATXN3-227 and ATXN3-251; Fig. 5a).
ATXN3-214 and ATXN3-227 transcripts encode ataxin-3 2UIM iso-
forms, whereas ATXN3-215 and ATXN3-251 transcripts encode for
ataxin-3 3UIM isoforms (Fig. 5a). To elucidate whether the individual
expression levels of the four transcripts encoding full-length ataxin-3
2UIM and 3UIM isoforms contribute to the tissue-specific vulnerability
observed in SCA3/MJD, the abundance of these transcripts in blood and
cerebellum was compared between SCA3/MJD patients and controls
(Fig. 5b).

Interestingly, two of these four transcripts were only expressed in
some samples. The ATXN3-215 transcript (3UIM) was only identified in
one blood sample (Supp. Table 3); while the ATXN3-227 transcript
(2UIM) was detected at distinct frequencies in both tissues, it was only
measured in three out of 60 (5%) blood samples and in seven out of 12
(58%) in cerebellum samples (Supp. Table 3; Fig. 3). Although being
overall commonly detected in the cerebellum, ATXN3-227 transcript
showed similar levels and frequency in SCA3/MJD patients and controls
(Fig. 3).

The reference transcript, ATXN3-251 (3UIM), showed a ~ 50-fold
increase of abundance in blood samples over cerebellum samples,
whereas the ATXN3-214 (2UIM) transcript was more expressed in the
cerebellum about 20-fold more than in blood (Fig. 5b). The magnitude of
the fold change values, however, could be partially reflecting technical
differences due to different RNA-seq experimental setups. Remarkably,
in cerebellum samples, the ATXN3-214 (2UIM) was expressed 265-fold
more than the ATXN3-251 (3UIM) transcript, whereas in blood samples
the ATXN3-251 (3UIM) transcript was expressed 4-fold more than
ATXN3-214 (2UIM). These observed differences in transcript abun-
dances between tissues were similar in SCA3/MJD subjects and controls.
To account for a potential bias related with sex (the 12 cerebellum
samples were obtained from males), blood samples from males were
selected to be compared with cerebellum samples; levels of ATXN3-214,
ATXN3-227 and ATXN3-251 were similar in male samples from cere-
bellum and from blood (Fig. 5b; samples from males were highlighted in
blue).

4. Discussion

Here, we describe the diversity and abundance of annotated ATXN3
transcripts detected in blood and cerebellum samples from SCA3/MJD
subjects and controls. Globally, the number of different transcripts and
the abundance of transcripts were higher in the cerebellum than in
blood, both in SCA3/MJD subjects and controls. Interestingly, in SCA3/
MJD subjects and controls pooled samples altogether, while the most
abundant transcript in the cerebellum (ATXN3-208) is categorized as a
“protein coding with a CDS not defined of unknown function transcript”
by Ensembl, the transcript showing the highest abundance in the blood
is the protein-coding ATXN3 reference transcript (ATXN3-251) that is
translated into an ataxin-3 3UIM protein isoform. No differences in the
abundance of the most frequent transcripts were found in blood or
cerebellum samples of SCA3/MJD subjects and controls. Noteworthy,
the abundance of ATXN3-251 and ATXN3-214 transcripts, two out of
the four transcripts that encode full-length ataxin-3 protein isoforms but
differ in the C-terminus (2UIM versus 3UIM) were strongly associated
with tissue expression specificity: ATXN3-251 (3UIM) transcript was
expressed in blood 50-fold more than in cerebellum, whereas
ATXN3-214 (2UIM) transcript was expressed in the cerebellum 20-fold
more than in blood.

Studies using a Drosophila model of SCA3/MJD indicate that in
addition to a gain-of-function of the mutant ataxin-3 protein, ATXN3
transcripts harbouring expanded CAG repeats show independent and
progressive cellular toxicity (Li et al., 2008). However, whether such
toxic transcript action occurs in human cells remains to be elucidated.
Hence, the characterization of ATXN3 AS in mutation carriers of SCA3/
MJD might provide fundamental knowledge to unveil the contribution
of such mechanism in SCA3/MJD pathogenesis.

Globally, AS shows its highest complexity (high diversity of tran-
scripts), in the brain among other tissues (Porter et al., 2018). As ex-
pected, ATXN3 transcripts diversity and abundance (a greater number of
transcripts, which are expressed in a larger number of samples with the
highest levels of expression) was higher in the cerebellum than in the
blood and might indicate an important role of ATXN3 AS and its regu-
lation in the neurodegenerative process of SCA3/MJD.



M. Raposo et al.

Neurobiology of Disease 193 (2024) 106456

a. @
P54252-2 | ATXN3-251 MESIFHEKQEGSLCAQHCLNMLLQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRT 68
FSH211|ATXN3-215 MESIFHEKQEGSLCAQHCLNMNLLQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRT 68
P54252-1|ATXN3-214 MESIFHEKQEGSLCAQHCLNMLLQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRT 60
G3V3R7|ATXN3-227 MESIFHEKQEGSLCAQHCLNMNLLQGEYFSPVELSSIAHQLDEEERMRMAEGGVTSEDYRT 68
e e e
@
P54252-2 | ATXN3-251 FLQOQPSGNMDDSGFFSIQVISNALKVIWGLELILFNSPEYQRLRIDPINERSFICNYKEHW 120
FSH211|ATXN3-215 FLQOQPSGNMDDSGFFSIQVISNALKVIWGLELILFNSPEYQRLRIDPINERSFICNYKEHW 120
P54252-1|ATXN3-214 FLQQPSGNMDDSGFFSIQVISNALKVIWGLELILFNSPEYQRLRIDPINERSFICNYKEHW 120
G3V3R7|ATXN3-227 FL-QPSGNMDDSGFFSIQVISNALKVIWGLELILFNSPEYQRLRIDPINERSFICNYKEHW 119
EE R e e
O
P54252-2 | ATXN3-251 FTVRKLGKQWFNLNSLLTGPELISDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQM 18@
F5H211 | ATXN3-215 FTVRKLGKQWFNLNSLLTGPELISDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQM 18@
P54252-1|ATXN3-214 FTVRKLGKQWFNLNSLLTGPELISDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQM 18e
G3V3R7|ATXN3-227 FTVRKLGKQWFNLNSLLTGPELISDTYLALFLAQLQQEGYSIFVVKGDLPDCEADQLLQM 179
B e e e e
P54252-2 | ATXN3-251 IRVOOMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGMLDEDEEDLQRALALSRQEI 248
F5H211 | ATXN3-215 IRVOOMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGMLDEDEEDLQRALALSRQEI 248
P54252-1|ATXN3-214 IRVQOMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGMLDEDEEDLQRALALSRQEI 248
G3V3R7|ATXN3-227 IRVOOMHRPKLIGEELAQLKEQRVHKTDLERVLEANDGSGMLDEDEEDLQRALALSRQEI 239
B e s e S et
P54252-2 | ATXN3-251 DMEDEEADLRRAIQLSMQGSSRNISQDMTQTSGTNLTSEELRKRREAYFEKQ-------- 292
FSH211|ATXN3-215 DMEDEEADLRRAIQLSMQGSSRNISQDMTQTSGTNLTSEELRKRREAYFEKVRLRLQKYI 300
P54252-1|ATXN3-214 DMEDEEADLRRAIQLSMQGSSRNISQDMTQTSGTNLTSEELRKRREAYFEKQ-------- 292
G3V3R7|ATXN3-227 DMEDEEADLRRAIQLSMQGSSRNISQDMTQTSGTNLTSEELRKRREAYFEKQ-------- 291
EE e s S S S e e S e e e S
P54252-2 | ATXN3-251 -QQKQQQ0QQQQQQGDLSGYSSHPCERPATSSGALGSDLGDAMSEEDMLQAAVTMSLETV 351
FSH211|ATXN3-215 QOQKQQQQQQQQGDLSGYSSHPCERPATSSGALGSDLGDAMSEEDMLQAAVTMSLETV 360
P54252-1 | ATXN3-214 -Q0QKQQQQCQ0QQQGDLSGQSSHPCERPATSSGALGSDLGKACSPFIMFATFTLYLTYEL 351
G3V3R7|ATXN3-227 -QQKQQQQQQQQQQGDLSGYSSHPCERPATSSGALGSDL---- === === === === == ==~ 329
EXEXXXXXXEXXXXXXXXXERERRX XXX ERX XX R ER %R
P54252-2 | ATXN3-251 RND--LKTEGKK- 361
FSH211|ATXN3-215 RND--LKTEGKK- 379
P54252-1 |ATXN3-214 HVIFALHYSSFPL 364
G3V3RT7|ATXN3-227 eemmmmmeemee- 329
b.
ATXN3-251 (3UIM) ATXN3-214 (2UIM) ATXN3-227
<0.0001 <0.0001
10 10- 10-
= s+ — = 91
= Z s Z 8
£ 69 = E 74
s 4] S o s ¢l
2 2 2
= 25T - = 47
£ 2.0 A o £ 4 2 3
2 15 i ? 2 2 ]
C 1.0 C 29 °
R = A ° F 14| ala
0.0 —AhbhdA—etotes .L~ 0 “ 0——TATA 000 ' ombe
Cerebellum Blood Cerebellum Blood Cerebellum Blood
A Controls ® Patients

Fig. 5. (a) Sequence alignment of the four full-length ataxin-3 protein isoforms harbouring an intact Josephin domain (JD) and a preserved C-terminus. Ataxin-3
protein isoforms, namely the P54252-2, F5H211, P54252-1 and G3V3R7 are encoded by the ATXN3-251, ATXN3-215, ATXN3-214 and ATXN3-227 transcripts,
respectively. Multiple sequence alignment was performed using Clustal Omega program (Sievers et al., 2011). JD (green line), the three catalytic sites (orange dot)
and the three UIMs (purple lines) are highlighted. (b) Levels of ATXN3-251 (3UIM) and of the ATXN3-214 as well as ATXN3-227 (both 2UIM) transcripts in the
blood and cerebellum samples from SCA3/MJD subjects and controls. Transcript levels are shown in transcripts per million (TPM). Bars in the graphs represent the
median + 95% CI (confidence interval, error bars). Symbols representing males’ samples are highlighted in blue. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Twelve out of 16 protein-coding transcripts are predicted to encode
proteins with truncations in the JD. Such modifications imply that
several ataxin-3 protein forms with a variable N-terminus might exist,
displaying for example different forms of the globular JD or other N-
terminal domains that show cysteine protease activity or even another
yet unknown activity. The fact that ataxin-3 interacts with so many
proteins in cells (reviewed in (Costa and Paulson, 2012)) and is ubiq-
uitously expressed (e.g., (Paulson et al., 1997)) together with our data
indicates that several ataxin-3 isoforms might exist with distinct func-
tions other than the currently known deubiquitinating enzyme role.
Interestingly, four out of these 12 transcripts (ATXN3-201, ATXN3-206,
ATXN3-207, ATXN3-219) are highly expressed in the cerebellum
compared to blood suggesting that these potential encoded proteins may
play specific roles in the cerebellum and that the correspondent mutant
forms could potentially contribute for the observed selective cerebellar
toxicity observed in SCA3/MJD patients.

Four out of 54 transcripts, ATXN3-214, ATXN3-215, ATXN3-227
and ATXN3-251, encode full-length ataxin-3 protein isoforms, which
differ only in the C-terminus. In the present study, the ATXN3-214 and
the ATXN3-227 transcripts, both encoding 2UIM isoforms, are prefer-
entially abundant in cerebellum samples, whereas the ATXN3-251
transcript (3UIM) is more expressed in blood. Altogether, these findings
suggest that ataxin-3 isoforms with 2UIM might have a unique role in
the cerebellum and consequently in neurodegeneration. The correlation
between transcript and protein abundance is still not known and future
studies exploring the role of the ATXN3-214 and ATXN3-227 transcripts
and respective protein isoforms in brain tissues could contribute for the
elucidation of mechanisms involved in cellular vulnerability to mutant
ATXN3 gene products in SCA3/MJD.

Of note, a significant direct relationship between the abundance of
the retained intron ATXN3-205 transcript in blood and soluble mutant
ataxin-3 in CSF samples was observed in a small sub-set of SCA3/MJD
subjects. Because ATXN3-205 is classified by Ensembl as a long non-
coding RNA, such finding suggests that this transcript might have a
regulatory function in the transcription and/or translation of protein
coding transcripts in the nervous system and, therefore, contribute to the
observed correlation with the soluble mutant ataxin-3 protein in the
CSF. More comprehensive studies about the function of these type of
transcripts are needed as well as larger number of CSF samples should be
further analyzed to better explore this preliminary but important
finding.

In this study, transcripts more frequently found in blood (n = 8) and
in cerebellum (cerebellar lobules, n = 16) showed similar levels in
SCA3/MJD patients and controls. Mort and colleagues also described
similar amount of two HTT transcripts in cerebellum samples of HD
patients and controls (Mort et al., 2015). In SCA3/MJD, neuronal loss in
the cerebellar lobules is not as severe as, for example, in the dentate
nucleus or pons (Koeppen, 2018). Whether our findings are specific of
this brain area is unknown and, thus, characterization of ATXN3 tran-
scripts in other SCA3/MJD patients brain tissues showing more severe
lesions would be important to conduct in the future.

In this work, the diversity and abundance of annotated ATXN3
transcripts in SCA3/MJD patients and controls is provided. The meth-
odology used in this study did not allow to (i) identify novel ATXN3
transcripts and (ii) specifically analyze the ATXN3 transcripts with CAG
repeat expansions. Future studies using other NGS approaches,
including novel bioinformatic pipelines to correctly detect CAG expan-
sions are needed to elucidate the contribution of the expanded CAG
repeat itself in ATXN3 AS. Moreover, functional studies to define the role
of the most promising transcripts found in the cerebellum, for example
for its most abundant known non-coding ATXN3-208 transcript, would
be important to conduct in the future. In fact, the majority of annotated
ATXNS3 transcripts might have distinct functions or regulatory properties
and its comprehension will reveal novel mechanisms of SCA3/MJD
pathogenesis.
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5. Conclusions

We show that ATXN3 AS is complex and, thus, its elucidation in the
SCA3/MJD-related tissues should become an integral part of future
design of ATXN3 transcripts-targeted therapeutics to overcome potential
limitations of efficacy of current RNA-based therapies targeting a
limited number of ATXN3 transcripts. Our findings further aid to the
clarification of the specific tissue vulnerability observed in SCA3/MJD
and, therefore, may help unravelling novel mechanisms involved in
SCA3/MJD pathogenesis.
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