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Discussion

In this thesis AONs were investigated as a potential therapy for the neurodegenerative disorder
SCA3. Currently, only symptomatic treatment is available, and there is thus an immediate need
for therapies preventing disease onset and disease progression. The monogenetic nature of SCA3
makes it a good candidate for generation of genetic therapies such as AONs. Additionally, AONs
have proven versatile molecules that show particular promise for use in the CNS (chapter 2).
In this thesis, we have investigated two different AON based exon skipping therapies for SCA3.
In the first approach, the aim was to prevent the formation of toxic polyQ protein fragments
by skipping exons encoding the proteolytic cleavage sites (chapter 3). In the second approach
we directly targeted the CAG repeat containing exon of ATXN3 for exclusion, and tested this
approach in a SCA3 mouse model (chapter 5). Finally, we assessed potential side effects of
phosphorothioate modified AON treatment in the mouse brain with RNA expression profiling
(chapter 6). The results obtained in this thesis will be discussed both in the broader context
of SCA3 molecular pathogenicity, and with regards to the use of AONs as a potential therapy
for SCA3.

RECENT DISCOVERIES ON SCA3 PATHOLOGY

Gain of toxic protein function

Aggregation and formation of neuronal inclusion bodies containing the expanded polyQ protein
region was one of the first pathologic hallmarks discovered in SCA3 brain material '. In part due
to this observation, it was hypothesized that the expanded polyQ region of the mutant protein
leads to gain of toxic function, perhaps due to sequestration of other proteins into the aggregates
or through direct toxicity of the aggregates themselves. The opposing viewpoint has also been
argued, namely that the polyQ expansion induces a loss of ataxin-3 protein function, in turn
contributing to pathogenicity. A loss of the deubiquitinating activity of mutant ataxin-3 seems
unlikely however, as we and others have shown that mutant ataxin-3 can both bind (chapter
3) and cleave (chapter 5) ubiquitin chains similar to wild-type ataxin-3. Similarly, mutant
ataxin-3 can still interact with VCP 2, as well as the DNA damage response proteins RAD23 * and
PNKP *°*. Since interaction for these proteins with mutant ataxin-3 is retained, this argues
against a “loss of wild-type function” pathologic model in SCA3.

In favor of the gain of toxic protein hypothesis, it was for instance recently discovered that
mutant ataxin-3 inactivates PNKP, resulting in inefficient DNA repair and culminating in
apoptosis °. Furthermore, an RNA expression profiling experiment compared a SCA3 mouse
containing the mutant human ataxin-3 protein to an ATXN3 knockout mouse, with the knockout
mice showing fewer differentially expressed genes than SCA3 mice °. If a loss of ataxin-3 function
underlies SCA3 pathogenesis, it would be expected that ataxin-3 knockout mice present with
similar affected pathways as transgenic SCA3 mice. Hence, a gain of toxic protein function over

loss of ataxin-3 function seems more likely to be the main source of pathogenicity in SCA3.
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Role of toxic polyQ fragments

The aim of the experiments described in chapter 3 was to prevent proteolytic cleavage of
ataxin-3, in order to reduce cellular toxicity. The reasoning behind this approach ties in
with the toxic gain of protein function, as it has been shown that shorter protein fragments
containing the polyQ expansion were in fact more toxic than full-length mutant ataxin-3 7.
Besides displaying increased cellular toxicity, the polyQ fragments also appear to be central to
initiation of the aggregation process and subsequent formation of inclusions in cells & It remains
to be determined whether the cellular toxicity can be attributed mostly to the ataxin-3 cleavage
fragments themselves, or to their initiation of aggregate formation. The two main families of
proteolytic enzymes associated with ataxin-3 cleavage are the caspases and calpains. As we
reviewed in chapter 1, a greater body of evidence supports the role of calpain generation of toxic
ataxin-3 protein fragments. Both the spontaneous generation of the polyQ fragments as well as
the cytotoxic effects appear to be highly cell-type specific. In general, polyQ containing protein
fragments are generated in non-neuronal cells only when perturbing the cells by artificially
inhibiting autophagy or the proteasome. Using induced pluripotent stem cell (IPSc)-derived
neurons, Koch and colleagues were able to show that only active neurons were prone to generation
of the toxic ataxin-3 cleavage fragments due to calcium influx induced activation of calpains,
with subsequent formation of aggregates °. As this process was not observed in fibroblasts or
glia cells, these experiments provided a possible explanation as to why predominantly neurons
are vulnerable to ataxin-3 aggregate formation. These results were however not replicated in
more recent studies and thus require further validation '°. The latest studies in cell models were
however able to show that point mutations of 2 calpain sites abolished ataxin-3 fragmentation
1. Also, transgenic mouse models were used to further establish the initiating role of the polyQ
fragment in aggregate formation ', and inhibition of calpains was shown to diminish mutant
ataxin-3 cleavage, nuclear localisation and aggregation . As such, the toxic fragment hypothesis
of ataxin-3 is currently well supported, and a central role for calpain cleavage in this process still

appears valid.

Recent findings suggest potential involvement of transcriptional dysregulation, as well as RAN and
RNA toxicity in SCA3 pathogenicity

Other emerging disease mechanisms

The mechanisms through which ataxin-3 fragments and aggregates exert their cellular toxicity
in the brain are still under investigation. Transcriptional dysregulation due to mutant ataxin-3
was already described over a decade ago in SCA3 cells and brain material, where inflammatory
gene upregulation was shown ™. Since this period, subsequent transcriptomic analysis in mouse

models have identified potential involvement of glutamatergic neurotransmission, calcium
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signalling and MAP kinase pathways '°. Further, oligodendrocytes were found particularly
affected by the process of transcriptional dysregulation, suggesting white matter vulnerability
in SCA3 as well 6. In our transcriptomic studies of the MJD84.2 mouse (chapter 4), we also
found evidence suggestive of affected oligodendrocyte function and altered transcription
of genes involved in myelination. Potential involvement of the immune system or calcium
signalling was however not strong in our dataset. The observed differences between the studies
may reflect distinct SCA3 disease stages, since the mice used for our study can be considered
presymptomatic. Indeed, we did not detect signs of neurodegenerative or apoptotic processes
taking place in the brain transcriptome of SCA3 mice, and we were unable to detect reduced
performance in various motor coordination tests. Validation of the transcriptional changes in
brain material of SCA3 patients would thus be useful to determine whether the transcriptional
alterations we outline in chapter 4 are consistent with the human condition.

Another disease process associated to repeat disorders is repeat associated non-ATG (RAN)
translation '*" and ribosomal slippage upon repeat translation *. Both these processes can
result in translation of the CAG repeat in a different reading frame, generating either polySer
or polyAla amino acid stretches, or even polyLeu and polyCys stretches for RAN translation

21 were shown to be

of antisense transcripts . These protein stretches, especially polyLeu
more toxic and aggregation prone in cells compared to polyQ repeats . Interestingly, the RAN
proteins were detected in affected brain regions of HD patients, and polyAla accumulation and
polySer aggregation were particularly abundant in cells expressing repeats >52 7. These findings
are interesting when relating them to SCA3, as the repeat length required for RAN protein
accumulation to occur in HD corresponds to the pathogenic repeat threshold for SCA3 (>54
CAGs). A logical next step is therefore to probe SCA3 mouse and patient material for presence
of the alternative repeat protein stretches and establish whether they are present at levels that
may contribute to neurodegeneration.

The aspect of RNA toxicity is also a disease mechanism that may be involved in SCA3.
Ling-Bo and colleagues were the first to discover that interrupting the pure CAG repeat of
ataxin-3 with CAA codons mitigated toxicity in Drosophila *2. Since a CAA codon also encodes
glutamine and the protein expression levels were similar, the observed neuronal degeneration
in this experiment was attributed to an RNA effect. Additionally, it was shown that a pathogenic
length of CAGs in an untranslated region also conveyed neuronal toxicity **. However, RNA foci
typically arise for repeat expansion lengths that are beyond what is normally found in SCA3

patients, and hence involvement of RNA toxicity in SCA3 still remains to be reliably established.

SCA3 cell and mouse models

Due to the scarcity of human SCA3 brain material and the limitations this tissue presents in
investigating molecular disease mechanisms, the vast majority of knowledge on pathogenic
mechanisms have been obtained using SCA3 cell and mouse models. Cell models are typically
useful for high throughput screening of therapeutics, as well as discovery of novel molecular

effects in response to mutant ataxin-3 expression. Variation in cell culture experiments is
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typically very low, due to strictly controlled culturing conditions and absence of cell type induced
variation. Conversely, modelling of neurodegenerative disorders in cell culture experiments has
been notoriously difficult due to complexity of the brain. As a result, predictive validity of cell
culture to the in vivo situation is often limited. In case of SCA3, a good example of this limitation
is aggregate formation, which must be artificially induced in cell culture and yet spontaneously
occurs in SCA3 mouse brain. An important step forward in this regard has been the advent
of IPS cells, which can be differentiated into neurons and glial cells hence offer a promising
opportunity to more accurately study disease mechanisms of neurodegenerative diseases in
cell culture . IPS cell lines for SCA3 have been generated >, and studies with these cells are
currently ongoing. In the research described in this thesis, we have typically used SCA3 patient
derived fibroblast to screen AON efficacy. So far, results of in vitro AON eflicacy has correlated
well to the effects observed when infused in the mouse brain (chapter 5). However, a clear
limitation of the fibroblasts is their inability to predict AON tolerability in the mammalian brain.
As we show in chapter 6, intracerebroventricularly infused AONs in mouse brain can result in
immune stimulation which is long lasting and can preclude dosing of AONs to therapeutic
levels. Though the extent of AON-induced immune stimulation in the human CNS remains to
be established, animal models remain imperative to establish pharmacokinetics and tolerability
of new potential therapeutics.

Several SCA3 mouse models have been generated that can be useful for this type of research
(reviewed by Gould **). Most of the mouse models are generated through exogenous gene
expression, i.e. through integration of a human ATXN3 construct in the mouse genome. To
promote an early onset, the mice typically have repeat lengths of over 70 CAGs, and have wide-
spread expression of mutant ataxin-3. Nonetheless, phenotypes between the mouse lines differ,
and mild to severe phenotypes are reported. So far, SCA3 mouse models suggest a correlation
between severity of behavioural abnormalities and presence of ataxin-3 cellular inclusions #. In
our studies investigating the therapeutic potential of AONs, a SCA3 mouse model (M]JD84.2)
containing the human ATXN3 gene with 84 repeats was used *, as the human sequence as
well as introns are required to assess splicing effects. In this mouse model, we did not detect
the behavioural deficits (chapter 5 and 6) which were reported originally *. Correspondingly,
we also did not observe nuclear ataxin-3 inclusions in the brain cells of these mice. We did,
however, detect insoluble ataxin-3 protein using filter trap assays in all brain regions we have
tested thus far (brainstem, cerebellum and cortex) (chapter 5). Further transcriptomic analysis
of brainstem, cerebellum, striatum and cortex revealed that various signalling pathways were
affected (chapter 4). However, in the transcriptomic analysis we showed larger transcriptional
dysregulation in brainstem compared to cerebellum and cortex, whilst the levels of insoluble
ataxin-3 protein was comparable between these brain regions. These observations hint toward
brain region specific effects of mutant ataxin-3 at the transcript level, which may be unrelated
to insoluble ataxin-3 levels. To further establish this relation a recently developed humanized
SCA3 mouse model may thus be useful, though the reported behavioural phenotype appears
mild #. Similarly, a recently developed knock in SCA3 mouse model where 82 CAGs were
inserted into the murine Atxn3 gene also displayed aggregate pathology, but did not present
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with a behavioural phenotype . It hence appears that the SCA3 mouse models most closely
mimicking the human situation in terms of expression level and CAG repeat length, do not

develop reliable motor phenotypes.

ADVANCES IN ANTISENSE OLIGONUCLEOTIDE THERAPEUTICS

In the research described here we have tested AON based therapies for SCA3. AONs have been
used in research settings since the 1960’, but rapid degradation of the phosphodiester bonds
by nucleases rendered these molecules initially unsuitable for therapeutic use. A solution to this
problem was discovered in 1966 by Fritz Eckstein, who introduced the phosphorothioate (PS)
backbone. The PS backbone rendered the AON remarkably resistant to nuclease degradation,
and additionally conveyed protein binding properties favourable for in vivo use . Together,
these properties greatly improved therapeutic viability of the AONs, and the PS backbone is still
one of the most commonly used AON modification to this day **. The second major step forward
in AON modifications came in the form of the sugar group modifications, such as the 2’Ome
and MOE modifications, which enhance target affinity, improve uptake and simultaneously
reduce toxicity *'. The drawback of these sugar group modifications, however, is that they are
incompatible with RNAse-H target degradation *?, thereby impeding desired downregulation
of a target transcript. This issue was subsequently circumvented using the “gapmer” strategy,
where a few nucleotides in the central region of the AON contained unmodified sugar groups,
hence recovering RNAse-H activation **. Making use of these modifications, AONs have proven
a particularly useful molecule for application in the CNS (reviewed in chapter 2). In the research
described in this thesis, we made use of the commonly used phosphorothioate backbone and
both 2’0Ome and MOE modifications. These chemistries resulted in similar potency in cell
culture experiments following transfection, but the 2’0Ome modification resulted in more side
effects and lower potency when infused in the mouse brain, in line with previous reports *.
Since completion of these studies, more recent AON modifications such as 2’Fluoro and Cet
have gained traction, and may offer benefits for future clinical application. The potential of these
latest AON modifications for use in CNS will be discussed below.

Decades of research has resulted in an ever-expanding arsenal of AON modifications, which
together hold exciting potential for clinical use for neurodegenerative disorders.

Bridged sugar ring modifications

Conformational constraints by bridging of the sugar ring of AONSs can achieve similar properties
as the other sugar group modifications; they result in an RNA-like structure, rendering them
insensitive to RNAse-H, and increase nuclease resistance and especially binding affinity **. One
of the older modifications belonging to this category is the locked nucleic acid (LNA) *, but
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more recently the ‘constrained ethyl’ (cET) *” and Tricyclo DNA (tcDNA) * were discovered.
The LNA modifications were confirmed to have increased potency, but suffered from significant
toxicity *”-*. This increased toxicity appears to be a by-product of the high binding affinity,
since hepatotoxicity was shown to be the result of off-target RNA degradation *. Subcutaneous
injections of an LNA modified gapmer AON in a human patient confirmed the toxicity, as
acute kidney injury occurred *. Due to high binding affinity, LNA efficacy typically occurs
at short lengths, such as 13-mers *2. The major advantage of the bridged ring modifications,
their improved binding affinity, hence appears to be their downfall as well due to increased off-
target effects. Compromises using so-called mixmers, where for instance LNA modifications are
alternated with DNA nucleotides have also been designed, and these molecules show promise
for splicing modulation *. In order to circumvent the reported toxicity, these mixmers may thus
prove useful in future clinical application *. Clinical use of cET modified AONs for the treatment
of lung cancer have shown good tolerability up to 3 mg/kg upon intravenous administration,
but encountered dose limiting toxicity at 4 mg/kg likely due to on-target depletion of
STAT3 *. Whether cET AONSs provide additional clinical benefit compared to the other sugar
group modifications thus still remains to be determined. Though already under investigation
for almost two decades *, tcDNA was recently demonstrated to have superior uptake in muscle
tissue, be better tolerated than LNA, and was shown to be able to cross the blood brain barrier
in modest amounts *’. Future clinical trials should comprehensively establish tolerability and
efficacy of these bridged ring AON modifications, as they offer potentially great benefits for AON
efficacy ®. An intriguing possibility is that AONs making use of the older 2’0O-modifications can
be combined with the newer bridged sugar ring modifications, in order to maximise the benefits

of both chemistries in a single molecule.

Other strategies to improve AON efficacy

New strategies to improve the drug like properties of AONs are still being discovered. One
well investigated way to improve the cellular delivery of AONs is by linkage to peptides *.
In spite of the already favorable distribution and cellular uptake of naked AONs in the CNS,
conjugation to peptides may still provide useful properties that improve AON efficacy. Peptides
may for instance be of added value in improving endosomal escape of AONs *°, potentially
providing better access to the nucleus of brain cells. The endosomal escape of the peptides
themselves is currently still a challenging task, however *'. Also, the added benefit of this
strategy is still unclear, since the mechanisms underlying the favorable in vivo cellular uptake
mechanisms of AONSs in the brain are still largely unclear. A second intriguing application of
the peptide conjugates may lie in assisting in the crossing of the blood brain barrier by AON.
Currently, AONs for neurodegenerative disorders are injected intrathecally in order to reach
the brain > . The invasive nature of this procedure as well as the required hospital visits are
a burden for the patients, and efforts are therefore made to generate peptide conjugated AONs
that can cross the blood brain barrier. For instance, a peptide linked splice modulating PMO

for ataxia-telangiectasia showed uptake throughout the mouse brain following intravenous
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injection **. Similarly, an internalizing peptide linked PMO (pip6a-PMO) was recently generated
for potential treatment of spinal muscular atrophy (SMA). Intravenous administration of
the pip6a-PMO showed effective splicing modulation of the SMN2 transcript in both peripheral
as well as CNS tissue of SMA mice *. At present, peptide linked AONs show greater promise
for improving uptake in peripheral tissues, such as muscle, rather than in effective crossing of
the blood brain barrier. Nonetheless, optimization of peptides may in the future yield molecules
capable of crossing the blood brain barrier with better efficiency, potentially warranting systemic
administration of AONs targeting the CNS.

Recently 6 alternative genetic polymers, termed xeno-nucleic acids (XNAs), were generated
based on nucleic acid architectures not found in nature *. These new synthetic polymers can be
applied to other nucleic acid architectures and open new possibilities for incorporation of novel
physicochemical properties of AONs . Since their discovery XNAs have however not been
studied extensively, and their therapeutic potential is thus unclear. Another interesting recent
development is the control of AON chirality. For PS-modified siRNAs, a bias in stereochemistry
during synthesis was noticed, which modulated siRNA activity . An interesting feature of
the PS backbone is that one isomer apparently provides better T and RNAse H activation,
whilst the other isomer is better at improving nuclease stability **. When closely examined for
AON gapmers, controlling PS chirality did not appear to provide benefits over stereo-random
PS AONSs obtained in conventional AON synthesis *. In contrast, a recent study did report
a more durable in vivo response for a specific stereopure gapmer AON ®. A phase 1b/2a clinical
trial (NCT03225833) for HD using a intrathecally injected stereopure AON against a SNP in
huntingtin was started in 2017 by Wave Life Sciences, with the expected completion date in
September 2019.

In 2014, a strategy to incorporate neutral phosphotriester groups into the phosphate
backbone of siRNAs was devised in order to create neutrally charged siRNAs ¢'. Potential
benefit of these molecules include increased serum stability and absence of innate immune
response . Together, the strategies listed above provide new avenues to improve AON drug
like properties through a variety of chemical modifications and synthesis strategies. Benefits for
CNS application of these strategies will first have to be determined in pre-clinical assessments

in rodent and non-human primate experiments.

Recent clinical successes with use of AONs in the central nervous system pave the way for
development of AON based treatments for other neurodegenerative disorders.

Lessons from clinical trials with AONs
The past few years have been a stimulating period in AON research for neurodegenerative

disorders. Synthesis of AONs on a kilogram scale has become affordable, paving the way for
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large clinical application of AONs. The forerunner of AON clinical development in the context
of the CNS is undoubtedly the neuromuscular disorder SMA. An AON based splice modulating
strategy to increase expression of survival of motor neuron (SMN) protein was devised as
a therapeutic strategy for SMA %. Since then, increasing preclinical success in SMA mouse
models have proved the validity of the strategy, and increasingly efficient AONs were developed
to increase SMN protein expression in the CNS . Approximately 10 years after being devised,
the AON based therapy (Nusinersen) was successfully tested through intrathecal injection in
the first phase 1 study with SMA affected children *. An encouraging safety profile and AON
half-life in the CSF of 4-6 months warranted further clinical development of Nusinersen .
Subsequent phase 2 ® and phase 3 ¢ trials have shown unprecedented success in motor
improvement and survival of Nusinersen treated SMA patients. The next landmark event was
approval of the AON, now termed Spinraza, by the food and drug administration (FDA) at
the end of 2016 ¢ and is currently also approved by the European Medicines Agency (EMA).
The story of Spinraza has underlined the fact that AONs are a very promising therapeutic tool
for use in the CNS, and that meticulous preclinical research on AONs and their design can
culminate in clinical success and benefit for patients. The successes obtained in SMA research
open the door for other AON based therapies targeting the CNS to continue development, and

provide hope for patients of several neurodegenerative disorders currently without treatment.

AON AND GENOME EDITING BASED THERAPY FOR SCA3

Following recent clinical successes with AONs for neuromuscular and CNS disorders, it is
useful to consider the possibility of AON based treatment for SCA3 and other polyQ disorders.
However, there are also other gene therapy strategies that can be potentially used for SCA3
treatment. Below, the potential of AONs and other gene therapies for the treatment of SCA3

will be discussed.

Potential of CRISPR/Cas treatment for SCA3

Without a doubt the most revolutionary discovery in genome editing in recent years has
been the clustered, regularly interspaced, short palindromic repeat (CRISPR) technology.
This technology allows RNA-guided nucleases, such as Cas9, to be targeted to specific DNA
sequences. The flexibility in genome editing provided by CRISPR/Cas is a major improvement
over previous technologies, as only a protospacer adjacent motif (PAM) consisting of NGG
nucleotides is required in the target sequence . A guide RNA (gRNA) can be designed to target
the nuclease to the gene of interest, and depending on the specific nuclease or nickase used,
a double stranded break can be introduced to induce non-homologous end joining or activate
the homology directed repair pathways . The system can hence be used to introduce insertions,
deletions or frameshifts to induce gene knockout. In the case of homologous recombination,
a repair template can be provided to introduce a sequence of interest in the target gene. In recent

years a vast number of publications implementing CRISPR/Cas technology in research settings
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have appeared ®. An important question is hence whether this technology can be implemented
in a clinical setting for treatment of hereditary neurodegenerative disorders such as SCA3. Since
CRISPR/Cas targets the DNA, an important advantage of this technology over AONs is that one
time treatment is sufficient to achieve a permanent treatment effect. One immediate difficulty
for CRISPR/Cas in the context of the brain is that homology-directed repair is inefficient in G1
state cells ”°, and hence in neurons. Non-homologous end joining based DNA repair is however
active in post-mitotic cells, and AAV based delivery of Cas9 and guide RNAs in the mouse
brain was successfully used to induce frame-shifts and subsequent protein depletion of several
targets ”!. It is hence possible to achieve gene knockout in vivo in brain cells using this approach.
Interestingly, it was recently shown that non-homologous end joining is a viable strategy for
transgene insertion in neurons as well, opening the way for insertion strategies in neurons 7.
In the case of SCA3, CRISPR/Cas could most easily be implemented to knock down ATXN3
expression. Non-allele specific downregulation of huntingtin was recently achieved through
CRISPR/Cas in a Huntington mouse model, and successfully alleviated symptoms 7. Targeting
of the expanded CAG repeat of ATXN3 directly through CRISPR/Cas does not seem possible at
this time. It may however be possible to target SNPs associated with the mutant ATXN3 allele,
as SNP specific knockout through CRISPR/Cas is feasible 7*. Apart from similar complications
associated with viral delivery as some of the RNAI strategies, the biggest hurdle for clinical
application of CRISPR/Cas is currently the risk of off-target effects. In contrast to AONS,
genome editing is permanent, and the risk of off-target effects is thus an important concern. Off-
target effects of CRISPR/Cas has sparked an ongoing debate in the scientific community, with
contradictive reports appearing > ”°. Nonetheless, improvements in CRIPR/Cas technology as
well as the required delivery methods are continuously being developed, and the technology

undoubtedly shows great promise for future therapeutic use.

AON based downregulation versus exon skipping

In this thesis, we have investigated two exon skipping based treatment strategies for SCA3.
In the first strategy, we attempted to alleviate cleavage induced toxicity by removal of exons
encoding known cleavage sites associated with mutant ataxin-3 toxicity (chapter 3). In the second
strategy, we continued on a previously described exon skipping strategy 7 to remove the CAG
repeat containing exon from ATXN3 pre-mRNA. In the latter strategy, ataxin-3 is truncated just
upstream of the polyQ repeat, resulting in a theoretically non-toxic protein (chapter 5). Among
these two exon skipping strategies, we have concluded that skipping of the repeat containing
exon is undoubtedly the preferred strategy for a number of reasons. Firstly, the cleavage sites
within ataxin-3 that are associated with toxicity are encoded by the two exons that also encode
the ubiquitin interacting motifs (exon 8) as well as the VCP binding site (exon 9). In contrast,
skipping of exon 10 retains ataxin-3 ubiquitin binding function. Secondly, exon skipping of
the CAG repeat containing exon was exceedingly more efficient than skipping of exons encoding
the proteolytic cleavage sites. Thirdly, it is currently still unclear whether removal of the cleavage

sites within mutant ataxin-3 truly alleviates toxicity in vivo. Lastly, in light of future clinical
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application, the use of a single AON against exon 10 is more favourable than the two separate
AON sequences required for removal of the cleavage sites from ataxin-3.

From our studies it is therefore clear that ATXN3 exon 10 skipping is the preferred
therapeutic approach. However, other research groups have shown successful downregulation
of ATXN3 transcripts in vivo by making use of gapmer AONs 7® or through lentivirus delivered
shRNA 7. A comprehensive evaluation of differences between AONs and RNAi based on viral
delivery is beyond the scope of this thesis, but in brief, AONs have an advantage in their delivery
and distribution *, whereas lentiviral or adeno-associated virus (AAV) based delivery of RNAi
molecules have the major advantage of requiring only one time or very infrequent treatments *,
though immune stimulation may be an concern #. Choosing the best RNAi based therapeutic
strategy for SCA3 largely depends on a currently still unanswered question: is downregulation
of ataxin-3 tolerated in the human brain for a prolonged period of time? As described in chapter
1, ataxin-3 downregulation or knockout is tolerated in mice, though protein ubiquitination is
increased *> ®. On the other hand, intracellular signalling and cytoskeletal organisation was
affected in human cell culture experiments upon ataxin-3 downregulation % %. Therefore,
exon skipping based removal of the toxic polyQ tract in ataxin-3 is an interesting treatment
option. Conversely, in vivo exon skipping occurred at higher AON dosages (chapter 5) than
those required for downregulation through gapmer AONs 8. Given these considerations, allele
specific downregulation of mutant ataxin-3 may be a preferable therapeutic approach at this
time, as in this case wild type ataxin-3 remains available to perform cellular functions, whereas
the toxic entity is specifically removed. In this regard, perhaps the most interesting and safest
possibility could be to induce preferential exon skipping of exon 10 of mutant ATXN3 allele by
targeting the CAG repeat, as was serendipitously shown in a large AON screening by Liu and
colleagues *. A potential caveat to this strategy is that the human transcriptome contains many

CAG repeat sequences, and off-target effects may thus occur.

Considerations for clinical implementation of SCA3 AONs

Recent successes in clinical trials for HD and especially SMA point to a promising future for
clinical use of AONs for treatment of a range of neurodegenerative disorders. There are currently,
however, still a few considerations regarding the therapeutic use of AONs. Firstly, clinical trials
with AONs have shown good distribution and efficacy in the brains of SMA affected children,
but no AON distribution data is as of yet available for the adult human brain. However, given that
brain size and CSF flow does not differ greatly between children and adults ¥, it is reasonable to
assume comparable AON distribution and stability in the adult human brain. A second concern
is that the long term effects of exposure of the CNS to AONs are as of yet unclear. Preclinical
studies in animals are always comparatively short in duration, whilst treatment of SCA3 patients
would in principle require repeated AON dosing during several decades. Currently, children
have been treated with the AON drug Spinraza for a period of 15 months, and only adverse
events related to the procedure of intrathecal injection were reported ®. The safety profile of

AONs in the brain thus is currently very promising, but long term side effects of continuous
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treatment cannot be ruled out yet. Similarly, the actual on-target treatment effect of AONs,
such as ataxin-3 protein depletion or truncation through exon skipping, may also induce side
effects in the long term. With regards to exon skipping, the ataxin-3 polyQ domain was recently
shown to be important in regulation of autophagy *, and AON mediated removal could thus
potentially affect cellular function as well. One advantage of AON mediated therapy in this
regard is the fact that an “antidote” complementary AON can be designed in order to bind and
inactivate the treatment AON that is already present in cells ¥. Given the reported AON half-life
of months, this strategy can be useful if side effects related to AON functional effect arise, and
is an advantage over other RNAi and CRISPR/Cas strategies. A last consideration specific to
AON based therapy is the high cost of treatment. Treatment for disorders such as SCA3 should
arguably be started before onset of symptoms, and would thus require repeated dosing during
several decades. With reported costs of Spinraza currently being estimated around €600.000
for the first year and €300.000 for each subsequent year for each patient, insurance companies
may not be capable of covering AON based treatments. Nonetheless, treatment prices will likely
decline in the future and the many advantages of AONs for use in the CNS will likely assure
a place for these molecules in treatment for neurodegenerative disorders.
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