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Abstract

Spinocerebellar ataxia type 2 is a polyglutamine (polyQ) disease associated with an expanded polyQ domain within the
protein product of the ATXN2 gene. Interestingly, polyQ repeat expansions in ATXN2 are also associated with amyotrophic
lateral sclerosis (ALS) and parkinsonism depending upon the length of the polyQ repeat expansion. The sequence encoding
the polyQ repeat also varies with disease presentation: a pure CAG repeat is associated with SCA2, whereas the CAG repeat
in ALS and parkinsonism is typically interrupted with the glutamine encoding CAA codon. Here, we asked if the purity of
the CAG sequence encoding the polyQ repeat in ATXN2 could impact the toxicity of the ataxin-2 protein in vivo in Drosophila.
We found that ataxin-2 encoded by a pure CAG repeat conferred toxicity in the retina and nervous system, whereas ataxin-2
encoded by a CAA-interrupted repeat or CAA-only repeat failed to confer toxicity, despite expression of the protein at
similar levels. Furthermore, the CAG-encoded ataxin-2 protein aggregated in the fly eye, while ataxin-2 encoded by either a
CAA/G or CAA repeat remained diffuse. The toxicity of the CAG-encoded ataxin-2 protein was also sensitive to the
translation factor elF4H, a known modifier of the toxic GGGGCC repeat in flies. These data indicate that ataxin-2 encoded by
a pure CAG versus interrupted CAA/G polyQ repeat domain is associated with differential toxicity, indicating that
mechanisms associated with the purity of the sequence of the polyQ domain contribute to disease.
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Introduction

Expansions of microsatellite repeats are a cause of several neu-
rodegenerative disorders. A notable example is the polyglu-
tamine (polyQ) diseases, which are caused by an expansion of a
glutamine-encoding CAG-repeat in the respective disease genes,
and includes six spinocerebellar ataxias (SCA1, 2, 3, 6, 7 and 17),
Huntington’s disease and dentatorubral pallidoluysian atrophy
(1,2). Despite the CAG-repeat mutations occurring in a diverse
set of proteins, the polyQ diseases share some key patholog-
ical mechanisms. For example, longer CAG-repeat expansions
result in earlier disease onset and more severe symptoms (2).
Furthermore, an expanded polyQ results in aggregation of the
disease protein, which causes toxicity via gain-of-function and
loss-of-function effects (1,2). An additional mechanism shared
by many of the diseases caused by expansions of microsatellites
(e.g. CAG, CTG and GGGGCC expansions) is toxicity induced
by the structure of the expanded RNA (3-5). RNA toxicity, first
implicated in myotonic dystrophy type 1, can lead to effects by
binding to and sequestering key cellular RNA-binding proteins
such as splicing factors (6-8). RNA with expanded repeats can
also bind to translation factors and in doing so, the RNA primes
repeat-associated non-AUG protein translation (RAN), which can
occur in multiple reading frames and generates peptides (e.g.
poly-glutamine, poly-serine and poly-alanine) that accumulate
in the brain and are toxic to cells (9-15). Although it is known
that the CAG-repeat from SCA2, SCA3 and Huntington’s disease
can give rise to toxicity when the repeat is either isolated or
flanked by short regions of coding sequence (12,16,17), less is
known about the RNA-toxicity that arises from the CAG-repeat
when embedded in the entire transcript.
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The gene encoding the ataxin-2 protein (ATXN2) harbors a
CAG-repeat that normally consists of 22 or 23 repeats interrupted
with two glutamine-encoding CAA codons (18-20). Expansion
of the CAG-repeat in ATXN2 to >33 causes SCA2, an adult-
onset ataxia that primarily affects neurons in the cerebellum
and brainstem (2,21). The disease-causing repeat in SCA2 is a
pure CAG-tract and lacks the CAA interruption observed in the
normal allele (18-20). Protein toxicity is thought to occur in SCA2
as evidenced by the aggregation of polyQ-expanded ataxin-2
protein in the cytoplasm of affected neurons (22,23). The ataxin-
2 protein functions in translation and RNA metabolism (2,24,25).
A key RNA-binding protein modulated by ataxin-2 is TDP-43
(26). TDP-43 is central to the motor neuron disease amyotrophic
lateral sclerosis (ALS) and is mislocalized to the cytoplasm of
motor neurons in >95% of patients with ALS (27). In animal and
cellular models, ataxin-2 is a dose-sensitive modifier of TDP-43
whereby upregulation of ataxin-2 promotes TDP-43 neurotoxi-
city and downregulation of ataxin-2 mitigates TDP-43-induced
toxicity (26,28,29). Thus, the function of ataxin-2 appears crucial
to additional disease contexts.

Clinical, pathological and genetic evidence suggests that
SCA2 may be on a disease spectrum with parkinsonism and
ALS. For example, some patients harboring an SCA2 expansion
can present with parkinsonism or motor neuron disease (30-
35). Cytoplasmic accumulation of the ALS protein TDP-43 has
been observed in SCA2 brain tissue (26), suggesting that the
degeneration in SCA2 and ALS may impact similar cellular
pathways. Furthermore, intermediate polyQ expansions of ~32-
35Q are associated with parkinsonism (36) and ~29-33Q are
associated with ALS (26,37,38). Intriguingly, and in contrast to
the SCA2 polyQ expansion, the intermediate polyQ expansion
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Figure 1. Ataxin-2 with different RNA sequences of the polyQ repeat region. (A) Domain structure of ataxin-2 protein. PolyQ: polyglutamine domain, LSm: like-Sm
domain, LSmAD: LSm associated domain and PAM2: PolyA-binding protein interacting motif. (B) Predicted RNAfold structure of the ataxin-2 RNA with different CAG
purity polyQ repeat sequences. The red arrows indicate the CAG, CAA/G or CAA tract in the mRNA sequence, blue arrows indicate regions outside of the repeat that are

altered by the CAA/G or CAA expansion.

associated with ALS and parkinsonism is often interrupted with
CAA codons (39,40). Why the subtle differences in CAG/polyQ-
repeat length and composition can lead to different disease
presentations is unclear. Elucidating the disease mechanisms
that underlie the different CAG repeats will be key for under-
standing the biological features that contribute to differences in
neuronal vulnerability and disease presentation.

To better understand how the composition of the CAG-
repeats impact ATXN2-associated toxicity, we developed
Drosophila that were transgenic for the human ataxin-2 protein
encoded by either a pure CAG repeat, a CAG-repeat interrupted
with CAA (CAA/G) or by the extreme non-CAG repeat of a pure
CAA sequence. Surprisingly, our data indicate that ataxin-2
expressed from a pure CAG repeat confers toxicity in ways that
ataxin-2 expressed from a CAA/G interrupted repeat or pure CAA
repeat does not, suggesting that RNA toxicity is a component of
the ataxin-2 CAG-repeat expansion. Our novel ataxin-2 fly model
presents a highly manipulable genetic system to dissect toxic
mechanisms associated with a pure CAG repeat in the context
of the ataxin-2 protein.

Results

Transgenic constructs of ataxin-2 with different polyQ
DNA sequences

To explore the possibility that alternative disease-causing mech-
anisms are associated with different types of repeats encod-
ing polyQ, we generated a series of constructs and transgenic
Drosophila that encoded human ATXN2 with either a pure CAG
repeat, an interrupted CAA/G repeat or a pure CAA repeat (Fig. 1).
Our overall approach was to assess the toxicity and degeneration
that arises from the different ataxin-2 proteins when they are
selectively expressed in the Drosophila eye. Our previous data

indicated that shorter repeat expansions in ATXN2 (CAG,, or
CAGs,) confer little or no visible effects on the eye (28). In human
disease, the CAG-repeat length in SCA2 is in the range of 35-
59, but it can be as long as 77 repeats (18-20,41). Given that
CAG-repeat length in ATXN2 negatively correlates with disease
severity, we assessed the effect of a CAG-repeat of 64 units in the
context of the human ataxin-2 protein.

We designed constructs encoding human ataxin-2 with
either a pure-CAG repeat of 64 units in length, a CAG repeat
interrupted with CAA (CAA/G) in a pattern seen in ALS patients
(40), or with the extreme of a pure CAA repeat. Structurally,
RNAs with a pure CAG repeat fold into a hairpin, whereas CAA-
interrupted repeats break the hairpin and take on a different
structure (42). To gain insight into the structures that the
different CAG repeat regions (CAG, CAA/G and CAA) are predicted
to take in the context of the ATXN2 mRNA, we used the RNAfold
webserver (43). This showed that the expanded CAG, CAA/G and
CAA repeat sequences in the ATXN2 mRNA are predicted to
undertake very different structures (Fig. 1B): as expected, the
pure CAG is a predicted hairpin, whereas the CAA/G repeat
is a series of smaller hairpins, while the CAA forms a large
loop (Fig. 1B). Thus, within the context of the entire ATXN2
mRNA sequence, the CAA/G and CAA repeats cause predicted
differences in the structure of the larger transcript.

A series of transgenic Drosophila strains
expressing ataxin-2 bearing different polyQ
codon repeat sequences

To measure and compare disease-causing toxicity of human
ATXN2 with an expanded CAG versus CAA/G versus CAA repeat,
we generated approximately 10 independent strains of trans-
genic Drosophila (also referred to as the fly) for each repeat type.
Each fly line was characterized for repeat length using direct
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Figure 2. mRNA levels of UAS-ATXN2 transgenes. ATXN2 mRNA levels were
measured relative to ATXN2-CAGy, by real-time PCR. The ATXN2 transgenic
lines were expressed by the inducible daughterless gene switch (daGS)-GAL4
driver. Males of the correct genotype were aged for 48 h on 200 pg of RU486, at
25°C. The abdomens were removed and discarded, and total RNA was isolated
from the remaining thorax and head tissue from ~10 males per genotype. Data
represent the mean (s.e.m) from three independent cohorts. The transgenic lines
are grouped by ATXN2 mRNA expression levels (1x, 2x and 6x) relative to the
ATXN2-CAGj; mRNA levels. One-way ANOVA with Tukey’s test was performed
between repeat length groups. See Supplementary Material, Table S4 for full
genotypes.

DNA sequencing of the genomic DNA. The ATXN2 mRNA expres-
sion levels were measured by real-time PCR and compared with
our previously generated ATXN2-CAG,; fly line (28). This yielded
a series of fly lines with specific repeat lengths for each of the
distinct repeat sequences and with expression that was equal
to twice as high or up to six times greater than ATXN2-CAG,,
(Fig. 2, Supplementary Material, Fig. S1, Supplementary Material,
Table S1). The pure CAG-repeat lines and pure-CAA lines had
lengths of 64 units and will be referred to as CAGgs and CAAg,,
respectively, whereas the CAA/G repeat lines had a unit length of
65 and is referred to as CAA/Ges. We selected transgenic ATXN2
fly lines of the different repeat structures and grouped them
into those with expression levels comparable to ATXN2-CAGy,
(1x) or levels that were either 2-fold (2x) or 6-fold (6x) greater
than ATXN2-CAG,; (Fig. 2, Supplementary Material, Table S1).
Our selected ATXN2 transgenes (1x, 2x and 6x) were
expressed in the fly eye with gmr-GAL4 and the resulting effect
on the eye was assessed both externally and internally. Our
analysis showed that ATXN2 expressed at lower levels (1x and
2x) did not confer a visible effect on the external eye surface
or internal retina (Fig. 3). However, ATXN2-CAGs, (line HZ96R)
with expression 6x that of ATXN2-CAG,, (referred to as 6x
ATXN2-CAGe,) caused external eye disruption with mild loss
of pigmentation and internal thinning of the retina (Fig. 3).
Intriguingly, expression of either ATXN2-CAA/Ges or ATXN2-
CAAgs with expression 6x that of ATXN2-CAG, (referred to as 6x
ATXN2-CAA/Ggs and 6x ATXN2-CAAg,) failed to confer a visible
effect on the eye (Fig. 3). Thus, we selected the 6x ATXN2 fly

lines to investigate potential differences between a CAG, CAA/G
and CAA encoded repeat expansion.

A pure CAG-repeat is required for toxicity of ataxin-2
in the fly eye

Our initial analysis indicated that only the 6x ATXN2-CAGe
line conferred retinal degeneration. We examined this in greater
detail by quantifying the eye degeneration caused by expression
of the 6x ATXN2-CAGse, transgene compared with the 6x ATXN2-
CAA/Ggs and 6x ATXN2-CAAg, transgenes. Our analysis showed
that expression of the 6x ATXN2-CAGe, transgene resulted in
a significant decrease (P <0.0001) in retinal width, indicating
degeneration (Fig. 4A and B). In contrast, expression of the 6x
ATXN2-CAA/Ggs and 6x ATXN2-CAAgs transgenes caused lit-
tle to no retinal degeneration (Fig. 4A and B). To confirm that
expression of ATXN2-CAGgs at a level of 6x the ATXN2-CAGy,
line conferred toxicity, we expressed a combination of multiple
independent ATXN2-CAGg, transgenic lines in the eye, which
combined would be 6x ATXN2-CAG»,, and confirmed both exter-
nal and internal degeneration of the fly eye (Supplementary
Material, Fig. S2). These data indicate that the degeneration of
the fly eye is due to expression of ATXN2-CAGe;, at a level that is
6x ATXN2-CAGy,.

We next considered that the different ATXN2 transgeniclines,
despite similar mRNA expression levels (see Fig. 2), may be trans-
lated to different extents, and perhaps, the 6x ATXN2-CAGe, fly
line had higher levels of the ataxin-2 protein compared with the
6x ATXN2-CAA/Ges and 6x ATXN2-CAAg, fly lines. To examine
this possibility, we assessed the levels of the ataxin-2 protein in
fly heads by western immunoblot. These data showed that the
level of ataxin-2 protein expressed from the 6x ATXN2-CAGs, and
6x ATXN2-CAA/Gegs transgene did not significantly differ and,
consistent with our mRNA analysis in Figure 2, both were higher
than ATXN2-CAG, (4+2 fold and 3+2 fold (SD), respectively)
(Fig. 4C and D). However, strikingly, despite conferring no toxicity
when expressed in the fly eye (Fig. 4A and B), the level of ataxin-2
protein expressed by the 6x ATXN2-CAAg, line was significantly
higher than the ataxin-2 protein expressed by ATXN2-CAGj,, 6x
ATXN2-CAGes and 6x ATXN2-CAA/Ggs (Fig. 4C and D). Thus, our
data suggest that the toxicity associated with ataxin-2 is not
simply due to expression levels of an ataxin-2 protein with along
polyQ Q64/Q65 domain but is also due to the presence of a pure
and expanded CAG repeat sequence in the ATXN2 mRNA.

To further explore the differences in the ataxin-2 protein
produced by the different ATXN2 transgenes, we examined
ataxin-2 protein localization in fly retinal tissue. This revealed
that ataxin-2 when expressed by the 6 x ATXN2-CAGs, transgene
accumulated into punctate aggregates (Fig.4E). In contrast,
ataxin-2 expressed from the 6x ATXN2-CAA/Ggs (Fig.4E), or
ATXN2-CAAs, transgene (Supplementary Material, Fig. S3)
showed a diffuse expression pattern. Collectively, our data
indicate that a CAG-repeat expansion in ATXN2 is more toxic
than the interrupted CAA/G-repeat and CAA-repeat and that the
ATXN2-CAGgs mRNA promotes the aggregation of the ataxin-
2 protein. Combined, our data suggest that at the levels and
duration of ataxin-2 expression used in our studies, RNA toxicity
is a component of the SCA2 mutation in ataxin-2.

Differential toxicity in the nervous system of CAG
versus CAA/G versus CAA ATXN2 transgenes

Our analyses in the Drosophila eye indicated that only the 6x
ATXN2-CAGg, transgene conferred toxicity when expressed in
the eye with the gmr-GAL4 driver (see Fig. 4). We next set out
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Figure 3. The effects in the eye of ataxin-2 bearing different polyQ repeat sequences. The ATXN2 transgenes were expressed selectively in the fly eye with the gmr-GAL4
driver and crosses were raised at 24°C. The external eye (upper panel) and internal retina (lower panel) are presented. Under these conditions, only expression of 6x
ATXN2-CAGgy4 caused visible degeneration of the eye. The white hatched line (upper panel) encompasses the external degeneration and the black double headed arrows
(lower panel) indicate retinal width. Control (ctrl) is w; UAS-mCD8-GFP/+; gmr-GAL4/+. See Supplementary Material, Table 54 for full genotypes.

to determine if the differential toxicity of a pure CAG repeat
versus a CAA/G-repeat or a CAA repeat extended to other tissue
types. To do this, we expressed the ATXN2 transgenes in a
range of different fly tissues. To test the effect of the repeat
in the context of the nervous system, we expressed the ATXN2
transgenes with the elav3A-GAL4 driver, which expresses in all
neurons of the brain from early developmental stages through to
adulthood. Consistent with expression of the 6x ATXN2-CAGg,
transgene conferring toxicity to the eye, expression of the 6x
ATXN2-CAGg, transgene selectively in neurons was highly toxic
and caused a developmental lethality that resulted in very few
progeny surviving to adulthood (Fig. 5A). The 6x ATXN2-CAA/Ges
and 6x ATXN2-CAAes, as well as 3x ATXN2-CAA/Ggs and 3x
ATXN2-CAAss (Supplementary Material, Fig. S3), conferred little
or no toxicity when expressed in the nervous system (Fig. 5A).
Thus, the selective toxicity of the 6x ATXN2-CAGg, transgene to
the retina was a shared property with expression in the entire
nervous system. Next, we directed the expression of the ATXN2
transgenes ubiquitously in the animal from early development
using the daughterless (da)-GAL4 driver. Intriguingly, in this case,
expression of all three 6x ATXN2 transgenes (CAGgs, CAA/Ggs
and CAAq) was toxic and led to developmental lethality that
resulted in no adult survivors (Fig. 5B). Furthermore, ubiquitous
expression of ATXN2-CAG,,, ATXN2-CAGs;, and the 1x expanded
repeat proteins (ATXN2-CAGgs, ATXN2-CAA/Ggs and ATXN2-
CAAg,) also resulted in no adult survivors (Supplementary
Material, Table S2). These findings suggest that ataxin-2 toxicity
when expressed ubiquitously may be associated with the
ataxin-2 protein versus the specific mRNA sequence of the
polyQ domain.

The enhancement of TDP-43 toxicity by ataxin-2 is
mediated by the protein and not the mRNA

ALS patients with an intermediate CAA/G expansion in ATXN2
present with the pathological hallmark of cytoplasmic TDP-43
aggregates in affected neurons (40,44), indicating that mutation
in ATXN2 impacts ALS disease features. Furthermore, we
previously demonstrated that upregulation of ATXN2-CAG,, and
ATXN2-CAGs; in the fly enhances the toxicity of the wild-type
form of TDP-43 (28). We thus determined whether the ATXN2
transgenes with a longer CAG repeat length enhanced the
toxicity of the wild-type TDP-43 and whether the composition

of the repeat (CAG or CAA) altered the enhancement. We
selected ATXN2-CAGg; and ATXN2-CAAg transgenes that
expressed ATXN2 mRNA at levels that did not significantly
differ from ATXN2-CAG,, and were classified as 1x (see Fig. 2,
Supplementary Material, Table S1). Co-expression of the ATXN2
transgenes with TDP-43 in the fly eye showed that the 1x
ATXN2-CAGgs and 1x ATXN2-CAAg, transgenes enhanced TDP-
43 degeneration of the external eye and internal retina in a
manner similar to that of ATXN2-CAG22 (Fig.6A and B and
Supplementary Material, Fig. S4). These data are consistent with
our previous findings that the interaction between TDP-43 and
ataxin-2 with an intermediate CAG repeat is at the protein level
(26,28), indicating that the RNA sequence of the ataxin-2 repeat
appears not to influence the interaction with TDP-43. These data
suggest that RNA toxicity arising from the pure CAG-repeat in
ATXN?2 is a feature of SCA2, but not ALS.

Regulation of ATXN2-CAGg, toxicity by proteins
involved in transcription and translation

Mounting evidence indicates that transcription of long-repeat
sequences, such as CAG and GGGGCC, in the context of
short fragments of coding sequence is dependent on specific
transcription factors (45-48). Furthermore, the transcribed
RNA-repeat sequence can initiate RAN translation to generate
peptides that are toxic (10-12,14,15,17,49). These findings
suggest that targeting pathways that can selectively inhibit the
transcription and translation of long repeat sequences may have
potential as a therapeutic approach. Given that a pure repeat
of CAGe in the context of the full-length coding sequence for
ATXN2 (6x ATXN2-CAGgs) conferred strong toxicity to the fly
eye, we considered that transcriptional and RAN translational
mechanisms linked to the CAG repeat may be involved.
Previously, we defined a number of gene modifiers important
for transcription of an expanded GGGGCC-repeat sequence
that is found in the C9ORF72 gene in ALS and frontotemporal
degeneration (FTD) (46,47). Those studies indicated that the DRB
Sensitivity Inducing Factor (DSIF) and polymerase-associated
factor 1 (PAF1) complex are important for transcription through
the highly structured GGGGCC-repeat region. The DSIF complex
has also been shown to be important for transcription of CAG
repeats in the context of the Huntington’s disease fragment
proteins in yeast and mice (45,50).
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Figure 4. Protein expression of the ATXN2 transgenes shows the CAA/Ggs and CAAg, express robust protein yet are not toxic. (A) Expression of 6x ATXN2-CAGg4 at
25°C disrupted the external eye (upper panel) and internal retina (lower panel), while 6x ATXN2-CAA/Ggs or 6x ATXN2-CAAgy did not cause any visible degeneration.
The white hatched line encompasses external degeneration, and the black double headed arrows indicate retinal width. Expression of 6x ATXN2-CAGg4 at 25°C is
more toxic than at 24°C (Fig. 3). Control (Ctrl) is w; UAS-mCD8-GFP/+; gmr-GAL4/+. (B) Expression of 6x ATXN2-CAGgs in the eye significantly reduced retinal width
compared with the control. Mean (s.e.m.) is presented. Each data point represents one head where three independent sections were measured and averaged; this was
performed on three animals from three independent biological repeats. The averaged data from each animal examined are presented and were analyzed by one-way
ANOVA and Tukey'’s test. NS: not significant. Asterisks, significant. *P < 0.05 and ****P < 0.0001. Control (Ctrl) is w; UAS-mCD8-GFP/+; gmr-GAL4/+. (C) ATXN2-CAGyy, 6x
ATXN2-CAGgg, 6x ATXN2-CAA/Ggs and 6x ATXN2-CAAg4 were expressed by the inducible daGS-GAL4 driver. Males of the correct genotype were aged for 48 h on 2 pg of
RU486, at 25°C. Protein was isolated from head tissue from 10 males per genotype. Upper panel is immunoblotted for ataxin-2, arrow indicates the full-length protein,
indicates the previously reported cleavage product (22). Lower panel is the same immunoblot probed for Lamin C. Control (Ctrl) is w18; +/4; +/+ (BL5905). (D) Ataxin-2
protein levels were quantified relative to Lamin C. 6x ATXN2-CAAg, total protein levels were significantly higher than the protein produced by 6x ATXN2-CAGg4 and
6x ATXN2-CAA/Ggs. Mean (s.e.m.), n=3, one-way ANOVA and Tukey'’s test is presented. NS: not significant. Asterisks, significant. *P < 0.05, **P <0.01 and ***P <0.001.
Control (Ctrl) is wll18; 4/4; +/+ (BL5905). (E) Expression of 6x ATXN2-CAA/Ggs in the eye with the gmr-GAL4 driver leads to diffuse protein localization in the retina
(arrowheads). In contrast, 6x ATXN2-CAGg4 when expressed in the eye accumulates as aggregated inclusions (arrows). Control (Ctrl) is w; UAS-mCD8-GFP/+; gmr-GAL4/+.
See Supplementary Material, Table S4 for full genotypes.


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab148#supplementary-data

Human Molecular Genetics, 2021, Vol. 30, No. 19 | 1803

A Expression of ATXN2-CAG,, B Ubiquitous expression of 6X ATXN2-CAG,,
in the nervous system is toxic is toxic regardless of CAG-repeat composition
1.4 4 : ns l p < 0.0001 1.4 4
1.2 4 Kk kK [ I [ | 1.2 4 " p -0.0182
) s ]
o 104 g@ o [& _%_ oo g 104 ee9
© 0.8 + K 08+
% 0.6 E 0.6
Qo
€ 04 g o4
021 3 0.2 | —
0.0 3_: %I 8[ gl El %l 0.0 L‘_ \é:;rv g‘?v ‘:r:vv
o i g % = & <
ATy 2, E, ) 3 :5 A 0% 3,
< © © < © 3 ©
3 £ ¢ ¢ 2 g § ¢ g =
T O < < O < O
T < < D 0% o 2
® %X O O 5 & <X O X
© -4 == =2 - © . ©
x X ~ < S
0 & ©

elav3BA-GAL4 > ATXN2 daughterless (da)-GAL4 > ATXN2

Figure 5. Differential tissue toxicity of ATXN2 transgenes. (A) The ATXN2 transgenes were expressed selectively in the nervous system with the elav3A-GAL4 driver.
The resulting progeny were scored for genotype and a ratio was calculated based on the expected Mendelian frequencies. Only ATXN2-CAGg4 Was toxic in the nervous
system. Mean (s.e.m.), n=4 experiments, one-way ANOVA and Tukey’s test is presented. NS: not significant. Asterisks, significant. ***P <0.001. Control (Ctrl) is w;
elav3A-GAL4/UAS-mCD8-GFP; +/+. (B) Ubiquitous expression of the ATXN2 transgenes with daughterless-GAL4 (da-GAL4) is toxic regardless of the sequence composition
of the polyQ repeat. Flies were scored as viable (1) or completely inviable (0), each datapoint represents a biological repeat (n =3 experiments). Data were analysed using
a Kruskal-Wallis test and a Dunn’s multiple comparison test. Control (Ctrl) is w; UAS-mCD8-GFP/+; da-GAL4/+. See Supplementary Material, Table S4 for full genotypes.
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internal eye was equally enhanced by the co-expression of ATXN2-CAGg4 or ATXN-CAAg4. White hatched lines (upper panel) indicate external degeneration and double-
headed arrows (lower panel) indicate retinal width. Control is w; mCD8-GFP/+; gmr-GAL4/+. (B) Quantitation of the retinal depth confirms that all ATXN2 transgenes,
regardless of repeat sequence, show similar impact on retinal depth in this assay. See Supplementary Material, Table S4 for full genotypes.
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upper panel) and internal retina (double-headed arrow, lower panel). Control (ctrl) is w; gmr-GAL4/+. (B) Quantification of internal retinal width showed that only
downregulation of e[F4H1 and elIF4E3 significantly improvement retinal width compared with the control (ctrl). Mean (s.e.m.), one-way Anova and a Dunnett’s test.
*#%P <0.0001, *P < 0.05, ns not significant. Control (ctrl) is w; gmr-GAL4/+. See Supplementary Material, Table S4 for full genotypes.

To determine if the DSIF complex or the PAF1 complex reg-
ulated the toxicity of ATXN2-CAGes, we determined whether
the mis-regulation of two crucial components of each complex
(Spt4 and Pafl, respectively) altered the eye degeneration caused
by ATXN2-CAGgs. These studies showed that downregulation
of either Spt4 or Pafl had little to no effect on ATXN2-CAGg,
associated eye toxicity (Fig. 7), despite their robust effects on the
GGGGCC repeat in the fly (46,47). These data indicate that the

DSIF and PAF1 transcriptional protein complexes do not impact
the toxicity of the expanded CAG repeat in the context of the
ataxin-2 mRNA.

We next addressed the involvement of RAN translation in
the observed toxicity arising from the 6x ATXN2-CAGe, trans-
gene. Previously, we discovered in the context of the GGGGCC-
expanded repeat, elongation factors elF4B and elF4H function
critically in vivo for production of GR peptides from the GGGGCC
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repeat (49). We therefore determined whether either eIlF4B or
elF4H were critical for the eye toxicity generated by the CAGg,
repeat in ATXN2. Our data indicated that reduction of elF4B
or elF4H had some effect to mitigate the toxicity of the 6x
ATXN2-CAGg, transgene (Fig. 7). These data raise the possibility
that disease-associated toxicity of the expanded CAG repeat in
the ATXN2 mRNA may involve translational mechanisms and
share some mechanistic overlap with RAN translation of the
non-coding GGGGCC repeat.

Discussion

Here, we have generated and characterized a range of novel
fly models of ataxin-2-associated neurodegenerative disease.
Our ataxin-2 transgenic fly models express a pathogenic polyQ
ataxin-2 protein encoded by different glutamine-coding codons:
the SCA2-associated CAG repeat, interrupted CAA/G repeat asso-
ciated with parkinsonism and ALS, or an experimentally pro-
duced pure CAA repeat. Altering the composition of the CAG
repeat is predicted to change the RNA structure, with only the
CAG repeat forming a long single hairpin (see Fig. 1). Strikingly,
only the transgene with a polyQ domain encoded by the pure
CAG-repeat showed a degenerative effect when expressed in the
eye or nervous system (see Figs 3-5). The difference was not due
to differing levels of the ataxin-2 protein since the transgene
with a CAA (ATXN2-CAAg) sequence showed significantly higher
levels of the protein than the ATXN2-CAGg, transgene. Further-
more, the interrupted ATXN2-CAA/Ges repeat transgene, which
is predicted to fold into multiple shorter hairpins, produced pro-
tein at levels no different to the ATXN2-CAGg, transgene yet still
conferred no toxicity in the eye or nervous system in our study
(see Figs 3-5). Intriguingly, the ataxin-2 protein, despite being
expressed at similar levels with the different repeat sequences,
showed an aggregated pattern of expression from the CAG-
encoded transgene, compared with the CAA/G or CAA trans-
genes (see Fig. 4). These findings indicate that abolishing the
long CAG hairpin (CAA repeat) or replacement of a long hairpin
with several shorter hairpins (CAA/G) is sufficient to prevent
disease-associated toxicity to the eye and nervous system of
the fly. All repeat variants (CAG, CAA/G and CAA) of ATXN2
were toxic when expressed in the entire animal (see Fig.5)
indicating that the nervous system appears more sensitive to the
expanded CAG repeat bearing ATXN2 transgene. One potential
mechanism underling the CAG-induced toxicity may be that
a pure CAG could encode toxic proteins in alternative reading
frames through RAN translation or through frameshifting. Such
proteins may be more aggregation prone than ataxin-2, thus
leading to the protein aggregation that we observe with the
CAG-repeat encoded ataxin-2 protein. Our data indicate that
the toxicity of the 6x ATXN2-CAGs, transgene shows sensitivity
to the levels of a translation factor (eIF4H; see Fig. 7) that also
modulates the toxicity of a GR peptide from the GGGGCC repeat
(49). The RNA hairpin formed by a pure CAG repeat could also
convey toxic features, such as activating the dsRNA pathway,
among others (51-53). Collectively, these studies provide a novel
fly model for dissecting different pathogenic mechanisms of
ataxin-2-associated neurodegenerative disease.

The human ATXN2 gene has different nucleic
acid sequences of the polyQ domain and different
clinical manifestations

PolyQ repeat expansions in ataxin-2 are interesting in that
they are a risk for a number of different clinical presentations.
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Uninterrupted CAG repeat expansions in ATXN2 (34 and greater)
present with SCA2, which is characterized by cerebellar dysfunc-
tion and ataxia (2,21,54,55). In contrast, expansions greater than
the normal 22/23, but typically below the threshold for SCA2
(>33), can present with the motor neuron disease ALS (26,38).
CAA interrupted repeat expansions of SCA2 length can present
with parkinsonism (36,56), which is a movement disorder
characterized by tremors and stiffness. Interrupted expansions
have also been associated with FTD (35). These different disease
presentations reflect the varying extent to which different brain
regions are affected, with differing penetrance of functional loss
in different brain regions presumably underlying symptomatic
presentation of ataxia versus motor neuron degeneration versus
parkinsonism versus dementia as the dominant feature. Thus, a
fascinating aspect of these different ataxin-2-associated disease
presentations is that the domain encoding the polyQ is an
uninterrupted CAG repeat for SCA2, whereas ALS, parkinsonism
and FTD present with CAA interrupted CAG repeats (37,40,56).
For the polyQ diseases, the purity of the repeat influences its
tendency to expand both intergenerationally and somatically
(57-60). As a pure uninterrupted CAG repeat disease, SCA2 is
predicted to be associated with greater somatic expansions, and
thus a more toxic protein in tissues that bear the expansions.
In the fly, pure CAG repeats can expand intergenerationally,
although at a much lower frequency than in humans and
somatic expansion is extremely rare (61). Thus, the differing
toxicity of the 6x ATXN2-CAGe, in the fly is not likely due to
changes in the length of the repeat; rather, other biological
features associated with pure versus interrupted CAG repeats
likely underlie the differential toxicity seen in the fly.

Biological processes associated with pure versus
interrupted repeats

The structure of an RNA comprised of pure CAG repeats is a
hairpin (42,62). Such hairpins may sequester RNA-binding pro-
teins, leading to the loss of function of the sequestered protein
from other activities in the cell (5,63). In contrast, an RNA that is
CAA interrupted is predicted to undertake a branched structure
(see Fig. 1) and thus may not sequester proteins or not sequester
them to the same extent. The CUG-repeat expanded hairpin that
is associated with the myotonic dystrophy protein kinase has
been shown to activate signaling pathways (51,64), highlight-
ing another feature that may be associated with pure hairpin
repeats. Thus, by sequestering RNA-binding proteins and/or by
activating select pathways, the 6 x ATXN2-CAGg4 transgene may
be more toxic than an RNA expressed from a transgene bearing
an interrupted CAA/G-repeat RNA or the pure CAA-repeat RNA.

Pure CAG-repeat sequences, if sufficiently long, have the
capacity to frameshift (65,66) or to undergo RAN translation
(12,13,67). Thus, a long CAG repeat could frameshift or encode
poly-alanine (A) and poly-serine (S) protein. Both polyA and
polyS have been shown to be toxic to neurons in culture, and
potentially more toxic than polyQ (65,66). Previous studies with
an in vivo fly model for the intronic repeat expansion associated
with ALS/FTD of GGGGCC highlighted specific translation factors
that are important for expression of a poly-GR peptide (48,49).
Among these, elF4B and elF4H were key to GGGGCC toxicity
and importantly reducing their function on their own has little
effect on the animal. Here, we found that reduced expression of
elF4B and elF4H also mitigates toxicity of the 6x ATXN2-CAGg,
transgene. These factors can stimulate the helicase activity of
elF4A for translation of structured RNAs, indicative of a role in
RAN translation. Our data are consistent with a previous study
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in mammalian cells that showed that RAN translation can occur
from an expanded CAG repeat that contained a short stretch
of the downstream ATXN2 sequence (17). Interestingly, here, we
found that the transcriptional regulator Spt4 appears not to
impact the toxicity of the expanded CAG repeat in the ATXN2
transgene, although it has been shown to be important for
transcription of pathogenic CAG-repeats in Huntington’s disease
transgenes and the GGGGCC repeat of ALS/FTD (45,46,50). We
also did not observe ATXN2-CAGg, to be sensitive to PAF1, a
transcription factor that impacts toxicity of the GGGGCC repeat
(47). These findings may indicate that in our ATXN2-CAGe, fly
model, RAN translation rather than repeat-associated transcrip-
tion, has a bigger influence on toxicity. Emerging data, including
this study, indicate some RAN translation factors are important
for more than one type of nucleotide repeat expansion, such
as GGGGCC, CGG and CAG-repeat expansions (14,15,49,68-71). A
fuller understanding of RAN translation is required to appreci-
ate the biological overlap between different repeat expansion
sequences.

Intriguingly, the 6x ATXN2-CAGg was highly toxic in the
retina and nervous system compared with the interrupted
CAA/G repeat or CAA repeat; however, all transgenes were
equally toxic when expressed ubiquitously (see Figs 4 and 5).
These findings suggest that the brain and nervous system have
selective processes important for toxicity of a pure CAG repeat.
The similar toxicity observed for the three repeat types when
broadly expressed may be due to expression of ataxin-2 and
not processes associated with a pure CAG-repeat RNA encoding
the polyQ domain. Notably, the CAA- and CAG-repeat encoded
ATXN2 similarly enhanced TDP-43 (see Fig. 6), underscoring that
the interaction between TDP-43 and ataxin-2 is at the protein
level, and the CAG purity of the Ataxin-2 polyQ repeat has
minimal impact on this interaction.

Concluding remarks

We have uncovered a differential effect of a CAG-repeat encoded
ataxin-2 protein versus the same protein encoded by an inter-
rupted CAA/G repeat. Additional study of this system, including
for gene interactions and directed analysis to test mechanisms
(for example, mechanisms of RAN translation), may help to
uncover specific pathways and gene players that contribute to
the different clinical manifestations associated with the CAG
repeat composition in ATXN2 in human disease. These players
may also help reveal additional mechanisms associated with the
broader repeat expansion diseases.

Materials and Methods

Key reagents and sources are listed in Supplementary Material,
Table S4.

Drosophila culture and lines

Fly stocks were maintained on standard cornmeal molasses agar.
Progeny from fly crosses were raised at the indicated tempera-
tures. UAS-ATXN2(CAG)ss, UAS-ATXN2 (CAA/G)ss and UAS-ATXN2
(CAA/G)gs transgenic lines were generated by The BestGene,
Inc (Chino Hills, CA). The control transgene was y! wx; UAS-
mCD8-GFP, which was obtained from the Bloomington Drosophila
Stock Center and backcrossed into w'!*® (stock BL5905) with the
y! removed from the genotype. The daughterless(da)-GAL4 was
obtained from Bloomington Drosophila Stock Center. Elav3A-Gal4
was a gift of M. Tanouye (72). Glass multimer reporter gmr-GAL4(III)

was a gift from Y. Hiromi. The UAS-TDP-43, UAS-ATXN2-Q22 and
UAS-ATXN2-Q32 are described (26,28). Sources and genotypes of
fly lines are given in Supplementary Material, Table S4. Experi-
mental crosses were carried out at 25°C unless stated otherwise.
For all experimental crosses, the internal temperature of the
incubator was routinely monitored.

Ataxin-2 transgenes with variable sequence repeats

Transgenes expressing ATXN2 with a CAA/G interrupted repeat
were generated as follows. Two oligos were synthesized, 65caag-
1 and 65caag-2 (Supplementary Material, Table S3). Two PCR
reactions were set up using Phusion™ DNA polymerase (Ther-
moFisher Scientific, Waltham, MA) with pUAST-ATXN2-(CAG)22
as template, one with primer set NB1781 and 65caag-1 and the
second with primer set 65caag-2 and NB1792 (Supplementary
Material, Table S3). The PCR products were gel purified, phospho-
rylated with T4 polynucleotide Kinase (NEB M0201S) and ligated
with Quick ligation kit (Roche 11635379001). A PCR reaction was
set up using Phusion DNA polymerase with the above ligation
reaction as template with primers NB1781 and NB1792. The
PCR product was gel purified, subcloned into the pGEMT vector
(Promega). The resulting colonies were prepared for sequencing
to determine the sequence and repeat length of the various
colonies. The clone with the desired repeat length was digested
with AcsI and Xhol, gel purified, ligated with pUAST-ATXN2
digested with AcsI/Xhol. The colonies were sequenced to confirm
the final construct pUAST-ATXN2-CAA/Ggs. The same strategy
was used to generate pUAST-ATXN2-CAAq,, except using primers
CAA64-1A and CAA64-2S (Supplementary Material, Table S3).
PUAST-ATXN2-CAGg, made from a human ATXN2 clone with a
long polyQ repeat [generously shared by S. Pulst (University of
Utah, Salt Lake City, UT)], the final insert was sequence veri-
fied. The constructs were maxi-prepped and transformed into
Drosophila (The Best Gene, Inc., Chino Hills, CA). Independent
transgenic insertions were mapped and balanced to the chromo-
somes. To determine the repeat lengths in individual transgenic
fly lines, genomic DNA was isolated from single animals. PCR
was performed using primers Sca2-S2 and Sca2-B (Supplemen-
tary Material, Table S3) with Takara LA taq polymerase (Takara
RRO2AG). The PCR products were run on a bioanalyzer to size
the repeat.

Realtime PCR

Approximately 10-20 males per genotype were aged on fly food
containing 200 pg of RU486 (Sigma-Aldrich, M8046) for 48 h.
Biological triplicates were collected for each genotype. RNA iso-
lation and real-time PCR were performed as previously described
(73), with minor alterations. The abdomen from the RU486-
treated males was removed and discarded, and the remaining
tissue from 10 males per genotype was homogenized by hand in
250 pl of Trizol (ThermoFisher Scientific, 15596 026). After adding
an additional 250 pl Trizol, the RNA was extracted with chloro-
form and precipitated with ethanol and sodium acetate, pH 5.2.
RNA was re-suspended in RNase-free water. RNA quality was
assessed by Bioanalyzer. Genomic DNA was removed from the
total RNA using Turbo DNA-free (Amersham, AM1907). Random
primed cDNA was made from 250 pg of RNA using Superscript III
(ThermoFisher Scientific). Real-time PCR was performed using
SYBR FAST (Amersham 4385610), with all samples and repli-
cates run on the same 384-well plate. The AACt method was
used to determine mean fold change. Primers used were SV40
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FP2, SV40 RP2, g-Tubulin FP and B-tubulin RP (Supplementary
Material, Table S3).

External eye microscopy, paraffin sectioning
and quantification

For external eye microscopy, three female flies were imaged
with a Leica Z16 Apo A microscope, DFC420 camera and 1.0x
planapochromatic objective (115x magnification and 0.117
numerical aperture) along with Leica Application Suite Montage
module software. For paraffin sections, fly heads were fixed
in Bouin’s solution (Sigma-Aldrich, HT10132) for 6d at RT and
then leached in 1 M Tris-HCI, pH 8.0 and 8.7% NaCl (Thermo
Fisher, 15568-025) overnight. The tissue was incubated in a
series of ethanol washes each for 30 min with agitation (70%
EtOH, 90% EtOH, 95% EtOH, 95% EtOH, 100% EtOH, 100% EtOH),
incubated twice in xylene for 1 h each and finally incubated
twice in paraffin (Leica Biosystems) at 60°C for 1 h. Heads were
mounted into wax molds and 8 pm paraffin sections were cut in
the horizontal plane and mounted onto glass slides. Three heads
of the same genotype were collected on each slide. Tissue was
visualized using the autofluorescent property of the fly brain
with a Leica DMRA2 microscope, DC500 camera, HC PLAN APO
objective lens (20x magnification and 0.70 numerical aperture)
and 1.6x tube lens, along with Leica FireCam 1.2.0 software.
Sections for quantification were imaged at the same anatomical
level of the brain, which was where the antennal nerve connects
to the antennal lobe; three adjacent sections at this anatomical
level were captured for each head. Retinal depth was measured
by drawing a line from lower edge of the retina (proximal to
the optic lamina) out toward the lens. The line drawn and
measured was always in line with the crossover point of the
optic chiasm that was visible in the optic lobe. For quantification,
three females were imaged per genotype. The experiments were
repeated three times independently. Images are presented in
reverse black and white. Retinal depth in internal eye images
was quantified using Image] (https://imagej.nih.gov/ij/). One-
way ANOVA and Tukey’s multiple comparisons were performed
with a significance threshold of P < 0.05.

Western immunoblots

Immunoblots on fly head tissue were performed as previously
described with minor alterations (74). Approximately 20 females
per genotype per repeat were aged on fly food for 48 h con-
taining 200 pg RU486 (Sigma-Aldrich, M8046) (100 pl of 2 mg/ml
RU486 in 200-proof ethanol). The heads from 10 female flies per
genotype were collected and homogenized in 100 pl of protein
buffer containing 100 mM Tris-HC], pH 7.4, 1 mM EGTA, pH 8§,
1x Halt protease inhibitor cocktail (Thermo Fisher, 78430), 0.5%
sodium deoxycholate, 0.5% SDS and 1% NP-40. To each tube,
100 pl of 4x LDS sample buffer (Thermo Fisher, NP0007) with 5%
beta-mercaptoethanol. Samples were heat denatured at 95°C for
5 min, chilled on ice for 5 min and centrifuged at 4500 x g for
5 min at 4°C. Care was taken to pipette from the surface of the
centrifuged liquid a volume equivalent to 0.25 heads and loaded
into each well of a 4-12% Bis-Tris Protein Gel, 1.5 mm along
with 10 pl Hi-Mark Unstained Protein Standard (Thermo Fisher,
LC5688). Samples were electrophoresed for 2 h 15 min at 115V
in NuPAGE SDS MOPS running buffer (Thermo Fisher, NP0001)
and transferred onto a 0.45 pm nitrocellulose membrane by wet
transfer in NuPAGE Transfer Buffer (Thermo Fisher, NP0006) with
10% methanol for 75 min at 30 V. The membrane was blocked in
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5% non-fat milk (LabScientific, M0841) for 1 h at room temper-
ature. Membranes were incubated in mouse Ataxin-2 primary
antibody (1:600 in TBS with 0.05% Tween 20; BD Biosciences,
6113378) or in mouse Lamin C primary antibody (1:1000 in TBS
with 0.05% Tween 20; DSHB, LC28.26-s) at 4°C overnight with
rocking. Membranes were washed in TBS with 0.05% Tween 20
for 5 min, 5 times, at RT with agitation and incubated with
goat anti-mouse HRP secondary antibody (1:5000 in TBS with
0.05% Tween 20, Abcam, ab6789) for 1 h at RT, with rocking.
Membranes were washed in TBS with 0.05% Tween 20 for 5 min, 5
times, at RT with agitation and incubated in ECL Prime Western
Blotting Detection Reagent (Amersham, RPN2232) for 5 min at
RT in the dark and detected by chemiluminescence using a GE
Healthcare Amersham Imager 600. Ataxin-2 band signal inten-
sity was quantified using ImageJ (https://imagej.nih.gov/ij/) and
was normalized to the signal intensity of respective Lamin C
loading control bands. One-way ANOVA and Tukey’s multiple
comparisons were performed with a significance threshold of
P <0.05.

Cryosections

Cryosections and immunostaining were performed as previously
described (75). Adult heads of appropriate genotype were embed-
ded in O.C.T. (Tissue-Tek), 12 pm serial sections were cut and
collected on slides. Tissue was fixed in 4% paraformaldehyde
in PBS, then stained with appropriate antibodies and Hoechst
(0.5 pg/ml for 5 min). Images were scanned, using identical
parameters across genotypes, on a Leica confocal microscope.
Antibodies used were mouse anti-ATXN2 (1:200; BD611378,
BD Biosciences, Billerica, MA), rabbit anti-ATXN2 (1:200; HPA
018295, Sigma-Aldrich, St. Louis, MO), Alexa goat anti-mouse
AF568 (1:250; A11036, Invitrogen, Carlsbad, CA) and Alexa goat
anti-rabbit AF568 (1:250; A11011, Invitrogen, Carlsbad, CA).
Immunostaining with the rabbit antibodies is presented in the
figures.

Viability assays

UAS-ATXN2-CAGgs (6x), UAS-ATXN2-CAA/Ggs (6x), UAS-ATXN2-
CAAgs (6x) and UAS-mCD8-GFP were crossed to either the da-
GAL4 or elav3A-GAL4 driver lines. All surviving progeny of the
expected genotypes were counted every 2 d. The ratio of the
actual numbers of the desired genotype divided by the expected
numbers of the desired genotype was calculated. The expected
numbers were based on the presumption that all genotypes were
equally likely to occur. More than 100 animals per genotype were
counted for those with regular viability.

Supplementary Material

Supplementary Material is available at HMG online.

Acknowledgements

We thank Centers and our colleagues for sharing reagents.

Conflict of Interest statement: The authors declare no competing
interests.

Funding

National Institutes of Health NIH P400D018537 (Bloomington
Drosophila Stock Center); T32-GM007229 and F31-AG063470
(to A.E.P); T32-AG000255 and F31-NS111868 (to C.N.B.); R35-
NS097275 and Target ALS (to N.M.B.).


https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab148#supplementary-data
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddab148#supplementary-data

1808 | Human Molecular Genetics, 2021, Vol. 30, No. 19

Authors’ contributions

L.M. conceived and planned research, performed and oversaw
research, wrote the paper; O.R, O.S., AP, CB, FEC, H.Z, HK,,
Y.Z.performed research; N.M.B. conceived and planned research,
oversaw research, wrote the paper; all authors reviewed the

paper.

References

1.

10.

11.

12.

13.

Adegbuyiro, A., Sedighi, F, Pilkington, A.W., Groover, S. and
Legleiter, J. (2017) Proteins containing expanded polyglu-
tamine tracts and neurodegenerative disease. Biochemistry,
56, 1199-1217.

Stoyas, C.A. and La Spada, AR. (2018) The CAG-
polyglutamine repeat diseases: a clinical, molecular,
genetic, and pathophysiologic nosology. Handb. Clin. Neurol.,
147, 143-170.

Galka-Marciniak, P, Urbanek, M.O. and Krzyzosiak, W.J.
(2012) Triplet repeats in transcripts: structural insights into
RNA toxicity. Biol. Chem., 393, 1299-1315.

Klockgether, T., Mariotti, C. and Paulson, H.L. (2019)
Spinocerebellar ataxia. Nat. Rev. Dis. Primers., 5, 24.
Nalavade, R., Griesche, N., Ryan, D.P, Hildebrand, S. and
Krauss, S. (2013) Mechanisms of RNA-induced toxicity in
CAG repeat disorders. Cell Death Dis., 4, €752.

Miller, J.W,, Urbinati, C.R., Teng-Umnuay, P, Stenberg, M.G,,
Byrne, B.J., Thornton, C.A. and Swanson, M.S. (2000) Recruit-
ment of human muscleblind proteins to (CUG)(n) expan-
sions associated with myotonic dystrophy. EMBO J., 19,
4439-4448.

Mankodi, A., Urbinati, C.R., Yuan, Q.P,, Moxley, R.T,, Sansone,
V., Krym, M., Henderson, D., Schalling, M., Swanson, M.S. and
Thornton, C.A. (2001) Muscleblind localizes to nuclear foci
of aberrant RNA in myotonic dystrophy types 1 and 2. Hum.
Mol. Genet., 10, 2165-2170.

Jiang, H., Mankodi, A., Swanson, M..S., Moxley, R.T. and Thorn-
ton, C.A. (2004) Myotonic dystrophy type 1 is associated with
nuclear foci of mutant RNA, sequestration of muscleblind
proteins and deregulated alternative splicing in neurons.
Hum. Mol. Genet., 13, 3079-3088.

Moseley, M.L,, Zu, T, Ikeda, Y., Gao, W.,, Mosemiller, AK.,
Daughters, R.S., Chen, G., Weatherspoon, M.R., Clark, H.B,,
Ebner, TJ., et al. (2006) Bidirectional expression of CUG and
CAG expansion transcripts and intranuclear polyglutamine
inclusions in spinocerebellar ataxia type 8. Nat. Genet., 38,
758-769.

Ash, P.E.A., Bieniek, K.F, Gendron, T.F, Caulfield, T, Lin, W.-
L., Dejesus-Hernandez, M., van Blitterswijk, M.M., Jansen-
West, K., Paul, ].W,, Rademakers, R., et al. (2013) Unconven-
tional translation of COORF72 GGGGCC expansion generates
insoluble polypeptides specific to c9FTD/ALS. Neuron, 77,
639-646.

Mori, K., Weng, S.-M., Arzberger, T., May, S., Rentzsch, K.,
Kremmer, E., Schmid, B., Kretzschmar, H.A., Cruts, M., Van
Broeckhoven, C., et al. (2013) The C9orf72 GGGGCC repeat
is translated into aggregating dipeptide-repeat proteins in
FTLD/ALS. Science, 339, 1335-1338.

Zu, T, Gibbens, B., Doty, N.S., Gomes-Pereira, M., Huguet,
A., Stone, M.D., Margolis, J., Peterson, M., Markowski, T.W.,
Ingram, M.A.C,, et al. (2011) Non-ATG-initiated translation
directed by microsatellite expansions. Proc. Natl. Acad. Sci. U.
S. A, 108, 260-265.

Banez-Coronel, M., Ayhan, F, Tarabochia, A.D., Zu, T., Perez,
B.A., Tusi, S.K., Pletnikova, O., Borchelt, D.R.,, Ross, C.A,,

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Margolis, R.L., et al. (2015) RAN translation in Huntington
disease. Neuron, 88, 667-677.

Green, K.M,, Glineburg, M.R,, Kearse, M.G,, Flores, B.N., Lin-
salata, A.E., Fedak, S.J., Goldstrohm, A.C., Barmada, S.J. and
Todd, PK. (2017) RAN translation at C9orf72-associated
repeat expansions is selectively enhanced by the integrated
stress response. Nat. Commun., 8, 2005.

Cheng, W,, Wang, S., Zhang, Z., Morgens, D.W.,, Hayes, L.R,,
Lee, S., Portz, B, Xie, Y., Nguyen, B.V,, Haney, M.S,, et al. (2019)
CRISPR-Cas9 screens identify the RNA helicase DDX3X as
a repressor of C9ORF72 (GGGGCC)n repeat-associated non-
AUG translation. Neuron, 104, 885-898.e8.

Li,L.-B,, Yu, Z,, Teng, X. and Bonini, N.M. (2008) RNA toxicity is
a component of ataxin-3 degeneration in Drosophila. Nature,
453, 1107-1111.

Scoles, D.R, Ho, M.H.T, Dansithong, W, Pflieger, L.T,
Petersen, L.W,, Thai, K.K. and Pulst, S.M. (2015) Repeat asso-
ciated non-AUG translation (RAN translation) dependent on
sequence downstream of the ATXN2 CAG repeat. PLoS One,
10, e0128769.

Imbert, G., Saudou, F, Yvert, G., Devys, D., Trottier, Y., Garnier,
J.M., Weber, C., Mandel, J.L., Cancel, G., Abbas, N, et al. (1996)
Cloning of the gene for spinocerebellar ataxia 2 reveals
a locus with high sensitivity to expanded CAG/glutamine
repeats. Nat. Genet., 14, 285-291.

Pulst, S.M., Nechiporuk, A., Nechiporuk, T., Gispert, S., Chen,
X.N,, Lopes-Cendes, I., Pearlman, S., Starkman, S., Orozco-
Diaz, G., Lunkes, A., et al. (1996) Moderate expansion of
a normally biallelic trinucleotide repeat in spinocerebellar
ataxia type 2. Nat. Genet., 14, 269-276.

Sanpei, K., Takano, H., Igarashi, S., Sato, T, Oyake, M.,
Sasaki, H., Wakisaka, A., Tashiro, K., Ishida, Y., Ikeuchi,
T, et al. (1996) Identification of the spinocerebellar ataxia
type 2 gene using a direct identification of repeat expan-
sion and cloning technique, DIRECT. Nat. Genet., 14,
277-284.

Paulson, H.L., Shakkottai, V.G, Clark, H.B. and Orr, H.T.
(2017) Polyglutamine spinocerebellar ataxias - from genes to
potential treatments. Nat. Rev. Neurosci., 18, 613-626.
Huynh, D.P, Del Bigio, M.R., Ho, D.H. and Pulst, S.M. (1999)
Expression of ataxin-2 in brains from normal individuals
and patients with Alzheimer’s disease and spinocerebellar
ataxia 2. Ann. Neurol., 45, 232-241.

Huynh, D.P, Figueroa, K., Hoang, N. and Pulst, S.M. (2000)
Nuclear localization or inclusion body formation of ataxin-
2 are not necessary for SCA2 pathogenesis in mouse or
human. Nat. Genet., 26, 44-50.

Ostrowski, L.A., Hall, A.C. and Mekhail, K. (2017) Ataxin-2:
from RNA control to human health and disease. G. E. N,, 8,
157. doi: 10.3390/genes8060157.

Scoles, D.R. and Pulst, S.M. (2018) Spinocerebellar ataxia type
2. Adv. Exp. Med. Biol., 1049, 175-195.

Elden, A.C.,Kim, H.-J., Hart, M.P,, Chen-Plotkin, A.S., Johnson,
B.S, Fang, X., Armakola, M., Geser, F,, Greene, R.,Lu, M.M,, et al.
(2010) Ataxin-2 intermediate-length polyglutamine expan-
sions are associated with increased risk for ALS. Nature, 466,
1069-1075.

Neumann, M., Sampathu, D.M., Kwong, LK., Truax, A.C,
Micsenyi, M.C., Chou, T.T,, Bruce, J., Schuck, T., Grossman, M.,
Clark, C.M,, et al. (2006) Ubiquitinated TDP-43 in frontotem-
poral lobar degeneration and amyotrophic lateral sclerosis.
Science, 314, 130-133.

Kim, H.-J,, Raphael, A.R., LaDow, E.S., McGurk, L., Weber, R.A.,
Trojanowski, J.Q., Lee, V.M.-Y,, Finkbeiner, S., Gitler, A.D. and


https://doi.org/10.3390/genes8060157

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Bonini, N.M. (2014) Therapeutic modulation of elF2« phos-
phorylation rescues TDP-43 toxicity in amyotrophic lateral
sclerosis disease models. Nat. Genet., 46, 152-160.

Becker, L.A., Huang, B., Bieri, G,, Ma, R., Knowles, D.A., Jafar-
Nejad, P, Messing, J., Kim, H.J.,, Soriano, A., Auburger, G,, et al.
(2017) Therapeutic reduction of ataxin-2 extends lifespan
and reduces pathology in TDP-43 mice. Nature, 544, 367-371.
Furtado, S., Farrer, M., Tsuboi, Y., Klimek, M.L., de la Fuente-
Fernandez, R., Hussey, J., Lockhart, P.,, Calne, D.B., Suchow-
ersky, O., Stoessl, AJ., et al. (2002) SCA-2 presenting as
parkinsonism in an Alberta family: clinical, genetic, and PET
findings. Neurology, 59, 1625-1627.

Payami, H., Nutt, J., Gancher, S., Bird, T., McNeal, M.G., Seltzer,
WK., Hussey, J., Lockhart, P, Gwinn-Hardy, K., Singleton,
A.A, et al. (2003) SCA2 may present as levodopa-responsive
parkinsonism. Mov. Disord. Off.]. Mov. Disord. Soc., 18, 425-429.
Infante, J., Berciano, J., Volpini, V., Corral, J., Polo, J.M., Pas-
cual, J. and Combarros, O. (2004) Spinocerebellar ataxia type
2 with levodopa-responsive parkinsonism culminating in
motor neuron disease. Mov. Disord. Off. J. Mov. Disord. Soc., 19,
848-852.

Lu, C.-S., Wu Chou, Y.-H., Kuo, P.-C., Chang, H.-C. and Weng,
Y.-H. (2004) The parkinsonian phenotype of spinocerebellar
ataxia type 2. Arch. Neurol., 61, 35-38.

Bdumer, D.,East, S.Z., Tseu, B., Zeman, A., Hilton, D., Talbot, K.
and Ansorge, O. (2014) FTLD-ALS of TDP-43 type and SCA2 in
a family with a full ataxin-2 polyglutamine expansion. Acta
Neuropathol. (Berl.), 128, 597-604.

Rosas, 1., Martinez, C., Clarimén, J., Lleé, A., Illan-Gala, I., Dols-
Icardo, O., Borroni, B., Almeida, M.R., van der Zee, J., Van
Broeckhoven, C., et al. (2020) Role for ATXN1, ATXN2, and
HTT intermediate repeats in frontotemporal dementia and
Alzheimer’s disease. Neurobiol. Aging, 87, 139.e1-139.e7.
Kim, J.-M., Hong, S., Kim, G.P, Choi, YJ., Kim, YXK., Park,
S.S., Kim, S.E. and Jeon, B.S. (2007) Importance of low-range
CAG expansion and CAA interruption in SCA2 parkinsonism.
Arch. Neurol., 64, 1510-1518.

Fournier, C., Anquetil, V., Camuzat, A., Stirati-Buron, S., Saz-
dovitch, V., Molina-Porcel, L., Turbant, S., Rinaldi, D., Sanchez-
Valle, R., Barbier, M., et al. (2018) Interrupted CAG expansions
in ATXN2 gene expand the genetic spectrum of frontotem-
poral dementias. Acta Neuropathol. Commun., 6, 41.
Neuenschwander, A.G., Thai, K.K., Figueroa, K.P. and Pulst,
S.M. (2014) Amyotrophic lateral sclerosis risk for spinocere-
bellar ataxia type 2 ATXN2 CAG repeat alleles: a meta-
analysis. JAMA Neurol., 71, 1529-1534.

Corrado, L., Mazzini, L., Oggioni, G.D., Luciano, B., Godi,
M., Brusco, A. and D’Alfonso, S. (2011) ATXN-2 CAG repeat
expansions are interrupted in ALS patients. Hum. Genet., 130,
575-580.

Yu, Z. Zhu, Y., Chen-Plotkin, A.S., Clay-Falcone, D,
McCluskey, L., Elman, L., Kalb, R.G.,, Trojanowski, J.Q.,
Lee, VM.-Y,, Van Deerlin, V.M, et al. (2011) PolyQ repeat
expansions in ATXN2 associated with ALS are CAA
interrupted repeats. PLoS One, 6, €17951.

Figueroa, K.P,, Coon, H., Santos, N., Velazquez, L., Mederos,
L.A. and Pulst, S.-M. (2017) Genetic analysis of age at onset
variation in spinocerebellar ataxia type 2. Neurol. Genet., 3,
e155.

Sobczak, K. and Krzyzosiak, WJ. (2005) CAG repeats contain-
ing CAA interruptions form branched hairpin structures in
spinocerebellar ataxia type 2 transcripts. J. Biol. Chem., 280,
3898-3910.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Human Molecular Genetics, 2021, Vol. 30, No. 19 | 1809

Gruber, AR, Lorenz, R., Bernhart, S.H., Neubock, R. and
Hofacker, I.L. (2008) The Vienna RNA websuite. Nucleic Acids
Res., 36, W70-W74.

. Hart, M.P, Brettschneider, J., Lee, V.M.Y., Trojanowski, J.Q. and

Gitler, A.D. (2012) Distinct TDP-43 pathology in ALS patients
with ataxin 2 intermediate-length polyQ expansions. Acta
Neuropathol. (Berl.), 124, 221-230.

Liu, C.-R., Chang, C.-R,, Chern, Y., Wang, T.-H., Hsieh, W.-C,,
Shen, W.-C., Chang, C.-Y., Chu, L.-C., Deng, N., Cohen, S.N.,
et al. (2012) Spt4 is selectively required for transcription of
extended trinucleotide repeats. Cell, 148, 690-701.

Kramer, N.J,, Carlomagno, Y., Zhang, Y.-J., Almeida, S., Cook,
C.N., Gendron, T.F, Prudencio, M., Van Blitterswijk, M., Belzil,
V., Couthouis, J., et al. (2016) Spt4 selectively regulates the
expression of C9orf72 sense and antisense mutant tran-
scripts. Science, 353, 708-712.

Goodman, L.D., Prudencio, M., Kramer, N.J., Martinez-
Ramirez, L.F, Srinivasan, A.R,, Lan, M., Parisi, M.J,, Zhu, Y,
Chew, J., Cook, C.N., et al. (2019) Toxic expanded GGGGCC
repeat transcription is mediated by the PAF1 complex in
C9orf72-associated FTD. Nat. Neurosci., 22, 863-874.
Goodman, L.D. and Bonini, N.M. (2019) Repeat-associated
non-AUG (RAN) translation mechanisms are running into
focus for GGGGCC-repeat associated ALS/FTD. Prog. Neuro-
biol., 183, 101697.

Goodman, L.D., Prudencio, M., Srinivasan, A.R., Rifai, O.M,,
Lee, V.M.-Y,, Petrucelli, L. and Bonini, N.M. (2019) elF4B and
elF4H mediate GR production from expanded G4C2 in a
drosophila model for C9orf72-associated ALS. Acta Neu-
ropathol. Commun., 7, 62.

Cheng, H.-M,, Chern, Y., Chen, I.-H,, Liu, C.-R,, Li, S.-H., Chun,
S.J., Rigo, F, Bennett, C.F,, Deng, N., Feng, Y., et al. (2015) Effects
on murine behavior and lifespan of selectively decreasing
expression of mutant huntingtin allele by supt4h knock-
down. PLoS Genet., 11, e1005043.

Kuyumcu-Martinez, N.M., Wang, G.-S. and Cooper, T.A. (2007)
Increased steady-state levels of CUGBP1 in myotonic dystro-
phy 1 are due to PKC-mediated hyperphosphorylation. Mol.
Cell, 28, 68-78.

Lawlor, K.T., O'Keefe, L.V.,, Samaraweera, S.E.,, van Eyk, C.L.,
McLeod, C.J., Maloney, C.A., Dang, T.H.Y,, Suter, C.M. and
Richards, R.I. (2011) Double-stranded RNA is pathogenic in
drosophila models of expanded repeat neurodegenerative
diseases. Hum. Mol. Genet., 20, 3757-3768.

Yu, Z., Teng, X. and Bonini, N.M. (2011) Triplet repeat-derived
siRNAs enhance RNA-mediated toxicity in a drosophila
model for myotonic dystrophy. PLoS Genet., 7, €1001340.
Magaia, JJ., Veldzquez-Pérez, L. and Cisneros, B. (2013)
Spinocerebellar ataxia type 2: clinical presentation, molec-
ular mechanisms, and therapeutic perspectives. Mol. Neuro-
biol., 47, 90-104.

Riib, U, Schdls, L., Paulson, H., Auburger, G., Kermer, P,
Jen, J.C., Seidel, K., Korf, H.-W. and Deller, T. (2013) Clinical
features, neurogenetics and neuropathology of the polyg-
lutamine spinocerebellar ataxias type 1, 2, 3, 6 and 7. Prog.
Neurobiol., 104, 38-66.

Charles, P,, Camuzat, A., Benammar, N,, Sellal, F, Destée, A.,
Bonnet, A.-M., Lesage, S., Le Ber, I, Stevanin, G, Dirr, A,
et al. (2007) Are interrupted SCA2 CAG repeat expansions
responsible for parkinsonism? Neurology, 69, 1970-1975.
Iyer, R.R., Pluciennik, A., Napierala, M. and Wells, R.D. (2015)
DNA triplet repeat expansion and mismatch repair. Annu.
Rev. Biochem., 84, 199-226.



58.

59.

60.

61.

62.

63.

64.

65.

66.

1810 | Human Molecular Genetics, 2021, Vol. 30, No. 19

Khristich, A.N. and Mirkin, S.M. (2020) On the wrong DNA
track: molecular mechanisms of repeat-mediated genome
instability. J. Biol. Chem., 295, 4134-4170.

Schmidt, M.H.M. and Pearson, C.E. (2016) Disease-associated
repeat instability and mismatch repair. DNA Repair, 38,
117-126.

Swami, M., Hendricks, A.E., Gillis, T., Massood, T., Mysore, J.,
Myers, R.H. and Wheeler, V.C. (2009) Somatic expansion of
the Huntington’s disease CAG repeat in the brain is associ-
ated with an earlier age of disease onset. Hum. Mol. Genet.,
18, 3039-3047.

Jung,J. and Bonini, N. (2007) CREB-binding protein modulates
repeat instability in a drosophila model for polyQ disease.
Science, 315, 1857-1859.

Krzyzosiak, WJ., Sobczak, K., Wojciechowska, M., Fiszer, A.,
Mykowska, A. and Kozlowski, P. (2012) Triplet repeat RNA
structure and its role as pathogenic agent and therapeutic
target. Nucleic Acids Res., 40, 11-26.

Schilling, J., Broemer, M., Atanassov, L., Duernberger, Y., Vor-
berg, I, Dieterich, C., Dagane, A., Dittmar, G., Wanker, E,,
van Roon-Mom, W, et al. (2019) Deregulated splicing is a
major mechanism of RNA-induced toxicity in Huntington’s
disease. J. Mol. Biol., 431, 1869-1877.

Tian, B.,, White, RJ., Xia, T., Welle, S., Turner, D.H., Math-
ews, M.B. and Thornton, C.A. (2000) Expanded CUG repeat
RNAs form hairpins that activate the double-stranded RNA-
dependent protein kinase PKR. RNA N. Y. N, 6, 79-87.
Stochmanski, S.J., Therrien, M., Laganiere, J., Rochefort, D.,
Laurent, S., Karemera, L., Gaudet, R., Vyboh, K., Van Meyel,
DJ., Di Cristo, G, et al. (2012) Expanded ATXN3 frameshift-
ing events are toxic in drosophila and mammalian neuron
models. Hum. Mol. Genet., 21, 2211-2218.

Toulouse, A., Au-Yeung, F, Gaspar, C., Roussel, J.,, Dion, P.
and Rouleau, G.A. (2005) Ribosomal frameshifting on MJD-
1 transcripts with long CAG tracts. Hum. Mol. Genet., 14,
2649-2660.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Nguyen, L., Cleary, J.D. and Ranum, L.P.W. (2019) Repeat-
associated non-ATG translation: molecular mechanisms
and contribution to neurological disease. Annu. Rev. Neurosci.,
42,227-247.

Cheng, W,, Wang, S., Mestre, A.A,, Fu, C., Makarem, A., Xian,
E, Hayes, L.R,, Lopez-Gonzalez, R., Drenner, K, Jiang, J., et al.
(2018) C9ORF72 GGGGCC repeat-associated non-AUG trans-
lation is upregulated by stress through elF2« phosphoryla-
tion. Nat. Commun., 9, 51.

Jazurek-Ciesiolka, M., Ciesiolka, A., Komur, A.A., Urbanek-
Trzeciak, M.O., Krzyzosiak, WJ. and Fiszer, A. (2020) RAN
translation of the expanded CAG repeats in the SCA3 disease
context. J. Mol. Biol., 432, 166699.

Kearse, M.G., Green, K.M,, Krans, A., Rodriguez, C.M,, Lin-
salata, A.E., Goldstrohm, A.C. and Todd, PK. (2016) CGG
repeat-associated non-AUG translation utilizes a cap-
dependent scanning mechanism of initiation to produce
toxic proteins. Mol. Cell, 62, 314-322.

Sonobe, Y., Ghadge, G., Masaki, K., Sendoel, A., Fuchs, E.
and Roos, R.P. (2018) Translation of dipeptide repeat pro-
teins from the C9ORF72 expanded repeat is associated with
cellular stress. Neurobiol. Dis., 116, 155-165.

Hekmat-Scafe, D.S., Dang, K.N. and Tanouye, M.A. (2005)
Seizure suppression by gain-of-function escargot mutations.
Genetics, 169, 1477-1493.

McGurk, L. and Bonini, N.M. (2012) Protein interacting with
C kinase (PICK1) is a suppressor of spinocerebellar ataxia
3-associated neurodegeneration in Drosophila. Hum. Mol.
Genet., 21, 76-84.

McGurk, L., Rifai, 0.M. and Bonini, N.M. (2020) TDP-43, a pro-
tein central to amyotrophic lateral sclerosis, is destabilized
by tankyrase-1 and -2.J. Cell Sci., 133, jcs245811.

Warrick, J.M., Morabito, L.M., Bilen, J., Gordesky-Gold, B.,
Faust, L.Z., Paulson, H.L. and Bonini, N.M. (2005) Ataxin-3
suppresses polyglutamine neurodegeneration in Drosophila
by a ubiquitin-associated mechanism. Mol. Cell, 18, 37-48.



	Toxicity of pathogenic ataxin-2 in Drosophila shows dependence on a pure CAG repeat sequence
	Introduction
	Results
	Discussion
	Materials and Methods
	Supplementary Material
	Funding
	Authors' contributions


