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Abstract: Proteolytic cleavage has been implicated in the pathogenesis of diverse neurodegenerative diseases
involving abnormal protein accumulation. Polyglutamine diseases are a group of nine hereditary disorders caused
by an abnormal expansion of repeated glutamine tracts contained in otherwise unrelated proteins. When ex-
panded, these proteins display toxic properties and are prone to aggregate, but the mechanisms responsible for the
selective neurodegeneration observed in polyglutamine disease patients are still poorly understood. It has been
suggested that the neuronal toxicity of polyglutamine-expanded proteins is associated with the production of
deleterious protein fragments.

This review aims at discussing the involvement of proteolytic cleavage in the six types of spinocerebellar ataxia
caused by polyglutamine expansion of proteins. The analysis takes into detailed consideration evidence concern-
ing fragment detection and the mechanisms of fragment toxicity.

Current evidence suggests that the proteins involved in spinocerebellar ataxia types 3, 6 and 7 give rise to stable
proteolytic fragments. Fragments carrying polyglutamine expansions display increased tendency to aggregate and
toxicity, comparing with their non-expanded counterparts or with the correspondent full-length expanded pro-
teins. Data concerning spinocerebellar ataxia types 1, 2 and 17 is still scarce, but available results afford further
investigation.

Available literature suggests that proteolytic cleavage of expanded polyglutamine-containing proteins enhances
toxicity in disease-associated contexts and may constitute an important step in the pathogenic cascade of polyglu-

tamine diseases. Countering protein fragmentation thus presents itself as a promising therapeutic aim.

Keywords: Neurodegenerative diseases, proteolytic cleavage, polyglutamine diseases, spinocerebellar ataxia, machado-joseph disease, toxic
fragments, ataxin-3, voltage-dependent P/Q-type calcium channel subunit alpha-1A, ataxin-7.

1. PROTEOLYTIC CLEAVAGE AND NEURODEGENERA-
TIVE DISEASES

After the synthesis of a polypeptide sequence through the cova-
lent attachment of successive amino acid residues, a protein is usu-
ally subjected to further modifications before becoming apt to fulfill
its particular role in a cell. Post-translational modifications fre-
quently consist in the covalent attachment of additional chemical
groups (such as phosphate or acetyl), proteins (such as ubiquitin) or
oligosaccharides, catalyzed by specialized enzymes, often in a re-
versible way. Other types of protein processing involve the removal
of parts of the polypeptide sequence by means of proteolytic cleav-
age, i.e., the separation of peptide bonds existing between amino
acids. This irreversible modification is catalyzed by proteases and is
involved in the activation and inactivation of proteins implicated in
diverse physiologic functions, such as blood coagulation, digestion,
cell cycle progression, cell death, as well as in the production of
hormones. Proteolysis is also tightly implicated in protein turnover
regulation, by virtue of its central role in protein degradation.

Alterations in proteolytic processing have been associated with
neurodegenerative diseases ever since peptide fragments resulting
from the amyloid precursor protein (APP) were observed to amass
in the brain of Alzheimer’s disease (AD) patients [1]. APP is a
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plasma membrane protein found in neurons that is proteolyzed by a
series of secretase enzymes, producing the amyloid beta peptide.
This APP-derived fragment forms the hallmark amyloid plaques of
AD and is believed to possess intrinsic toxic properties related with
its propensity to aggregate and form oligomers [2]. APP fragment is
regarded as an important step in AD pathogenesis [3]. Proteolytic
cleavage of tau has also been proposed to participate in the aggrega-
tion pathway of this protein and the consequent formation of neu-
rofibrillary tangles in AD and other neurodegenerative disorders
involving tau accumulation [4, 5]. Neuronal aggregation of alpha-
synuclein in Parkinson’s disease and other pathologies has been
related to the truncation of the protein [6, 7]. These and other ob-
servations suggest that proteolytic cleavage may be a common mo-
tive in the pathogenic mechanisms responsible for neurologic dis-
eases involving accumulation of protein species that are believed to
be prone to misfold and aggregate [8].

Polyglutamine (polyQ) diseases are a group of untreatable and
progressive neurodegenerative disorders caused by a common mu-
tation in otherwise unrelated genes: an abnormal expansion of a
CAG repeat sequence occurring in the codifying region [9, 10].
Since the CAG trinucleotide codifies the amino acid glutamine,
protein products are translated as polypeptide sequences bearing a
sequence of expanded glutamine residues (Table 1). The group
currently includes Huntington’s disease (HD), dentatorubral-
pallidoluysian atrophy (DRPLA), spinal and bulbar muscular atro-
phy (SBMA) and six types of autosomal dominant types of spi-
nocerebellar ataxia (SCA): spinocerebellar ataxia type 1, 2, 3, 6, 7
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Table 1. Fragments of polyglutamine disease-associated proteins.
Disease Gene Protein Putative functions Pathogenic CAG repeat size Fragment detec- Deleterious properties of the frag-
(relative polyQ sequence position) tion ments
o Transport, signalling, 36-121 In cells, animal Altered subcellular localization,
HD HTT huntingtin . . . .
transcription (N-terminal) models and humans | increased aggregation and cytotoxicity
Steroid hormone . L
androgen . . 38-62 In cells, animal Altered subcellular localization,
SBMA AR signalling and tran- . . ..
receptor o (N-terminal) models and humans | increased aggregation and cytotoxicity
scription
. L 49-88 In cells, animal Altered subcellular localization,
DRPLA ATNI atrophin-1 Transcription . . .
(Medial) models and humans | increased aggregation and cytotoxicity
39-91
SCA1 ATXNI ataxin-1 Transcription In animal models None reported
(N-terminal)
32-200
SCA2 ATXN2 ataxin-2 RNA metabolism In cells and humans None reported
(N-terminal)
Ubiquitin signalling,
. cytoskeleton organi- 45-87 In cells, animal Altered subcellular localization,
SCA3/MJD ATXN3 ataxin-3 . . .
zation and transcrip- (C-terminal) models and humans | increased aggregation and cytotoxicity
tion
Voltage-dependent 20-33 Altered subcellular localization,
SCA6 CACNAIA Cav2.1 i K . In cells and humans | | . .
calcium signalling (C-terminal) increased aggregation and cytotoxicity
. L 34-306 In cells, animal Altered subcellular localization,
SCA7 ATXN7 ataxin-7 Transcription . . .
(N-terminal) models and humans | increased aggregation and cytotoxicity
47-63
SCA17 TBP TBP Transcription In animal models Increased aggregation
(N-terminal)

The table summarizes features of polyglutamine disease-causing proteins and the data relative to the putatively toxic fragments mentioned throughout the text.

Abreviativos: Cav2.1, voltage-dependent P/Q-type calcium channel subunit alpha-1A; DRPLA, dentatorubral-pallidoluysian atrophy; HD, Huntington’s disease; MJD, Machado-

Joseph disease; SBMA, spinal and bulbar muscular atrophy; SCAL, 2, 3, 6, 7, 17, spinocerebellas ataxia type 1, 2, 3, 6, 7 and 17; TBP, TATA-box-binding protein.

and 17 (SCAL, 2,3, 6,7, 17) [9, 11]. Every polyQ disease involves
progressive neuronal demise that is restricted to selective popula-
tions of neurons, but the specific critical threshold of repeat num-
ber, the regions of the central nervous system that are affected and
the associated clinical signs are characteristic of each disorder.
Features generally shared by polyQ diseases include a) the exis-
tence of a positive correlation between the variable CAG repeat
number and both the severity and precocity of symptoms; b) gen-
erational instability in CAG repeat number transmission, with a
general tendency for an increase and the consequent anticipation of
symptoms in successive generations; c¢) propensity for the protein
products to aggregate and to constitute large intracellular multipro-
tein inclusions that are detected in patients’ neuronal tissue, fre-
quently in the cellular nucleus [10-15].

The molecular mechanisms responsible for neurodegeneration
in polyQ disease patients are still largely unknown, but it has been
suggested that alterations introduced to designated protein functions
and/or molecular interactions as a consequence of polyQ expansion
may underlie pathology [15-17]. However, in spite of possible spe-
cific traits that may explain the particularities of each disorder, the
fact that the same type of mutation in otherwise unrelated genes and
proteins leads to neurodegeneration has prompted researchers to
look into polyQ diseases as a group, in a search for common disease
mechanisms [14, 16, 18]. Though the formation of large inclusions
has been generally excluded as a causative toxic change, aggrega-
tion is still envisioned as an important deleterious process [15, 19].
The identity of the actually pathogenic species causing neurodegen-

eration in polyQ diseases remains, to some extent, a mystery, but
many attribute toxicity to the amyloid-like oligomeric intermediar-
ies of the aggregation pathway [20]. Some cellular changes pro-
posed to be a shared cause of degeneration include: a) transcrip-
tional alterations; b) impaired axonal transport; c¢) abnormalities in
neurotransmission; d) proteotoxic stress resulting from disruption of
quality control systems; ¢) mitochondrial dysfunction, leading to
oxidative stress and bioenergetic defects; f) dysregulation of intra-
cellular calcium homeostasis; and g) impairment of DNA quality
control systems [15, 18, 20, 21].

Results obtained in several experimental models have suggested
that proteolytic cleavage of polyQ-containing proteins may be an-
other common factor playing an important role in pathogenesis [22-
24]. Fragmentation may contribute to changes in the biochemical
properties of the pathogenic protein species and thereby underlie
deleterious changes in aggregation propensity, protein function,
molecular interactions, subcellular localization and stability. The
theory proposing that the toxicity of expanded polyQ-containing
proteins is increased, or caused, by proteolytic processing and con-
sequent formation of polyQ-containing fragments is referred to as
the “toxic fragments hypothesis”.

Huntingtin, the androgen receptor and atrophin-1, the proteins
involved in HD, SBMA and DRPLA, respectively, have been dem-
onstrated to produce detectable fragments in vitro [25], in cell cul-
tures [26-28] as well as in animal disease models [29-32] and in
human patients [29, 30, 33-36]. A vast body of research supports
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the importance of protein cleavage and fragment formation in the
context of these diseases. Results from diverse reports have sug-
gested that fragments originated by the disease-associated proteins
are deleterious in cultured cells [26, 28, 37-39] and in animal mod-
els [40-42], are more toxic [43-45] and more prone to aggregate
[26, 30, 43, 46, 47] than their full-length counterparts, and suffer an
abnormal translocation to the nucleus that may be connected with
their increased toxicity [26, 28, 37, 46]. Although even the non-
expanded polyQ-carrying proteins appear to be susceptible to
cleavage [26, 27, 48], the polyQ-expanded forms of the pathogenic
proteins have been occasionally observed to be more prone to pro-
teolytic processing [37, 49, 50] and the polyQ-expanded fragments
are admitted to be more deleterious than the ones carrying no ex-
pansion [28, 37, 39].

The current review focuses on the evidence connecting prote-
olytic cleavage and pathogenesis in the remaining polyQ diseases:
the six types of SCAs caused by CAG expansion of the respective
genes. PolyQ-associated SCAs are the most frequent forms of auto-
somal dominantly inherited cerebellar ataxia. Beyond the causative
mutation, these diseases also share a collection of progressive cere-
bellar and non-cerebellar neurologic signs and a predominantly
adult onset [9]. The fact that each of them also displays some
unique features and is associated with proteins that have very dis-
tinct characteristics justifies a particularized look. This literature
analysis starts with a comprehensive description of the role of pro-
teolytic cleavage in SCA3, aiming at contextualizing this subject
with some general aspects of polyQ toxicity. Attention then moves
on to SCA6 and SCA7, and finally to the scarce proof available for
SCA1, SCA2 and SCA17. The objective of this review is to give
detailed information regarding a) the detection of protein fragments
in human tissue and in different experimental systems; b) mapping
of cleavage sites; c) putative enzymes involved in proteolysis; d)
toxicity of fragments in patients and disease models; and e) the
mechanisms mediating fragment toxicity.

2. ATAXIN-3 AND SPINOCEREBELLAR ATAXIA TYPE 3

Machado-Joseph disease (MJD), also generally known as spi-
nocerebellar ataxia type 3 (SCA3), is the second most prevalent
polyQ disease worldwide and the most common form of autosomal
dominantly-inherited SCA, assuming particular relevance in Brazil,
Portugal, the Netherlands, Germany, China and Japan [13, 51]. The
hallmark, progressive, cerebellar ataxia associated with the disease
may be variously accompanied by pyramidal and extra-pyramidal
signs, sensory deficits and parkinsonian features [52]. Neuronal
demise associated with SCA3/MID is regarded as mainly involving
the cerebellum, the brainstem, the basal ganglia-and the spinal cord,
though recent evidence is indicative that it is more widespread than
traditionally thought [9, 53, 54]. SCA3/MJD is often described as a
late-onset disease, but symptoms in fact first manifest at a mean age
of about 40 years [52].

The protein responsible for SCA3/MID is ataxin-3 (atxn3), a
deubiquitinase of still unclear biologic function that is believed to
play a role in protein degradation, transcription regulation and cy-
toskeleton organization, codified by the ATXN3 gene [55, 56]. Still,
to date no activity that would be specifically important for neuronal
survival or functioning and that, when disturbed, could help explain
the neuronal specificity of SCA3/MJD’s degeneration profile has
been described.

Structurally, atxn3 is a 40-43 kDa protein (the canonical form
has 364 amino acids) mainly composed by a structured N-terminal
globular domain responsible for the enzymatic activity — the Jose-
phin domain (JD) — and a more flexible C-terminal tail bearing the
polyQ sequence of variable repeat number and length [57]. When
expanded beyond the critical threshold of about 60 glutamines the
protein leads to the development of SCA3/MIJD (alleles with 45-59
glutamines display a variable penetrance) [52].
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Although atxn3 is normally found both in the nucleus and the
cytoplasm, in neurons the non-expanded protein is mainly cyto-
plasmic [58-60], while the polyQ-expanded form is known to amass
in the form of nuclear inclusions, in affected and non-affected brain
regions [60-62]. Nuclear localization of atxn3 is generally regarded
as a factor contributing to the toxicity of the expanded form of the
protein [59, 63, 64]. Cytoplasmic and axonal inclusions have also
been recently described and related to MJID/SCA3-associated neu-
rodegeneration [65, 66].

2.1. Detection of atxn3-Derived Fragments

Reports involving Western blot probing of atxn3-containing
protein samples occasionally highlight the detection of lower mo-
lecular weight species that react with atxn3-specific antibodies.
Though it could be argued that such protein bands correspond to
atxn3 species undergoing degradation, the repeated observation of
bands of particular sizes and the way some of the lower-weight
species detection is contingent upon protease activity manipulation
attests their identity as “stable” proteolytic fragments of atxn3. The
topology of these fragments is often inferred considering their reac-
tivity against the antibodies used (antibodies recognizing particular
atxn3 epitopes or N-/C-terminal tags) and, more infrequently, by
mass spectrometry or Edman degradation [67, 68].

Studies exploring the proteolytic cleavage of atxn3 frequently
report the detection of a major human expanded atxn3-derived spe-
cies that migrates at about 34-37 kDa [69-74]. Antibody mapping
reveals that this proteolytic fragment corresponds to a C-terminal
portion of the protein [69-72, 74]. The cleavage event giving rise to
this fragment seems to be biologically conserved, having been de-
tected in Drosophila melanogaster [70], in mice [71-73], in mouse
neuroblastoma (N2a) cells [75], in COS-7 cells [74], as well as in
human patients [69]. The fragment contains the pathogenic polyQ
stretch, being labelled by the polyQ-detecting 1C2 antibody [69, 71,
72] and/or varying in size depending on the length of the polyQ
region [70, 74]. These variations admittedly account for the diver-
sity in the molecular weights reported [70] and likely explain the
reduced size of other fragments with similar topology, deriving
from endogenous atxn3 (28 kDa, in COS-7 cells) [74] or transgenic
non-expanded atxn3 (22 kDa, in transgenic flies) [70].

Fragments with different molecular sizes and/or other regional
composition have been described, albeit more varyingly. Some of
these species have been detected through in vitro assay-based ap-
proaches. Incubation of in vitro-translated atxn3 with apoptotic
osteosarcoma cell extracts or with purified caspases led to the for-
mation of fragments with 14 and 18 kDa, resulting from non-
expanded and expanded atxn3, respectively [25]. In in vitro prote-
olysis assays of purified recombinant non-expanded human atxn3
using N2a cells postnuclear supernatant preparations, five main
atxn3 fragments have been identified: a 29 kDa product derived
from the endogenous mouse protein, and four other fragments de-
rived from the human non-expanded protein, with about 16, 20, 24
and 34 kDa [68]. Another report observed that incubating atxn3-
expressing lysates with calpains in vitro gave rise to a fragment of
~30 kDa. This fragment was predicted to correspond to an N-
terminal portion of the protein, and in fact its molecular size was
independent from the polyQ length of the parental atxn3. The frag-
ment derived from both expanded and non-expanded overexpressed
human atxn3, in human embryonic kidney (HEK) 293T cells, as
well as from the endogenous mouse protein and expanded human
atxn3, in transgenic mouse brain tissue [76].

Atx3n fragments have also been detected in cell lines, in the
absence of exogenous protease incubation. One study with Droso-
phila SL2 cells expressing expanded human atxn3 yielded several
fragments, including a major ~50 kDa species [70]. In transfected
N2a cells, expanded atxn3 was shown to generate polyQ-containing
species ranging from 32 to 62 kDa (the size of the full-length form)
[75]. Another study probing transfected COS-7 cell extracts men-
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tioned a great variety of fragments: non-expanded murine atxn3
was shown to generate four C-terminal fragments (of about 18, 21,
28 and 42 kDa) and two N-terminal fragments (with 37 and 42
kDa), while the expanded human protein generated only two C-
terminal fragments (the recurrent 37 kDa fragment and another with
about 50 kDa, that could be equivalent to the 42 kDa product of the
murine protein) [67]. Several polyQ-containing species, of different
sizes (25 to 32 kDa), have been mentioned to derive from human
expanded atxn3 expressed in HEK 293T cells [68]. Caspase activa-
tion in these cells led to the formation of two endogenous atxn3-
derived fragments, with ~28 and 30 kDa [68].

Recent experiments using brain homogenates from mice locally
transduced with human atxn3 by lentiviral injection described atxn3
species of about 26 kDa that, in light of their reactivity with differ-
ent antibodies, correspond to several different fragments [71, 72].
Both non-expanded and expanded atxn3 generate 26 kDa fragments
that contain the N-terminus of the protein, but a fragment of similar
size — and necessarily distinct — is also detected with the 1C2 anti-
body [72]. In the case of non-expanded atxn3 this polyQ-containing
species could correspond to the recurrent C-terminal product recur-
rently described; for expanded atxn3, a 26 kDa fragment containing
the polyQ tract could be explained by a cleavage event at another,
downstream, position.

Studies performed in neuronal cultures generated from human-
derived induced pluripotent stem cells (iPSCs) detected a clear 34
kDa atxn3 fragment which was curiously present (and had the same
size) in both SCA3/MID patients and controls, in agreement with
its predicted N-terminal nature [77]. In the same study, other frag-
ments of diverse molecular sizes (25-45 kDa) were also shown to
be generated, but were only significantly detected in patient-derived
neurons.

The diversity of fragments hereby enunciated may be over-
stated, and more than one of the species described may result from
common proteolytic processes that nonetheless yield apparently
different products in the corresponding studies. Some molecular
weight differences of the detected fragments likely result from the
fact that experiments employ different forms of atxn3; the studies
mentioned have analyzed atxn3 from different animal species; with
variable polyQ sequence lengths and, in-some cases, carrying pep-
tidic tags. Variation may logically also-result from differences in
sample preparation conditions, probing methods and molecular
weight estimations, and it is-also not surprising that atxn3 may be
differently cleaved in such considerably dissimilar experimental
models.

It could be argued that some of the lower molecular weight
atxn3-derived species mentioned in the available studies correspond
to uncharacterized protein products of the numerous transcripts of
the ATXN3 gene that have been identified to date [78, 79]. How-
ever, among the above studies that analyzed atxn3-encoding tran-
scripts, none was able to detect more than one PCR product in re-
verse transcriptase-PCR experiments [69, 74]. Again, the fact that
blocking protease activity (described below) limits the detection of
smaller atxn3 products agrees with the idea that the species ad-
dressed in these studies correspond to stable cleavage products.

The reported heterogeneity of the atxn3 fragments detected so
far illustrates the fact that atxn3 may be proteolytically processed in
different ways and that, apart from the recurrent C-terminal polyQ-
containing fragment, stable cleavage products may also result from
other regions of the protein. Importantly, available evidence clearly
indicates that proteolytic processing of atxn3 is not exclusive of the
pathogenically expanded form of the protein, but targets also non-
expanded atxn3.

2.2. Atxn3-Targeting Proteases and Cleavage Sites

Investigation into the enzymes mediating atxn3 cleavage
largely supports the involvement of caspases [67, 70, 74] and cal-
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pains [68, 71, 72, 76] in the process. Atxn3 displays several puta-
tive cleavage sites for both families of enzymes [25, 67, 70, 74],
and some of them have been experimentally suggested to be actual
biologic targets of their activity (Fig. 1).

2.2.1. Caspases

Caspases are cytosolic cysteine proteases that have a well-
documented role in apoptotic cell death, participating in signal
transduction pathways and in the associated dismantling of proteins
[80]. After the initial studies demonstrating that apoptotic cell ex-
tracts and purified caspases were able to cleave in vitro-translated
atxn3 [25], endogenous atxn3 was shown to be proteolyzed in dif-
ferent cell cultures upon stimuli with staurosporine [74], a com-
pound that induces apoptosis and consequently initiates the accom-
panying cascade of caspase activation [80]. While in some cells the
staurosporine stimulus resulted in the complete proteolysis of atxn3
or only in a modest reduction in the levels of the full-length protein,
in COS-7 cells this paradigm led to the robust loss of full-length
atxn3 and to the consistent formation of a fragment — the main C-
terminal product mentioned above, with 28 kDa since it derives
from endogenous African green monkey atxn3 [74]. Intriguingly,
while caspase inhibition did not prevent cleavage of in vitro-
translated atxn3 [25], a broad caspase inhibition by carbobenzoxy-
valyl-analyl-aspastyl-[O-methyl]-fluoromethylketone (zVAD-fmk)
limited the appearance of the fragment in COS-7 cells [74]. Fur-
thermore, while caspase-1 and -3 (and not caspase-7 or -8) were
able (albeit modestly) to cleave atxn3 in vitro [25], experiments
with inhibitors of specific caspases suggested that, in COS-7 cells
undergoing staurosporine-induced apoptosis, caspase-1 was the
primary caspase involved in atxn3 processing [74]. Interestingly,
human atxn3 overexpressed in the same cells was also cleaved in a
caspase-dependent manner, but even in the absence of staurosporine
stimulation [74]. In HEK 293 cells, exogenous caspase stimulation
by cytochrome C and ATP treatment also led to the proteolysis of
endogenous atxn3 [68].

Caspases cleave proteins in the vicinity of aspartate residues,
and nine putative caspase cleavage sites have been identified in the
amino acid sequence of atxn3, with at least eight being conserved in
mammalian species [74]. Supporting the involvement of caspases in
atxn3 proteolysis, cleavage of exogenous human atxn3 in COS-7
cells was abrogated upon mutation of those nine putative caspase
cleavage sites [74]. Because caspases may display some cleavage
site redundancy, mutation of a few aspartate residues is seldom
sufficient to fully block proteolysis, thereby turning the identifica-
tion of an individual cleavage site as the main physiologic target
difficult [70, 74]. It was however demonstrated that simultaneous
mutation of aspartate residues 241, 244 and 248, a cluster contained
in the ubiquitin-interacting motifs (UIMs) 1 and 2 of atxn3 and
localized in the N-terminal vicinity of the polyQ sequence limited
atxn3 proteolysis in COS-7 cells (in contrast with the concurrent
substitution of residues 145, 171, 208,217,225 and 228) [74].

Through amino acid sequencing and/or mass spectrometric
analysis of the fragments produced in another study using the same
cell line, Pozzi and collaborators mapped the cleavage sites of mur-
ine (non-expanded) atxn3 to D168, E214, D241, R319 and S329, all
of which were mentioned to be near to or contained in possible
caspase cleavage sites [67]. The same study determined that the 37
KDa fragments produced by human expanded atxn3 started at
D168.

Broad caspase inhibition by zVAD-fmk decreased the forma-
tion of the ~37 kDa polyQ-containing fragment in Drosophila SL2
cells expressing human atxn3 [70]. In these cells, mutation of six
potential caspase-target aspartate residues (171, 208, 217, 223, 225
and 228) extensively eliminated the ~37 kDa fragment. In the trans-
genic Drosophila model brain, mutation of those residues also
decreased the formation of the major ~37 kDa fragments (a dou-
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Fig. (1). Ataxin-3 putative cleavage sites. Mapping of atxn3 cleavage sites is still inconclusive, but some putative regions have been identified so far. For
caspases, cleavage apparently occurs near the UIMs, assumedly between amino acids 168-228 [67, 69, 70] and/or 241-248 [74]. For calpains, the cleavage
sites suggested are mapped around residues 60, 154, 220 and 260 [68, 71, 76]. Atxn3 subcellular targeting sequences and direct molecular interactors are also
represented; continuous lines indicate interactions known to be mediated by limited regions of atxn3 and interrupted lines denote interactions which have been
mapped with lesser regional detail to particular protein domains. Domain annotation is based on the UniProt reference sequence of human atx3 (code P54252)

with 3 UIMs and a polyQ sequence with 14 repeats [151].

blet) observed in the model, supporting an in vivo role for these
enzymes in atxn3 cleavage [70].

2.2.2. Calpains

Calpains are cysteine proteases that are activated by the rise of
intracellular calcium concentration [81]. The involvement of cal-
pains in atxn3 proteolysis was first hinted during in vitro assays, in
which cleavage of the recombinant protein upon incubation with
N2a cell lysates was potentiated by calcium stimuli [68]. Calcium-
dependent cleavage was also observed in lysates from HEK 293
cells and transfected N2a cells and in every model it was repressed
by the calpain inhibitor N-acetyl-L-leucyl-L-leucyl-leucyl-L-
norleucinal (ALLN). In living N2a cells, the calcium ionophore
ionomycin increased murine and exogenous atxn3 proteolysis,
while the calpain inhibitor calpeptin limited fragmentation. Fur-
thermore, coexpression in HEK 293T cells of human expanded
atxn3 and calpastatin, an endogenous calpain inhibitor, limited
formation of the polyQ-containing fragments that arise even in the
absence of exogenous calcium stimulus [68].

Later evidence supports an in vivo role for calpains. Time-
resolved Forster resonance energy transfer (TR-FRET) experiments
suggested that knock-down of caspastatin increased atxn3 fragmen-
tation in transgenic mice overexpressing expanded human atxn3
and that this cleavage event is potentiated by calcium stimulation
[76]. Similarly, in the brain of lentivirally-injected mice, production
of human atxn3-derived fragments was reduced upon calpastatin

coexpression [71] or pharmacological calpain inhibition by BDA-
410 [72]. Moreover, lentiviral-mediated expression of mutant atxn3
induced a local depletion in the brain of calpastatin-overexpressing
transgenic mice [71]. The fragments produced in human iPSCs-
derived neurons, generated upon glutamate stimulus, where not
detected under incubation with ALLN or calpeptin [77].

Calpain-1 and calpain-2 are the two best characterized members
of the calpain family of proteases and are abundant in the brain. /n
vitro incubation of transfected HEK 293T cell extracts or mouse
brain homogenates with recombinant calpains informed that, al-
though both enzymes are able to process atxn3 (human and murine
in each model, respectively), calpain-2 acts with more efficiency
[76]. Importantly, while calpain-1 respondes to calcium concentra-
tions in the micromolar range, calpain-2 responds to concentration
in the millimolar range [76].

Microsequencing of the main fragments resulting from in vitro
proteolysis of atxn3 with recombinant calpain-2 indicated that
cleavage occurred next to amino acids 60, 200 and 260 [68]. The
calpain activity-dependent fragments detected in the lentiviral
mouse model were predicted to result from proteolysis at amino
acids 60-61, 154, 220 and 259-260, taking into account antibody
immunoreactivity and electrophoretic movement [71, 72]. The re-
sults of the TR-FRET experiments were compatible with cleavage
at a region between the 1H9 antibody epitope (221-224) and the
polyQ region; possibly amino acid position 260 [76].
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2.2.3. Other Proteases

The relative importance of caspases and calpains on atxn3
cleavage is, to a certain extent, still a matter of debate. Some of the
studies supporting the role of caspases failed to detect an effect of
calpain inhibition on fragment formation [70, 74], and the same can
be said for other reports addressing calpains and the inhibition of
caspases [68, 77]. This could be associated with the fact that some
of these reports employ paradigms (apoptosis induction, glutamate
or calcium stimulation) that may potentiate the activity of one en-
zyme group over the other, but inhibitor-sensitive proteolysis has
also been detected in the absence of any stimuli [68, 71, 72, 74],
supporting the biologic relevance of both caspases and calpains.
What is more, though in many cases fragment detection has focused
mainly on exogenously-expressed human atxn3, giving rise to the
possibility that the overexpression of atxn3 directs its cleavage,
endogenous atxn3 proteolysis has been shown to be sensitive to
caspase [68, 82] and calpain [68, 77] inhibition as well.

It is still unclear whether the generation of a specific fragment,
with a typical molecular size and a repeated topology, may be me-
diated only by one designated enzyme or, alternatively, if more than
one protease may yield similar fragments or even act in a concerted
way. As a prominent example, the enzyme responsible for the for-
mation of the recurring 34-37 kDa C-terminal fragment remains
uncertain. Goti and coworkers predicted that the 37 kDa fragment
detected in transgenic mice would result from cleavage at a position
N-terminal of residue 221, based on the fact that the fragment re-
acted with the 1H9 antibody that recognizes amino acids 221-224,
but not with other antibodies directed at anterior epitopes [69].
Considering that elimination of residues 190-220 does not abrogate
formation of an equivalent fragment, the cleavage site was later
narrowed down to amino acid 190 [73]. Two caspase sites were
considered as putative targets: the ones including aspartates 145 and
171. However, the size of truncated forms of atxn3 lacking amino
acids 1-145 or 1-171 did not match the ~37 kDa fragments detected
in the transgenic mice [69], arguing against caspase involvement.
Latter, however, Pozzi and collaborators determined that human
expanded atxn3 gives rise to a 37 kDa fragment starting at aspartate
168, consistent with caspase cleavage nearby amino acid 171-[67].
It should be noted that the reported molecular size of the full-length
expanded atxn3 were dissimilar: 58-64 kDa and 54 kDa, respec-
tively. Regardless of these considerations; there are examples of
both caspase [70, 74] and calpain [68, 71, 72] inhibitors decreasing
the formation of 34-37 kDa fragments, suggesting the involvement
of both families of enzymes. It is also possible that, despite the
similarities in fragment topology and molecular size existing be-
tween studies, the polyQ-containing species detected correspond to
different products, resulting from different cleavage events. In fact,
studies focusing on calpain-mediated cleavage describe the frag-
ments as migrating at 34 kDa [68, 71, 72, 77], rather than ~37 kDa.
It could be the case that both caspases and calpains may give rise to
to different polyQ-containing atxn3 fragments of similar size:
caspases cutting at around amino acids 168-171 [67], and calpains
cutting at a C-terminal position such at amino acid 200 or 220
[71,72].

This example may guide to the conciliatory idea that, in a
physiologic setting, atxn3 may be proteolyzed by more than one
enzyme, each perhaps acting in a concerted and/or sequential man-
ner [83]. This idea of a multistep proteolysis also helps explain the
observation of diverse fragments that are differently affected by
particular protease inhibitors [70]. Inter-study variations in frag-
ment size and number may result from differences in the experi-
mental conditions — such as those pertaining to the analysis of dif-
ferent atxn3 forms (endogenous protein versus overexpressed
atxn3; differences in polyQ repeat length; analysis of different vari-
ants) or the experimental models used to mediate cleavage (cell-
based systems versus in vivo models; different experimental condi-
tions; use or absence of chemical stimulation) — that push the sys-
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tem in a particular direction. Under the staurosporine-induced apop-
totic paradigm, for example, atxn3 cleavage varies drastically be-
tween different cell cultures [74].

Apart from caspases and calpains, the involvement of other
proteases has been seldom supported. The sequencing study by
Pozzi and collaborators described a cleavage event occurring be-
tween Y27 and P28 of murine and human atxn3 that led to the for-
mation of the 42 and 50 kDa fragments observed (for each species,
respectively) [67]. It was predicted to be mediated by a chymotryp-
sin-like protease, but there is still no experimental evidence sup-
porting such event. Cysteine/serine protease inhibitor leupeptin
reduced atxn3 calcium-stimulated cleavage [68] but not cleavage
stimulated by glutamate [77]. The serine protease inhibitor
aprotinin, as well as the aspartyl protease inhibitor pepstatin, were
unable to reduce cleavage under either stimulus [68, 77].

Studies with proteasome inhibitors have overall failed to ob-
serve a significant contribution to fragment formation [70, 82]; only
in the case of calcium-elicited fragmentation was the inhibitor MG-
132 shown to reduce proteolysis, but it is possible that this effect
was due to its simultaneous action as a calpain inhibitor [75]. On
the other hand, ‘it is important to consider that ALLN, the calpain
inhibitor used in some studies [75-77] is also known to inhibit the
proteasome, giving rise to the possibility that some ALLN-sensitive
cleavage is due to the action of the proteasome. Matters become
even more blurred considering that both ALLN and MG-132 inhibi-
tors'may induce apoptosis [84, 85].

Finally, an in vitro study curiously reported evidence that puri-
fied atxn3 is subjected to slow autolytic fragmentation, catalyzed by
the C14 of the active site. It was determined by mass spectrometry
of the diverse resulting fragments that atxn3 autoproteolysis dis-
plays no defined specificity. The JD is nevertheless preserved in the
process, since the cleavage sites are clustered at the C-terminal
region of the protein (C-terminally of L191)[86].

2.3.Atxn3 Fragment-Derived Toxicity

The scientific interest on atxn3 proteolytic cleavage is funda-
mentally related to its potential relevance in the pathogenic mecha-
nisms leading to neurodegeneration in SCA3/MJD. Indications of
the increased toxicity of atxn3-derived fragments compared to the
full-length protein derive mainly from a) cell and animal models
expressing truncated forms of atxn3, b) reports associating cleavage
of expanded atxn3 with disease or disease-related outcomes, c)
studies altering atxn3 proteolytic cleavage through chemical stimu-
lation or protease inhibition and d) reports expressing cleavage-
resistant mutants of atxn3.

The first clues arose from studies with cell cultures transfected
with truncated atxn3. COS-7 cells expressing a truncated form of
expanded atxn3 that only included the C-terminal region of the
protein showed apoptotic features that were absent from cells ex-
pressing the full-length protein or the equivalent non-expanded
fragments [87]. Additionally, while these atxn3 forms were distrib-
uted homogenously in the cytoplasm, the expanded C-terminal
fragment tended to amass in a punctuate pattern [87]. Comparable
results supporting the increased cytotoxicity and tendency to aggre-
gate of the C-terminal expanded atxn3 truncations were later ob-
tained in HEK 293T [61, 88], BHK-1 [89] and N2a cells [69,
75,90].

Studies with the first SCA3/MJD animal models corroborated
these observations. Of the several transgenic mice generated by
Ikeda and collaborators [87], animals expressing a polyQ-
containing C-terminal fragment of expanded atxn3 under the con-
trol of a Purkinje cell promoter exhibited a motor postural pheno-
type that was absent from animals expressing the full-length ex-
panded protein, or an equivalent fragment with non-expanded glu-
tamines. Similarly, in Drosophila, expression of a C-terminal frag-
ment in eye cells led to severe degeneration, while expression of the
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full-length protein produced a mild phenotype [91, 92]. More re-
cently, severe neurodegeneration has also been described in
Torashima and collaborators’ SCA3/MJD mouse model, which
expresses a C-terminal fragment of atxn3 [93-97].

This early evidence suggested that expanded atxn3 toxicity is
caused by C-terminal fragments of atxn3 containing the expanded
polyQ sequence, rather than by the full-length protein [69]. While
results obtained with later cell and animal models demonstrate that
expression of the full-length protein triggers degeneration and
SCA3/MJD-related phenotypes [56, 83], the C-terminal fragments
of atxn3 are still considered to be more toxic than the full-length
protein [71, 73]. Atxn3 proteolytic cleavage is thus envisioned as
being crucial to SCA3/MID pathogenesis, or at least to contribute
to the disease mechanisms.

A correlative study with animal models and patients supports a
role for atxn3 cleavage in SCA3/MID. In the transgenic mouse
model generated by Goti and collaborators, the polyQ-containing
36 kDa fragment was interestingly found throughout several brain
regions and in the spinal cord and was particularly abundant in the
cerebellum, but was reported to be absent from peripheral tissues,
contrary to the full-length protein [69]. Coincidently, the nervous
tissue is admitted to be a specific target for degeneration in SCA3.
Additionally, among the mice expressing expanded atxn3, the
polyQ fragment was enriched in animals presenting a SCA3-related
phenotype and was found to be scarcer in transgenic animals with
normal behavior. [69]. A ~35 kDa fragment was also identified in
the cerebellum, substantia nigra and cortex of SCA3 patients and
was found to be more abundant in the first two regions [69], which
are more severely implicated in disease neuropathology [9]. The
fragment was not detected in control patients’ cerebellum [69].
More recently, some of the aggregate-prone fragments (25-45 kDa)
observed in human iPSCs-derived neurons upon glutamate stimula-
tion were described to be exclusively detected in SCA3/MJD pa-
tient-derived cells [77].

Studies addressing the consequences of altering the activity of
caspases and calpains in SCA3/MJD SCA3 models oftentimes sup-
port the idea that proteolysis of atxn3 contributes to the toxicity-
related features of those systems. In transfected COS-7 cells, ex-
panded atxn3 aggregation is increased upon staurosporine stimula-
tion and reduced with zZVAD-fmk treatment [74]. In transgenic
flies, the mutation of six putative caspase-target aspartate residues
that was shown to decrease fragment formation was demonstrated
to mitigate atxn3 aggregation and neural loss in the eye (though not
inclusion formation) [70]. Calpeptin treatment and calpastatin co-
expression reduced the formation of SDS-resistant aggregates of
expanded atxn3 in transfected N2a and HEK 293T cells, respec-
tively [68].

In a lentiviral SCA3/MJD mouse model expressing expanded
atxn3 in the striatum, calpain inhibition by calpastatin coexpression
reduced inclusion formation and neurodegeneration [71]. The cal-
pain inhibitor BDA-410 produced similar effects in this model and
was further demonstrated to ameliorate motor symptoms occurring
in animals expressing the protein in the cerebellum [72]. Concor-
dantly, knocking-down calpastatin in a transgenic SCA3/MID
mouse model had opposite effects, aggravating the behavioral phe-
notype, worsening the neurodegeneration profile and increasing
inclusion number [76]. In neuronal cultures derived from patients’
iPSCs, glutamate and calpain-dependent atxn3 fragmentation was
correlated with atxn3 aggregation, in the sense that a robust portion
of the species forming SDS-insoluble aggregates were fragments
that were also largely absent from soluble atxn3 fractions [77].
Importantly, calpain inhibition by ALLN or calpeptin reduced both
aggregate formation and aggregation induced by glutamate stimula-
tion in the patient-derived model.
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2.4. Mechanisms of atxn3 Fragment-Derived Toxicity

Since it was first observed, the link existing between aggrava-
tion of degenerative phenotypes and atxn3 truncation has suggested
that proteolytic cleavage of expanded atxn3 constitutes an impor-
tant step in the pathogenesis mechanisms of SCA3/MJD [98]. It is
critical to understand this connection, since comprehending what
are the mechanisms that turn atxn3 more toxic upon fragmentation
could yield precious clues into the molecular events taking place
during the development of the disease and possibly inform on
promising targets for therapeutic intervention.

2.4.1. Atxn3 Proteolysis and Aggregation

Aggregation is envisioned as being not only a hallmark of
polyQ diseases, but also as a source of cell toxicity ultimately at the
base of these disorders [15, 19]. While the macromolecular inclu-
sions that have been described in the nervous system of patients of
SCA3/MJD and other polyQ diseases [10, 61] are currently admit-
ted to actually be the end-stage result of protective mechanisms
mobilized against actual sources of toxicity [19], other species
formed as the result of atxn3 self-assembly are believed to be ac-
tively deleterious [20]. It is admitted that simpler intermediaries of
the aggregation pathways — in particular soluble oligomers of amy-
loid-like nature — perturb cell functions in a number of ways, in-
cluding by sequestration of other proteins or by destabilization of
lipid membranes [15, 99-103].

It is possible that fragmentation increases atxn3 toxicity by
triggering, facilitating or increasing aggregation. As detailed above,
studies focusing on atxn3 proteolytic cleavage frequently report
changes in aggregation propensity: cleavage-inducing paradigms
have been shown to drive atxn3 aggregation and atxn3 fragments
have been demonstrated to have an increased tendency to aggregate
compared to the full-length protein, in diverse cell [61, 68, 75, 77,
82, 87-90] and animal models [70-72, 76].

Several of the studies comparing the aggregation propensity of
full-length atxn3 versus atxn3 truncations failed to detect any ac-
cumulation of the full-length expanded protein, in vitro [75] and in
cells [61, 98]. Even when this is not the case, truncated forms of
atxn3 containing the C-terminal part of the protein have been re-
peatedly observed to be more prone to aggregate [75, 89, 90]. If
atxn3 fragmentation was essential for aggregation, it would be ex-
pectable that only fragmented species would make up the aggre-
gates, even in models expressing the full-length protein. Interest-
ingly, however, authors have also described that, besides fragments,
full-length atxn3 is also detected in aggregate fractions [75, 77].

The presence of full-length atxn3 in aggregates may be taken to
mean that fragmentation is not essential for aggregation, but it is
nevertheless possible that this event may precipitate aggregation.
During the course of a particular set of in vifro experiments, full-
length expanded atxn3 was unable to form significant aggregates,
contrary to C-terminal truncated forms (starting at amino acid 257).
Curiously, incubation of full-length atxn3 and the C-terminal frag-
ment led to aggregation of the full-length protein, in a process that
occurred even with the non-expanded protein, but that was intensi-
fied with increased numbers of glutamines [75]. Parallel results
have been obtained in coexpression experiments made in N2a [75]
and HEK 293T cells [61, 88]. Evaluation of aggregation propensity
in these systems is usually based on filter retardation procedures,
Western blot detection of aggregating species, and immunocyto-
chemical observation of protein deposits. Considering these results
and the robust aggregation of polyQ-containing truncated atxn3 in
vitro and in cells, it has been suggested that the full-length protein
is unable to initiate aggregation, but is nonetheless apt to co-
aggregate. Protein cleavage with loss of the N-terminal region,
admitted to protect the protein against aggregation, may be respon-
sible for triggering self-assembly [75]. Supporting this idea,
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artificially provoking cleavage of expanded atxn3 at residue 257
leads to aggregation, in cells [75]. The fact that even non-expanded
atxn3 is also susceptible to coaggregation [75, 88] raises the possi-
bility that, in the case of heterozygous SCA3/MJD patients, prote-
olysis of the expanded allele product and subsequent aggregate
seeding will hamper the non-expanded protein by recruiting it into
the forming aggregates.

2.4.2. Atxn3 Proteolysis and Biologic Function Perturbation

Protein self-assembly and aggregation may be considered one
facet of a broader putative mechanism of toxicity resulting from
polyQ expansion: the establishment of aberrant intermolecular in-
teractions [15]. Recruitment of important cellular proteins and the
consequent perturbation of cell systems that are crucial for cell
survival and functioning may be ultimately nefarious to the cells.
Proteolytic cleavage of atxn3 may alter the molecular interactions
established by the protein by corrupting particular interaction sur-
faces or by excluding particular atxn3 domains from a designated
interaction, due to physical separation.

Atxn3 interacts with valosin-containing protein (VCP)/p97
through a linker region (amino acids 277-291) existing between the
second UIM and the polyQ sequence [104, 105]. It is possible that
atxn3 fragmentation alters their interaction, considering that at least
one calpain cleavage site has been predicted to be present in the
vicinity of the interacting region [68-71, 76]. VCP/p97 has been
shown to mitigate toxicity in the eye of Drosophila expressing ex-
panded atxn3, but such an effect was absent from flies expressing
C-terminal truncated atxn3 that lacked the complete VCP/p97 bind-
ing motif described [91, 104]. An altered interaction between atxn3
and VCP/p97 may perturb their regular functions; VCP/p97 is
known to play diverse cellular roles, being particularly implicated
in protein quality control systems involving the ubiquitin protein-
proteasome pathway, such as the endoplasmic reticulum-associated
degradation pathway [105, 106]. Interaction between VCP/p97 and
atxn3 is believed to be related to their concerted function in these
systems [107, 108]. Curiously, atxn3 interaction with VCP/p97 in‘a
transfected cell line was increased by atxn3 polyQ expansion, and
the two proteins colocalize in nuclear inclusions of SCA3/MJD
patients [104]. The involvement of atxn3 cleavage in these changes
remains to be determined, but it is possible that fragment-driven
aggregation potentiates recruitment of VCP/p97.

Atxn3 has been reported to interact with other proteins impli-
cated in protein homeostasis maintenance. The protein interacts
with the human homologs of the yeast DNA repair protein Rad23 A
and B (HHR23A/B) through the JD [105], as well as several E3
ubiquitin ligases: it binds C-terminus-of 70 kDa heat shock protein-
interacting protein (CHIP) through a region C-terminal of amino
acid 133 [109] and parkin through both the JD and the UIMs [110,
111]. Other atx3 interactors include cytoskeleton-associated pro-
teins such as tubulin, that interacts with the JD [108, 112]; proteins
involved in transcription regulation, including cyclic AMP-
responsive element-binding protein (CREB)-binding protein (CBP),
p300 and p300/CBP-associated factor (PCAF), that bind a polyQ-
containing C-terminal region of atx3, and histones, that interact
with atx3 N-terminally of the polyQ region [113, 114]; and the
neural precursor cell expressed developmentally downregulated
gene 8 (NEDDS), a small ubiquitin-like protein that binds to the JD
[115] . As these molecular partners interact specifically with par-
ticular regions throughout atxn3 sequence [99], it is reasonable to
admit that cleavage may influence at least a subset of the interac-
tions (Fig. 1). Binding blockade or binding without access to the
whole protein and its domains may interfere with the molecular
partners and their cellular activities, eliciting toxicity.

Fragmentation of atxn3 may also disturb its activity as a deu-
biquitinase. Ubiquitinated substrates are believed to interact with
atxn3 in a manner dependent on both the UIMs and two ubiquitin-
binding regions existing at the surface of the JD [116, 117]. Cleav-
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age of atxn3 may not only compromise these interacting surfaces,
but also unhinge the dynamics of substrate processing, since atxn3-
mediated deubiquitination is believed to require the cooperative
action between the UIMs, that recruit polyubiquitin chains, and the
JD ubiquitin-binding sites, that orient the isopeptide bonds for
cleavage at the JD active site [117, 118]. Atxn3 fragmentation may
separate these regions, hindering proper substrate processing. /n
vitro, the cleavage preferences of full-length atxn3 (in terms of
ubiquitin chain linkage type) are abolished when the C-terminal
region of the protein is eliminated, in a manner that is reminiscent
of UIM mutation [118, 119]. Again, disturbance of atxn3-mediated
deubiquitination of particular substrates and the consequent altera-
tion in their turnover or activity may also constitute bases for cell
toxicity. What is more, the JD domain of atxn3 has been proposed
to not only thwart aggregation, but to actively protect against polyQ
toxicity by means of its enzymatic activity (possibly involved in
protein degradation pathways) [91]. Atxn3 cleavage may thus trig-
ger toxicity by separating the JD from the polyQ-containing C-
terminal region [70].

2.4.3. Atxn3 Proteolysis and Nuclear Accumulation

Nuclear localization is commonly regarded as an important
factor in expanded atxn3 toxicity, with reports suggesting that the
pathogenic expansion leads to accumulation of the protein in the
nucleus and that this accumulation is deleterious to the cells [56, 59,
63, 64]. The nuclear environment may potentiate aggregation and
consequent sequestration of other proteins — seeing as targeting
non-expanded atxn3 to the nucleus leads to aggregate formation
[59, 64] — or it may protect the protein from degradation [90]. Addi-
tionally, expansion-induced changes of the functional role of atxn3
in the nucleus, in particular as a transcription regulator, may also be
deleterious tothe cell [113, 114, 120-125]. Cleavage may enhance
atxn3 toxicity by increasing the levels of the protein in the nucleus,
possibly as a consequence of the fragments produced being more
prone to be shuttled to this compartment and/ or because they are
more stably kept there.

Though initial studies using cell lines expressing polyQ-
containing atxn3 fragments mentioned that accumulations could be
found in the cytoplasm and in the perinuclear region [61, 88, 89,
98], some did not fail to detect deposits that matched the nuclear
localization commonly attributed to the inclusions detected in
SCA3/MIJD patients [61, 89]. In agreement with an increased nu-
clear accumulation of C-terminal atxn3 truncations in comparison
to the full-length expanded protein, the nuclear deposits were found
to be less frequent [89] or completely absent from cells expressing
the full-length protein [61]. Adding to these reports analyzing the
subcellular distribution of atxn3 truncations, in transfected COS-7
cells a 50 kDa fragment of human atxn3 containing the C-terminus
of the protein was determined to be more nuclear than the corre-
sponding 42 kDa species resulting from non-expanded murine
atxn3 [67]. Importantly, the ~36 kDa atxn3 fragment detected in
symptomatic transgenic mice and SCA3/MJD patient’s brain tissue
was enriched in nuclear fractions, that also presented increased
levels of aggregates [69]. Though in transgenic mice the full-length
protein was also more nuclear, overall these observations support
the hypothesis that at least some atxn3 fragments display a ten-
dency to accumulate in the nucleus.

Atxn3 has been found to include a functional nuclear localiza-
tion signal (NLS) between the second UIM and the polyQ stretch
(amino acids 282-285, contained in the region described to mediate
the interaction with VCP/p97) [59, 104, 126], as well as two poten-
tially functional nuclear export signal (NES) in the JD (residues 77-
99 and 141-158; Fig. 1) [59, 127]. Proteolytic cleavage of atxn3
that results in the separation of protein domains bearing different
localization signals may unbalance subcellular shuttling. For exam-
ple, cleavage between the JD and the polyQ region may produce C-
terminal fragments that comprise the identified NLS but lack the



Proteolysis in PolyQ Diseases

NES, leading to the transport of polyQ-containing species to the
nucleus, which will no longer be able to be shuttled back to the
cytoplasm due to the absence of the NES signals [128]. While the
identified NLS has been reported to be unessential for nuclear
transport [67], as C-terminal fragments that do not contain it may
also localize in the nucleus [90], it is also conceivable that atxn3
cleavage may disrupt more complex localization motives that in-
clude regions in distant parts of the protein [59].

Observation of increased nuclear aggregation of atxn3-derived
fragments may be a consequence of increased nuclear translocation
of the aggregate-prone species, the greater tendency to aggregate
that they exhibit or a combination of the two. Interestingly, artifi-
cially targeting non-expanded C-terminal fragments of atxn3 that
would otherwise distribute diffusely in cell led to the formation of
inclusions [61, 88]. This observation may be interpreted as a testi-
mony of the effect of the nuclear environment in driving aggrega-
tion.

Experimental evidence also suggests that nuclear accumulation
of atxn3 fragments may be due to their inefficient degradation in-
side this cell compartment. Contrary to C-terminal fragments tar-
geted to the cytoplasm, equivalent fragments targeted to the nucleus
maintained their steady-states and tendency to aggregate upon arti-
ficial stimulation of a protein degradation-inducing cellular stress
response [90]. Results suggest that in the nucleus the fragments are
less susceptible to proteasomal degradation [90], and it is conceiv-
able that the protein is also less susceptible to autophagy where
inside this cell compartment [129].

2.4.4. Atxn3 polyQ Expansion and Susceptibility to Cleavage

The “toxic fragment hypothesis” postulates that cleavage of
polyQ-containing proteins and the subsequent production of delete-
rious fragments initiate — or at least accelerate — the pathogenic
cascade leading to polyQ disease-related cell degeneration [25, 68,
74]. In order to assess the importance of atxn3. proteolysis in
SCA3/MID, it is important to question what is the full extent of the
link existing between three factors: (i) the expansion . of the polyQ
tracts beyond the disease-associated threshold (ii) the susceptibility
of the protein to cleavage and (iii) the toxicity of fragments formed
by proteolytic cleavage. Conceptually, polyQ expansion of atxn3,
cleavage and fragment toxicity may be causatively related through
one of the following rationales: a) atxn3 is subjected to proteolysis
irrespectively of polyQ sequence size, but only fragments resulting
from the expanded protein ‘are toxic (or are more toxic); b) atxn3
fragments are toxic irrespectively of their size, but only polyQ-
expanded atxn3 gives rise to stable fragments or is more easily
proteolyzed. Overall, available experimental evidence supports the
first proposition and perhaps suggests a combination of the two.

Detection of fragments only in symptomatic transgenic animals
or in SCA3/MJD patients but not in controls [69] would suggest
that fragmentation is exclusive of disease states. However, non-
expanded atxn3, both when heterologously expressed [67, 68, 70-
72, 82] or when present as an endogenous protein [68, 74, 76, 77],
has been found to produce stable fragments in several systems,
indicating that proteolysis does not target pathogenic atxn3 exclu-
sively. Importantly, as mentioned before, in many of those systems
protease activity was artificially stimulated, possibly exacerbating
proteolysis. Even in the studies when this was not the case, atxn3
was being overexpressed [67, 70-72, 74], which may also tilt the
system towards cleavage, according to results in the same
SCA3/MJD transgenic mice as above, in which only the animals
with higher full-length atxn3 expression displayed abundant levels
of fragments [69]. It has been hypothesized that overexpressed
atxn3 may be more susceptible to basal protease activity or that
overexpression activates cell proteases [74]. Calpastatin levels, for
example, are decreased upon expanded atxn3 overexpression [71].

Studies that analyze fragment formation by non-expanded and
expanded forms of the protein in parallel, under the same condi-
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tions, usually do not underscore differences in the extent of cleav-
age resulting from polyQ expansion [70, 74]. In particular, results
obtained in N2a cells indicated that human polyQ-expanded was
not more sensitive to ionomycin-induced calpain-mediated cleavage
than the non-expanded murine protein [68]. One exception are the
observations obtained in the lentiviral rat models of SCA3/MJD,
where atxn3 fragments were found to be scarcer in brain tissue
overexpressing non-expanded protein, compared with expression of
the expanded protein [71]. In neuronal cultures derived from human
iPSCs, atxn3 cleavage elicited upon glutamate stimulation was
shown to occur in cells derived from healthy donors as well as pa-
tients, but the patient-derived neurons displayed several SDS-
insoluble fragments that were absent from control samples [77]. It
is thus hard to ascertain whether expanded atxn3 is more suscepti-
ble for proteolysis than the non-expanded protein or not. Another
possibility supported by the study with human-derived neuronal
cultures is that differences in processing may be more related to the
topology of the fragments, i. e., the sites that are proteolyzed, rather
than the extend of cleavage per se. Alternatively, the aggregate-
prone fragments may be more resistant to protein degradation.

Current literature generally agrees with the premise that ex-
panded polyQ-containing fragments are more toxic than equivalent
fragments with non-expanded glutamines. The studies describing
increased aggregation and/or cytotoxicity associated with truncated
atxn3. expression in cells and transgenic Drosophila report that
these effects are not elicited [61, 69, 89, 90, 92, 98] by the corre-
sponding truncations of ‘the non-expanded protein. This fact
strongly suggests that the factor responsible for turning atxn3 frag-
ments toxic is.the polyQ expansion. Consequently, regardless of the
insufficiently supported idea that the expanded protein may be more
susceptible to suffer proteolytic cleavage, the fragments that result
from the expanded protein apparently elicit deleterious changes that
are not provoked by the non-expanded fragments.

From these ideas arises the possibility that proteolytic cleavage
of non-pathogenic atxn3 may be biologically relevant outside a
disease context. The precise proteolytic processing of atxn3 may
play a role in the behavior of the protein in the cell and serve physi-
ologic functions in which atxn3 is implicated. The separation of
protein domains containing particular protein-interacting sites or
localization signals, from one another or from the catalytic JD, may
interfere with the molecular interactions established by the protein,
with its deubiquitinase activity and with its cellular function, or
with its susceptibility to be targeted by post-translational modifica-
tions. A profounder characterization of non-expanded endogenous
atxn3 fragmentation, in the absence of stimuli that may deviate the
system towards a particular outcome, may be a good starting point
to address the possibility of an endogenous function for atxn3
cleavage.

2.4.5. Toxicity of the N-Terminal Region of atxn3

Evaluation of atxn3 fragment toxicity has mostly focused on the
C-terminal part of the protein, in agreement with the causative
importance of the expansion of the polyQ sequence therein
contained, in the context of SCA3/MJD. Consequently, reports have
usually investigated the behavior of C-terminal truncations of the
protein and in doing so confirmed the toxicity of the C-terminal part
of the expanded protein. Though results obtained in different
studies agree on the increased toxic properties of these truncations,
it is important to mention that truncation positions vary between
studies, sometimes including no more than short sequences flanking
the polyQ region [61]. Interestingly, those studies where truncations
at different positions have been tested in parallel indicate that, the
more C-terminal is the truncation position, the more aggregate-
prone is the protein product [75, 89]. Less extensive truncations do
not elicit cell toxicity [89] or lead to the formation of detectable
aggregates in vitro [75]. These considerations are in agreement with
the toxicity of the expanded polyQ and, in fact, pure polyQ
sequences appear to be as cytotoxic as the short C-terminal frag-
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be as cytotoxic as the short C-terminal frag-ments [98], or even
more [69]. The fact that purer polyQ sequences are more nefarious
justifies the focus on the fragments containing glutamines and
aligns with the hypothesis that the rest of atxn3 prevents against the
toxicity of the expanded sequence. Proteolytic cleavage may trigger
degeneration by removing this protection.

Proteolytic events that give rise to C-terminal fragments would
also logically generate products that result from the N-terminal part
of the protein, some of which may constitute stable fragments. Re-
ports have mentioned the detection of N-terminal-derived fragments
in transfected cells [67, 76], SCA3/MJD animal models [71, 72, 76]
and human-derived neuronal cultures [77], considering fragment
immunoreactivity against N-terminal-targeting antibodies or the
fact that their molecular size is independent from the parental atxn3
glutamine length.

The considerations on polyQ-containing fragments notwith-
standing, it is possible that the N-terminal part of the protein, likely
containing the catalytic JD (considering their molecular size and the
cleavage sites that have been predicted), may also operate toxic
changes in the cell. The isolated JD is known to aggregate in vitro
[130, 131] and the interaction of this domain with ubiquitin is hy-
pothesized to prevent self-assembly [132]. The JD and the possible
disturbance of its physiologic interactions have been predicted to
play an important role in triggering the aggregation pathway of
atxn3 [133]. According to this perspective, the regions outside the
polyQ tract may predispose atxn3 to aggregation, and the expansion
of the polyQ sequence precipitates the formation of highly stable
amyloid aggregates [99].

The cytotoxicity of N-terminal truncations of atxn3 has not
been characterized to the same extent as the cytotoxicity of C-
terminal truncations. Interestingly, however, in a gene trap mouse
model expressing a fusion protein that includes a N-terminal por-
tion of atxn3 (the JD and the first UIM), animals presented. extranu-
clear neuronal inclusion bodies, neurodegenerative . features and
age-dependent motor symptoms, suggesting that putative fragments
containing the N-terminal region of atxn3, possibly derived from
proteolytic cleavage, may also induce toxicity [128]. Mice display
an increased susceptibility to endoplasmic reticulum stress, which is
putatively related with an impaired interaction between atxn3 and
VCP/p97, since the region of atxn3 that is expressed partially mim-
ics a putative calpain-derived fragment resulting from cleavage at
position 260, that thereby lacks the region that interacts with
VCP/p97 [104]. The accumulation of this N-terminal species in the
cytoplasm is also in agreement with the expected outcome of the
separation between localization signals as a consequence of cleav-
age occurring between the UIMs and the polyQ sequence. Though
these results conflict in part with the relevance ascribed to polyQ-
containing fragments supported by the majority of the available
literature, they propone the need for a deeper characterization of the
importance of N-terminal fragments in the pathogenic cascade of
SCA3/MJD.

2.4.6. Atxn3 Proteolysis and the Regional Specificity of
SCA3/MJD

The ubiquitous expression of atxn3 in the organism [58, 79,
134, 135] contrasts with the regional selectivity of neuronal degen-
eration observed in SCA3/MJD patients [9]. Atxn3 expression var-
ies between different brain regions and cellular types, but increased
transcript or protein levels do not correlate with the admitted spe-
cific vulnerability to degeneration [10, 16, 58, 79]. The cause of the
differential vulnerability to expanded atxn3 toxicity is yet to be
understood, and it has been proposed that differences in the cellular
context, perhaps operated by mechanisms such as post-translational
modifications, may be at their root [136, 137].

Admitting that proteolytic cleavage is a factor contributing to
expanded atxn3 toxicity, it is possible that differences in basal pro-
tease activity or specifically of atxn3 proteolysis between different
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cell populations or brain regions underlie SCA3/MJD neuropathol-
ogy [69, 98]. Excluding the possible influence of different sample
preparation and probing methodologies, the diversity in fragment
detection between different studies certainly agrees with the idea
that, in different cells types, atxn3 may be proteolyzed in a diverse
fashion and to different degrees. As a prominent example, Berke
and collaborators reported that atxn3 is proteolyzed in a cell-type
dependent manner under apoptosis induction; depending on the cell
culture in question (from different animal species) the same concen-
tration of staurosporine could modestly reduce the levels of full-
length atxn3 or completely eliminate the protein, and the appear-
ance of detectable cleavage products would also vary [74]. In what
regards to the nervous tissue, in Drosophila, atxn3 cleavage is more
prominent when expression is generally directed at the nervous
system than to the eye [70]. Moreover, both in transgenic mice
(where full-length atxn3 expression is similar among regions ana-
lyzed) and human patients, an increased abundance of detectable
fragments was described in regions known to be specially affected
in SCA3/MID [69]. Beyond absolute differences in the degree of
atxn3 cleavage, it is possible that variation in proteolytic processing
between different cell types may assume other facets, with various
enzymes having different preponderance in the process and the
resulting fragments displaying diverse topologies and exposing
different regions.

In the aging human brain, several factors may increase the ac-
tivity of proteases and thereby contribute to susceptibility of atxn3
to: cleavage. Excitation-induced fragmentation and aggregation of
atxn3 occurring in patient fibroblast-derived neurons was described
to occur specifically in neurons, among the several cell types tested
[77]. Atxn3-cleavage was suggested to be provoked by calcium
influx through voltage-gated channels and subsequent activation of
calpains, so it is possible that unbalanced excitatory activity may
contribute to calpain activation and increased atxn3 proteolysis.
Importantly, it has also been suggested that polyQ-expanded atx3
directly elicits a disturbance of calcium signaling, since the mutant
protein (but not the non-expanded form) was found to associate
with the intracellular calcium release channel type 1 inositol 1,4,5-
trisphosphate receptor (InsP3R1) in cortical lysates of MJD model
mice and to mediate InsP3-mediated calcium release [138]. The
calcium signaling stabilizer dantrolene was shown to ameliorate
phenotypic signs of the mouse model and reduce neuronal loss.
Additionally, the increase in calpain activity believed to accompany
aging [68, 139] may precipitate calcium-dependent proteolysis
events as life progresses.

2.5. Conclusion

Atxn3 proteolysis has continuously attracted the attention of
researchers focusing on the molecular basis of SCA3/MJD. Since
the first in vitro experiments, several studies have been able to de-
tect what is described as stable fragments, significant products of
atxn3 cleavage deriving from the C-terminal region of the protein
as well the N-terminal region, in diverse cell-based systems and
animal models. Evidence suggests that atxn3 may be processed by
caspases (in particular caspase-1), calpains (calpain-2), or by a
combination of their action, through a series of proteolytic events.
Expanded atxn3-derived fragments display an enhanced toxicity,
but since both non-expanded atxn3 and the pathogenic form of the
protein may be subjected to cleavage (possibly to similar degrees),
it is probable that the expanded polyQ sequence is the factor that
turns the C-terminal fragments deleterious to cells. The basis for
their toxicity may lie on their increased tendency to aggregate and
to accumulate in the nucleus and their ability to co-aggregate with
non-fragmented atxn3, but may also involve alterations of atxn3
function and turnover. Overall, evidence suggests that atxn3 frag-
mentation plays a pivotal role in the molecular events leading to
SCA3/MJD, by initializing or facilitating transitions in the patho-
genic cascade. Considering that increased levels of atxn3 are asso-
ciated with higher degrees of cleavage, aggregation and impaired
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degradation of the fragments, this may contribute to a loop that
aggravates the situation. Results in animal models suggest that lim-
iting atxn3 proteolysis may constitute a viable therapeutic strategy
for SCA3/MJD. Given that pharmaceutical companies have devel-
oped calpain inhibitors, as part of their programs for other disorders
- particularly Alzheimers disease - there is an opportunity to test
these in pre-clinical models of MJD and potentially identify effec-
tive therapeutic drugs.

Though this vision of atxn3 proteolysis is suggested and sup-
ported by the majority of available evidence, some of the ideas lack
unanimous support. In Pozzi and collaborators’ report of atxn3
cleavage in transfected COS-7 cells, human expanded atxn3 is pro-
teolyzed to a lesser extent than non-expanded murine atxn3 [67].
This observation contrasts with the above, but does not contradict
any of the main assumptions, since toxicity seems to be more re-
lated to the properties of the fragments produced than to the differ-
ent ability for the expanded or non-expanded atxn3 to generate
fragments. The authors nonetheless propose that the expansion of
the polyQ sequence may mask cleavage sites and in this regard
contribute to the accumulation of atxn3. Curiously, in this model
fragments were generally found in both the nucleus and the cyto-
plasm and N-terminal truncations had a predominantly cytoplasmic
distribution. These observations may be related to specificities of
this experimental model, in which SDS-resistant aggregates were
also found only in the cytoplasm and inclusions were mainly per-
inuclear.

Mentions of atxn3 fragments’ detection are not completely
pervasive in SCA3/MJD literature concerning cellular and animal
models of disease; many studies do not focus on this factor and
others even underlie the absence of fragments. An earlier charac-
terization of a CSM14.1 cell-based model stably expressing high
levels of full-length expanded atxn3 was not able to detect the for-
mation of any fragments that could be related with the toxicity-
associated features reported [140]. Notably, some of the attempts at
detecting atxn3 fragments in the brain of SCA3/MJD patients have
also been unsuccessful [74]. Differences in fragments formation —
and thereby detection — may result from differences in proteolytic
processing between experimental systems, and fragments bearing a
particular epitope may be less stable in one system than in others,
turning detection by an individual monoclonal antibody difficult
[140]. Absence of fragment detection may also result from- techni-
cal limitations. It is possible that particular epitopes end up being
masked as a result of proteolysis or that pathogenesis-related events
such as aggregation limit the solubility of the fragments and conse-
quently hinder their detection [74].

All these considerations certainly support the need for a better
characterization of atxn3 proteolysis, especially — and specifically —
in human-derived samples or in the experimental models that most
closely mimic SCA3/MJD, such as neuronal-based systems or ani-
mal models. A thorough comprehension of the mechanisms mediat-
ing atxn3 cleavage and of the toxic action of the resulting fragments
will surely contribute precious insights into SCA3/MJD pathogene-
sis.

3. VOLTAGE-DEPENDENT P/Q-TYPE CALCIUM CHAN-
NEL SUBUNIT ALPHA-1A AND SPINOCEREBELLAR
ATAXIA TYPE 6

Spinocerebellar ataxia type 6 (SCA6) is commonly regarded as
being primarily a “pure” cerebellar disorder involving ataxia and
dysarthria, though other type of signs may also be present in pa-
tients [13, 141]. Pathology involves atrophy of the cerebellum and a
relatively widespread neuronal loss, considered moderate when
compared to that of other SCAs but that insides with particular
severity upon Purkinje cells [13, 142-144]. The onset of the disease
is also comparatively late and the symptoms’ progression slow,
being generally compatible with a normal life span [141, 144].
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SCAG6 is associated with CAG expansion at the CACNAIA
gene, which codifies isoform A of the alpha-1 subunit of voltage-
dependent calcium channels (VDCCs) — Cav2.1 [145]. Alpha-1
subunits constitute the pore-forming part of these protein com-
plexes and guide calcium channel activity, thereby mediating cell
functions that depend on calcium signaling such as neurotransmis-
sion and hormone release, as well as gene transcription and muscle
contraction [146]. Specifically, subunit alpha-1A is expressed pre-
dominantly in the brain, where it constitutes some of the major
presynaptic VDCCs involved in neurotransmission [147, 148].
Cav2.1 is primarily abundant in the cerebellum and establishes P
and/or Q-type calcium currents [148-150].

The CACNAIA gene includes numerous exons (47) and gives
rise to diverse transcripts as a consequence of alternative splicing;
the CAG repeat sequence is included only in the longest transcripts
and consequently the polyQ tract is found only in the longest vari-
ants of the codified protein (the canonical form bearing ~2500
amino acids) [145, 151]. Interestingly, the CAG number threshold
for disease is the shortest — 20-33 — among polyQ disorders [9].
Structurally, Cav2.1 is a membrane protein with four homologous
transmembrane domains constituting the voltage—sensitive permea-
tion pathway of the channel [146, 149]. The polyQ region is located
in the C-terminal region of the protein [99, 145], which faces the
cytoplasm-and participates in-.channel function regulation [149].

Contrary to other polyQ-containing proteins, the importance of
Cay2.1’s role in the nervous system is well established and is illus-
trated by the fact'that Cav2.1-deficient mice rapidly develop severe
ataxic features and seizures, before dying prematurely [152]. Addi-
tionally, point mutations of the CACNAIA4 gene have been associ-
ated with human neurological disorders other than SCA6, namely
hemiplegic migraine type 1 and episodic ataxia type 2 [144] . How-
ever, whereas these diseases are admittedly caused by an altered
channel activity [153, 154] or a loss-of-function [155] of the pro-
tein, respectively, a clear link between polyQ-expansion of Cav2.1
and aberrant changes of channel function is yet to be unanimously
uncovered [9, 149]. While some studies suggest alteration of the
electrophysiological properties of expanded Cav2.1 channels upon
polyQ expansion [156], some others have failed to observe substan-
tial differences [157, 158], with discrepancies being admitted to
result at least in part from differences existing between experimen-
tal systems [9].

It is possible that expanded Cav2.1 toxicity is the result of
changes that are generally considered to be involved in every polyQ
diseases, such as aggregation and the establishment of abnormal
protein interactions [149]. Cav2.1 inclusions have been detected in
the cerebellum of SCAG6 patients, though principally in the cyto-
plasm (cell body and dendrites), in contrast with the other polyQ
diseases [159-161]; curiously, small nuclear inclusions have been
detected by the 1C2 anti-polyQ antibody, but not with a Cav2.1-
specific antibody [162]. The tendency of expanded Cav2.1 to ag-
gregate when expanded is also attested by studies overexpressing
the protein in cell line cultures [159, 160].

3.1. Detection of Cav2.1-Derived Fragments

Proteolytic cleavage of expanded Cav2.1 has been proposed to
be a putative factor contributing to the toxic transitions causing
SCAG. Different research groups have reported evidence suggesting
that the C-terminal portion of Cav2.1 may be cleaved off of the
protein, giving rise to a detectable polyQ-containing fragment. In
HEK 293 cells and in the rat PC12 cell line, heterologous expres-
sion of non-expanded or expanded full-length human Cav2.1 (~250
kDa) gave rise to lower molecular weight species that were recog-
nized by antibodies targeting the C-terminal part of the protein,
their molecular sizes (75-110 kDa) varying according to the polyQ
length [160, 163, 164]. In mouse cerebellar lysates, a C-terminal 60
kDa species has also been detected and its lower molecular weight
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attributed to differences in Cav2.1 C-terminal region length existing
between the two species [163].

In stably transfected HEK 293T cells expressing Cav2.1, only
the polyQ-expanded form produced a detectable 75 kDa fragment
[164]. Under these conditions the full-length protein was also not
detected admittedly because HEK cells lack the other VDCC
subunits that are required for removal of Cav2.1 from the endo-
plasmic reticulum and proper traffic to the plasma membrane [163,
165]. Authors suggested that detection of the fragment resulting
from the expanded protein could be a consequence of its accumula-
tion due to impaired degradation [164]. However, this was not the
case in HEK 293 cells able to establish functional VDCCs by stably
expressing the missing subunits. In this case, the detected levels of
C-terminal fragments upon transfection with Cav2.1 were not de-
pendent on polyQ sequence size [163, 164]. Results are thus insuf-
ficient to sustain the hypothesis that polyQ length of Cav2.1 alters
its tendency for cleavage and C-terminal fragment yielding.

Support for the specific relevance of C-terminal fragments in
the context of SCA6 derives from studies in human tissue samples.
In human cerebellar extracts, labelling of Cav2.1 C-terminal re-
vealed several protein products of lower molecular weight: 110 and
160 kDa species that were admitted to result from alternative splic-
ing, 75-85 kDa products that were considered to correspond to the
fragments detected in transfected cells cultures, and species with 25
and 37 kDa, also considered to be Cav2.1-derived fragments [160].
Though the 75-85 kDa fragments were detected in cytoplasmic
fractions of SCAG6 patients and controls, in patients they were also
present in nuclear fractions. SDS-insoluble material was only de-
tected in patients and included the included the 75-85 kDa frag-
ment, a smear possibly resulting from aggregation, but no obvious
band corresponding to full-length protein. Fragments were also
produced in other brain regions, but nuclear localization and in-
soluble accumulations were exclusive of the cerebellum.

3.2. Toxicity of Cav2.1-Derived Fragments

Several studies have demonstrated the toxicity of Cav2.1.C-
terminal fragments in cell lines. PolyQ-containing truncations of
Cav2.1 starting at amino acid 1776 were toxic to HEK 293T cells,
causing cell death at increased levels than those caused by their
full-length counterparts [164]. In these conditions, cell death levels
were not influenced by polyQ sequence size. However, in VDCC-
establishing HEK 293 cells and in granule neuron cultures express-
ing Cav2.1 truncations starting at-amino acid 2096 (a predicted
cleavage site) [163], as well as in COS-7 cells expressing a fusion
protein formed by rat Cav2.1 C-terminal domains and the trans-
membrane CD4 receptor (enabling transport to membrane) [166]
and in stably transfected HEK 293 cells under stress conditions, cell
death levels were higher when the truncations included expanded
glutamines [167], comparing to non-expanded fragments. Interest-
ingly, in some of these studies shorter truncated products containing
only the polyQ region and short flanking sequences were not suffi-
cient to cause significant cell death even when expanded, admit-
tedly because the expanded length of Cav2.1 (28 and 33, in these
experiences) is relatively short, comparing to other polyQ disease-
causing proteins [163, 164]. This indicates that other protein re-
gions making up the C-terminal fragments mediate the detected
toxicity and reiterates the importance of the protein context in
polyQ sequence-induced cell demise.

The toxicity of Cav2.1 fragments in vivo is attested by a recent
report of transgenic mice expressing a C-terminal truncated form of
Cav2.1 containing the polyQ sequence with a pathogenic number of
repeats (27Q) in Purkinje cells. Mice developed ataxic signs and
age-dependent loss of Purkinje cells. Transgenic animals expressing
a shorter C-terminal truncation not deriving from the CAG-
codifying exon also manifested ataxic signs but there was a better
preservation of motor performance. Purkinje cell loss also occurred,
but at later stages [168].
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3.3. Mechanisms of Cav2.1-Derived Fragment Toxicity

As with the proteolytic cleavage of atxn3, characterization of
the effects of Cav2.1 fragmentation has often pointed out an in-
crease in aggregation tendency and/or shifts in subcellular localiza-
tion as two putative mechanisms mediating toxicity.

In transfected PC12 cells, expression of a N-terminally trun-
cated form of Cav2.1 starting at amino acid 1954 and containing
expanded glutamines gave rise to detectable polyQ-positive inclu-
sions in the cytoplasm (only), while none were detected when a
non-expanded truncation or full-length Cav2.1 (with or without
expansion) were expressed [160]. Curiously, however, in PC12
cells the C-terminal fragments resulting from both non-expanded
and expanded forms of recombinant full-length Cav2.1 formed
oligomers detectable under mildly-denaturating conditions.

Unexpectedly, a particular antibody targeting the C-terminal of
Cav2.1 has shown immunoreactivity in human cerebellar Purkinje
cell nuclei, in contrast with another one targeting the N-terminal
part of the protein, that only detected Cav2.1 in the membrane and
cytoplasm [163], as generally expected of this membrane protein
[150, 159]. Agreeing observations made in VDCC-establishing
HEK 293 cells and granule neuron cultures expressing the full-
length protein suggested that this nuclear localization was the result
of cleavage of the C-terminal region from Cav2.1 and subsequent
translocation [163]. Additionally, the 60 kDa product from mouse
cerebellar lysates and the 75 kDa from transfected HEK 293 cells
were substantially “enriched in nuclear fractions, while the full-
length protein was nearly exclusive of cytoplasmic fractions [163].

Concerning the putative effect of polyQ expansion on nuclear
localization of Cav2.1 fragments, in transfected PC12 cells, while
full-length Cav2.1 and C-terminal fragments starting at amino acid
1954 are mainly cytoplasmic, the fragments were found also in the
nucleus as well and their nuclear levels increased with larger num-
bers of glutamines [160, 169]. What is more, C-terminal truncations
starting at residue 1954 [167] or 2096 were strikingly enriched in
the nucleus of HEK 293 cells, an effect that in the latter case was
contingent upon three functional NLSs located N-terminally of the
polyQ sequence [163]. Mutation of the NLSs decreased cell death
caused by the polyQ-expanded truncation, informing that fragment
toxicity may me related with its nuclear localization [163]. These
results are consistent with the detection of nuclear Cav2.1 frag-
ments exclusively in patients, mentioned above [160].

A recent study has nonetheless advocated the idea that the
Cav2.1 fragments are more toxic when present in the cytoplasm
[169]. In transfected PC12 cells, the 1954- recombinant C-terminal
fragment of Cav2.1 elicited increased toxic when artificially tar-
geted to the cytoplasm comparing with when directed at the nu-
cleus, an effect that was more notorious in the case of the expanded
protein. Targeting either non-expanded or expanded truncated
Cav2.1 to the cytoplasm led also to the formation of inclusions. It
was hypothesized that toxicity could arise from transcription factor
sequestration, seeing as CREB was found to colocalize with the
inclusions and its nuclear levels to be decreased, at least under ex-
pression of the polyQ-expanded truncation. The same study re-
ported that, in Purkinje cells of SCA6 patients, CREB also colocal-
ized with cytoplasmic polyQ-containing inclusions.

The comparison between the subcellular localization of the C-
terminal truncation of Cav2.1 containing the polyQ sequence and
the short, glutamine-lacking, truncation increased the dispute re-
garding the importance of nuclear versus cytoplasmic localization.
In HEK 293 cells and in Purkinje cells from stereotaxically-injected
mice, the polyQ-containing form constituted nuclear and cytoplas-
mic inclusions, while the shorter truncation was predominantly
found in the nucleus, where it formed large inclusions [168].
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3.4. Conclusion

Reports addressing the possibility of Cav2.1 cleavage playing a
role in SCAG6 generally agree on the fact that the full-length protein
originates a C-terminal protein species, even when containing a
non-expanded polyQ sequence. This may be indicative that cleav-
age and liberation of the C-terminal may have a physiologic func-
tion. C-terminal fragments are prone to aggregate and are cytotoxic
in several cell-based systems and in vivo, their toxicity increasing
with lengthier sequences of glutamines. Importantly, only in pa-
tients are they nuclear and constitute insoluble material possibly
corresponding to aggregates. Fragmentation has been frequently
related with the translocation of parts of Cav2.1 to the nucleus, but
it is still unclear whether the fragments are more toxic in the nu-
cleus or the cytoplasm.

Importantly, the putative enzymes responsible for cleaving
Cav2.1 are still unknown. Taking into account sequence analysis-
based predictions, Kordasiewicz and coworkers hypothesized that
cleavage could be mediated by calpains, but they were unable to
block Cav2.1 cleavage with calpain inhibitors, in HEK 293 cells
[163].

It is conceivable that, independently of aggregation and changes
in subcellular distribution, Cav2.1 cleavage may elicit toxicity by
interfering with the function of P/Q-type VDCCs. The intercellular
C-terminal portion of Cav2.1 is known to mediate protein interac-
tions established by the channel complex and to regulate its activity
[165]. Therefore, separation between this region and the other pro-
tein domains may have an impact on VDCCs function, possibly by
deviating important protein interactions. For example, the C-
terminal region of Cav2.1 has been shown to interact directly with
myosin I[IB, which among other things participates in the sorting of
plasma membrane proteins. Considering that, in COS-7 cells, glu-
tamine expansion increased the stability of this interaction [166],
retention of Cav2.1 at the membrane may be affected when the
polyQ-expanded C-terminal region is lost.

There is also some evidence supporting that Cav2.1-derived
fragments may cause deleterious changes in neurotransmission
prior to cell death, in vivo. Overall, transgenic mice and lentiviral
models expressing polyQ-expanded Cav2.1 C-terminal truncations
display higher incidence of changes in Purkinje cell firing, compar-
ing to controls and animals expressing the shorter, polyQ-lacking,
truncation already mentioned [168].”An impairment of neuronal
plasticity mechanisms at the parallel fiber-Purkinje cell synapse
was also detected in the lentiviral model.

Conflicting with the role of proteolytic cleavage in generating a
toxic C-terminal fragment of Cav2.1, a recent study has reported
that the 75 kDa protein species detected in HEK 293 cells express-
ing Cav2.1 (and possibly in other systems as well) may actually be
the product of a second cistron contained in the CACNAIA gene
[170]. Mass spectrometric sequencing of the fragment revealed that
the N-terminus (amino acid 1960) did not overlap with any protease
cleavage site, and further investigation demonstrated that the C-
terminal product could result from an internal ribosomal entry site
present in the full-length Cav2.1 transcript. This cistronic product,
termed a1l ACT, was described to act as a transcription factor, bind-
ing to the genome, directing gene activation in Purkinje cells and
enhancing neurite outgrowth in PC12 cells. The polyQ-expanded
form of al ACT lacked the transcriptional function and the neurite
outgrowth-mediating role, caused cell death in PC12 cells and pro-
duced age-dependent gait disturbances and cerebral atrophy in
transgenic mice, compared to animals expressing non-expanded
alACT. Regardless of the dispute concerning the origin of
CACNAI1A-derived C-terminal species, these results underlie the
toxicity of the expanded polyQ-containing fragments and agree on
the existence of a biologic role for the free C-terminal domain that
may be yielded upon cleavage.
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4. ATAXIN-7 AND SPINOCEREBELLAR ATAXIA TYPE 7

In addition to ataxia and other neurological signs generally
associated with polyQ-related SCAs, spinocerebellar ataxia type 7
(SCAT) distinctively causes a progressive impairment of the visual
function, ultimately leading to blindness [13, 171]. The disease
involves cell loss in diverse regions of the central nervous system
and an observable atrophy of the cortex and brainstem, but is also
accompanied by degeneration of the retinal photoreceptors and the
retinal pigment epithelium [9, 144]. First symptoms typically mani-
fest during adulthood [171].

SCA7 is caused by expansion of the ATXN7 gene beyond 33
CAG repetitions [15, 171, 172]. The particular instability of the
CAG repeat tract of this gene accounts for some drastic examples of
generational anticipation of disease manifestations and the large
number of repeats carried by some SCA7 patients, unique among
polyQ disorders (>200) [9, 173, 174]. The protein product ataxin-7
(atxn7) is widely, albeit varyingly, expressed in different neuronal
and non-neuronal tissues and cell types [148, 175], being found
both in the cytoplasm and the nucleus; the protein has been de-
scribed to distribute diffusely in this last compartment, but to also
associate with the nucleolus and the nuclear matrix [176, 177].
Although the precise physiologic function of atxn7 remains unde-
fined, available evidence points to an involvement with transcrip-
tional regulation and cytoskeleton organization [176, 178]. Atxn7 is
an 892 amino acid protein and its polyQ stretch is localized in close
proximity to the N-terminus [99, 151].

The toxicity of polyQ-expanded atxn7 has been suggested to
arise as a consequence of alterations in important cell functions,
namely transcription. Atxn7 is a component of the SPT3-TAF9-
GCNS. acetylase (STAGA) transcription coactivator-acetyltrans-
ferase complex, mediating the interaction of this complex with the
transcription factor cone-rod homeobox protein (CRX), essential
for photoreceptor maintenance [179]. Atxn7 plays a role in CRX-
dependent gene activation, by participating in histone acetylation
and deubiquitination; when expanded, atxn7 represses activation of
CRX, interfering with the expression of CRX-regulated genes in the
retina [180, 181]. In SCA7, protein deposition and nuclear inclusion
formation is known to take place in the retina and in several regions
of the brain that are not limited to the ones believed to be severely
affected in the disease [182, 183].

4.1. Detection of atxn7-Derived Fragments

The role of proteolytic processing of atxn7 in the pathogenic
mechanisms behind SCA7 is a frequently addressed topic. An ini-
tial report concerning transgenic mice expressing expanded atxn7 in
rod photoreceptors or Purkinje cells remarked that age-dependent
inclusions that appeared on par with other disease-related changes
became progressively unreactive to C-terminal-targeting antibodies,
but not to a N-terminal-targeting one [184]. This led to the possibil-
ity that only a N-terminal fragment of atxn7 was recruited to the
inclusions, and in fact a ~120 kDa polyQ-containing species was
detected in extracts from animals expressing expanded atxn7 (~150
kDa). The overall detection of the C-terminal region of atxn7 faded
with time in animals expressing the expanded protein, but not in
animals expressing the non-expanded form. A later study of another
transgenic mouse model expressing atxn7 obtained similar results
with the nuclear inclusions and was able to detect a soluble N-
terminal fragment of atxn7 with ~55 kDa, in transgenic mice ex-
pressing expanded atxn7, and a smaller one, in animals expressing
the non-expanded atxn7 protein [185]. In the SCA7 transgenic
mice, ~55 kDa fragments (that were absent from non-transgenic
controls) were detected by the polyQ-specific 1C2 antibody, but
were not exclusive of the nervous tissue, being present also in pe-
ripheral organs.

Importantly, a 1C2-immunoreactive ~55 kDa fragment was also
detected in SCA7 patient fibroblasts, but not in controls; the detec-
tion of a single mRNA transcript in humans supports the hypothesis
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that these species were the result of proteolytic cleavage [172, 185].
Recently, several atxn7 fragments have been detected in PC12 cells
inducibly expressing human atxn7: one major fragment of 40-50
kDa resulting from non-expanded atxn7, and two major species, of
45 and 40 kDa, resulting from the expanded protein [186].

4.2. Enzymes Involved in atxn7 Proteolysis

In vitro-translated atxn7 was cleaved by caspase-7 upon incuba-
tion with the recombinant enzyme, but not with several other
caspases tested [187]. In these conditions, atxn7 originated three
cleavage products, one with ~70 kDa and two that varied in mo-
lecular weight depending on the length of the polyQ stretch of the
parental protein: 30 and 40 kDa for non-expanded atxn7, and 45
kDa and 55 kDa, for the expanded form. These variations suggest
that these last fragments included the polyQ-containing N-terminal
region of the protein. The susceptibility to caspase-7-mediated
cleavage was reportedly independent from polyQ length, however.
Curiously, caspase-7 coimmunoprecipitated with atxn7 in trans-
fected HEK 293T cells, with a notorious preference for the ex-
panded protein. The fact that a caspase-7-derived fragment of ex-
panded atxn2 comigrated with fragments detected in transgenic
animal-derived samples supports the role of caspase-7 in vivo [187,
188].

Atxn7 amino acid sequence contains two putative caspase-7
cleavage sites at D266 and D344. In vitro, mutation of D266 abro-
gated formation of the 30/45 kDa product, mutation of D344 abol-
ished the appearance of the 40/55 kDa species, while double muta-
tion completely blocked proteolysis by caspase-7. The double mu-
tant also hindered the formation of fragments that took place in
tamoxifen-treated HEK 293T cells [187]. In a very recent study
characterizing a transgenic mouse model expressing the cleavage-
resistant mutant D266N of expanded atxn7, this single mutation
also blocked the formation of the ~55 kDa of atxn7 ex vivo, in cere-
bellar lysates incubated with caspase-7 [189].

4.3. Toxicity of atxn7-Derived Fragments

The deleteriousness of polyQ-containing protein species deriv-
ing from atxn7 is supported by cell death evaluation in cells ex-
pressing C-terminally truncated atxn7. In transfected HEK 293T
cells, a short atxn7 truncation containing. expanded polyQ (and
ending at amino acid 239) elicited the highest toxicity among other
truncations and the full-length protein [187]. In SCA7 transgenic
mice, appearance of fragments in nuclear aggregates correlated with
the start of the disease-like phenotype [185].

Blocking caspase-7 proteolysis has also been proven beneficial
in SCA7 models. Expression of a cleavage-resistant double mutant
of expanded atxn7 in HEK 293T cells completely blocked apoptotic
cell death caused by expression of the toxic protein [187]. In trans-
genic mice, the D266N mutation rescued retinal degeneration and
function and attenuated the motor abnormalities manifested by
SCA7 transgenic mice expressing cleavable atxn7, suggesting that
fragment formation may be necessary for disease-related signs to
arise in the model [189].

4.4. Mechanisms of atxn7-derived Fragment Toxicity

In agreement with the expected propensity for proteins bearing
expanded glutamines to aggregate, a polyQ-expanded truncated
atxn7 mimicking cleavage at amino acid 266 had increased ten-
dency to aggregate than its non-expanded counterpart, in trans-
fected HEK 293T cells [190]. Importantly, however, the double
caspase cleavage site mutant of expanded atxn7 led to a decreased
formation of nuclear inclusions in COS-7 and HEK 293T cells, and
completely abrogated inclusion formation in primary granule cell
cultures [187]. This and the observations that only the N-terminal
part of the protein tends to amass and be retained in inclusions [184,
185] may suggest that cleavage, admittedly by caspase-7, is an
important step in the aggregation pathway.
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Atxn7 has been described to contain one NES in the N-terminal
region and three NLSs, one also in the N-terminal region and two in
the C-terminal portion [178, 191, 192]. All these localization sig-
nals are localized C-terminally of the two predicted caspase sites
and it is thus possible that caspase-7-mediated proteolysis of atxn7
alters the subcellular distribution of the polyQ-containing fragments
by separating the targeting sequences from the polyQ-bearing part
of the protein, with possible deleterious outcomes. Curiously, in
PC12 cells inducibly expressing human atxn7, while the full-length
transgenic protein was found mainly in the nucleus, fragments addi-
tionally occurred in the cytoplasm [186]. Atxn7 truncations contain-
ing amino acids 1-460 and thereby including not only the polyQ
region but also the NES and the N-terminal NLS were less cyto-
toxic than truncations devoid of the localizing sequences and even
than the full-length protein [187].

Atxn7 structure accommodates several regions predicted to
mediate functional protein interactions, including a phosphate-
binding (arrestin-like) site and a zinc-binding motif [178, 193]. The
latter has been proposed to mediate the interaction between atxn7
and the STAGA complex and includes the predicted caspase cleav-
age site at D344. Additionally, the polyQ-containing region of
atxn7 has also been described to mediate the interaction with CRX
[192]. Conceivably, cleavage at the predicted positions may alter
atxn7 interaction with the complex, and consequently interfere with
its function. In a HEK 293T cell-based gene reporter gene assay in
which expanded full-length atxn7 led to a marked decrease in CRX-
mediated transcriptional activation, inhibiting cleavage by double
mutation of the caspase-7 cleavage sites attenuated the effect, sup-
porting a role for atxn7 proteolysis in the transcriptional alterations
that may be involved in the disease [187].

Combined observations collected in transfected HEK 293T and
PC12 cells have suggested that full-length atxn7 and the resulting
fragments may be differentially degraded. While the full-length
protein seems to be mainly degraded by the ubiquitin-proteasome
system, the fragments originating in these systems (especially those
resulting from the expanded protein) and aggregated species are
also degraded by autophagy. Autophagy inhibition in PC12 cells
inducibly expressing expanded atxn7 resulted in increased aggrega-
tion and a decrease in cell viability [186]. Results also suggest that
both the full-length expanded protein and resulting fragments are
more stable, but their soluble levels tend to decrease, due to aggre-
gation.

PolyQ expansion of atxn7-derived fragments may contribute to
toxicity also by hindering their degradation. Truncations consisting
of the first 266 amino acids of atxn7 have been shown to be de-
graded by macroautophagy in HEK 293T cells and cerebellar neu-
ron cultures and their stability was described to be contingent upon
the availability of lysine residues close to the cleavage site — K266
and K257 —, something that does not appear to be the case for full-
length atxn7 [190]. Post-translational modification of these resi-
dues, in particular acetylation, was suggested to block degradation
and increase stability. Interestingly, polyQ-expanded fragments
were determined to be resistant to autophagic degradation and more
stable when the lysine residues are altered by mutation than the
non-expanded forms, indicating that the turnover of the fragments
may be altered upon polyQ expansion.

4.5. Conclusion

Proteolytic cleavage of atxn7 with subsequent production of
detectable polyQ-containing fragments is supported by observations
gathered from in vitro assays, cell-based systems and transgenic
animal models. Caspase-7 is pointed out as the enzyme mediating
formation of the detected fragments, at least in vitro. N-terminal
atxn7 fragments tend to accumulate in disease models, and in trans-
fected cells the shortest polyQ truncations elicit the highest toxicity.
Cleavage has been proposed to be significant in the events leading
to aggregate formation, and to contribute to putatively toxic
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changes in the subcellular localization of atxn7, alterations of its
transcriptional function and resistance to degradation.

Similarly to atxn3 and Cav2.1, atxn7 is apparently susceptible
to proteolytic processing regardless of the polyQ sequence length.
Again, this may be indicative that cleavage may play an important
function in healthy cells and that expansion of the otherwise harm-
less fragments confers them their toxic properties. Remarkably
though, apart from an increased tendency to aggregate and an im-
proved stability [187, 190], the properties of the expanded polyQ
fragments are yet to be further explored and distinguished from
those of the non-expanded fragments.

Possibly arguing against a decisive contribution of atxn7 cleav-
age to SCA7 pathogenesis is the fact that, in animal models, frag-
ments are also detected in non-neuronal tissues; expanded fragment
production is thus not predictive of cell demise, in this context
[185]. Curiously, however, systemic aggregation and heart pathol-
ogy have been described in human SCA7 patients carrying extreme
numbers of CAG repeats [173, 194]. It is possible that toxicity of
the fragments in peripheral organs only manifests with higher
thresholds of CAG repeat number.

5. OTHER TYPES OF POLYQ-ASSOCIATED SPINOCERE-
BELLAR ATAXIAS

The involvement of proteolytic cleavage in the pathogenic
mechanisms of other polyQ-related SCAs has been occasionally
hinted, but still lacks the same degree of support afforded to
SCA3/MJD, SCA6 and SCA7. Although reports have mentioned
the presence of detectable protein fragments in patients/and or
models of SCA1, SCA2 and SCA17, available evidence is unsuffi-
cient to suggest any solid hypothesis regarding a toxic role in these
diseases. Some studies have provided clues that point in the same
directions as the ones focusing on SCA3/MJD, SCA6 and SCA7,
but others have utterly dismissed the involvement of protein frag-
ments. These subjects therefore remain to be fully explored. Further
efforts aiming at detecting protein fragments and characterizing
their properties in disease-relevant contexts may help clarify the
current doubts.

5.1. Ataxin-1 and Spinocerebellar Ataxia Type 1

Spinocerebellar ataxia type 1 (SCAIl) was the first ataxia for
which a causative gene and protein were identified and character-
ized [195, 196]. As for the other SCAs, the worldwide prevalence
of the disease is very diverse, constituting one of the most frequent
forms of autosomal dominant ataxia in South Africa and the To-
hoku region of Japan, and one of the rarest forms in other parts of
the world [13, 197]. The clinical features of SCA1 include progres-
sive limb and gait ataxia and other signs frequently associated with
SCAs, such as dysphagia, oculomotor impairments, and pyramidal
and extrapyramidal motor symptoms [198]. In most cases cognition
is relatively spared, though general intellectual impairment is ob-
served in advanced stages of the disease [199]. SCA1 primarily
affects the brainstem, spinocerebellar tracts and cerebellar Purkinje
cells, eliciting neuronal loss and marked atrophy of these areas [9].

Ataxin-1 (atxnl) is a 98 kDa soluble protein with 815 amino
acids codified by the ATXNI gene. The protein is widely expressed
in the human body [148, 200] and its function has been linked to
transcriptional repression [201]. In neurons the protein mostly dis-
plays a nuclear localization, contrasting with a cytosolic distribution
in non-neuronal cells [200]. SCAL1 is associated with CAG expan-
sions beyond 39-40 repeats [9]. As for the other SCAs, neuronal
intranuclear inclusions containing atxnl have been described in
affected and non-affected brain regions of SCA1 patients [202] and
toxicity is believed to require nuclear localization of the expanded
protein [203].

One report has addressed, and dismissed, the possibility of pro-
teolytic cleavage of atxnl playing a role in SCA1 pathogenesis
[203]. Atxnl-derived fragments with 70 and 40 kDa were detected
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in the cerebellum of SCAI1 transgenic mice expressing human
atxnl. These protein species were detected with a C-terminal-
targeting antibody and their molecular size did not vary with the
polyQ length of the parental atxnl, in accordance with the N-
terminal localization of the polyQ sequence. However, complemen-
tary fragments that would be labelled with a N-terminal-specific
antibody were not detected, presumably due to decreased stability.
Inclusions formed in Purkinje cells were labelled by antibodies
targeting epitopes at both extremities of atxnl and were admitted to
contain the full-length protein. Finally, detection of the C-terminal
fragments was reported to be unrelated with the appearance of dis-
ease signs of the model and suggested to be a side result from over-
expression of the human atxnl in mice. It would be nonetheless
worthy to elucidate whether the absence of polyQ-containing frag-
ments detection could be related with decreased solubility and in-
creased aggregation of these species.

5.2. Ataxin-2 and Spinocerebellar Ataxia Type 2

Spinocerebellar ataxia type 2 (SCA2) was first known as
Wadia—Swami type ataxia, in reference to the two Indian research-
ers that first described the disorder [204], being renamed as SCA2
after the identification of ATXN2 as the affected gene [205-207].
Worldwide, it is considered the second most common form of auto-
somal dominant cerebellar ataxia [208], and the most prevalent
form  of ‘ataxia in Mexico, Cuba (Holguin province) and eastern
India [209-211]. The existence of large SCA2 families has also
been reported in the UK, Spain, Australia, Germany, Italy and Bra-
zil [212-214]. Clinically, SCA2 patients develop slow and progres-
sive gait ataxia and dysarthria, together with visual impairments
such as nystagmus and slow saccadic eye movements [9, 208]. In
most cases, the physical symptoms are accompanied by cognitive
impairments and psychological dysfunctions [199, 208]. Neuropa-
thologically, the most affected region is the cerebellum, but other
regions such as the cerebral frontal lobes, the brainstem, some cra-
nial nerves and the spinal cord are also compromised [9]. Neuronal
loss targets the cerebellum (Purkinje cells and granular layer) as
well as the brainstem and the substantia nigra, among other regions.

Ataxin-2 (atxn2) is a 140 KDa protein with 1312 amino acid
residues, ubiquitously expressed throughout the human organism
[148, 205]. Above 31 glutamine repeats atxn2 leads to the devel-
opment of SCA2, and sub-threshold repeat lengths have also been
associated with some cases of amyotrophic lateral sclerosis [215].
Atxn2 is mainly cytoplasmic and interacts directly with mRNA,
promoting stability; its function has been linked to regulation of
protein translation [216, 217]. Inclusions in SCA2 patients have
been detected both in the nucleus and the cytoplasm and, again,
their distribution in the brain does not coincide with the described
pattern of neurodegeneration [208, 217].

Two main atxn2 fragments have been detected in human corti-
cal brain samples: an atxn2 fragment of 42 kDa reactive to the
polyQ-specific 1C2 antibody, and a 70 kDa fragment, not labelled
by the antibody [218]. Interestingly, the species of 42 kDa (pre-
sumably N-terminal, given the position of the polyQ region) was
detected in a SCA2 patient and described to be practically absent
from control samples, while the 70 kDa product was detected in
controls and in the same patient. A later study in SYSY cells de-
scribed five C-terminal atxn2 fragments: a robust one with 70 kDa,
possibly corresponding to the above species, and four minor species
[219]. Interestingly, in HEK 293T cells transfected with atxn2 fu-
sions, an additional band admittedly corresponding to a N-terminal
fragment equivalent to the 42 kDa species was also noticeably de-
tected in cells expressing polyQ-expanded atxn2, but was not abun-
dant in cells expressing non-expanded atxn2 [218].

The fact that the polyQ-containing fragments are mentioned to
be enriched in patient samples and that expansion appears to drive
their detection suggests a link between atxn2 fragmentation and
SCA2 pathogenesis. The actual extent of this link remains to be
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fully explored, but experiments with atxn2 truncations contrast with
what has been obtained in similar evaluations of other polyQ-
bearing proteins. In transfected COS-1 cells, cytotoxicity of a N-
terminal truncation (amino acids 1-396) did not increase with in-
creasing polyQ repeat lengths, contrary to what happened when
full-length atxn2 was expanded [220]. N-terminal species were
actually less deleterious than their full-length counterparts, with
truncation virtually abolishing atxn2 toxicity. Additionally, trun-
cated atxn2 remained diffusely distributed in the cytoplasm and did
not form intracellular inclusions even when expanded. Conse-
quently, in contrast with what has been hypothesized for other
polyQ disease-causing proteins, results do not support the idea that
atxn2 fragmentation and production of polyQ-containing fragments
leads to a shift in subcellular localization or potentiates aggregation
and cell loss. Atxn2 cleavage may affect its biologic function and
intermolecular interactions through separation of protein domains
[219], but observations nonetheless suggest that proteolytic proc-
essing does not potentiate toxicity.

5.3. TATA-Box-Binding Protein and Spinocerebellar Ataxia
Type 17

Spinocerebellar ataxia type 17 (SCA17) is the most rare form of
polyQ-associated autosomal dominant inherited ataxia and the most
recently described [221, 222]. Clinically, disease presentation is
highly heterogeneous and may involve a wide variety of often se-
vere symptoms, ranging from motor impairments to psychiatric
signs. SCA17 may include cerebellar signs but also features of a
HD-like phenotype [223]. The brain of SCA17 patients typically
shows atrophy and neuronal loss in the cerebellum, but a loss of
cerebral cortical neurons has also been reported in some cases [224,
225].

CAG expansion causing SCA17 is associated with the TBP
gene, which codifies the TATA-box-binding protein (TBP) [221].
TBP is a general transcription factor that plays a central role in the
activation of eukaryotic genes, being expressed, in humans,
throughout the body [148, 151, 226]. The protein exerts its function
in the nucleus and has been detected in the relatively widespread
intranuclear inclusions that occur in the brain of SCA17 patients
[224]. Pathogenic CAG expansions, which in this case may be in-
terrupted by CAA triplets, are considered to be included in the
range of 43-63 repetitions [144, 225,227].

The idea that alterations of TBP function underlie selective
neuropathology in SCA17 is particularly puzzling taking into con-
sideration the fundamental role of this protein in the cell [225].
Nevertheless, It has been reported that polyQ-expansion of TBP
alters its interaction with other agents involved in transcription
regulation and reduces binding to DNA [228, 229]. The polyQ re-
gion of TBP is contained in the N-terminal part of the protein, while
the DNA-binding displays a C-terminal position [225, 229].

Initial studies were unable to detect in vitro proteolysis of TPB
by purified caspases or by apoptotic cell extracts [25]. N-terminal
fragments of TBP containing the polyQ region but lacking and
intact DNA-binding domain have been detected in brain lysates
from SCA17 transgenic mice expressing full-length human TBP,
but not control wild-type animals [229]. Additionally, N-terminal
species were suggested to have an increased propensity to aggre-
gate: in HEK 293 cells transfected with expanded TBP, most ag-
gregates labelled by an N-terminal-targeting antibody were unreac-
tive to antibodies targeting the C-terminal region; in cultured cere-
bellar neurons from SCA17 mice the N-terminal antibody labelled
nuclear inclusions, while the C-terminal antibody yielded a diffuse
nuclear signal. The putative aberrant properties of the TBP N-
terminal fragments were further suggested by the fact that polyQ-
expanded TBP mutants with an internal deletion that hinders DNA
binding were more prone to aggregate in the nucleus of HEK 293
cells than their non-mutated counterpart, inhibited transcription and
displayed an atypical and substantial presence in the cytoplasm.
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Detection of TBP fragments in human patient samples and a further
characterization of the toxicity of cleaved TBP may endow further
support to the involvement of proteolysis in SCA17 pathogenesis.

CONCLUSION

Among the six types of SCA caused by polyQ protein expan-
sion, the putative contribution of proteolytic cleavage to disease
pathogenesis is best characterized for SCA3/MJD, SCA6 and
SCA7. Even for these disorders it is still challenging to try and
draw any precise conclusion, but data overall supports the main
ideas expressed by the “toxic fragment hypothesis”. Atxn3, Cav2.1
and atxn7 originate stable — detectable — fragments and these spe-
cies appear to be more deleterious than the corresponding full-
length proteins. Some noteworthy concepts arise from the detailed
examination intended by this review.

First, though the idea of an involvement of proteolytic cleavage
in polyQ disease pathology could suggest that the polyQ expansion
is responsible for protein fragmentation phenomena that would be
exclusive of a disease state, results demonstrate that proteins carry-
ing a non-expanded polyQ sequence are also susceptible to cleav-
age. Current evidence is unsufficient to aftirm that polyQ expansion
increases the propensity for cleavage or that it alters the topology of
proteolysis, so that a particular kind of fragment only arises when
proteins are expanded. It is-possible that the ability to distinguish
the behavior of protein forms with different polyQ repeat lengths
sufters with the strategies used to analyze cleavage; cleavage may
be artificially driven by overexpression of the protein in some mod-
els, or from the experimental strategies used to elicit cleavage, in
some cases. Observations in human subjects, under conditions as
native as possible, are thus invaluable. Studies establishing correla-
tions between fragment detection in human samples and disease
help support the involvement of fragments, even if not in a causa-
tive way. Among polyQ-associated SCAs, examples of fragments
detected in patients but not in controls have been documented for
SCA3/MJD and SCAG6, in brain samples, and for SCA7, in fibro-
blasts [69, 185, 218].

Another concept that is more or less pervasive is that, though
fragments may form from polyQ-containing proteins irrespectively
of the repeat sequence size, expanded polyQ-containing fragments
induce higher toxicity. This may constitute the most direct link
between proteolysis and pathogenesis: protein fragments may be
normally generated from polyQ-containing proteins, but their toxic-
ity is dependent on their repeat size (Fig. 2).

CAG/polyQ expansion is considered the triggering factor in
polyQ diseases considering that, apart from being the common
feature of this group of disorders, symptoms’ severity and precocity
of disease onset correlate positively with repeat length and polyQ
sequences expressed outside their natural contexts cause toxicity in
diverse models [10, 15, 20, 230]. Nonetheless, several arguments
justify the interest in looking at each polyQ disease separately. Each
of these diseases is accompanied by a diverse set of symptoms, cell
demise affects different neuronal populations, age of disease onset
varies between diseases and the repeat number threshold associated
with toxicity is also dependent on the protein involved. All these
differences admittedly ultimately stem from the same factor: the
different protein context in which the polyQ sequence is inserted. In
this perspective, the protein regions flanking the polyQ sequence
are the ones responsible for specifying the disease outcomes [9, 10,
14, 15, 20]. Proteolytic cleavage logically changes this protein con-
text, possible altering important localization signals or interaction
surfaces, or removing regions that shield the protein against
aggregation. The data discussed demonstrates how changes in the
regions beyond the polyQ sequence influence toxicity. In general,
the smaller the flanking regions are (the purest the polyQ), the more
toxic is the protein product. However, truncation of Cav2.1 pro-
duces an interesting exception: toxicity is higher when the (short)
polyQ region is flanked by shortened domains than when the flank-
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Fig. (2). Putative mechanisms of polyglutamine protein-derived fragment toxicity. Polyglutamine-containing proteins may be targeted by proteolytic cleavage
as part of their normal dynamics in a cell, the fragments possibly playing biologically-relevant roles. In this context, proteins are expected to undergo standard
degradation and experiment a normal turnover. When the proteins are pathogenically expanded, proteolytic cleavage may contribute to aberrant alterations of
intermolecular interactions and functions, may drive aggregation and provoke aberrant shifts in subcellular localization. These abnormalities combined with a
compromised degradation of the toxic protein products may contribute to cell dysfunction and loss associated with polyQ diseases.

ing regions are almost completely absent. This is instrumental evi-
dence of the role of protein context and implies that, although a
search for common disease mechanisms is justified, particular as-
pects of each protein are sure to have relevance for cellular function
and survival, thereby determining cell fate in the presence of an
expanded polyQ sequence.

The importance of subcellular localization shifts oceurring. in
the wake of protein cleavage is somewhat disparate, and results
recommend a case-by-case analysis. While there is a recurrent
theme of toxic translocation of fragments to (or retention in) the
nucleus, fragmented atxn7, for example, appears to shift to the cy-
toplasm. While accumulation of proteins in the nucleus may play an
important part in several polyQ diseases, disturbances of subcellular
localization may have a deleterious effects regardless of the com-
partment to which proteins are displaced.

The studies hereby considered advise caution when admitting
that a particular species of lower molecular weight is to be consid-
ered a proteolytic fragment. Protein species that are detected by
polyQ protein-targeting antibodies may instead correspond to pro-
tein variants, possibly resulting from alternative splicing or from
alternative modes of transcription [170, 231]. Species that are not
detected when putative cleavage sites are mutated or that definitely
result from just one gene transcript may be more confidently con-
sidered proteolytic fragments, but even among these species some
may be more biologically significant than others.

Available data overall supports the interest in delving deeper
into the proteolytic cleavage of polyQ disease-causing proteins.
Many scientific fields concerned with neurodegenerative diseases
would benefit from a better understanding of the role of fragmenta-
tion in polyQ diseases, the circumstances under which these proc-
esses occur, the possible physiologic function of fragmentation of
the non-expanded proteins and the mechanisms and enzymatic
agents responsible for cleavage. In particular, understanding the
spatial pattern of fragmentation may yield important clues into the

reasons behind selective neuronal loss. Current evidence suggests
that limiting cleavage of polyQ-containing proteins may constitute
a beneficial strategy to tackle expanded polyQ protein toxicity in
the context of neurodegenerative diseases. In this respect, targeting
a particular cleavage event with sufficient specificity will surely
attract the attention of future research.

LIST OF ABBREVIATIONS

AD = Alzheimer’s disease

ALLN = N-acetyl-L-leucyl-L-leucyl-leucyl-L-
norleucinal

APP = Amyloid precursor protein

atxnl = Ataxin-1

atxn2 = Ataxin-2

atxn3 = Ataxin-3

atxn7 = Ataxin-7

Cav2.1 = Voltage-dependent  P/Q-type  calcium
channel subunit alpha-1A

CBP = CREB-binding protein

CHIP = C-terminus of 70 kDa heat shock protein-
interacting protein

CREB = Cyclic AMP-responsive element-binding
protein

CRX = Cone-rod homeobox protein

DRPLA = Dentatorubral-pallidoluysian atrophy

HD = Huntington’s disease

HEK = Human embryonic kidney

HHR23A/B = Human homologs of the yeast DNA repair

protein Rad23 A and B
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InsP;R1 = Type 1 inositol 1,4,5-trisphosphate recep-
tor

iPSCs = Induced pluripotent stem cells

D = Josephin domain

kDa = Kilodalton

MJD = Machado-Joseph disease

NEDDS = Neural precursor cell expressed develop-
mentally downregulated gene 8

NES = Nuclear export signal

NLS = Nuclear localization signal

PCAF = p300/CBP-associated factor

polyQ = Polyglutamine

SBMA = Spinal and bulbar muscular atrophy

SCA = Spinocerebellar ataxia

SCAL1,2,3,6,7,17 = Spinocerebellas ataxia type 1, 2, 3, 6, 7
and 17

STAGA = SPT3-TAF9-GCNS acetylase

TBP = TATA-box-binding protein

TR-FRET = Time-resolved Forster resonance energy
transfer

UM = Ubiquitin-interacting motif

VCP = Valosin-containing protein

VDCC = Voltage-dependent calcium channel

zVAD-fmk = Carbobenzoxy-valyl-analyl-aspastyl-[O-

methyl]-fluoromethylketone.
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