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Abstract

Spinocerebellar ataxia type 7 (SCA7) is a rare autosomal dominant neurodegenerative disorder characterized by progressive
neuronal loss in the cerebellum, brainstem, and retina, leading to cerebellar ataxia and blindness as major symptoms. SCA7 is due
to the expansion of a CAG triplet repeat that is translated into a polyglutamine tract in ATXN7. Larger SCA7 expansions are
associated with earlier onset of symptoms and more severe and rapid disease progression. Here, we summarize the pathological
and genetic aspects of SCA7, compile the current knowledge about ATXN7 functions, and then focus on recent advances in
understanding the pathogenesis and in developing biomarkers and therapeutic strategies. ATXN7 is a bona fide subunit of the
multiprotein SAGA complex, a transcriptional coactivator harboring chromatin remodeling activities, and plays a role in the
differentiation of photoreceptors and Purkinje neurons, two highly vulnerable neuronal cell types in SCA7. Polyglutamine
expansion in ATXN7 causes its misfolding and intranuclear accumulation, leading to changes in interactions with native partners
and/or partners sequestration in insoluble nuclear inclusions. Studies of cellular and animal models of SCA7 have been crucial to
unveil pathomechanistic aspects of the disease, including gene deregulation, mitochondrial and metabolic dysfunctions, cell and
non-cell autonomous protein toxicity, loss of neuronal identity, and cell death mechanisms. However, a better understanding of
the principal molecular mechanisms by which mutant ATXN?7 elicits neurotoxicity, and how interconnected pathogenic cascades
lead to neurodegeneration is needed for the development of effective therapies. At present, therapeutic strategies using nucleic
acid-based molecules to silence mutant ATXN7 gene expression are under development for SCA7.
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Introduction

Spinocerebellar ataxia type 7 (SCA7) belongs to the large
family of autosomal dominant cerebellar ataxias (ADCAs), a
clinically, genetically, and neuropathologically heterogeneous
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group of disorders defined by variable degrees of cerebellar
ataxia, and diverse non-cerebellar symptoms. ADCAs are rare
disorders with a prevalence of 0.3 to 2 per 100,000 and are
pathologically characterized by prominent atrophy of the cer-
ebellum, brainstem, and spinal cord, together with degenera-
tion at variable level of other brain regions. ADCAs are clas-
sified as types I, II, and III. While type I is characterized by
cerebellar ataxia associated with variable neurological features
and type III by pure cerebellar ataxia, type I or SCA7 is
distinguished clinically by the additional presence of a pig-
mentary maculopathy [1, 2]. SCA7 was estimated to account
for 1-11.7% of genetically diagnosed ADCAs in diverse pop-
ulations worldwide [3—11]. However, the frequency of SCA7
is higher where local founder effects were observed as in
Scandinavia, Mexico, South Africa, and Zambia [9, 12—-14].
SCAT7 is due to the expansion of a polyglutamine (polyQ)
tract located in the ataxin-7 (ATXN7). SCA7 is thus
pathomechanistically related to the group of CAG/polyQ
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expansion disorders, which includes other SCAs (types 1-3,
6, and 17), Huntington’s disease (HD), spinal bulbar muscular
atrophy (SBMA), and dentatorubro pallidoluysian atrophy
(DRPLA) [15]. These diseases are caused by the expansion
of a translated CAG triplet repeat in the causative genes, lead-
ing to an expanded polyQ tract in the corresponding proteins.
SCAT7 and other polyQ disorders share a number of common
features, including dominant inheritance (except for the X-
linked SBMA), adult onset of symptoms and selective brain
degeneration responsible for disease-specific symptoms.
There is an apparent polyQ length threshold above which
the pathology becomes fully penetrant, and the longer the
polyQ expansion, the earlier is the disease onset and more
severe are symptoms. The pathogenesis of these diseases is
complex as polyQ expansion confers toxic gain of function to
the mutant protein as well as loss of the normal protein func-
tion [15]. Finally, a hallmark of all polyQ diseases is the in-
tracellular accumulation of amyloid-like aggregates contain-
ing mutant protein fragments [16]. Except for the presence of
a polyQ domain, ATXN?7 and the other polyQ proteins do not
share any similitude and have different functions. PolyQ pro-
teins are ubiquitously expressed, contrasting with the selective
neuronal degeneration. Therefore, it is thought that disease
particularities must come from the function of the protein into
which the polyQ expansion is embedded.

In the case of SCA7, ATXN7 is a known member of the
multiprotein Spt-Ada-GenS acetyltransferase (SAGA) com-
plex [17], a transcriptional coactivator conserved from yeast
to human. SAGA harbors chromatin remodeling activities that
are essential for RNA polymerase 11 (RNAPII) transcription
[18]. Transcriptional alterations were reported in cellular and
animal models of SCA7; however, other cellular perturbations
are observed and affect autophagy, mitochondria, as well as
cell-cell interaction and maintenance of neuronal differentia-
tion. In this review, we will outline the major clinical, patho-
logical, and genetic aspects of the disease, and then focus on
recent advances in understanding the pathogenesis and in de-
veloping biomarkers and therapeutic strategy for SCA7.

Genetic Aspects of SCA7

The gene responsible for SCA7 has been localized to chromo-
some 3p12-21.1 in 1995 [19-21]. A strong anticipation in age
of onset in SCA7 families was already well documented at
that time, suggesting the involvement of a causative trinucle-
otide repeat expansion mutation. This hypothesis was later
confirmed by the detection of a 130-kDa polyQ-containing
protein in cell extracts of SCA7 patients using the specific
anti-polyQ 1C2 antibody [22, 23]. Two years later, library
screening for CAG repeat sequences led to the identification
of the ATXN7 gene [24].

The gene consists of 13 exons spanning 140 kb of genomic
DNA and encodes the ATXN?7 that harbors a polymorphic
polyQ stretch in the amino-terminus [24, 25]. The blood cell
genotyping indicated that the wild-type alleles of ATXN7 have
4-35 CAG repeats with 70-80% which carry 10 CAG. Alleles
with 28-35 CAG are prone to expand upon paternal transmis-
sion and are responsible for rare de novo SCA7 mutation
[26-28]. Alleles with 34-36 CAG repeats are associated with
reduced penetrance of mild- and late-appearing disease symp-
toms [27, 29]. In SCA7 patients, mutant alleles have typically
36 or more CAG repeats and can even reach > 460 [30].

CAG expansions are dynamic mutation and show instabil-
ity in germline and somatic tissues. Among CAG/polyQ dis-
orders, SCA7 CAG repeats show the highest tendency to ex-
pand upon transmission, explaining the strong anticipation
observed in families (mean 19+ 13 years [3, 31, 32]). The
instability of expanded alleles is significantly greater upon
paternal than in maternal transmission [26, 32].

The length of CAG repeats is inversely correlated with the
age of onset and the disease duration. The majority of SCA7
alleles have 36-55 CAG repeats and are responsible for the
classical adult-onset form, which progresses over several de-
cades until death [32]. Repeats >70 CAG are typically re-
sponsible for juvenile-onset forms with accelerated disease
course, while extremely large repeats (> 100 CAG) cause se-
vere infantile forms leading to death within few years or
months. The repeat length also relates to symptoms at onset:
large repeat expansions associated with early onset cause vi-
sual loss before cerebellar ataxia, while ataxia is the first man-
ifestation of shorter expansions associated with later disease
onset [3, 4, 26].

Clinical and Neuropathological Features

The classical neurological signs of SCA7 adult form are gait
ataxia progressing to limb ataxia and retinal degeneration.
Common symptoms include spastic ataxia gait, dysarthria,
dysphagia, slow eye movement, ophthalmoplegia, prominent
hyperreflexia with crossed supraclavicular, pectoral and hip
adductor reflexes, spasticity of the lower limbs, and pyramidal
signs [3, 4, 33-35]. SCA7 patients with difficulties in attrib-
uting emotions and with cognitive impairment affecting ver-
bal memory and fluency were also reported [36-38]. It is also
proposed that extracerebellar component of SCA7 accounts
for sudden changes in laryngeal muscle tone, producing insta-
bility in the voice [39]. However, as for many neurodegener-
ative disorders, the accuracy of clinical assessment has limi-
tation due to variation in the age of onset and disease progres-
sion. The recent study on a large cohort of 50 patients origi-
nating from a founder mutation in Mexico has allowed the
specific clinical characterization of adult-onset patients (>
18 years) and early-onset patients (< 18 years) and the new
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observation of frontal-executive deficits and sensory-motor
peripheral neuropathy in SCA7 [35, 40]. It is noteworthy that
infantile forms are much more severe and cause multisystem
disorder including failure to thrive, hypotonia, myoclonic sei-
zures, and non-central nervous systems dysfunctions like con-
gestive heart failure, patent ductus arteriosus, atrial septum
defect, renal failure, hepatomegaly, muscle atrophy, capillary
leak syndrome, and hemangioma [30, 33, 41-46].

Brain atrophy of SCA7 patients has been characterized in
several neuropathological studies using both postmortem tis-
sues and imaging techniques. Postmortem cerebellum of
SCA7 patients shows substantial neuronal loss in the
Purkinje cell layer, in the dentate nuclei and, to a less extent
in the granule cell layer [32, 47-49]. Neuronal loss is also
frequently observed in the inferior olivary nuclei and in the
basis pontis associated with the atrophy of spinocerebellar and
pyramidal tracts [50]. In addition to these structures,
postmortem brains of adult- and late-onset patients show
widespread neurodegeneration in diverse structures of the tel-
encephalon, diencephalon, midbrain, medulla oblongata, and
spinal cord. Atrophy or loss of myelinated fibers was observed
in the cerebellar white matter and extracerebellar associated
structures including the spinal cord [11, 32, 47-50]. Brain
imaging confirmed the atrophy of cerebellum’s grey and white
matters and the pons. There is a close relationship between
cerebellar volume and the motor impairment in people with
SCA7 [51]. Lobules IX and X as well as lobules I, II, and
VIIIb of cerebellum appear particularly vulnerable [38]. The
unique pattern of cerebellar damages distinguishes SCA7
from other subtypes of SCA [52]. Structural and functional
magnetic resonance imaging and fractional anisotropy further
confirmed widespread but regio-specific alterations of diverse
extracerebellar grey and white matters [38, 51, 53, 54]. Using
a new tractography method, the fixel-based analysis,
Adanyeguh et al. [55] were able to document longitudinal
volumetric changes in the cerebellum and pons as well as in
the corpus callosum in SCA7 patients, which might prove
useful as disease biomarkers.

Visual impairment in SCA7 is first due to cone photorecep-
tor degeneration and leads to the decrease of acuity and color
vision in the tritan (blue-yellow) axis. The retinopathy then
progresses toward a cone-rod dystrophy and complete blind-
ness [11, 33-35, 50, 56-64]. Fundoscopy of SCA7 patient
retina shows progressive atrophy of the macula with appari-
tion of granular pigmentation, pale areas with pigmentary at-
rophy and poor vasculature. Postmortem retinal sections re-
veal the almost complete loss of photoreceptors and the sub-
stantial loss of bipolar and ganglion cells resulting in severe
thinning of the nuclear and plexiform layers especially in the
foveal and parafoveal regions [32, 48, 57]. In addition, dam-
ages in the Bruch’s membrane, hypertrophy or degeneration
of the retinal pigmentary epithelium, hypomyelination of the
optic nerve, decreased corneal endothelial cell density, and
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increased corneal thickness were also reported [11, 33, 34,
48, 49, 62, 64].

Overall, the initial disease symptoms in SCA7 correlate
well with the primary neuropathology. However, as the dis-
ease progresses, the symptoms become more diverse and the
degenerative process more widespread.

ATXN7 Protein
ATXN7 Expression and Structure

In situ hybridization and immunohistological analyses
showed that ATXN7 gene is widely expressed in neural and
non-neural tissues [65—71]. The protein is present in cyto-
plasm and nuclei of neurons in different ratio depending on
the brain region. Various subcellular localizations were even
observed in a single neuronal type such as the Purkinje cell, in
which ATXN7 can be exclusively cytoplasmic or nuclear or in
both compartments [70]. In the retina, ATXN?7 is present in all
neurons, located in nuclei and inner segments of photorecep-
tors and absent from their outer segments. The subcellular
localization of ATXN7 is thus highly regulated, suggesting
different functions. However, there is no apparent correlation
between cellular or subcellular localization and the vulnera-
bility of neurons to degenerate in SCA7.

Consistent with the nucleo-cytoplasmic localization,
ATXNT7 contains three nuclear localization signals (NLS)
and one nuclear export signal (NES) (Fig. 1a). The subcellular
localization of ATXN7 might also be controlled by alternative
splicing of its pre-mRNA, which leads to the production of
two different isoforms, ATXN7a and ATXN7b (Fig. 1a).
ATXNT7b (945 aa) has a longer C-terminus and is found pre-
dominantly in the cytoplasm [72], while ATXN7a (892 aa) is
predominantly nuclear. The extent to which each isoform con-
tributes to the pathogenesis remains unclear, as most studies
have been done so far with ATXN7a.

Sequence analysis also showed that ATXN7 has two do-
mains homologous to the yeast protein Sgf73 [17, 73, 74].
Sgf73 is a component of the multiprotein SAGA complex
involved in chromatin remodeling. Biochemical studies con-
firmed that ATXN7 in human is also a core component of
SAGA, initially identified as the TBP-free TAF-containing
complex (TFTC) or the SPT3-TAF9—GCNS5 (STAGA) com-
plex [17, 75]. Despite limited homology between Sgf73 and
ATXN7, the human protein can complement the loss of
SGF'73 in yeast [76]. Additional sequence analysis led to the
identification of three paralogs, ATXN7L1, ATXN7L2, and
ATXN7L3, that are consistently present in vertebrates [17,
77]. ATXN7 and its paralogs share the 2 homologous domains
[17]. Domain I is a typical C2H2 zinc-finger motif, while
domain II has an atypical Cys-X9—10-Cys-X5—Cys-X2-His
motif, now known as SCA7 domain (InterPro: IPR013243). A
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Fig. 1 ATXN7 isoforms and SAGA complex. (A) ATXN7a and
ATXN7b isoforms corresponding to a wild-type allele with 10 CAG-
encoding polyQ tract, are generated by alternative splicing. The con-
served domains are indicated as blue boxes: a typical C2H2 zinc-finger
(ZNF) motif, an atypical Cys-X9-10-Cys-X5-Cys-X2-His motif known
as ATXN7 domain and a third conserved domain. NLS nuclear localiza-
tion signal, NES nuclear export signal, PTM posttranslation modification
site for acetylation and SUMOylation. (B) SAGA is composed of four
modules: SPT module forming the core architecture, the TAF module

third domain (III) is common to all ATXN7 paralogs, apart for
ATXN7L3 and its Sgfll yeast ortholog. The polyQ motif is
unique to ATXN7 and its vertebrate orthologs.

ATXN7 and SAGA Functions

SAGA is composed of four distinct modules forming a core
architecture responsible for interaction with transcriptional
machinery, and chromatin modifications through histone ace-
tyltransferase (HAT) and deubiquitinase (DUB) activities
(Fig. 1b). In the HAT module, the acetyltransferase KAT2A/
KAT2B acetylates lysine 9 of histone H3 (H3K9ac) located on
genes promoters, allowing chromatin decompaction and ac-
cessibility to transcription factors. In the DUB module, the
ubiquitin protease USP22 removes monoubiquitin from lysine

Histone
deubiquitination

SAGA-mATXN7-PolyQ
and/or mATXN7

nuclear inclusions Altered acetylation of H3

> Increased ubiquitination of H2B
TRANSCRIPTIONAL DEREGULATION

interacts with transcriptional machinery, the HAT module contains his-
tone acetyltransferease KAT2A/KAT2B, and the DUB module contains
the deubiquitination enzyme USP22, ATXN7, ATXN7L3, and ENY2.
ATXN7 anchors DUB in the core complex. SAGA plays a role in
RNAPII transcription by acetylation of histone H3 on gene promoter,
deubiquitination of histone H2B on gene body, and interaction with tran-
scriptional machinery. mATXN?7 alters SAGA epigenetic activities, fol-
lowing its integration in the complex or by sequestration of SAGA com-
ponents in nuclear inclusions, leading to transcriptional deregulation.

120 on histone H2B (H2Bub) on gene bodies to optimize
transcriptional initiation and elongation by RNAPII. SAGA
complex acts as a bona fide coactivator for all RNAPII tran-
scribed genes [18]. In yeast, SAGA inactivation strongly de-
creases mRNA synthesis of all active genes transcribed by
RNAPIL

ATXN7/Sgf73 belongs to the DUB module and anchors
DUB to SAGA [78]. Domain I of ATXN7/Sgf73 mediates
interactions between the three other DUB components, the
yeast Ubp8, Sgfll, and Susl (respectively, USP22,
ATXN7L3, and ENY2 orthologs in human) [79, 80] (Fig.
1b). Deletion of SGF73 in yeast disrupts the integrity of
DUB and as a consequence, the genome level of H2Bub in-
creases [81]. In fly and human cells, ATXN7 inhibition also
leads to dissociation of DUB from SAGA, and in contrast to
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yeast, a DUB activity seems to persist in the absence of
ATXN7 and the level of H2Bub decreases [82]. ATXN7 can
also bind nucleosomes through its SCA7 domain [83]. This
binding is thought to fine-tune the deubiquitination activity of
SAGA through optimal positioning of DUB relative to its
substrate. Therefore, ATXN7/Sgf73 appears to be a functional
molecular scaffold of SAGA that plays a role in the regulation
of H2B ubiquitin levels.

SAGA is involved in diverse cellular processes including
cell growth and survival, genomic integrity, and cancer.
Interestingly, it was shown that yeast lacking the DUB com-
ponents SGF73, SGF11, and UBPS§ are exceptionally long-
lived [84]. This new function of DUB in aging depends on
sirtuin pathway. Furthermore, chromatin immunoprecipitation
followed by high-throughput sequencing (ChIP-seq) revealed
that Sgf73 binds to promoter of genes encoding ribosomal
proteins involved in aging regulation in yeast [85]. ATXN7,
therefore, may also play a similar role in aging, which might
be relevant to the pathogenesis of SCA7.

In metazoans, SAGA functions appear critical for diverse
neural development processes [86]. Interestingly, subunits of
the DUB module play a role in the proper development of the
visual system in flies. For instance, Drosophila mutants for
Nonstop or Sgfll (the ortholog of USP22 and ATXN7L3, re-
spectively) cause a loss of glial cells in the lamina plexus of
the optic lobe, resulting in misprojection of photoreceptor
axons into the medulla [87-89]. While flies with loss of
Atxn7 ortholog die at prepupation, a small number of “es-
capers” were observed with lesions throughout neural and
retinal structures [82]. Consistently, targeted RNAi knock
down of Atxn7 expression within the retina and lamina leads
to a progressive age-dependent retinal degeneration [82]. In
contrast to fly, inactivation of zebrafish atxn7 primarily results
in ocular coloboma [77], a structural malformation responsi-
ble for visual impairment in about 1/5000 live birth in human
(Fig. 2a). The lack of Atxn7 leads to elevated Hedgehog sig-
naling in the forebrain, which alters the expression domain of
pax6 and pax2 genes and causes an alteration of proximo-
distal patterning of the optic vesicle during early eye develop-
ment of zebrafish, and hence coloboma. The role of Atxn7 in
the regulation of Hh signaling is consistent with previous
work demonstrating that defective mouse KAT2A (also
named GCNS5), another component of SAGA, causes alter-
ation of Shh signaling and brain malformation [90].
Interestingly, at later developmental stages of zebrafish, atxn7
inactivation leads to malformations of the outer segment of
photoreceptor. The differentiation of immature photoreceptors
into mature ones is under the control of the transcription factor
Crx, and it ends with the formation and elongation of outer
segments, which contains the photopigment rhodopsin and
cone opsins. Fish lacking Atxn7 show reduced expression of
crx and rhodopsin genes [77, 91]. Thus, the observation in
zebrafish indicates that Atxn7 is involved in the proximo-
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distal patterning during early eye development and in photo-
receptor full differentiation during late eye development [77]
(Fig. 2). Interestingly, Yanicosta et al. [91] showed that
zebrafish Atxn7 is also required for full differentiation of
Purkinje neurons of the cerebellum, another neuronal type
highly affected in SCA7.

Despite the abundance of ATXN7 in the cytoplasm, only
few studies have looked into its cytoplasmic function.
Nakamura et al. [92] showed that overexpressed ATXN7 as-
sociates with microtubules and may play a role in their stabi-
lization. Using yeast two-hybrid screen, Kahle et al. [93]
found that ATXN?7 interacts with several cytoplasmic proteins,
including the CEP70 and CEP72 which localize at centro-
somes and ciliary microtubules. ATXN7 also localizes to cen-
trosome and cilia in mammalian cells (YT, unpublished data).
Recently, it was shown that KAT2A/KAT2B are also associ-
ated to centrosome and acetylate several cytoplasmic targets
[94]. The physiological role of ATXN7 in the cytoplasm thus
deserves further investigation, as it might help to understand
pathomechanisms underlying SCA7.

Mutant ATXN7 Misfolding and Accumulation

The wild-type ATXN7 is expressed at low level in most tissues.
A major consequence of polyQ expansion in the mutant ATXN7
(MATXN7) is the progressive accumulation of misfolded forms
of the protein in the brain. Over time, misfolded mATXN7 forms
large aggregates in cell nuclei, the so-called nuclear inclusions
(NIs) [95, 96]. In postmortem brains, Nls are widely distributed
in degenerating and spared brain regions [47], indicating that NIs
per se might be poor indicator of mATXN?7 toxicity. However, in
SCA7 knock-in (KI) and transgenic (tg) mouse models (see
Table 1), misfolded mATXN7 accumulates faster in nuclei of
vulnerable neurons such as photoreceptors and Purkinje cells
[95-97], indicating a close link between accumulation and tox-
icity. Furthermore, NIs sequester many cellular proteins includ-
ing proteasomes, chaperones, RNA binding proteins, transcrip-
tion activators such as the CREB-binding protein (CBP), and
subunits of SAGA complex (see Table 2), which may therefore
lose their biological functions and contribute to the pathogenesis.

NIs in different SCA7 mouse models are majorly formed
by an amino-terminal fragment of mATXN7 containing the
polyQ expansion [97, 122, 123]. The mATXN?7 fragment is
SDS-insoluble and formic acid-soluble and can be analyzed
by western blot [123]. Young et al. [121] showed that caspase-
7 can cleave mATXN7 and release a fragment of similar size
to the one that accumulates in neurons. In HEK293T cells, the
caspase-7 fragment of mATXN?7 is more toxic than the full-
length mATXN7 [121]. Interestingly, PrP-Ataxin-7-92Q-
D266N tg mice expressing a mATXN7 form resistant to
caspase-7 cleavage show reduced neurodegeneration, im-
proved visual and motor performance and prolonged lifespan,
when compared to SCA7 tg mice which express a mATXN7
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Fig. 2 ATXN7 function in zebrafish eye morphogenesis and
photoreceptor differentiation and dysfunction in SCA7 photoreceptor
differentiation. (A) Inactivation of zebrafish atxn7, through antisense
morpholinos and crispr/cas9 approach, leads to coloboma, an incomplete
closure of the eye cup. During early eye morphogenesis, the closure of the
choroid fissure is controlled by Shh signaling from the forebrain, which
regulates the precise proximo-distal patterning of pax6 expression in the
optic cup and pax2 in the optic stalk. When atxn7 is inactivated in
zebrafish, the level of Shh is increased (red arrow) and the expression
pattern of pax2 is extended in the optic cup (curved red arrows), leading to
much larger opening of the choroid fissure at 28-h postfertilization (hpf)
compared to control (lower panels) and later to coloboma (bright field
images of control and atxn7 morphant eyes; YT, unpublished data). (B)

that can be cleaved by caspase-7 [102]. These results suggest
that the caspase-7 cleavage is a critical step in the pathogenesis
and could be a major target for therapy development. The
caspase-7 fragment of mATXN?7 is short enough to diffuse
passively through nuclear pore complexes, but it accumulates
in the nucleus, indicating a specific retention mechanism in
this compartment [121]. In the nucleus, mATXN7 fragment
may cause toxicity by replacing the full-length protein in the
SAGA complex or through aggregation and sequestration of
SAGA components and other proteins [106, 107].

Interaction of ATXN7 with the histone deacetylase 3
(HDAC3) was shown to stabilize the protein in a
deacetylase-independent manner [108]. HDAC3 is increased
in the cerebellum of moPrp-Flag-SCA7-92Q-myc tg mice and
specially localizes in Purkinje cells and Bergmann glia, two
cell types involved in SCA7 cerebellar pathology. Further
studies shall elucidate the functional nature of this interaction
and whether increased HDACS3 level contributes to the SCA7
pathogenesis.

Posttranslational modifications of lysine-257 (K257) also
play a critical role in the turnover and accumulation of
mATXN7. The accumulation of the mATXN7 fragment is
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The differentiation of immature photoreceptors into mature ones involves
to the formation of outer segments, a structure entirely filled with discs of
folded double membranes where phototransduction takes place, and is
associated with chromatin compaction. In mature photoreceptors, outer
segments are dynamic structures undergoing daily partial shedding at the
apical side and resynthesis at the base. Depletion of zebrafish Atxn7 leads
to incomplete formation of outer segments, indicating that Atxn7 is in-
volved in full photoreceptor differentiation [1]. In SCA7, mATXN?7 tox-
icity leads to down-regulation of photoreceptor genes involved in outer
segment formation and function, and hence photoreceptor outer segments
are progressively lost [2] due to a lack of renewal. SCA7 photoreceptors
also show chromatin decompaction.

associated with an increased acetylation of K257, which is
located close to the caspase-7 cleavage site [99]. In the ab-
sence of lysine acetylation, the fragment is readily degraded
by autophagy, whereas K257 acetylation seems to prevent the
clearance of the mATXN7 fragment. Interestingly, the same
K257 residue was shown to be a specific site for ATXN7
SUMOylation [114]. Marinello et al. showed that mATXN7
is more SUMOylated than the wild-type form, and that addi-
tion of poly-SUMO2/3 chains to mATXN7 promotes its re-
cruitment to clastosomes [117]. The clastosomes are special-
ized nuclear bodies formed by the promyelocytic leukemia
(PML) protein and containing active proteasomes for protein
degradation. In PML clastosomes, poly-SUMOylated
mATXN?7 is ubiquitinated by the SUMO-dependent ubiquitin
ligase RNF4 for its final degradation by the proteasome.
Treatment with interferon beta increases SUMO pathway en-
zymes and clastosome formation by increasing PML expres-
sion [117], promoting further poly-SUMOylation of
mATXN?7 and enhanced clearance. Moreover, interferon beta
increases the survival of rat primary Purkinje neurons overex-
pressing mATXN7 [124, 125]. Importantly, in the brain of
SCAT7 patients, mATXN7 aggregates often colocalize with
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Table 1 List of SCA7 mouse models
Model* Design™** Pathology*** Ref.
P7E (tg) Pcp-2 (ATXN7 90Q) (Purkinje cells) Motor and cerebellar pathology (onset 11 months) [97]
B7E2 (tg) PDGF-B (ATXN7 128Q) (ubiquitous) Motor and cerebellar pathology (onset 3-5 months) [95]
R7E (tg) Rhodopsin (ATXN7 90Q) (rod photoreceptors) Retinopathy (onset 5 weeks) [97]
Prp SCA7-¢92Q (tg) Murine prion (ATXN7 92Q) (brain except Purkinje ~ Motor and cerebellar pathology (onset 13-15 months); [98]
cells; retina) Retinopathy (onset 11 weeks)
moPRP-Flag-SCA7-92Q-myc  Murine prion (Flag-ATXN7 92Q-myc) (brain except =~ Motor and cerebellar pathology (onset 13-15 months) [99]
(tg) Purkinje cells; retina)
Gfa2-SCA7-92Q (tg) Human Gfa2 (ATXN7 92Q) (Bergmann glia) Cerebellar pathology (9-12 months) [100]
PrP-floxed-SCA7-92Q BAC ~ BAC murine prion (Floxed ATXN7 92Q) (whole Motor and cerebellar pathology (onset 21 weeks) [101]
(tg) brain)
PrP-Ataxin-7-92Q-D266N Murine prion (ATXN7 92Q with D266N mutation) ~ No motor and cerebellar phenotype; no retinopathy;  [102]
(brain except Purkinje cells; retina) die prematurely at 40-63 week-old
Ataxin-7-Q52 (tg) PDGF-3 (ATXN7 52Q) (whole brain) Motor and cerebellar pathology (onset 9 months) [103]
SCA7%Q5Q (K1) Mouse Atxn7 266Q Motor, cerebellar and hippocampal pathology ; [96]
Retinopathy (onset 5 weeks)
SCA7'00Q/100Q () Mouse Atxn7 100Q Motor, cerebellar and hippocampal pathology; [104]

Retinopathy (onset 11 months)

*Transgenic (tg); knock-in (KI)
**Promoter (ATXN7 protein and polyQ length) (tissue or cell expression)
***Major pathological features (onset of pathology when known)

PML nuclear bodies [109, 126]. Endogenous clastosomes
might prevent the accumulation of mATXN7 for several de-
cades before onset of aggregation. Over time, the degradative
activity of clastosomes might be overwhelmed by the aggre-
gation process.

SCA7 Pathology in Animal Models

Several KI and tg mouse models have been generated over the
past years, reproducing several aspects of the disease includ-
ing retinopathy, motor defects, cerebellar pathology and pre-
mature death, and have provided important insights into the
nature of SCA7 neurodegeneration (Table 1) ( also see refer-
ence (127) for review on SCA7 mouse models).

Progressive Loss of Neuron Identity

The retina—as a simple and accessible central nervous system
tissue—is extremely helpful to delineate close correlations
between functional, morphological, and molecular alterations
during pathological process. In SCA7 mouse models, the ret-
ina develops normally before showing progressive electroret-
inograph dysfunction and thinning of the retinal layers
[96-98]. Cone photoreceptors are affected before rods, as in
patients, and photoreceptor dysfunction is followed by cell
death [96, 98, 123, 128]. The loss of photoreceptor function
correlates with the early and progressive reduction of expres-
sion of photoreceptor-specific genes important for the
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phototransduction and outer segment formation [96, 98, 129,
130].

In mouse retina, about 75% of all cells are photorecep-
tors, and 97% of these are rods. The R7E tg mice, which
express mATXN7 only in rods, have allowed the long-
term study of mATXN?7 toxicity in a single type of neuron
and provided critical information about the nature of pho-
toreceptor dysfunction [97]. R7E rods primarily lose their
outer segments [123], a structure entirely filled with discs
of folded double membranes where phototransduction
takes place (Fig. 2b). In mature photoreceptors, outer seg-
ments are dynamic structures undergoing daily partial
shedding at the apical side and re-synthesis at the base.
Thus, outer segments renewal necessitates a high biosyn-
thetic activity and specific gene expression programs
[131]. Expression profile analysis of R7E retina unveiled
the alteration of genetic programs controlling the mainte-
nance of mature photoreceptor identity. This is evidenced
on the one hand by the downregulation of photoreceptors
specific transcription factor coding genes (Crx, Nrl/ (neu-
ral retina leucine zipper protein), and Nr2e3 (Nuclear
Receptor Subfamily 2, Group E, Member 3)) as well as
many of their target genes involved in outer segment re-
newal and function, and on the other hand by the re-
activation of genes (Stat3 and Hes5) that normally inhibit
the premature differentiation of photoreceptors during de-
velopment [129]. After the loss of outer segments, R7E
rods progressively lose their polarity, and relapse to round
cell shape, consistent with the loss of photoreceptor dif-
ferentiation identity [123]. As zebrafish study showed that
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Table 2 List of proteins found in ATXN7 nuclear inclusions (NIs)

Symbol Description Function SCA7 model Ref.
TAFII30 TATA-box binding protein Subunit of TFIID, transcription initiation factor =~ B7E2 Tg mice [95]
associated factor 10
TFIIEx Transcription initiation factor Component of basal transcriptional machinery B7E2 Tg mice [95]
1IE subunit alpha
TFIIFR Transcription initiation factor Component of basal transcriptional machinery B7E2 Tg mice [95]
IIF subunit beta
XPB (p89) TFIIH basal transcription Subunit of TFIIH; nucleotide excision repair B7E2 Tg mice [95]
factor complex helicase
XPB subunit
KAT2A (GCNS5)  Lysine acetyltransferase 2A  Acetyltransferase, transcriptional activator; human astrocytes [105]
SAGA HAT component
USP22 Ubiquitin-specific peptidase ~ Deubiquitination of histones H2A and H2B; HEK293T cells [106]
22 transcriptional activator; SAGA DUB
component
ATXN7L3 Ataxin-7-like protein 3 SAGA DUB component; USP22 and ENY?2 human astrocytes [107]
recrutment into SAGA
HDAC3 Histone deacetylase 3 Histone deacetylase activity; transcription HEK293T cells [108]
repression
CBP (KAT3A) CREB binding protein Transriptional co-activator; Acetyltransferase SCAT7 patient brain [96, 109, 110]
SCA7*%0¥*Q K[ mice
CRX Cone-rod homeobox PR-specific transcription factor HEK293T cells [98]
P53 Tumor protein P53 Transcriptional factor, cellular stress response PC12 cells [111, 112]
regulation
PML Promyelocytic leukemia Transcriptional regulation, apoptosis, senescence, SCA7 patient brain [109]
protein DNA damage response, and viral defense
mechanisms
SNF5 SWI/SNF-related Component of SWI/SNF remodelling complex ~ B7E2 Tg mice [95]
matrix-associated protein
FUS/TLS FUS RNA-binding protein DNA and RNA metabolism, regulation of LV-mouse model of SCA7 [113]
transcription, RNA splicing, RNA export to the
cytoplasm
Phosphorylated TAR DNA-binding protein 43 DNA and RNA binding protein; regulation of LV-mouse model of SCA7  [113]
TDP-43 transcription and splicing
MBNLI Muscleblind-like splicing Splicing regulation LV-mouse model of SCA7  [113]
regulator 1
HDJ-2 (DNAJ1) Dnal heat shock protein Chaperon protein SCA7 patient brain [95, 97, 109,
family (Hsp40) member A1 B7E2, R7E, P7E Tg mice 110]
HEK293 and SH-SY5Y
cells
HSC70 (HSPAS)  Heat shock protein family A Chaperon protein SCA7?%°Q K1 mice [95, 96]
(Hsp70) member 8
HSP70 (HSPA7)  Heat shock protein family A Protein folding, cellular stress control Neurons in Drosophila [114-116]
(Hsp70) member 4 expressing mATXN7T
COS-7 cells
SUMO 1, 2, 3 Small ubiquitin-like modifier ~Nuclear transport, transcriptional regulation, human cortex [114, 117]
1,2,and 3 apoptosis, and protein stability SCA7%%°¥3Q KT mice
Atxn7"%32 KT mice
HeLa cells
RNF4 E3 ubiquitin-protein ligase SUMO-dependent ubiquitin ligase; proteasomal  HeLa cells [117]
RNF4 degradation
UB Ubiquitin Protein degradation SCAT7 patient brain [96, 97, 110,
HEK293, SH-SYS5Y, PC12, 114, 116,
and COS-7 cells 118, 119]
SCA7 2699*Q KT mice
R7E, P7E Tg mice
Neurons in Drosophila
expressing mATXN7T
P62 Ubiquitin-binding protein P62 Autophagy receptor SCAT7 patient brain [118]
SCA7 266Q/5Q K1
S4 (MTS-2) Proteasome 26S subunit, 19S regulator unit of proteasome; ATP-dependent R7E, P7E Tg mice [97]
ATPase 1 degradation of ubiquitinated proteins
S7 (MSS-1) SCAT7 patient brain
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Table 2 (continued)

Symbol Description Function SCA7 model Ref.
Proteasome 26S subunit, 19S regulator unit of proteasome; ATP-dependent R7E, P7E Tg mice [97, 109, 110,
ATPase 2 degradation of ubiquitinated proteins Neurons in Drosophila 116]
expressing mATXN7T
RPN10 Proteasome 26S subunit, 19S regulator unit of proteasome COS-7 cells [114]
non-ATPase 4
«l1,2,3,5,6,7; 2 Proteasome subunit alpha 208 core unit of proteasome; ATP-dependent R7E, P7E Tg mice [97, 110, 120]
1,2,3,5,6,7; beta 2 degradation of ubiquitinated proteins HEK?293, and SH-SY5Y
cells
CASP-7 Caspase 7 Endopeptidase, apoptosis cascade COS-7 cells [121]
Prp-SCA7 Tg mice
CASP-3 Caspase 3 Activation cascade of caspases involved in SCAT7 patient [110, 114, 120]
apoptosis brainHEK293,
SH-SY5Y, COS-7 cells
N-terminus of APP, Amyloid beta-protein precur- Synaptic functions, glucose homeostasis PC12 cells [119]
APLP1, and sor (APP) family P7E Tg mice
APLP2

Data come from coimmunofluorescence studies. All cell culture systems are based of ATXN7 overexpression

Tg transgenic, K/ knockin
*Based on filter retardation results

Atxn7 is involved in the full differentiation of photorecep-
tors during development, it is proposed that one of the
primary toxic effects of polyQ expansion is to alter the
function of human ATXN7 in the maintenance of differ-
entiated photoreceptors (Fig. 2b).

Whether other neurons vulnerable in SCA7 also pro-
gressively lose their differentiation identity remains to be
investigated. Purkinje neurons are excellent candidate
cells to study, as zebrafish Atxn7 was shown to be in-
volved in their differentiation during development [91].
SCA7 mouse models show motor dysfunction and signs
of Purkinje cell pathology. The expression profile of the
whole cerebellum of SCA72°6?5Q K1 mice (in which an
expansion of 266 CAG repeats was introduced in one
allele of mouse Atxn7) and of different tg models revealed
gene deregulations affecting specific neuronal pathways
including synaptic transmission, axonal transport, and
neuronal differentiation [103, 132, 133]. However, the
current approaches have been insufficient to provide a
deep understanding of gene deregulation at a single cere-
bellar neuronal-type level. Nevertheless, one interesting
finding is the downregulation of a set of myelin-
associated genes (Cnp, Mag, Mbp, Mog, Mobp, and
PIpl) and of their regulators, the transcription factor
OLIG1 and transferrin in the Ataxin-7-Q52 tg mice,
which express mATXN7 under PDGF promoter [103].
This is consistent with the loose and poorly compacted
myelin sheaths observed in the cerebellar white matter
of these mice, and with the myelin pallor and loss of
myelinated fibers reported in the cerebellar white matter
of SCA7 patients [47]. mATXN7 toxicity might
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compromise genetic programs controlling oligodendro-
cyte maturation and myelin sheath integrity and function.

Cell Autonomous and Non-cell Autonomous Toxicity
of mATXN?7

Mouse studies showed that mATXN?7 toxicity is cell autono-
mous and non-cell autonomous [97, 101, 122]. In R7E tg
mice, the degeneration affects rods, which express
mATXN?7, as well as cones and bipolar neurons, which do
not express the mutant protein [97, 129]. In the P7E tg mice,
which express mATXN7 only in Purkinje cells, the cerebellar
pathology is very mild [97]. In contrast, in the PrP-SCA7-
¢92Q tg mouse model [122], Purkinje neurons show signs of
degeneration despite the fact the mouse prion promoter
(MoPrP) used in this model drives the expression of
mATXN?7 in all cerebellar cells, except for Purkinje cells. In
PrP-SCA7-¢92Q tg mice, Purkinje cell pathology might result
in part from dysfunction of Bergmann glia cells [100]. Indeed,
Bergmann glia cells, which express mATXN7, have low
levels of the glia-specific glutamate transporter GLAST, and
hence a decreased glutamate uptake function. This might in
turn cause glutamate accumulation and excitotoxicity in
Purkinje neurons [122]. Indeed, when mATXN7 is expressed
only in Bergmann glia cells, as in Gfa2-SCA7-92Q tg mice
[100], the level of GLAST expression is also reduced and
Purkinje cells degenerate, although at a milder severity than
in PrP-SCA7-¢92Q tg mice.

An even more complex cell-cell interaction between
Bergmann glia, Purkinje and inferior olive neurons in the
SCAT7 cerebellar dysfunction was revealed using the PrP-
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floxed-SCA7-92Q BAC tg mice. In this model, mATXN7
cDNA is expressed in the whole cerebellum and can be delet-
ed in specific cell types upon crossing with mice expressing
Cre recombinase under cell-specific promoters [101].
Deletion of mATXN7 from Bergmann glia has mild beneficial
effects on the pathology and does not prevent Bergmann glia
degeneration, which thus appears to be also non-cell autono-
mous. In contrast, deletion of mATXN7 from Purkinje and
inferior olive neurons improves motor performance and cor-
rects Bergmann glia pathology. Finally, deletion of mATXN7
in the three cell types is more effective to prevent the pathol-
ogy. Thus, the SCA7 cerebellar pathology results from dys-
functions of different cell types and of their close cell-cell
interactions.

Pathomechanisms Underlying SCA7
Neurodegeneration

Deregulation of Gene Expression

Several studies performed in cultured cells and mouse have
shown that deregulation of gene expression is central in the
pathogenesis. In SCA7 mouse retina [96, 98, 123, 129, 134],
the level of messenger RNA (mRNA) coding for photorecep-
tor proteins progressively decreases over time, and correlates
with photoreceptor dysfunction and loss of differentiation
[123]. The decreased mRNA level results from transcriptional
deficit, as ChIP-qPCR analysis showed a reduced occupancy
of RNAPII on promoter of photoreceptor genes [130]. Yet, the
molecular mechanisms underlying selective transcription al-
terations in SCA7 are not fully understood.

mATXN7 was shown to affect SAGA functions through
different mechanisms, including sequestration of SAGA com-
ponents in NIs [106, 107], alteration of SAGA integrity [75,
76], and aberrant interaction with SAGA component [135] or
with promoter-bound transcription factors [98, 136]. There is
also evidence that epigenetic marks regulated by SAGA, his-
tone H3 acetylation and H2Bub deubiquitination, are altered
in SCA7 [75, 76, 105-107, 130]. In the case of SCA7 mouse
photoreceptors, ChIP-qPCR analysis of histone H3 acetyla-
tion on promoter of photoreceptor-specific genes has led to
contradictory results. Histone H3 is hypoacetylated on photo-
receptor gene promoters in the PrP-SCA7-¢92Q tg model [75]
and hyperacetylated in the R7E tg mice [130]. The discrepan-
cy between these two studies remains unclear. The issue is
likely to be solved by a genome-wide study of histone H3
acetylation using ChIP-seq. In the PrP-SCA7-c92Q tg mice,
it was shown that in combination to histone hypoacetylation,
mATXN7 in SAGA suppresses CRX transactivation activity
on photoreceptor gene promoter, which may explain in part
the loss of photoreceptor gene expression [98, 136].
Monoubiquitination of H2B is globally increased in cultured

cells expressing mATXN7 [105-107]. This is likely due to
sequestration of DUB components, ATXN7L3 and USP22,
in mATXN7 aggregates. Increase of H2Bub was also reported
in the cerebellum of SCA7'®?? KI mice [107]. Although
the current data support that SAGA dysfunction accounts for
SCA7 transcriptional dysregulations, it remains to be deter-
mined how the dysfunction of a general co-activator complex
like SAGA, which is involved in the expression of all
RNAPII-regulated genes, would only affect specific subsets
of genes in SCA7 affected tissues. Interestingly, while normal
rod nuclei contain a large central region of heterochromatin,
rod nuclei in SCA72°°?*Q K1 and R7E tg mice showed severe
decondensation of heterochromatin that increases rod nuclear
volume [130, 134]. Heterochromatin decondensation in R7E
retina could result from H3 hyperacetylation and/or from a
low expression of histone H1 [137], and might account for
major changes in the expression level of photoreceptor-
specific genes, which necessitate high expression to renew
the outer segments.

The retina and cerebellum are highly affected in SCA7,
however, the mechanism underlying tissue-specificity of the
disease is unclear, especially as ATXN7 and SAGA compo-
nents are widely expressed. Interestingly, Tan et al. [138]
showed that SAGA can regulate the expression of miR-124,
a microRNA highly expressed in the cerebellum and retina.
Moreover, miR-124 can regulate the amount of ATXN7 tran-
scripts. In SCA7 KI mice, miR-124 was found expressed at
low level, and in turn the Atxn7 transcripts were high.
Therefore, posttranscriptional upregulation of mA7XN7 tran-
scripts in the retina and cerebellum might account for the
tissue specificity of SCA7.

Besides SAGA dysfunction, other mechanisms are pro-
posed to contribute to transcriptional alterations observed in
SCA7. mATXN7 aggregates sequester CBP [95], a histone
acetyltransferase, and impair CBP-mediated transcription in
SK-N-SH neuroblastoma cells [139]. CBP is sequestered in
aggregates in other polyQ diseases and is thought to be in-
volved in epigenetic alterations found in HD [140]. In SK-N-
SH cells, mATXN7 also alters the transcription mediated by
the retinoid-related orphan nuclear receptor RORA [139].
This finding is interesting because Rora gene is deleted in
Staggerer mice, causing defect in Purkinje cells differentiation
and congenital ataxia. Furthermore, in SCA1 mice, RORA
forms a complex with ATXN1 and RORA-target genes are
highly deregulated [141]. Finally, the activity of HDACS3,
which interacts with ATXN7, appears to be increased in the
retina of moPrP-Flag-SCA7-92Q-myc tg mice [108]. HDAC3
activity is also affected in other polyQ disorders and its spe-
cific inhibition improves disease in HD [142, 143]. The po-
tential contribution of CBP, RORA, and HDAC3 to the SCA7
pathogenesis thus deserves further investigations, using genet-
ic or pharmacological approaches in SCA7 mice. mATXN7
aggregation was also shown to induce a stress response
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involving the INK/c-JUN signaling pathway in R7E tg retina
[115]. Activation of c-JUN in R7E retina plays a role in the
repression of the Nr/ coding for photoreceptor specific tran-
scription factor [144]. Interestingly, the use of genetic ap-
proach to inhibit c-JUN activation in R7E mice delays retinal
degeneration.

Most interesting, a study by Ajayi et al. [145] made a link
between metabolic defect in SCA7 and transcriptional alter-
ations. Indeed, early studies reported mitochondrial abnormal-
ities in liver and skeletal muscle biopsies from SCA7 patients
[146-149]. Abnormal mitochondria were also observed in the
retina of R7E tg mice [123]. Furthermore, reduced electron
transport chain activity and metabolic acidosis were reported
in muscle biopsy of patients [147]. Using PC12 cells express-
ing mATXN7, Ajayi et al. [145] showed that p53 is seques-
tered in mATXN7 aggregates and that pS3 transcriptional ac-
tivity is reduced, leading to dysregulation of metabolic pro-
teins, such as TIGAR, AIF, and NOX1. These alterations re-
sult in a reduced respiratory capacity of cells, associated with
an increased reliance on glycolysis for energy production and
a subsequent reduction of ATP. Investigation of these tran-
scriptional and metabolic pathways in SCA7 mice is thus war-
ranted, in particular because loss of AIF in mice results in
neurodegeneration of cerebellar and retinal neurons.

Mitochondrial Dysfunction and Metabolic Impairment

A recent study in SCA7 patients and in mice provided addi-
tional insight into the impairment of mitochondrial function
[150]. *'P magnetic resonance spectroscopy (MRS) revealed
the inability of SCA7 patients to increase ATP production
during completion of a visual task. When SCA72°6?5? K1
mice were housed in metabolic cages to measure indirect cal-
orimetry, they presented deficits in oxygen consumption rate
and respiratory exchange. Furthermore, SCA7 mouse
Purkinje neurons show increased fragmentation of the mito-
chondrial network and significant enlargement of
mitochondria.

To investigate further the mitochondrial function in SCA7,
Ward et al. [150] generated induced pluripotent stem cells
(IPSCs) from patients (with 50Q, 65Q, or 70Q) and related
controls, as well as isogenic IPSC clones in which endoge-
nous ATXN7 was knockout and cDNAs for wild type (10Q)
or mutant (113Q) ATXN7 were overexpressed. Interestingly,
after differentiation into neural progenitor cells (NPCs), the
mitochondrial network also shows increased fragmentation
in SCA7 patient NPCs 70Q and isogenic NPCs ATXN7-
113Q, in comparison to their control NPCs. Isogenic NPCs
ATXN7-113Q have impairment in mitochondrial bioenerget-
ics as observed by extracellular flux analysis. Moreover, the
authors provided evidence suggesting that mitochondrial dys-
function is related to deficit in production of nicotinamide
adenine dinucleotide (NAD+), which represents a substrate
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for NADH production, the key electron donor involved in
oxidative phosphorylation. For instance, both SCA7 mice
and isogenic NPCs ATXN7-113Q show reduced expression
of NMNAT1, which catalyzes the synthesis of NAD+ in the
salvage pathway. Furthermore, the level of NAD+ is signifi-
cantly decreased in nuclei and mitochondria of patient NPCs.
Finally, metabolomic analysis of SCA7 patients revealed al-
tered tryptophan-kynurenine pathway upstream of NAD+ pre-
cursor de novo synthesis. Therefore, these findings have ther-
apeutic implications for SCA7, as numerous strategies are
being developed to allow NAD+ repletion in age-related
diseases.

Autophagy

Today, autophagy is recognized as a major player of intracel-
lular homeostasis by degrading and clearing most long-lived
proteins, damaged mitochondria and aggregate-prone pro-
teins, including those causing neurodegenerative diseases.
Defects in the autophagy pathway have been observed in sev-
eral neurodegenerative conditions. Furthermore, it is sug-
gested that mutation in the autophagic protein ATGS is re-
sponsible for the symptoms of childhood ataxia [151].
Several lines of evidence suggest that the autophagy/
lysosome process is affected in SCA7. Firstly, the autophagic
flux is impaired in PC12 and HEK293 cells overexpressing
mATXN7 [111, 118]. Secondly, there is selective accumula-
tion of various autophagy and endosome/lysosome markers in
cerebellar neurons, but not spared striatal neurons of SCA7
patients and KI mice [118], suggesting specific perturbations
of autophagic process in vulnerable neurons. Interestingly,
transcriptome of SCA7 peripheral blood mononuclear cells
(PBMCs) indicated that the upregulated genes were signifi-
cantly associated with lysosomal machinery function [118].
Furthermore, the expression of the early autophagy-
associated gene ATGI2, was increased in these patients’ cells
in relation with disease severity. The mechanism whereby
mATXN7 may inhibit autophagy was investigated in cultured
cells (PC12 and HEK293) expressing mATXN7 [111].
Autophagy induction in mammalian cells is regulated by a
complex formed by ULKI1, FIP200, ATG13, and ATGI101.
However, in SCA7 cells, the level of ULK1 and FIP200 is
reduced, consistent with decreased autophagic activity. It is
proposed that aberrant interaction of p53 with FIP200 and
their sequestration in mATXN7 aggregates result in decreased
soluble FIP200 levels and subsequent destabilization of
ULK1. Interestingly, treatment with inhibitor of polyQ aggre-
gation or with a p53 inhibitor that prevents interaction with
FIP200, both restored the soluble levels of FIP200 and ULK1,
and increased the autophagic activity and cell survival [111].
In summary, these results suggest that the autophagy/
lysosome pathway is impaired in cells undergoing neurode-
generation in SCA7 and can be considered as target in
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therapeutic strategies. Additionally, the changed transcription-
al profiling of easily available patient material (PBMC) paves
a way to explore potential biomarkers associated to
autophagy.

Cell Death Mechanisms

SCAT7 patients loose neuronal cells in the cerebellum, retina
and other brain regions [48]. Notably, postmortem retina show
an almost complete disappearance of photoreceptors [32].
One recurrent neuropathological observation in mouse models
of polyQ disorders is the presence in the brain of dark
degenerating neurons. Dark neurons are also observed in post-
mortem brain of HD patients [152]. Dark degeneration occurs
in the retina of R7E tg mice and the cerebellum of Prp-SCA7-
€92Q tg mice [100, 123]. Dark photoreceptors show atrophic
nuclei with atypical scalloped shape and clumping of chroma-
tin, but no fragmentation or blebs associated to apoptotic-like
mechanisms. Dark photoreceptors are readily observed in
early-onset stage in the SCA7 mice [123].

Interestingly, apoptosis was also observed in the retina of
several SCA7 mouse models [96, 98, 123]. In R7E retina,
apoptosis occurs for a short time window during early disease
stages [123]. Recently, Lebon et al. [153] reported the neces-
sity to use a modified TUNEL protocol to efficiently detect
apoptotic photoreceptor nuclei in R7E tg model. The need a
dephosphorylation step for TUNEL staining suggests that the
DNase activity involved in this cell death exposes 3°P ends,
pointing out toward the involvement of the LEI/L-DNase 11
and AIF endonucleases. LEI/L-DNase Il and AIF were indeed
translocated in the nucleus of TUNEL-positive photorecep-
tors. Their implication during apoptosis of SCA7 photorecep-
tors death has been confirmed by intravitreous injections of
specific siRNAs. When either LEI or AIF were downregulat-
ed, the number of apoptotic photoreceptors was significantly
decreased [153]. Moreover, the results suggest that AIF and
LEI activation depend on calpain-1, the protease responsible
for AIF release from mitochondria. Accordingly, the injection
of calpain inhibitor VI decreased the number of dying retinal
cells in SCA7.

Concomitant with the apoptotic wave in R7E mouse retina,
stealthy cells expressing proliferation markers were observed
and expressed photoreceptor-specific genes afterwards, sug-
gesting that new cells might be produced to replace dead pho-
toreceptors at early disease stages [123]. From these observa-
tions, it appears that R7E photoreceptors go through different
cell fates as a response to mATXN7 toxicity such as loss of
neuronal identity, apoptosis, dark degeneration, and cell pro-
liferation. Different cellular responses may be triggered by
different mATXN7 toxic species, as observed by biochemical
approach. Indeed, the relative amount of full-length
mATXN7, proteolytic fragments, SDS-soluble and insoluble
aggregates varies considerably from early to late disease

stages and might influence the way how individual neurons
respond to proteotoxic stress [123].

In summary, studies in cellular and mouse models of SCA7
have identified several mechanisms whereby mutant ATXN7
toxicity triggers multiple interconnected pathogenic cascades
that cause cellular dysfunctions and lead to cell death (Fig. 3).
At the same time, they have provided promising molecular
targets to potential treatment of the disease.

Therapeutic Perspectives

SCAT7 and the other polyQ diseases are currently untreatable.
Only some symptoms of disease can be partially alleviated
using pharmacological and non-pharmacological measures
[154]. Interestingly, it was recently shown that physical train-
ing significantly improves some clinical features and bio-
chemical parameters of SCA7 [155]. Studies on SCA7
pathomechanisms have provided several directions for thera-
peutic development aimed at preventing or reversing SCA7
symptomatology.

Preventing Purkinje Cell Degeneration

Purkinje cells are among the most vulnerable neurons in
SCA7 and many other SCAs, and as the sole output neurons
from the cerebellar cortex, play a critical role in information
processing of the cerebellum. Given that excess of glutamate
might make SCA7 Purkinje cells vulnerable to excitotoxicity-
induced degeneration, strategies diminishing glutamate levels
are of high interest. Accordingly, the ceftriaxone, a (3-lactamic
antibiotic is a promising compound for SCA7 and other SCAs
showing excitotoxic Purkinje cell degeneration. Ceftriaxone
induces GLT-1 expression and hence promotes glutamate
clearance [156]. Administration of ceftriaxone in presymp-
tomatic SCA28 mice (Afg3/2*"~ mouse model) protects
Purkinje cells from excitotoxicity-mediated dark degeneration
and prevents the onset of ataxia [157]. Treatment at
postsymptomatic stage is also efficient to stop disease progres-
sion. Another potential therapeutic strategy is to provide fac-
tors with neurotrophic effects on Purkinje cells. Hepatocyte
growth factor (HGF) plays a neurotrophic role in the cerebel-
lum [158]. Overexpression of HGF was shown to provide
beneficial effect in ALS mice by maintaining GLT-1 levels
[159], and to restore GLT-1 and GLAST levels in SCA7%%°?
*Q KI mice, preventing Purkinje cell shrinkage and motor
dysfunction [160]. HGF is currently under consideration for
therapeutic development of a number of human pathologies
including brain injury. It is unclear if approaches aiming at the
protection of Purkinje cells would also have beneficial effect
on other degenerating neurons in SCA7.
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Fig. 3 Overview of pathomechanisms occurring in SCA7. SCA7
pathogenesis triggers multiple pathogenic cascades that cause cellular
dysfunctions and lead to cell death. (A) Mutant ATXN7 causes gene
deregulation by altering transcription and epigenetics through different
mechanisms, including sequestration of SAGA components in nuclear
inclusions, alteration of SAGA integrity, and aberrant interaction with
SAGA components or with promoter-bound transcription factor such as
CRX. (B) Mutant ATXN7 misfolds, accumulates in nucleus, and forms
aggregates that sequester a large number of cellular proteins, which may
therefore lose their biological functions and contribute to the pathogenesis
(fluorescent image of section of SCA7 mouse cerebellum with mATXN7
aggregates (red) in the nuclei of Purkinje cell (green); ANC, unpublished
data). (C) Mutant ATXN7 can be degraded by autophagy; however,

Preventing mATXN7 Accumulation

One of the most significant therapeutic target is the intracel-
lular accumulation of misfolded mATXN7, which positively
correlates with SCA7 progression. Several strategies can be
considered, such as the inhibition of the production of
aggregation-prone mATXN7 fragment, the slowdown of
neo-synthesis or the increase of protein clearance. The inhibi-
tion of caspase-7 activity, through pharmacological approach
or genetic intervention, could be explored as caspase-7 cleav-
age was shown to be an early step in protein accumulation in
SCA7 mice [102]. To increase the clearance of toxic
misfolded proteins, several strategies have been implemented
to enhance autophagy, a major clearance route for
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studies of SCA7 cells, mice and patient’s brains indicate that autophagy
is impaired in the disease. (D) Mutant ATXN7 is also degraded by nuclear
clastosomes, which might prevent its accumulation for several decades
before onset of aggregation. Over time, the degradative activity of
clastosomes might be overwhelmed by the aggregation process. (E)
SCA7 mitochondria show morphological enlargement and dysfunction,
and several lines of evidence indicate metabolic deficits in SCA7 (elec-
tron micrograph showing large mitochondira in photoreceptor (PR) of
SCA7 mouse; YT, unpublished data). (F) SCA7 patients loose neurons
in retina, cerebellum, brainstem and other brain structures. In SCA7 mice,
neuronal loss occurs through apoptosis and dark cell degeneration (elec-
tron micrographs showing dark degeneration of Purkinje cell (PC) and
photoreceptor (PR): YT, unpublished data)

intracytoplasmic aggregates. However, in SCA7 patient
brains, mATXN7 mostly accumulates in cell nuclei [48].
Therefore, the use interferon beta, which fosters mATXN7
clearance over the wild-type form through the induction of
nuclear PML-clastosomes [124, 125], is a promising avenue.
As a first preclinical trial, Sittler and colleagues [124] per-
formed intraperitoneal injection of interferon beta three times
aweek in 5-week-old presymptomatic SCA72%°? *Q K1 mice.
They observed a significant decrease of mATXN7 aggrega-
tion and improved motor functions. However, the treatment
was not efficient enough to protect against weight loss and
premature death at 11 weeks. The partial beneficial effects
are likely explained by the very severe phenotype and its rapid
progression due to an expansion of 266 CAG repeats,



Molecular Targets and Therapeutic Strategies in Spinocerebellar Ataxia Type 7

1087

responsible for infantile forms of SCA7 in humans. Since
interferon beta has been used for many years in the treatment
of multiple sclerosis, it may hold promise as a potential treat-
ment to delay motor symptoms in SCA7 patients.

To improve protein clearance of polyQ proteins, it is pro-
posed to use pharmacological modulation autophagy and
ubiquitin-proteasome system or induction of molecular chap-
erones to assist the protein folding and degradation [161-163].
However, Helmlinger et al. [162] showed that overexpression
of heat shock proteins HSP40 and HSP70 is not sufficient to
prevent the retinopathy of R7E tg mice. Other strategies aim at
inhibiting polyQ aggregation using peptides, antibodies rec-
ognizing aggregation-prone polyQ protein conformations or
small chemical molecules [163—-165]. Most of these ap-
proaches show promising results in both cell-based and ani-
mal models of polyQ disorders, to inhibit protein aggregation,
to restore altered cellular functions, to alleviate behavior def-
icits and many of them await to be translated in clinical trials
[166]. Preventing protein aggregation with small molecules is
a therapeutically relevant strategy, as shown with the case of
familial amyloid polyneuropathy, where Tafamidis strongly
binds transthyretin and prevent its aggregation [167].
However, in contrast to transthyretin, polyglutamine domains
are intrinsically disordered and adopt many transient confor-
mations upon aggregation, which are difficult to target effi-
ciently with a single compound. To overcome this limitation,
new strategies are been developed to combine molecules
targeting distinct steps or subpathways of the aggregation cas-
cade to provide stronger inhibitory effects [168—170].
Strategies that aims at the inhibition of mATXN7 aggregation
still need to be evaluated in SCA7 mouse models.

The therapeutic potential of many molecules remains un-
explored, because of their intrinsic properties (poor water sol-
ubility, poor pharmacokinetic properties), and difficulty to
penetrate the blood—-brain barrier. There is thus a growing
necessity of developing drug delivery system, such as
nanoparticules, to improve target specificity and increase bio-
availability of a drug in the brain [171, 172].

Silencing Gene Expression

One emerging therapeutic approach in polyQ neurodegenera-
tive disorders is to prevent the expression of toxic proteins
using gene silencing. Several different strategies are available
to target RNA or DNA of the polyQ-associated genes, and the
pros and cons are being evaluated (see [173] for critical re-
view). The current prevailing strategy is transcript targeting
with oligonucleotide (ON)-based molecules (Fig. 4). ON-
based molecules form duplex with their target RNA and in-
duce RNA degradation or prevent translation through diverse
cellular mechanisms, thereby reducing protein production
[173]. Preclinical testing of ON-based tools in rodent models
of neurodegenerative disorders is well advanced, and small-

scale clinical tests are ongoing. For patients affected by polyQ
disorders, with typically one normal and one mutant allele,
important issues are the potential deleterious effects that could
result from concomitant wild-type mRNA silencing. In the
case of SCA7, studies in zebrafish and fly indicate that inhi-
bition of the wild-type ATXN7 affects the differentiation of
photoreceptor and Purkinje neurons, two highly vulnerable
neurons in SCA7 [77, 82, 91]. Taking this concern into ac-
count, ON-based strategies, specific to the expanded CAG
repeat or with non-allele selectivity, are being developed for
SCA7.

Ramachandran et al. [174] were the first to assess an ON-
based strategy using the Prp-floxedSCA7-92Q BAC mice,
which express human mATXN7 cDNA with 92 CAG repeats,
in addition to the endogenous mouse protein. In this study
adeno-associated viral vectors were used to introduce
miRNA targeting Atxn7 transcripts in the deep cerebellar nu-
cleus of mutant mice. This strategy lowered wild type and
mutated ATXN7 by about 35-50% and significantly im-
proved motor functions and cerebellar status compared to un-
treated mice.

Antisense oligonucleotide (ASO) therapy is also a very
promising therapeutic tool. Clinical trials using ASO are on-
going for several neurodegenerative diseases. For instance,
IONIS-HTTRx (also known as RG6042), a non-selective an-
tisense drug candidate, delivered using lumbar puncture suc-
cessfully passed the proof of concept phase I/II trial in which it
lowered mutant protein levels by 40-60% in the cerebrospinal
fluids [175, 176]. It has recently been reported that ASO-
mediated knockdown of Azxn7 might be an effective treatment
for SCA7 retinal degeneration [177]. Preclinical treatments
using intravitreal injection of Atxn7 ASO were evaluated in
SCA7*%°93 knockin mice, a genetically accurate model with
wild type (5Q) and mutant (266Q) forms of mouse ATXN7.
Vitreous humor injections leads to efficient delivery of ASOs
into retinal neurons including photoreceptors, and more than
40% knockdown of Atxn7 mRNA expression even 6 weeks
after injection. A single-dose injection of Atxxn7 ASO at pre-
symptomatic stage resulted in marked reduction of mATXN7
aggregates, and preservation of the photoreceptor outer and
inner segments and other histological parameters affected in
eyes of untreated mice. Further analysis indicated an amelio-
ration of transcriptional deficits of photoreceptor-specific
genes as well as rescue of altered histone H2B
deubiquitination and histone H3 acetylation on photoreceptor
gene promoters. Finally, and most importantly, ERG of cone
and rod photoreceptors measured the improvement of visual
function of SCA72°°®>Q KI mice treated with Arxn7 ASO
several weeks after injection. No adverse effect of Atxn7
ASO was observed in wild-type mice. Atxn7 ASO treatment
was also efficient after the onset of visual symptom, leading to
a marked reduction in mATXN?7 aggregation and an increase
of cone and rod ERG activities 6 weeks after intravitreal
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Fig. 4 Potential genetic therapies for SCA7 and other polyQ SCAs. (A)
Different gene silencing strategies. Oligonucleotide (ON)-based mole-
cules can be designed in a non-allele-selective manner to lower both the
wild type and mutant ATXN7, or in an allele-selective manner to prefer-
entially lower the toxic mutant. A third strategy, named knockdown-
replacement (KR), combines a non-allele selective protein lowering with
simultaneous delivery of a functional copy of the wild type gene to pre-
serve the protein physiological function. (B) Anti-sense oligonucleotide
(ASO) can be designed to develop non-allele-selective approach for
ATXNT7 silencing (ASO WT), or to preferentially target the mutant allele
by the SNP-targeting strategy (ASO SNP) or by CAG-targeting (ASO

injection. Preservation of rod function but not of cones was
still observed 9 weeks after injection. Thus, this study repre-
sents an important proof of concept of ASO-based therapy for
SCAT7 retinal degeneration. It also provides the groundwork
for the assessment of ASO’s innocuity in long-term treatment
and efficiency against cerebellar degeneration.

Considering that treatment in patients will last decades,
selective suppression of mutant proteins is thought to have
superior therapeutic outcomes and safety profiles. Allele-
selective silencing strategies using ASOs directed against
single nucleotide polymorphisms (SNPs) or single-strand
short interfering RNAs (ss-siRNA) targeting the expanded
CAG repeat on the mutant transcript have provided promis-
ing results in HD [178, 179]. Two antisense drug candidates,
WVE-120101 and WVE-120102, target frequent SNP vari-
ants located in expanded allele of mutant Huntingtin [175].
A SNP linked to the SCA7 mutation was identified in 50%
of SCA7 patients in the South African population which
shows a strong founder effect [180]. Using short-hairpin
RNA (shRNA) targeting this SNP, allele-specific mATXN7
suppression was achieved in patients’ cells [181]. However,
targeting disease-linked SNPs will apply to a subset of
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CAG). The formation of an RNA-DNA hybrid activates RNase H and
leads to transcript degradation. (C) Similarly, non-allele-selective and
allele-selective downregulation of target transcripts can also be achieved
through shRNA, siRNA, sd-siRNA, miRNA, and mirtron. miRNA is
generally designed with a mismatch, resulting in translational inhibition.
All these molecules act through the RISC pathway: shRNA, siRNA and
mirtron lead to target mRNA degradation; sd-siRNA causes translational
blockage. miRNA microRNA, mRNA messenger RNA, RISC RNA-
induced silencing complex, sd-siRNA self-duplexing siRNA, shRNA
short hairpin RNA, siRNA small interfering RNA, SNP single nucleotide

polymorphism

patients, since they do not all bear targetable SNPs. ASO
specifically targeting the expanded CAG repeat tract of the
mATXN?7 transcript was recently tested [177]. CAG-ASO
provided significant knockdown of expanded ATXN7 ex-
pression in patient fibroblasts. However, when injected in
the eye of SCA7%6Q5Q KT mice, the efficacy of CAG-
ASO was only transient and to a lesser degree than the
Anxn7 ASO. Krzyzosiak and colleagues [182, 183] have de-
veloped atypical ss-siRNA composed of self-complementary
CUG repeats, containing chemical modifications and a sin-
gle base mutation to facilitate guide-strand only self-duplex
(sd) formation of guide. The sd-siRNAs efficiently form
base mismatch complex with their CAG repeat targets,
which results in selective inhibition of mutant mRNA trans-
lation [182]. When tested in SCA7 patient fibroblasts, sd-
siRNAs showed a high efficiency and allele selectivity for
silencing the mATXN7 protein (by about 75%) with the
simultaneous upregulation of wild type ATXN7 [184].
Although targeting the expansion carries a promising appli-
cation potential, the (non)protein-coding transcriptional off-
target silencing should be carefully assessed in more ad-
vanced animal models.
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An alternative to allele selective targeting was recently de-
veloped using specific knockdown-replacement strategy,
which combines a non-allele specific gene silencing with si-
multaneous delivery of a functional copy of the wild-type
gene to preserve the protein physiological function [185]. In
this strategy, the authors used artificial mirtrons targeting
ATXN?7 transcript, and a mirtron resistant ATXN7 transgene
carrying silent mutations [185]. Mirtrons are a class of intronic
miRNAs that form premicroRNA hairpins after splicing.
Mirtron maturation is thus independent of DROSHA and
avoids overloading this processing machinery. The efficacy
of the approach was significant in cells, despite potential lim-
itation due to the splicing efficiency of mirtrons [185]. The
development of knockdown-replacement strategy in vivo is
challenging as both the silencing agent and the expression
vector for the normal allele must be efficiently delivered,
and the exogenous protein has to be expressed at an appropri-
ate level.

Together, these studies provide the first proofs of efficacy
of ON-based strategy to lower mATXN7 expression.
However, additional studies are required to investigate the
off-targets, the inflammatory responses, the effects of long-
term treatments of chronic neurodegenerative pathology.
Also, the brain or retina delivery approach need to be met.
Synthetic ON-based strategies require regular delivery of the
drug in multiple applications, which might be inconvenient.
For this reason, research groups and companies also work on
development of strategies, where the viral vectors could be
used to permanently silence protein of interest in single drug
application. For example, a viral vector miRNA-based strate-
gy is now investigated for HD [175]. In any case, for siRNA,
ASO or viral vector delivery, safety and efficacy issues related
to biodistribution and durability still need to be evaluated
[186, 187]. The recent years have seen the development of a
powerful technologies to target and edit specific disease
genes, such as TALEN, Zinc finger endonucleases, and
CRISPR/Cas9 systems [188—190]. Currently under develop-
ment for the most frequent polyQ diseases, CRISPR/Cas9
strategies have the potential to have great success in clinical
trials for all polyQ neurodegenerative disorders.

Biomarkers for Clinical Trials

In rare inherited neurodegenerative disorders such as
SCA7 and other ataxias, the lack of sensitive biomarkers
and the small number of patients is a real challenge in
clinical trials for getting achievable statistical sample size.
Currently, ataxias are evaluated using diverse clinical
scales for cerebellar and non-cerebellar phenotypical
signs, i.e., Assessment and Rating of Ataxia (SARA),
Brief Ataxia Rating Scale (BARS), semiquantitative
non-ataxia scale (INAS), Composite Cerebellar

Functional Severity Score (CCFS) (see [191] for review).
The disease severity of SCA7 was estimated slower than
that of other polyQ SCAs using SARA scores [192]. At
present, neuroimaging biomarkers are considered power-
ful alternatives to subjective clinical scores for the detec-
tion of disease progression. For instance, SCA1, SCA2,
SCA3, and SCA7 patients show larger longitudinal effect
for brain volumetry (> 1.2) compared to standard clinical
scores (< 0.8) [55, 193]. Proton magnetic resonance spec-
troscopy (1H MRS) using a 3T system was also used to
determine neurometabolites levels in the cerebellar vermis
and pons of patients with SCA1, SCA2, SCA3, and SCA7
[194]. This approach revealed early metabolic changes in
SCA patients including lower level of neuronal N-
acetylaspartate and N-acetylaspartylglutamate metabolites
(tNAA), higher level of glial marker myo-inositol (myo-
Ins) and elevated level of total creatinine (tCr). Severe
phenotype evaluated using SARA scoring was associated
with lower levels of tNAA in the vermis and pons of
SCAT patients, which may indicate neuronal integrity loss
as well as CNS myelination disturbances.

Identification of disease-specific body fluids bio-
markers is another alternative for disease progression
measures in clinical trials. Recent studies have demon-
strated the presence of miRNAs in human blood and ce-
rebrospinal fluid (CSF) [195-197]. MicroRNA expression
was found to be deregulated in models of polyQ SCA
[198]. Several miRNAs were recently found upregulated
in the plasma of SCA7 patients in comparison to healthy
controls [199]. Four of them showed diagnostic value to
differentiate healthy controls from patients. Furthermore,
computational analysis on differentially expressed
miRNAs in adult-onset and early-onset patients identified
another group of four miRNAs with potential prognosis
value. Importantly, the expression of prognosis-related
miRNAs showed significant correlation with SARA and
INAS rating scales.

Assessment of oxidative stress deriving from protein
misfolding, neuroinflammation, and mitochondrial dys-
function might be another good indicator of neurodegen-
eration processes. Emerging evidence based on patient’s
material indicates that oxidative stress might play a criti-
cal role in neurodegeneration occurring in several polyQ
disorders [200-202]. mATXN?7 expression induces oxida-
tive stress in PC12 cells [145]. Clinical studies performed
on SCA7 patients and matched healthy subjects indicate
impairments in peripheral levels of different oxidative
stress markers. SCA7 patients exhibit higher levels of lip-
id hydroperoxides and malondialdehyde and protein car-
bonyls [203]. The physiological response to oxidative
stress result in induction of antioxidant enzymes such as
glutathione reductase, glutathione peroxidase, and paraox-
onase. The cupric reducing antioxidant capacity is also
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significantly increased in SCA7. These results suggest the
activation of the antioxidant defense system. Interestingly,
a more severe oxidative stress was observed in early-onset
patients compared to adult-onset patients. A positive cor-
relation between oxidative stress markers and disease se-
verity evaluated by clinical scores was also observed.

Final Remarks

While biochemical approaches and the characterization of cel-
lular and animal models of SCA7 have greatly advanced our
understanding of disease pathogenesis in SCA7, much more
needs to be learned before we get a solid comprehension of the
pathogenic mechanisms underlying neuronal specific dys-
function and neuronal cell loss. Several of the therapeutic
strategies against SCA7 are promising and can be proposed
to clinical trials. Nevertheless, further fundamental investiga-
tions are required to identify new molecular targets for SCA7.
Since SCA7 shares many common pathological features with
other degenerative disorders affecting the cerebellum and the
retina, identification of therapeutics in SCA7 or in any of the
related diseases is likely to be cross-beneficial.
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