
Advances in Experimental Medicine and Biology 1049

Clévio Nóbrega
Luís Pereira de Almeida   Editors

Polyglutamine 
Disorders



Advances in Experimental Medicine and Biology

Volume 1049

Series editors

Irun R. Cohen, Rehovot, Israel
Abel Lajtha, Orangeburg, USA
John D. Lambris, Philadelphia, USA
Rodolfo Paoletti, Milan, Italy
Nima Rezaei, Tehran, Iran



More information about this series at http://www.springer.com/series/5584

http://www.springer.com/series/5584


Clévio Nóbrega • Luís Pereira de Almeida
Editors

Polyglutamine Disorders

123



Editors
Clévio Nóbrega
Department of Biomedical Sciences and
Medicine, Centre for Biomedical
Research and Algarve Biomedical Center

University of Algarve
Faro
Portugal

Luís Pereira de Almeida
Center for Neuroscience and Cell Biology
and Faculty of Pharmacy

University of Coimbra
Coimbra
Portugal

ISSN 0065-2598 ISSN 2214-8019 (electronic)
Advances in Experimental Medicine and Biology
ISBN 978-3-319-71778-4 ISBN 978-3-319-71779-1 (eBook)
https://doi.org/10.1007/978-3-319-71779-1

Library of Congress Control Number: 2017960922

© Springer International Publishing AG 2018, corrected publication 2018
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained herein or
for any errors or omissions that may have been made. The publisher remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Printed on acid-free paper

This Springer imprint is published by Springer Nature
The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



Preface

On Polyglutamine Diseases

Polyglutamine (polyQ) diseases are a group of rare neurodegenerative disorders that
share a common genetic cause: they arise as a result of abnormal expansions of
CAG trinucleotide sequences occurring at particular genome loci. In contrast with
other repeat-related disorders, the repeat-bearing tracts associated with polyQ dis-
eases are present at the codifying region of genes, being translated as expanded
polyQ tracts in their respective protein products. Although these genes and proteins
are otherwise unrelated and share no significant homology outside the CAG/polyQ
tract, proteins carrying an abnormally expanded polyQ tract tend to aggregate,
forming insoluble protein aggregates that constitute a key neuropathological feature
of polyQ disorders. The group currently includes nine disorders: Huntington’s
disease (HD), dentatorubral-pallidoluysian atrophy (DRPLA), spinal and bulbar
muscular atrophy (SBMA), and six different types of spinocerebellar ataxia: SCA 1,
2, 3, 6, 7, and 17. PolyQ diseases are highly incapacitating and, to this date, no
therapy able to modify disease progression is available for any of them.

PolyQ disorders share several features. These include (a) the existence of a
positive correlation between the variable CAG repeat number and both the severity
and precocity of symptoms; (b) the generational instability in CAG repeat number
transmission; and (c) the aforementioned propensity for the protein products to
aggregate and to constitute large intracellular multiprotein inclusions that are
detected in patients’ neuronal tissue. Despite the genetic cause of polyQ disorders
being clearly identified, the molecular mechanisms involved in their pathogenesis
are not fully understood. Though it is frequently accepted that these disorders share
common pathogenic mechanisms, the symptoms and the regional patterns of neu-
rodegeneration are not shared among disorders. Taken together, the similarities and
differences existing in this group of disorders suggest that the search for disease
mechanisms and putative therapeutic strategies will benefit from an integrative view
that conjugates common factors and motifs with the particularities of each polyQ
disease.
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For this book entitled Polyglutamine Disorders, we have gathered many of the
main experts around the world in the field, whom we would like to acknowledge for
their work and collaboration, providing a state-of-the-art revision about several
aspects of the different polyQ diseases. The book addresses the molecular mech-
anisms described to underlie disease pathogenesis, the animal models developed to
study these diseases and, importantly, the advanced therapeutic strategies being
investigated for these disorders.

Coimbra, Portugal Clévio Nóbrega
January 2018 Luís Pereira de Almeida
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Chapter 1
Clinical Features of Huntington’s Disease

Rhia Ghosh and Sarah J. Tabrizi

Abstract Huntington’s disease (HD) is the most common monogenic neurode-
generative disease and the commonest genetic dementia in the developed world.
With autosomal dominant inheritance, typically mid-life onset, and unrelenting
progressive motor, cognitive and psychiatric symptoms over 15–20 years, its
impact on patients and their families is devastating. The causative genetic mutation
is an expanded CAG trinucleotide repeat in the gene encoding the Huntingtin
protein, which leads to a prolonged polyglutamine stretch at the N-terminus of the
protein. Since the discovery of the gene over 20 years ago much progress has been
made in HD research, and although there are currently no disease-modifying
treatments available, there are a number of exciting potential therapeutic develop-
ments in the pipeline. In this chapter we discuss the epidemiology, genetics and
pathogenesis of HD as well as the clinical presentation and management of HD,
which is currently focused on symptomatic treatment. The principles of genetic
testing for HD are also explained. Recent developments in therapeutics research,
including gene silencing and targeted small molecule approaches are also discussed,
as well as the search for HD biomarkers that will assist the validation of these
potentially new treatments.

Keywords Huntington’s disease � Genetics � Symptoms � Management
Therapeutics � Biomarkers

1.1 Introduction

Huntington’s disease (HD) is one of the most common causes of dominantly inherited
neurodegenerative disease [1]. There is typically adult onset, with irreversible pro-
gression of motor, psychiatric and cognitive symptoms over 15–20 years, followed

R. Ghosh � S. J. Tabrizi (&)
UCL Huntington’s Disease Centre, Department of Neurodegenerative Disease,
UCL Institute of Neurology, London WC1N 3BG, UK
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by death [2]. The condition was first described in the USA by George Huntingtin in
1872, himself a newly qualified doctor at the time, and his original descriptions of the
disease remain true today.

As yet there are still no disease modifying treatments available, but an intensive
international research effort is underway with many clinical trials currently
on-going. In this chapter we will first cover the epidemiology, genetics, and
pathogenesis of HD and then discuss clinical aspects of the disease and the latest
developments in HD therapeutics research.

1.2 Epidemiology

The prevalence of HD had been thought to be 4–10/100,000 in Western populations
[3], though a more recent study in the UK suggests a figure of 12.3/100,000 [4].
The true prevalence of HD may have been underestimated in the past due to the
stigma that has traditionally been attached to the diagnosis; in recent centuries,
sufferers have even been accused of witchcraft, pressuring families into hiding the
condition [5]. The wider availability of genetic testing may also have contributed to
an apparent increase in disease prevalence [6].

The disease is thought to have migrated from North-West Europe to other parts
of the world, and there is global variation in prevalence, with naturally low rates in
Japan, Hong Kong and Taiwan [7]. One of the highest rates of HD occurs in
Venezuela where communities living near the edge of Lake Maracaibo see a
prevalence of 700/100,000 people. It was in this population that genetic linkage
studies led to the discovery of the causative genetic mutation in HD [8, 9].

1.3 Genetics of Huntington’s Disease

HD is a single-gene disorder with autosomal dominant transmission and so the
presence of the mutation on either allele leads to the disease. Therefore an affected
parent has a 50% chance of passing it on to their child. The mutation is an expanded
CAG triplet repeat near the start of exon 1 of the Huntingtin gene (HTT), which lies
on the short arm of chromosome 4. On translation, this leads to the presence of a
polyglutamine (polyQ) stretch at the N-terminus of Huntingtin protein (HTT).

The wild-type gene carries 10–35 CAG repeats, with a mean value of 18 CAG
repeats across the population (although this mean value is greater in populations
with higher disease prevalence) [7, 10]. The mutation is fully penetrant at 40 or
more repeats. Between 36 and 39 repeats there is reduced penetrance; carriers may
develop HD symptoms in later life or not at all [11]. HTT with 27–35 CAG repeats
is referred to as an “intermediate allele”.

Intermediate alleles in the general population are thought to arise from stepwise
expansion of the CAG repeat over many generations. People who inherit

2 R. Ghosh and S. J. Tabrizi



intermediate length alleles have long been thought to be unaffected, but a beha-
vioural phenotype has now been identified in this group [12]. During meiosis it is
possible for intermediate alleles to expand further, leading to offspring who may
carry a disease gene with 36 or more repeats. The risk of this is as high as 21% for
those with 35 CAG repeats [13].

This intrinsic instability of the CAG repeat during meiosis especially affects the
disease gene, leading to expansions (and sometimes contractions) in repeat length
inherited by successive generations [14]. As longer CAG repeat length correlates
with earlier age of onset, symptoms may develop at progressively younger ages as
the condition is passed down the family tree. This is known as anticipation. Due to
differences between spermatogenesis and oogenesis this is more likely to occur
when transmission occurs through the paternal bloodline [15]. In rare cases large
increases in CAG repeat length above 55 can occur, leading to Juvenile HD (JHD),
when the age of onset is less than 20 years old. 90% of JHD cases result from
paternal inheritance [16, 17].

As with all genetic conditions a detailed family history is essential to help make
a correct diagnosis. However 6–8% of patients with newly diagnosed HD have no
family history [18]. As mentioned above, de novo mutations may arise from
intermediate length alleles, leading to sporadic cases. Seemingly sporadic cases may
occur following non-paternity, misdiagnosis in prior generations, or when deaths of
family members occur from other causes before development of neurological
symptoms thus masking the presence of the HD gene.

1.3.1 Effect of CAG Repeat Length on Disease Phenotype

Disease onset is defined clinically as the presence of unequivocal extrapyramidal
motor signs suggestive of HD. In typical mid-life onset HD with CAG repeat 40–55,
the length of the CAG repeat accounts for *56% of the variability in age at motor
onset [19]. A recent genome-wide association (GWA) study has identified genes
involved in DNA handling and repair mechanisms, includingMLH1, as contributing
to further variation in the age of disease onset [20]. Remaining variation is likely
determined by other genetic and environmental modifiers [21].

Taking into account the CAG repeat length as well as the number of disease free
years already lived, a conditional probability model was developed by Langbehn
et al. which is able to estimate the chance of on-going disease free survival over a
number of years [22, 23]. However, models based on population data cannot be
applied in a one-to-one clinical setting and it is not possible to accurately predict an
individual’s age of onset of disease from their CAG repeat length.

Patients often experience psychiatric and cognitive symptoms, as well as very
subtle motor disturbances for many years before their official disease onset. CAG
repeat length correlates much less strongly with age of onset of psychiatric symp-
toms, but does show some correlation with rate of disease progression [24, 25]. The
duration of disease from diagnosis to death is independent of CAG repeat length.

1 Clinical Features of Huntington’s Disease 3



1.4 Pathogenesis of Huntington’s Disease

Huntingtin is a large 350 kDa protein comprised of multiple repeated units of 50
amino acids, termed HEAT repeats, which assemble into a superhelical structure
with a hydrophobic core. Compared to the wild-type protein, the mutant protein
contains an expanded polyglutamine stretch starting at residue 18 [26]. This triggers
a pathogenic cascade, with both cell autonomous and non-cell autonomous
mechanisms involved which are summarised in Table 1.1.

Table 1.1 Pathogenic mechanisms in Huntington’s disease

Mechanism Role of mutant Huntingtin

Proteolysis and generation of
mHTT fragments

Multiple lines of evidence support the “toxic fragment
hypothesis” that proteolytic cleavage of mutant HTT liberates
toxic N-terminal fragments containing the expanded polyQ
tract, which contribute to cell death through accumulation and
additional activation of further proteolytic caspases [27]. HTT
is cleaved by multiple proteases including caspases, calpains,
cathepsins and matrix metalloproteases (MMPs), and mutant
HTT fragments have been detected in many animal models
[28]. Recent evidence also raises the possibility that these
short N-terminal fragments may arise from alternative splicing
of exon 1 of HTT [29], and mHTT exon 1 fragments cause
neurodegeneration in HD model systems [30, 31]

Inclusion formation Intranuclear inclusions of mutant HTT are a pathognomic
feature of HD. Inclusions also form in the cytoplasm,
dendrites and axon terminals, though to a lesser extent.
Inclusions are heterogeneous population comprising different
forms of mHTT [32], and their definitive role (whether toxic
or protective) has not yet been established [33]

Post-translational modification
of mHTT

HTT undergoes extensive post-translational modification at
multiple sites through phosphorylation, SUMOylation,
acetylation, ubiquitination and palmitoylation. All these
modifications can exert an effect on mHTT pathogenicity, but
their full significance, interdependence and exact role in any
pathogenic mechanism remains largely unknown [28]

Loss of neurotrophin (BDNF)
support

There is loss of brain-derived neurotrophic factor (BDNF)
support from cortico-striatal projections, as mHTT is known
to interfere with both the expression and trafficking of BDNF
that promotes survival of striatal neurons [34]

Transcriptional dysregulation Transcriptional dysregulation occurs before symptom onset in
HD, and affects a large number of different transcription
factors and regulatory DNA target sequences (e.g. the
CREB-binding protein (CBP) [35] and repressor element 1
transcription factor (REST) [36]). This has been confirmed by
DNA microarray studies [37]. Mutant HTT has also been
shown to inhibit histone acetyltransferase activity, thus leading
to the condensation of chromatin and a downregulation of gene
transcription. This paves the way for histone deacetylase
(HDAC) inhibitors as a potential therapy [38]

(continued)
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Table 1.1 (continued)

Mechanism Role of mutant Huntingtin

Inflammation Microglial activation has been demonstrated in HD patients,
both in manifest [39] and premanifest disease [40]. Recent
evidence suggests that this is at least in part a cell-autonomous
effect, as microglia that express mHTT have been shown to
have enhanced transcription of pro-inflammatory factors [41].
A peripheral inflammatory response has also been shown with
raised levels of pro-inflammatory cytokines found in blood
samples of manifest and premanifest HD patients [42]

Trans-neuronal spread Recently evidence for the non-cell autonomous,
trans-neuronal spread of mHTT has come to light. mHTT was
shown to spread to wild-type human neurons within an HD
mouse model. This was blocked by botulinum neurotoxins,
suggesting the involvement of synaptic machinery [43].
Furthermore, post-mortem studies of HD patients who have
received experimental treatment with neural stem cell
transplantation have revealed the presence of huntingtin
inclusions in the grafted donor tissue [44]

Cytoskeleton signalling and
vesicular trafficking

Through its interactions with huntingtin-associated protein 1
(HAP1), huntingtin-associated protein of 40 kDa (HAP40)
and dynein, HTT regulates vesicle transport and recycling
[45]. Expression of mHTT disrupts this transport, including
vesicular trafficking of BDNF [46, 47]. mHTT aggregates can
also physically obstruct subcellular transport due to their large
size [48]

Mitochondrial dysfunction Mutant HTT affects the axonal transport of mitochondria and
also has a direct effect on mitochondrial function.
Mitochondrial calcium handling is impaired, and transcription
of nuclear genes responsible for the proper functioning of this
organelle is affected, leading to impaired respiration [49]. An
increase in mitochondrial DNA mutations has also been found
in neurons from the cortex of HD patients [50]

Excitotoxicity Injection of quinolinic acid (an NMDA receptor agonist) into
the striatum of mouse models recapitulates many aspects of
the HD phenotype [51]. In addition it has now been shown
that alterations in glutamatergic signalling occur through
changes in glutamate release [52], overactivity of glutamate
receptors [53], decreased levels of glutamate transporters and
reduced glutamate uptake [54]. Increased MSN excitability
has also been shown to result from decreased potassium
channel expression in mHTT expressing astrocytes [55]

Clearance of mHTT Two major cellular pathways for degradation of misfolded
proteins are the ubiquitin-proteasome system (UPS) and
autophagy. Impairment of the UPS has been noted in HD
mouse models and human post-mortem brain tissue [56]. In
addition, mHTT can interfere with target recognition and
impair autophagic clearance [57, 58]

Somatic instability of CAG
repeat

CAG repeat expansion in germline cells has already been
described, and can result in cases of juvenile HD. Somatic
expansion has also been shown to occur in the human striatum
[59] and is associated with younger onset, thus may contribute
to disease pathogenesis [60]. Impairment of DNA repair
pathways has been implicated in this [61]

1 Clinical Features of Huntington’s Disease 5



Ultimately there is massive striatal degeneration in the patient brain, as revealed
by post-mortem studies. Up to 95% of the GABAergic medium spiny neurons
(MSNs) that project to the globus pallidus and substantia nigra are lost, and there is
atrophy (though less so) of the cerebral cortex, subcortical white matter, thalamus
and hypothalamic nuclei [27].

1.5 Clinical Aspects of Huntington’s Disease

Huntington’s disease is characterized by a triad of progressive motor, cognitive and
psychiatric symptoms. The average age of onset is 45 years and the disease is fatal
after 15–20 years [62].

1.5.1 Natural History and Disease Progression

As mentioned above, onset of “manifest” HD is said to occur when patients develop
definitive motor signs suggestive of HD, which have no other explanation.
However prior to this, patients may have a “prodromal” phase of HD for many
years, during which subtle motor signs, psychiatric or cognitive symptoms may be
present. The TRACK-HD study found differences in speeded tapping (a fine motor
task) over 36 months between control and premanifest patients who were predi-
cated to be over 10.8 years from disease onset. During this time a corresponding
change in neurobiology, with loss of corticostriatal connectivity and striatal atro-
phy, is seen (Fig. 1.1).

Prior to development of manifest HD, patients who carry the HD gene mutation
are referred to as “premanifest”. Around 10–15 years before disease onset, pre-
manifest individuals are indistinguishable from controls. However as disease onset
approaches, patients are no longer completely asymptomatic and so the term “pe-
rimanifest” disease is used by clinicians to describe patients who are suffering from
prodromal HD symptoms, and are thought to likely develop the concrete motor
signs of manifest HD in the near future (Fig. 1.2).

1.5.1.1 Rating Scales and Disease Progression

The Unified HD Rating Scale (UHDRS) is comprised of motor, cognitive, beha-
vioural, emotional and functional components and is the most common rating scale
for HD [65]. It is widely utilised in HD research, and some of its component parts
are also useful in a clinical setting. The total motor score (TMS) subscale is helpful
in diagnosing disease onset; based on the score and their overall clinical impression,
the clinician assigns a diagnostic confidence score (DCS) between 0 and 4, which
reflects their belief that the motor signs are representative of HD.

6 R. Ghosh and S. J. Tabrizi



Fig. 1.1 Parametric maps showing regions with statistically significant atrophy in grey and white
matter at baseline, 12- and 24 months (from left to right in each frame). PreHD-A and preHD-B
are premanifest Huntington’s disease gene carriers with estimated time to clinical disease onset
greater than and less than 10.8 years, respectively. HD1 and HD2 are patients with early manifest
disease who have no functional impairment and mild functional impairment, respectively. The
striatum is affected early on, with more widespread atrophy at later stages. Adapted from Tabrizi
et al. [63] from Elsevier publishing group
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Fig. 1.2 Natural history of clinical Huntington’s disease. Adapted from Ross et al. [64] from
Nature Publishing Group
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Diagnosis of disease onset can be a difficult and emotional time for patients and
their families, as they are faced with the prospect of inevitable decline, and will
have often witnessed other family members suffering the same fate. There are also
implications for patients in terms of their employment, insurance and driving, the
exact rules of which will vary between countries.

Following disease onset, there is progression through five disease stages, orig-
inally described by Shoulson and Fahn (Table 1.2). These stages also correspond to
Total Functional Capacity (TFC) subscale score of the UHDRS, which is based on
the same functional domains. In a clinical setting, the more general terms of early,
moderate and advanced disease are used (Table 1.3).

1.5.2 Clinical Presentation

HD displays much clinical heterogeneity, even within families, in terms of the
balance of motor, cognitive and psychiatric features that predominate.

Motor symptoms are comprised of both involuntary movements, seen in
early-moderate stage typical adult onset disease, and impaired voluntary movement
seen in more advanced stages. Chorea is one of the most striking features, and is

Table 1.2 The Shoulson-Fahn Staging system

Stage
of
disease

Engagement
in
occupation

Capacity to
handle
financial
affairs

Capacity to
manage domestic
responsibilities

Capacity to
perform activities
of daily living

Care can be
provided
at…

I Usual level Full Full Full Home

II Lower level Requires
slight
assistance

Full Full Home

III Marginal Requires
major
assistance

Impaired Mildly impaired Home

IV Unable Unable Unable Moderately
impaired

Home or
extended
care facility

V Unable Unable Unable Severely
impaired

Total care
facility

Table 1.3 The Total
Functional Capacity
(TFC) score and its
relationship to Shoulson-Fahn
stages and clinical descriptors

Total Functional Capacity (TFC) Stage

Early 11–13 I

7–10 II

Moderate or mid 4–6 III

Advanced or late 1–3 IV

0 V
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defined as short-lived, involuntary, excessive movements, which are
semi-purposeful. Chorea progresses from occasional, low amplitude twitches of the
face and extremities to constant, large amplitude movements of the entire body.
Head turning, eye closure and tongue protrusion occur following activation of facial
and neck muscles and back extension results from involvement of axial muscle
groups. Chorea may not always bother the patient, even when quite severe. It can
however cause problems with writing, eating and maintaining balance.

Other motor features include dystonia, myoclonic jerks and tics. Dystonia is the
most common of these and is caused by inappropriate, sustained muscle contrac-
tions that lead to abnormal postures such as torticollis (neck turning) and opis-
thotonos (back arching).

As disease progresses, bradykinesia, akinesia, rigidity and impaired postural
reflexes dominate. This can cause particular problems with gait and falls, especially
on uneven terrain. Motor symptoms can also rapidly deteriorate in the event of
intercurrent infections, stress and anxiety, but with appropriate treatment, this is
usually temporary.

Cognitive symptoms are universal in HD. Subtle cognitive impairments may
occur years before disease onset [66], and can progress to frank subcortical and
frontal dementia in advanced disease. The TRACK-HD study found early deficits in
visual attention, psychomotor speed, and visuomotor and spatial integration [25],
though patients themselves are often unaware of any problems. Executive dys-
function, with development of concrete thinking is very common. Other cognitive
problems include general slowing and impaired short-term memory.

Psychiatric symptoms affect a large proportion of patients; depression is the most
common feature, which has a prevalence of 40% in HD patients [67]. Anxiety is the
second most common psychiatric condition. Neither depression nor anxiety relate to
disease stage and can occur in premanifest HD [68]. Apathy, which is characterised
by a general loss of interest, difficulty with initiating activities and passive beha-
viour, is a common and disabling symptom that is related to disease stage and
worsens over time. It has been shown to be a significant predictor of functional
decline [25], and is resistant to medication.

Other psychiatric symptoms include irritability and aggression, obsessive,
compulsive thoughts and behaviours, and more rarely, psychosis in later stages.
Hyper- and hyposexuality can be a problem in early and late HD respectively [69].

Suicide is the second most common cause of death in HD [70]. Risk of this is
highest when premanifest patients start to develop manifest disease, and again when
loss of independence starts to occur in advanced HD. In a study of 4171 HD
patients, 10% had made a previous suicide attempt, and 17.5% had been affected by
suicidal thoughts [71]. Risk factors include depression and impulsivity [72].

1.5.2.1 Other Neurological Symptoms

In addition to the triad of characteristic motor, cognitive and psychiatric symptoms
described above, patients may have problems with their speech, swallowing and
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sleep. Speech difficulties arise from a combination of dysarthria (from incoordi-
nation of the tongue and orofacial muscles) and word finding difficulties. In
advanced disease, some patients may develop complete anarthria. Swallowing
problems also result from incoordination of oral and pharyngeal muscles, and can
lead to choking episodes and, in severe cases, aspiration pneumonia.

Sleep disturbance may result from primary dysfunction of circadian rhythms,
leading to reversal of the sleep-wake cycle [73]. Low mood, anxiety and night-time
chorea also contribute to insomnia and can significantly impair quality of life.

1.5.2.2 Peripheral Symptoms

HD is primarily a disease of the central nervous system (CNS) but cells throughout
the body express Huntingtin protein, and consequently, a range of systemic
symptoms are seen in HD [74]. Severe weight loss, secondary to an underlying
catabolic state, is common and may lead to cachexia. This may begin during
prodromal HD, and HD patients usually have very high calorie requirement in order
to simply maintain their weight. There is an association between higher body mass
index at disease onset and slower rate of disease progression [75].

Other peripheral symptoms include osteoporosis and skeletal muscle atrophy.
Heart failure occurs in 30% of patients (compared to 2% of age-matched controls)
[70]. Endocrine dysfunction in the form of impaired glucose tolerance, hypothy-
roidism and low male testosterone levels, also occurs. Testicular atrophy with
abnormal seminiferous tubules and reduced numbers of germ cells is noted, but
does not affect fertility.

1.5.2.3 Juvenile Huntington’s Disease (JHD)

As mentioned previously, JHD is defined by an age of onset less than 20 years old,
and generally arises in those who have inherited >55 CAG repeats [76]. The
clinical presentation differs from adult onset disease in that rigidity, bradykinesia
and akinesia are present from the outset, with fewer hyperkinetic movements.
Seizures occur in 30–50% of patients and there may be learning difficulties and
behavioural issues whilst at school [76]. This rigid phenotype of HD is also known
as the Westphal or akinetic-rigid variant (on rare occasions, adult onset disease may
present with this form).

1.5.3 Diagnosis and Investigations

Clinical findings including definite motor signs, combined with a family history
suggestive of autosomal dominant transmission are suggestive of the diagnosis,
which is confirmed through genetic testing to determine CAG repeat length [77]. As
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mentioned above, in some cases a family history is absent, so a high index of
suspicion is required if the clinical picture is otherwise consistent with HD. MRI
and CSF testing do not currently play a role in the diagnosis of HD, other than to
rule out alternative diagnoses.

Around 1% of patients who are thought to have HD, subsequently test negative
for the HD gene mutation. These patients may have different underlying genetic
mutations that are collectively known as “HD phenocopies” [78]. The most com-
mon cause is the C9orf72 hexanucleotide repeat expansion mutation, which is also
a major cause of sporadic and familial frontotemporal lobar degeneration and
amyotrophic lateral sclerosis [79]. Known causes of HD phenocopies are shown in
Table 1.4. In the majority of cases however, the diagnosis remains unknown.

Table 1.4 Diseases that can manifest as HD phenocopies, and their corresponding genetic cause

Disease Mutation

Familial amyotrophic lateral sclerosis
(ALS) and frontotemporal dementia (FTD)

C9orf72—hexanucleotide repeat expansion in
chromosome 9 open reading frame 72 protein

Huntington’s disease like syndrome (HDL) 1 PRNP—octapeptide insertion in gene
encoding prion protein

HDL2 JPH3—triplet repeat expansion in gene
encoding junctophilin-3

HDL3 Causative mutation as yet unknown

Spinocerebellar ataxia (SCA) 17 (HDL4) TBP—triplet repeat expansion in gene
encoding TATA-box binding protein

SCA1/2/3 ATXN 1/2/3 0 triplet repeat expansion in gene
encoding Ataxin-1/2/3 respectively

Dentatorubral-pallidoluysian atrophy
(DRPLA)

ATN1—triplet repeat expansion in gene
encoding atrophin-1

Chorea-acanthocytosis VPS13A—mutation in gene encoding chorein

McLeod Syndrome XK—mutation in XK gene on
X-chromosome, encoding a supporting
protein for Kell antigen on surface of red
blood cell

Neuroferritinopathy (NBIA2) PLA2G6—mutation in gene encoding ferritin
light chain

Neurodegeneration with brain iron
accumulation (NBIA1) or
Pantothenate-kinase associated
Neurodegeneration (PKAN)

PANK2—mutation in gene encoding
pantothenate kinase 2

Inherited prion disease PRNP—mutations in gene encoding prion
protein

Friedreich’s ataxia FXN—triplet repeat expansion in gene
encoding frataxin
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1.5.4 Management of HD

A multidisciplinary approach involving neurologists, psychiatrists, general practi-
tioners, physiotherapists, occupational therapists, speech and language therapists,
dieticians and nurses, is required for the management of HD [80]. This is best
achieved through specialist HD clinics, where representatives from local HD sup-
port groups can also attend to give help with practical, emotional and social matters.
Such clinics are also useful for recruiting patients into research studies or clinical
trials if appropriate; taking part in research can be of great psychological benefit to
patients and their carers.

1.5.4.1 Drug Treatments

Although there are no disease-modifying treatments available currently, there are
medications to alleviate symptoms [81, 82].

Chorea may not always require treatment as it often does not bother patients, but
when function is impaired as a result then medication should be considered.
Tetrabenazine (TBZ) is a dopamine-depleting agent that has proven efficacy at
reducing chorea. It can trigger or worsen depression and should be avoided in those
with a history of severe depression or current low mood [83]. Patients must be
warned of this side effect and monitored. TBZ must not be prescribed with cyto-
chrome P450 2D6 inhibitors (such as fluoxetine and paroxetine) as this is required
for its clearance [84].

Although a Cochrane review concluded that only TBZ showed clear benefit for
chorea, in practice other medications are also used [85]. Atypical neuroleptics such
as olanzapine, risperidone and quetiapine are very useful, especially if there is
coexistent irritability, agitation or anxiety. Older typical neuroleptics such as sul-
piride and haloperidol are also used, but there are greater side effects associated. All
neuroleptic use warrants an ECG review prior to starting the prescription, and
regular monitoring of blood glucose and cholesterol whilst on treatment.
Clonazepam is useful if chorea is combined with dystonia, rigidity or myoclonus.
Sodium valproate or levetiracetam can be useful if there is significant myoclonus
alone.

In later disease, anti-chorea medications may need to be weaned and stopped as
rigidity and spasticity develop. Tizanidine and baclofen may be helpful at this stage
and botulinum toxin injections are used for targeted muscle spasm. In JHD, a trial
of levodopa may be helpful.

In terms of psychiatric symptoms, depression may be treated with selective
serotonin reuptake inhibitors (SSRIs) such as citalopram. Mirtazapine, a sedating
antidepressant, is useful when insomnia is also a problem. A specific risk assess-
ment with respect to suicide should be carried out when evaluating psychiatric
symptoms.
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SSRIs may also be useful for the management of anxiety. Irritability and
aggression may be treated with atypical neuroleptics (as for chorea). Higher doses
may occasionally be needed for the treatment of psychosis. For sleep disturbances,
a short-term course of zopiclone could be tried, or melatonin can also be useful to
address the reversal of the sleep-wake cycle.

1.5.4.2 Non-Drug Treatments

Physiotherapy is useful to optimise gait and balance for as long as possible, and in
later stages physiotherapists can offer walking aids if needed. Occupational thera-
pists adapt the home environment in order to prolong independent functioning and
increase safety.

Speech and language therapists can improve communication, both verbally up to
a point, and later with communication aids. They can also assess swallowing and
advise on appropriate diet. In advanced HD, enteral nutrition via a gastrostomy may
be needed to maintain adequate nutrition. The feeding tube may be inserted as a
percutaneous endoscopic gastrostomy (PEG) or through radiological guidance
(RIG) if endoscopy cannot be tolerated. Dieticians can then set up enteral feeding
regimens, and also give more general advice on calorie supplementation.

It is essential to liaise with local community mental health teams that provide
psychiatric care and regular follow up or monitoring close to home. Cognitive
behavioural therapy (CBT) can be administered by psychologists to appropriately
selected patients, and can help with anxiety, depression and OCD symptoms.

Social workers are able to arrange home care when patients are no longer fully
able to care for themselves, and if necessary to co-ordinate moving into a residential
or nursing home. HD support organisations, e.g. the Huntington’s disease associ-
ation (HDA) in the UK, are invaluable with helping patients and carers with a range
of issues from legal matters, employment issues, and claiming any entitlements, to
organising local discussion/support groups.

One important issue that it is essential to address with patients is that of driving.
By law, patients must notify the driving authorities once they have a diagnosis of
manifest HD, and it is inevitable that at some point during the disease course, their
driving licence will be revoked. It can cause patients a great deal of distress when
this happens, particularly if they do not recognise that their driving ability is
impaired.

1.5.4.3 End of Life Care

Inevitably as HD is a progressive condition, end of life care is important for all
patients. Though discussion around this subject can be difficult, it is worth
addressing these issues whilst patients retain capacity to make decisions, and before
significant cognitive or psychiatric deterioration takes place.
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As swallowing difficulties progress, oral feeding may become very risky. Whilst
some patients are keen to establish enteral feeding under these circumstances,
others do not want this under any circumstances. In the event of potentially terminal
medical deterioration, patients also differ in the levels of care they would want in
terms of antibiotics, hospital admission, resuscitation etc.

In the UK patients can draw up an advanced directive, which outlines the care
they would want under particular circumstances should they lose capacity in the
future. Alternatively patients may nominate an individual to have lasting power of
attorney (LPA), who can make decisions on their behalf if it becomes necessary. In
either case, these decisions must be made whilst the patient still has capacity to do so.

In advanced disease, home care may no longer be possible and a residential or
nursing home may be necessary. At the very end of life, some patients may not
want to go to hospital, preferring instead to be cared for at home or in a hospice
setting. Community palliative care teams, district nurses and GPs can help provide
symptomatic relief in these circumstances.

1.5.5 Genetic Testing

There is a readily available genetic test that determines the CAG repeat length in
each allele of the HTT gene, which can be carried out on a standard blood sample.
The relative ease of performing the actual test belies the complexity of the issues
surrounding the genetic testing process [77].

1.5.5.1 Diagnostic Testing

Diagnostic genetic tests are requested by neurologists in order to confirm the
suspected diagnosis in those patients who are already displaying motor signs of HD.
Informed consent from the patient must be obtained prior to testing. The implica-
tions of a positive result for the patient and their family must be clearly outlined.
Both the nature of HD itself and its autosomal dominant inheritance must be
explained. It should be made clear that if they test positive for HD, any of their
children would have a 50% chance of inheriting it. Their siblings would also be at
risk with a 50% chance of having inherited the mutation themselves (and some may
already be developing signs of HD).

Test results must be given in person at a follow up appointment, and in the case
of a positive result, referral to a specialist HD clinic should be offered. Details of
HD support groups should be given, and family members should be offered referral
for genetic counselling if they wish.

It is worth noting that patients who have psychiatric or cognitive symptoms in
the context of a positive family history of HD, but who do not have motor signs,
must be referred to a clinical geneticist for testing as this would qualify as predictive
rather than diagnostic testing.
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1.5.5.2 Predictive Testing

Predictive testing refers to genetic testing that is carried out in asymptomatic
individuals, who are at known to be at risk of inheriting the mutation due to a
positive family history. There are international guidelines for predictive testing in
HD [86–88]; testing must take place in specialist centres by a clinical geneticist.
There must be at least one session of pre-test counselling, followed by a period of
reflection, and a second counselling session. Written consent must be given, and as
always, strict confidentiality observed. Results must be given face-to-face with
further post-test counselling available.

As with diagnostic testing, it is essential to explain the dominant inheritance of
HD and its potential impact on the whole family. A positive test result means that
an individual will get HD at some point in the future, but it is not possible to predict
their specific age of onset or rate of progression [22]. Patients who have CAG
repeat lengths of reduced penetrance (36–40) or intermediate repeat lengths (27–35)
should have a full explanation of the implications of this [89] (see Sect. 5.3.
Genetics of Huntington’s disease).

The personal consequences of either a positive or a negative result should be
explored with individuals prior to testing. Following a positive result, patients will
know that they are going to develop an incurable neurodegenerative disease in the
future, and they may have already witnessed first-hand the devastating impact of
this on their own relatives. A negative test result can also cause enormous feelings
of guilt when other family members are affected, and lead to strain within family
relationships. Difficult situations can also arise if certain family members do not
wish to know their gene status. For example the grandchild of an affected individual
may wish to undergo predictive testing, when their own parent does not. In this case
a positive test result in the grandchild would necessarily mean that their at-risk
parent was in fact carrying the mutation also.

It is not legal to carry out predictive testing in children under the age of 18.
Children cannot give informed consent, and no one can consent on their behalf
because they have a right not to know their gene status as an adult. Growing up with
the knowledge of a positive test result would in any case be very damaging for the
psychological development of most children.

5–20% of at-risk patients proceed with predictive genetic testing [90]. Common
reasons for proceeding include planning for the future, especially in terms of careers
or deciding to have children.

1.5.5.3 Reproductive Options

Pre-implantation genetic diagnosis (PGD) is available for HD gene carriers in many
countries, including the UK. A number of embryos are created using in vitro fer-
tilisation (IVF) techniques, and then screened for the mutation. Negative embryos
are then selected for implantation into the uterus. Multiple cycles of IVF are
sometimes required before a successful pregnancy results, and the process can
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therefore be emotionally and physically demanding. There are also high costs
associated with PGD, although in the UK a certain number of cycles are usually
funded by the national healthcare system.

It is possible for at-risk patients to undergo PGD without finding out their own
gene status. Linkage analysis to look for genetic markers linked to the HTT genes of
the parents of the at-risk patient, can identify embryos that have a 50% chance
or <1% chance of carrying the mutation. Some private clinics also offer
non-disclosure testing when the at-risk prospective parent is tested for HD in order
to make a decision on embryo selection, but then the same IVF procedure is
followed and the genetic test results are not disclosed to the patient.

Another option is antenatal testing during pregnancy. Chorionic villous sampling
(CVS) can be carried out at 11–13 weeks of gestation, or amniocentesis after
16 weeks, to obtain foetal tissue for genetic testing. Detailed counselling must be
given prior to this, as parents need to be certain that they would terminate a
pregnancy in which the foetus was positive for the mutation. If the pregnancy is
continued in the face of a positive test result than the resulting child would effec-
tively have had a positive predictive test to which they never consented. Other
reproductive options include using a sperm or egg donor, or adoption.

It is worth discussing with patients who wish to become parents that although
they may well be symptom free or many years (or lifelong if they are in fact gene
negative), there is a chance that they may develop symptoms whilst their children
are still young, or even during pregnancy. Patients may wish to see a neurologist for
examination before making their decision to proceed with having children, which is
of course a highly personal decision. Indeed some patients who have had positive
predictive testing in the past, or who know they are at risk, may simply choose to
start a family without seeking further medical help or any intervention at all.

1.6 Huntington’s Disease Therapeutics Research

1.6.1 Disease Modifying Therapies

There is an urgent and as yet unmet need for a treatment which can slow, prevent or
even reverse the symptoms of HD in mutation carriers. A number of promising
approaches, including the reduction of Huntingtin expression and targeted small
molecule therapeutics are currently under investigation in research studies and
clinical trials (Fig. 1.3).

1.6.1.1 “Gene Suppression” or Reduction of Huntingtin Expression

Mutant HTT primarily exerts a dominant toxic effect, and so a reduction in its
expression should reduce any downstream pathology. Strategies to lower HTT levels
include both post-transcriptional inhibition such as RNA interference (RNAi) and
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anti-sense oligonucleotides (ASOs), and genome editing techniques such as zinc
finger proteins (ZFPs) and CRISPR/Cas9.

Administration of complementary small interfering RNA molecules (siRNAs)
results in Argonaut-2 mediated cleavage and degradation of mature, spliced HTT
mRNA in the cytosol. ASOs have a more upstream site of action and recruit
RNaseH1, an endogenous enzyme that recognises RNA/DNA duplexes and
degrades HTT pre-mRNA [91].

siRNAs [92, 93] and ASOs [94] designed to lower total HTT levels have both
been shown to improve disease symptoms in rodents. In humans there is potential
concern with regards to the long-term effect of reducing wild-type HTT, although
reduction of endogenous HTT has been shown to be well tolerated in non-human
primates [95, 96].

It has been challenging to achieve allele-specific lowering of mutant HTT.
However ASOs complementary to the expanded CAG have recently been produced
which have selectivity for mHTT over wild-type HTT, and have led to phenotypic
improvement in rodent models [97]. siRNAs designed to target single nucleotide
polymorphisms (SNPs) that reside only on the mutant HTT allele could also be
used to achieve allele specific suppression [98, 99]. ASOs targeting mutant-allele

Fig. 1.3 Therapeutic targets under investigation in Huntington’s disease. Reproduced from Ross
et al. [64], Nature Publishing Group
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linked SNPs have also been designed that lead to even greater (up to 50-fold)
selectivity of the mHTT allele over the normal allele [100, 101]. Such compounds
will soon proceed to clinical trials, and involve screening potential trial subjects for
the presence of specific SNPs prior to drug administration.

Reduction of Huntingtin expression can also be achieved at the transcriptional
level, using zinc finger proteins (ZFPs). These contain a zinc finger domain that can
be synthetically manipulated to bind HTT DNA, fused to a functional domain such
as a nuclease. Drug delivery is through the use of viral vectors, and this approach
will also be proceeding into clinical trials in the near future.

Another recently discovered genome editing technique is through manipulation
of the endogenous clustered regulatory interspaced short palindromic repeat
(CRISPR)/Cas9 system which recognises and destroys foreign DNA in prokaryotic
cells. The mutant allele is inactivated by a synthetic guide RNA (gRNA) strand that
targets a particular DNA location for cutting, followed by the insertion of a desired
DNA sequence (for example stop codons) [102]. The technique has been suc-
cessfully demonstrated in HD patient-derived fibroblasts, leading to the dramatic
reduction of mutant HTT RNA and mHTT protein [103].

A seminal Phase 1/2a clinical trial (IONIS-HTTRx) is currently being carried out
by Ionis Pharmaceuticals to test the safety and tolerability of an ASO targeting
human HTT, delivered by lumbar intrathecal bolus administration to early stage HD
patients [104]. Encouragingly, a recent clinical trial of intrathecal infusion of an
ASO targeting SOD1 mRNA in patients with amyotrophic lateral sclerosis
(ALS) has demonstrated the safety and tolerability of this general approach [105].
Furthermore, patients with spinal muscular atrophy (SMA) Type 1 (infantile onset)
have been treated with lumbar intrathecal bolus injections of an ASO (Nusinersen)
that alters mRNA splicing, and have shown dramatic improvement [106].

1.6.1.2 Targeted Small Molecule Approaches

Mutant Huntingtin has been shown to exert its toxic effect through many different
pathological pathways. Therefore a number of potential targets for disease modi-
fication exist that have been or are currently being tested in animal models and in
some cases, in clinical trials.

One approach is to target the post-translational modifications of mHTT, for
example by increasing phosphorylation at certain neuroprotective residues.
Administration of the ganglioside GM1 causes reversal of disease phenotype in HD
mice, which is thought to occur by increasing beneficial phosphorylation [107].
Acetylation of mHTT promotes its clearance by autophagy, and the inhibition of the
deacetylase sirtuin 1 by selisistat has been shown to have benefit in various HD
models and more recently, has been found to be safe and tolerable to human
patients [108].

Inhibition of phosphodiesterase (PDE) 10A (which is a major modulator of
striatal synaptic biology regulating cAMP and cGMP signalling and synaptic
plasticity) led to multiple phenotypic improvements in HD mice [109]. However,
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the recently completed Pfizer “Amaryllis” trial of PDE10A inhibition in patients has
not found any beneficial effect on motor function, or other HD symptoms that were
tested [110].

Potentiation of the neurotrophin BDNF (which is depleted in HD), through
agonism of the tyrosine receptor kinase B (TrkB), was initially thought to be a
promising approach [111]. Agonism by monocloncal antibodies is currently under
investigation [112]. However cysteamine, which is also thought to act through
increasing BDNF levels, has not demonstrated efficacy in a recent clinical trial
(CYST-HD) [113].

Inhibition of kynurenine 3-monooxygenase (KMO) improves the balance of
neuroprotective over excitotoxic tryptophan metabolites produced by microglia.
The peripherally administered KMO inhibitor JM6 has shown benefit in HD mouse
models [114]. However more recently this has not been replicated using the novel
KMO inhibitor CHDI-340246, although electrophysiological alterations were
restored [115].

There is hyperactivity of the innate immune system in HD. The immune mod-
ulator laquinimod, which has been shown to reduce NFkB activation in astrocytes
[116] and has demonstrated potential in the treatment of multiple sclerosis [117], is
currently being tested in LEGATO-HD [118]. Its effect on motor function and brain
imaging in early HD is being assessed.

Cellular metabolism is known to be affected in HD; the PPARc agonist
rosiglitazone has been shown to reduce mHTT-induced toxicity in striatal cells and
improve motor function in HD mice [119]. The mitogen-activated protein kinase
(MAPK) signalling pathway is deranged in HD and presents many therapeutic
targets for potential amelioration, however this area is complex and not yet fully
understood [120]. Counteracting excitotoxicity caused by mHTT has been tested
using ceftriaxone, which upregulates the expression of the EAAT2 glutamate
transporter, and has been shown to be beneficial in mouse models [121].

Other therapeutic targets that have shown potential success include the upregu-
lation of chaperone proteins to reduce mHTTmisfolding and aggregation [122, 123].
Inhibition of histone deacetylases (HDACs) in an effort to reduce the transcriptional
dysregulation caused by mHTT has also been shown to be of benefit in HD models,
although the mechanism by which it exerts its effects were different to that expected
[124].

1.6.1.3 Stem Cell Therapy

There have been a number of small trials of foetal striatal transplantation in HD
patients over the last 15 years in the UK [124−126], France [127, 128], Germany
[129], Italy [130] and the USA [131], but the outcomes form these trials have been
mixed. Improvement or stabilisation of motor, functional and neuropsychiatric
symptoms has been reported by some [128], but not all the groups. Variability in
results may be accounted for by the small sample size of patients at each centre and
the heterogeneity between studies in terms of patient selection. There were also

1 Clinical Features of Huntington’s Disease 19



differences with respect to the type of tissue transplanted (cells from whole gan-
glionic eminence versus lateral ganglionic eminence, and the foetal gestation), as
well as the preparation of the donor tissue and numbers of cells transplanted [125].

Post-mortem studies have shown poor long-term graft survival, possibly due to
allograft immunoreactivity, excitotoxicity or microglial responses directed against
donor tissue [132]. More recently, aggregates of mHTT have been found in the
grafted donor cells, implying the spread of mutant protein between neurons, and
calling into question the feasibility of foetal striatal transplantation therapy as a
strategy to treat HD [44].

1.6.1.4 Other Current and Recent HD Clinical Trials

Thus far there have been no completed Phase 3 clinical trials of potentially disease
modifying therapies with a successful outcome. Trials of vitamin E, idebenone,
baclofen, lamotrigine, creatine, coenzymeQ10 + remacemide, ethyl-eicosapentanoic
acid and riluzole have all had negative results [133].

Trials aimed at improving overall function for people with HD include 2CARE
and CREST-E, but both were recently terminated prematurely on the grounds of
futility [134, 135]. 2CARE evaluated coenzyme Q10 at a dose of 2400 mg/day for a
planned duration of 5 years, and CREST-E evaluated creatine at doses of up to
40 g/day for a planned duration of 3 years. Assessment of overall function was
based on the Total Functional Capacity (TFC) score, but this may not have been a
sensitive enough tool to detect any potential impact on disease progression [62].

Pridopidine, which is thought to act as a dopamine stabiliser in the CNS, failed
to reach its primary endpoint in two clinical trials: HART [136] and MermaiHD
[137]. However, both trials showed an improvement in motor symptoms as eval-
uated by the Total Motor Score (TMS) and so this drug was re-evaluated for its
effect on TMS in the PRIDE-HD trial. Unfortunately, once again the drug did not
differentiate from placebo, although there was some beneficial effect on TFC at
lower doses [138]. This highlights the need for sensitive markers of clinical pro-
gression when designing clinical trials.

Deutetrabenazine (SD-809), designed for the treatment of chorea, has been
shown in the FIRST-HD trial to result in improved motor signs over a period of
12 weeks when compared to placebo [139]. The ongoing, open-label extension of
this study (ARC-HD) has shown that overnight conversion from tetrabenazine to
deutetrabenazine is safe and effectively maintained chorea control [140]. A trial of
deep brain stimulation for treatment of motor symptoms, HD-DBS [141], is also
underway.

Non-motor features of HD have also been a target of clinical trials. The
Reach2HD trial tested the drug PBT2 (thought to reduce metal-induced aggregation
of mutant Huntingtin) in patients with early and moderate HD. The drug was found
to be safe and well tolerated in patients, and a potential benefit on cognition
(executive function) was observed, which needs to be followed up with a larger
study [142]. Other trials targeting non-motor features of HD are Action-HD, which
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has recently reported no significant effect of the drug bupropion on apathy (though
there was a large placebo/participation effect in this study), and the ETON-Study
[143], which is looking at the effect of epigallocatechin gallate on cognitive
function. Finally, NEUROHD [144] is comparing the effect of olanzapine, tetra-
benazine and tiapiride on overall function as assessed by the independence scale of
the UHDRS.

1.6.2 Biomarkers

Objective biomarkers that accurately track disease progression are essential in order
to detect any beneficial effects of potential therapies in a trial setting. Commonly
used clinical scales such as the UHDRS might not be sensitive enough to detect
subtle changes, and are susceptible to inter- and intra-rater variability. Furthermore,
once effective therapies exist, preventing or delaying neurodegeneration in pre-
manifest patients would be the goal; biomarkers are key in helping to decide when
to time such interventions.

Longitudinal observational studies, including TRACK-HD [25] and
PREDICT-HD [66] led to a more detailed understanding of the natural progression
of HD from premanifest through to manifest disease. Structural MRI has demon-
strated significantly faster rates of decline in striatal volume in premanifest and
manifest individuals compared with age-matched controls, even in those estimated
to be >15 years from estimated disease onset [23].

Other imaging modalities that have potential as biomarkers include diffusion
tensor imaging (DTI)which has shown abnormalities in neuronalfibre orientation and
integrity in white matter and subcortical grey matter structures in both premanifest
andmanifest HD, functionalMRI techniques, and [18] F-fluorodeoxyglucose (FDG)-
PET [145]. Magnetic resonance spectroscopy (MRS) also demonstrates abnormal
metabolic activity, indicative of neuronal health and could be used to assess response
to a therapeutic intervention [146].

Cognitive biomarkers are often limited by floor and ceiling effects, and con-
founded by educational level and mood. One potential measure is the Huntington’s
disease cognitive assessment battery (HD-CAB) [147]. Deterioration in emotion
recognition is found in premanifest HD, and in early HD, performance on the
Stroop test and indirect circle tracing also tracks clinical decline. Quantitative motor
tasks such as the speeding tapping task (which is affected in premanifest HD), grip
force variability and tongue force measures may also be of use in HD drug trials
[25].

An ultrasensitive single-molecule counting (SMC) mHTT immunoassay has
been developed that can quantify very low levels (in the femtomolar range) of
mHTT in the cerebrospinal fluid (CSF). The level of mHTT detected was associated
with proximity to disease onset and diminished cognitive and motor function, and is
a new biomarker being taken forward into clinical trials [148]. Levels of tau in the
CSF also show promise as a biomarker in HD [149]. Recently the level of

1 Clinical Features of Huntington’s Disease 21



neurofilament light protein (NfL) in plasma, has demonstrated potential as a
prognostic blood biomarker of disease onset and progression in Huntington’s
disease [150].

1.7 Conclusion

Thanks to intensive, collaborative, international research efforts spanning the last
few decades, we now know a great deal about the genetics, pathogenesis and
natural history of HD. Clinical presentation is with progressive motor, cognitive
and psychiatric features for which there are currently only symptomatic treatments.
Management is best achieved through specialist multidisciplinary clinics, which are
linked to a wider research team that patients can access if they wish to. There are
currently many exciting therapeutic developments in the pipeline, giving hope for a
potentially disease modifying treatment in the near future.
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Chapter 2
Genetic Rodent Models of Huntington
Disease

J. Stricker-Shaver, A. Novati, L. Yu-Taeger and H. P. Nguyen

Abstract The monogenic nature of Huntington disease (HD) has led to the
development of a spectrum of useful genetically modified models. In particular,
rodents have pioneered as the first HD model being generated and have since been
the most widely used animal model for HD in both basic research and preclinical
therapeutic studies. Based on the generation strategies, these rodent models can be
classified into 3 major groups, the transgenic fragment models, the transgenic
full-length models and the knock-in models. These models display a range of
HD-like characteristics which resemble the clinical symptoms of HD patients. Their
applications in research are thus regarded as an invaluable approach to speeding up
the unraveling of the underlying pathological mechanisms of HD and for finding a
disease-modifying treatment for this devastating disease. In this chapter, the simi-
larities and differences of the most commonly used rodent HD models and their
relevance to human HD will be compared and discussed. This also serves to guide
the selection of an appropriate rodent HD model according to the nature of
investigation.

Keywords Huntington disease � Transgenic � Knock-in �Mouse � Rat

2.1 Introduction

The discovery of the sole genetic cause of Huntington disease (HD)—the expansion
of the CAG repeats in the huntingtin gene (HTT) [1]—allowed the generation of
animal models to different extents that mimic the genetic aspects of the disease [2].
These HD animal models have made core contributions to understanding HD
pathogenesis [3], identifying potential therapeutic approaches [4–6] and developing
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new diagnostic methods for assessing the disease stage in patients. Among all HD
animal models, rodents are the most frequently used species. At present, these
genetically modified HD rodent models can be classified into 3 groups based on
their generation strategies. The first group of animal models, the transgenic frag-
ment models, carries only the N-terminal portion of the human HTT gene where the
CAG expansion is located. The second group is the transgenic full-length models
that carry the entire mutant huntingtin (Htt) protein. While these 2 groups involve
the insertion of the human HTT gene into the rodent genomes, the third group of
animal models are generated by modifying the length of the CAG repeats of the
endogenous rodent HTT gene and they are known as the knock-in models. The
constructs used for generating these models commonly differ in the number of CAG
repeats, type of transcription promoter, strain and genetic background (i.e.
homozygosity and heterozygosity). In some cases, genetic tools and strategies (such
as the Cre/LoxP system) are used to generate constructs with conditional and
reversible expression of mutant huntingtin (mHtt). As a result, in addition to the
acute lesion models, where HD-like features are generated by direct injection of
neurotoxic chemicals (e.g. quinolinic acid and 3-NP) to the striatum, we have
currently a variety of rodent models available that displays a diversity of HD-like
properties. Hence, in this chapter, we aim to provide a comprehensive description of
the commonly used models, their constructs, phenotypes and predictability of
various HD-related pathologies and their relevance to basic research and preclinical
therapeutic studies in HD.

2.2 Mouse Models

The mouse represents an excellent model organism for studying genetic disorders
and identifying therapeutic targets due to their well-established and extensive use
within various fields of genetics research [7]; reviewed in [8]. As a result, mouse
was chosen as the first transgenic mammalian model for HD [9]. A range of HD
mouse models have since then been established. In this chapter, we will highlight
the important characteristics relevant to human HD and details will be summarized
in Table 2.1.

2.2.1 Transgenic Fragment Models

This group represents the first type of rodent model generated for HD. In 1996, 2
transgenic lines, R6/1 and R6/2, were established with a 1.9 kb human genomic
fragment containing the human huntingtin (human HTT) promoter, exon 1 of the
human HTT gene carrying expanded CAG repeats and the first 262 bp of intron 1
[9]. The R6/1 model carries 115 CAG repeats while the R6/2 model has 145 CAG
repeats [10, 9] although variability of repeat expansions have been reported due to

30 J. Stricker-Shaver et al.
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germ line instability [10, 11]. The resulting phenotypes observed in the R6 models
highly resemble the clinical symptoms in HD patients with the R6/2 model dis-
playing a more aggressive phenotype than the R6/1 model. In 1999, Schilling et al.
generated another HD fragment mouse model, N171-82Q [12]. These transgenic
mice express steady-state level of N-terminally truncated huntingtin cDNA that
encodes the first 171 amino acids of human huntingtin with 82 CAG repeats driven
by the mouse prion promoter. Based on the findings that a fragment terminating at
residue 586 of human Htt protein can be generated by caspase-6 is critical in
mediating the HD phenotypes in YAC128 mice [13], Tebbenkamp et al. generated
the N586-82Q model that expresses the N-terminal 586 amino acids of human mHtt
with 82 CAG repeats, which corresponds to the fragments generated by caspase-6
[14]. 2 lines (C62 and C63) have been established with the N586-82Q-C63 model
showing a more robust phenotypic profile and relatively stable phenotypes over
generations. In addition to these models, many fragment models have been gen-
erated over time due to their robust phenotypes and similarities to human HD.
However, we will focus on these fragment models in this chapter for their popu-
larity and relevance to preclinical trials.

2.2.1.1 Life Span, General Health Status and Body Weight

Consistent with the clinical observation in HD patients, R6, N171-82Q, and
N586-82Q mice show progressive weight loss and shortened life span (Table 2.1)
[10, 12, 14, 15, 16]. For R6/2 and N171-82Q models, weight loss occurs despite
normal food intake when the disease progresses. Autopsy of the R6/2 mice shows
the weight loss of muscle tissues with no signs of myopathy as indicated by muscle
fibre regeneration [9, 17], whereas N171-82Q mice show no gross abnormalities in
visceral organs and blood glucose levels [12].

2.2.1.2 Behavioural Abnormalities

Progressive motor dysfunction such as tremors, stereotypical grooming, hypoki-
nesis, abnormal gait and dyskinesia of the hind limbs have been observed in R6 and
N171-82Q mice [9, 12, 15, 18, 19], whereas profound dyskinesia with ataxia-like
movements in addition to motor impairments has been observed in the N586-82Q
mice [14, 20]. While the abnormal gait sets in at 4 months of age (Line C63), the
dyskinesia continues to increase in severity until the mice are 8 months old. At this
time point, these mice are heavily affected by the movement disorder and they are
not capable of feeding and drinking [14]. In some colonies of R6/2, it has been
reported that they develop handling-induced seizures [21].

In HD patients, cognitive decline has been documented and most often appears
prior to the motor deficits [22, 23]. As in humans, the R6/2 mice have been reported
to have learning and memory deficits [24]. R6/2 mice begin to show spatial learning
deficits in the Morris water maze (3.5 weeks), T-maze (5 weeks) and exploratory
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and fear conditioning abnormalities [25] before the onset of motor symptoms [15].
In 2006, Morton et al. introduced an automated touchscreen-based cognitive-testing
system to evaluate the cognitive decline of motor impaired R6/2 mice and reported
learning deficits in the R6/2 model from 9 to 16 weeks of age [26]. The N171-82Q
mice show deficits in the radial arm water maze test of working and reference
memory [27] and motor learning at 14 weeks [28]. In HD patients, cognitive
decline has been suggested to be the result of impaired fronto-striatal circuitry.
However, as in previously described studies, this cognitive deficit in these mouse
models may be due to the numerous Htt inclusions in the hippocampus rather than
the fronto-striatal circuitry [27]. In addition, the N586-82Q model also shows
contextual and cue dependent memory deficits in the fear conditioning test [20].

Neuropsychiatric disturbances in HD patients can appear already in the pro-
dromal phase of the disease and do not worsen with time. Major psychiatric
symptoms are depression, anxiety, impulsivity and irritability [29]. In HD mouse
models, neuropsychiatric-like phenotypes have mostly been studied in terms of
depressive- and anxious-like behaviours. Depressive-like phenotype has been
demonstrated in N171-82Q [28] and R6 models [30] by, for instance, their
decreased consumption of sucrose in the sucrose preference test, their increased
immobility duration in the forced swim and tail suspension tests. Anxiety-related
behaviour of R6/2 has been demonstrated by the open field test [28], and R6/1 mice
are shown to exhibit progressive anxiety-like behaviour at a later stage (peak at
24 weeks of age) [30]. Using the light/dark box test, R6/2 mice are shown to have
anxiety-like behaviour with gender differences (males start earlier than females).
Anxio-depressive-like behaviour assessed by novelty suppressed feeding test was
also reported in R6/1 mice [30].

2.2.1.3 Neuropathology and Neurochemical Alterations

All the fragment models described here show neuropathological features that
recapitulate the human HD condition. Both R6/2 and end-stage N171-82Q mice
develop neuronal intranuclear inclusions, containing the proteins huntingtin and
ubiquitin, which are highly similar to nuclear abnormalities observed in biopsy
material from HD patients [10]. In both N586-82Q lines (C62 and C63), large mHtt
inclusions are also found in all brain structures but are predominantly cytoplasmic
[14]. These inclusions are composed of a mixture of full-length N586-82Q protein
and Cp-A/1-sized fragments, the latter of which have been described as principal
components of intranuclear inclusions [14, 31, 32]. Unlike the R6/2 and N171-82Q
models [10, 12], no diffuse nuclear localization of mHtt has been observed in
N586-82Q mice [14].

As in human HD [33], brain volume reduction has been observed in N586-82Q,
R6 and N171-82Q models. Brains from the R6/2 mice are 20% smaller than those
of their wild-type littermates by 12–13 weeks of age [9, 10] although there is no
difference in brain weight during weaning [16]. Note that the reduction in brain
weight is not a consequence of the reduction in total body weight, as the loss in
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brain weight precedes the loss in body weight as shown by a longitudinal study
[10]. In the basal ganglia of R6/2 mice, while the white matter of the corpus
callosum and the fascicles of fibres forming the internal capsule show no difference
from those of the wild-type littermates [9], the reduction in size was constant
throughout all central nervous system (CNS) structures with normal neuronal
density [10]. In N586-82Q-C63, the brain weight is approximately 50% of their
wild-type littermates attributed to hippocampal and cerebellar atrophy [14]. The
obvious loss of cerebellar granule cells is the main reason for the ataxia-like
abnormalities [14]. Unlike the R6 and N586-82Q models, N171-82Q mice have
slightly smaller brains than their control littermates with no signs of abnormal
development [12]. No severe neuronal loss has been observed [12].

It has been reported that the neurotransmitter systems of the fragment models
have been disrupted. Using receptor-binding autoradiography, R6/2 mice are found
to have marked decreases in mRNA expression for mGluR1, mGluR2 and mGluR3
metabotropic receptors, and D1 and D2 dopamine receptors. The decreases in
mGluR1, D1 and D2 receptor mRNA levels in the striatum are significant by
4 weeks of age, and the decrease in mGluR2 mRNA expression in the cortex is
significant by 8 weeks of age. In N171-82Q, their dopamine and serotonin levels
are unchanged at 4 weeks and 6 months of age although alterations of motor
performance are associated with abnormalities of the dopaminergic neurotrans-
mitter systems [34]. Hence it has been speculated that their respective receptors
have been disrupted resulting in the motor impairments [34].

2.2.2 Transgenic Full-Length Models

The most studied transgenic HD mouse models in this category are yeast artificial
chromosome (YAC) and bacterial artificial chromosome (BAC) models carrying the
human HTT transgene in yeast and bacterial chromosome respectively [35, 36]. The
first Huntington YAC mouse models to be generated are YAC18 expressing normal
Htt with 18 glutamines and YAC46 and YAC72 mice which express mHtt with 46
and 72 CAG repeats respectively [37]. YAC46 and YAC72 were to a certain extent
representative of the human disease and showed early electrophysiological alter-
ations followed by selective degeneration of medium spiny neurons along with
some alterations in motor behaviour and activity [37]. Even though these models
have been useful for understanding pathological aspects in HD, they were not
optimal for quantitative measurements in preclinical studies partly due to the high
sample size required. In order to improve the expression of the phenotype, a model
with 128 glutamines, named YAC128 was created [35]. By having a higher number
of glutamines, YAC128 mice develop an HD-associated phenotype earlier and
stronger when compared to the first YAC models. More recently, 2 BAC models of
HD have been generated. The first one is the BACHD model that expresses
full-length human Htt with 97 CAG/CAA repeats [36] and the second one is
BAC-225Q. The latter is a recently generated model which carries the full-length
mouse Htt with 225 CAG repeats driven by the mouse Htt promoter [38].
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In this chapter only YAC128 and BACHD models will be described as their
pattern and selectivity of neuropathological alterations resemble the neuropathology
in human HD brains. The progressive development of motor abnormalities, cog-
nitive and neuropsychiatric disturbances in these models mimics HD symptoms in
humans and hence are regarded as popular models for HD research.

2.2.2.1 Life Span, General Health Status and Body Weight

BACHD mice have a normal life span while survival is decreased in male YAC128
mice and this effect is aggravated if wild-type huntingtin is lost [39]. Unlike HD
patients that experience body weight loss [40], in HD full-length models body
weight is increased (Table 2.1) [36, 41]. BACHD female mice have been reported
to have more body fat when compared to non-transgenic female [42]. In HD
models, altered body weight is a meaningful parameter pertinent to the physio-
logical alterations of the disease and could be a confounding factor for behavioural
measures. In YAC128, a 20–30% body weight gain can be detected at 2–6 months
and is maintained till 12 months [43]. This body weight increase is attributed to
increased total fat mass, but is independent of food and water consumption [43].
Interestingly, most organs in this model show weight gain except the brain and
testis that are atrophic and display the highest mHtt toxicity [43–45]. Unlike
YAC128 mice, altered body weight in BACHD mice has been suggested to be
related to increased food intake [46]. With an early obese phenotype (2 months of
age), BACHD mice show endocrine abnormalities including increased basal glu-
cose and insulin levels, impaired glucose tolerance and insulin resistance and
altered levels of central and peripheral factors regulating food intake, appetite and
adipose tissue metabolism [42, 46]. Some of these neuroendocrine aberrations like
insulin resistance are also known in HD patients [47]. In these full-length models,
one important factor related to body weight increase is the dosage of full-length Htt
[48, 43]. Accordingly, BACHD mice have both higher mHtt levels and body weight
when compared to YAC128 mice [41]. The opposite direction of change in body
weight in these full-length models and HD patients should be taken into account
when considering their use in therapeutic studies.

Abnormalities in HD are not limited to the brain [45, 49] and one of the affected
systems is the hypothalamic-pituitary-gonadal axis. Male HD patients have
decreased luteinizing hormone and testosterone levels [50] as well as decreased
number of germ cells and anomalous morphology of the seminiferous tubules [45].
Similarly, YAC128 mice show abnormal morphology of the testis at 9 months and
decreased number of developing sperm as well as lower testis weight by
12 months [44, 45]. Such peripheral physiological changes have been suggested to
be a direct effect of the highly expressed Htt in the testis as the number of
hypothalamic gonadotropin-releasing hormone neurons and the testosterone level
are normal [45].
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2.2.2.2 Behavioural Abnormalities

Both BACHD and YAC128 models show progressive motor deterioration [36, 39,
51]. They have shorter fall latency on the rotarod and at later ages they develop
balance and gait abnormalities [35, 39, 52, 51]. YAC128 mice display hyperactivity
at 3 months but hypoactivity at 12 months of age [35] and motor impairments
begin before the hypoactive phase. The early hyperactive phenotype observed in
YAC128 mice has not been shown in young BACHD mice that display decreased
activity in the open field from 6 months onwards [53]. In YAC128, motor deficits
on the rotarod appear before neuronal loss [35]. As motor performance at 6 months
correlates with neuronal loss at later time points, it has been suggested that some
neuronal dysfunction may be already present at the onset of the motor impairment.

In HD, cognitive decline precedes motor symptoms and is associated to cortical
and hippocampal neuronal dysfunctionality [54, 55]. Both BACHD and YAC128
mice display learning deficits of different types that resemble clinical symptoms,
including deficits in motor learning [36], novel object recognition memory [56, 57],
sensorimotor gating [41, 51, 58], reversal learning and strategy shift [58–62].
Interestingly, cognitive impairment in YAC128 mice has been shown with tests
mostly sensitive to corticostriatal and hippocampal dysfunction and deficits can
manifest before the appearance of the first neuropathological signs [58].

For neuropsychiatric phenotypes, similarities have been observed in the
YAC128 and BACHD mice, and these phenotypes have been shown to appear early
and not to be progressive [63, 64]. Both models display increased immobility in the
forced swim test which is indicative of behavioural despair [41, 42, 60, 63, 64] and
show decreased preference/consumption for a sweet solution in the sucrose pref-
erence test [63, 64]. These observations have been suggested to be independent of
motor inabilities [63, 64]. The anxious-like phenotype is evident in both models by
open field [28, 60], zero maze [28, 60] and light dark choice [51], and in BACHD
mice also by elevated plus maze [63]. An additional emotional alteration in
BACHD mice is an increased freezing response in the fear conditioning test which
has been shown in 9–10 month-old animals [59].

2.2.2.3 Neuropathology and Neurochemical Alterations

Neuropathology in YAC128 mice is characterized by typical HD features including
development of aggregates, striatal and cortical atrophy and striatal neuronal loss
[65, 35], whereas BACHD mice display a late onset neuropathology with cortical
and striatal atrophy by 12 months of age with detectable mHtt inclusions but not
neuronal loss [36]. In contrast, the number of striatal neurons in YAC128 mice is
significantly reduced by 12 months and such neuronal loss is paralleled by decreased
neuronal size [35]. Revealed by magnetic resonance imaging (MRI), YAC128
shows a progressive decrease in total brain, striatal, cortical and white matter vol-
umes [35, 66, 67]. White matter changes have also been observed in other animal
models of HD like YFP(J16)-R6/2, HdhQ250 and BACHD rats [68, 69, 67] and in
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human HD brains [70]. At the neurochemical level, the expression of a series of
striatal mRNA transcripts (e.g. DARPP-32, enkephalin, cannabinoid receptor 1 and
dopamine receptors D1 and D2) is altered in YAC128, but not in BACHDmice [41].

2.2.3 Knock-in Models

Knock-in (KI) mouse models can carry 1 or 2 copies of the mHTT gene and are
regarded as genetically precise because they are genetically representative of the
human condition. They have overcome the random gene insertion problem as in
transgenic models, which lead to gene copy number and expression variations over
generations. As they exhibit HD-like features and late onset phenotype, they are
suitable for investigating early neurophysiological changes that are casual to the
observed behavioural alterations. In most of these models, behavioural and neu-
ropathological alterations are milder and progress more slowly when compared to
transgenic models [71].

Until now, 2 strategies have been used to generate the KI models. The first
knock-in lines, HdhQ20, HdhQ50, HdhQ92 and HdhQ111, were generated by
inserting a chimeric murine Huntington disease gene homolog (Hdh)/human mHtt
exon 1 into the endogenous murine Hdh locus under the control of the endogenous
mouse Htt promoter [72]. The same strategy was later used to generate the CAG140
[73] and the zQ175 models, the latter of which was a result from a spontaneous
expansion of the CAG repeat number in the CAG140 model [74]. The second
subtype of KI models was generated by replacing the short CAG repeat of the mouse
HTT exon 1 with a repeat containing 50-365 CAG repeats. Amongst these models,
HdhQ150 [75] and the HdhQ200 [7] and HdhQ250 [69] models derived from its
selective breedings are more well-characterized and hence will be described here.

2.2.3.1 Life Span, General Health Status and Body Weight

Unlike the transgenic full-length models, the KI models show a reduction in body
weight that resembles the clinical observation of HD patients [7, 69, 74, 75, 76, 77],
though the onset of weight loss differs in each model. The lifespan of zQ175 [74]
have been reported to be decreased while HdhQ150 [75], HdhQ111 [78] and
CAG140 [79] have normal life span. Interestingly, as in the BACHD rat model (will
be described later in this chapter) that exhibits metabolic alterations, the leptin and
adiponectin levels and the fat mass in the CAG140 model have also been reported
to be altered [77].

2.2.3.2 Behavioural Abnormalities

All the KI mouse models described here (Table 2.1) exhibit varying degrees of
motor impairments. Their performance deteriorates with age as shown by decreased
activity, rotarod impairments and gait abnormalities [7, 69, 73, 74, 75, 76, 79, 80].
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As in the transgenic mouse models, cognitive disturbances have been investi-
gated and described in the KI models (HdhQ111, CAG140, zQ175 and HdhQ150).
In line with findings in HD subjects [80], they exhibit learning and memory
impairments [55, 79, 81, 82, 83] in both homozygous and heterozygous animals. In
particular, learning deficits of Hdh150 have been shown in homozygous mice prior
to major motor impairment [84]. The early appearance of cognitive deficits relative
to motor alterations is an important characteristic of Hdh150 since in human HD
cognitive disturbances are among the earliest symptoms and often appear before
motor deficits [54].

Neuropsychiatric phenotypes have only been reported in some of the KI models
(HdhQ111, CAG140 and HdhQ250). The neuropsychiatric phenotype in HdhQ111
mice is characterized by alterations of different nature in male and female animals at
around 3–4 months [85]. An anxious-like phenotype is evident in male HdhQ111
mice in the open field test with a shorter time and a decreased number of entries in
the central area of the field. Females instead show a depressive-like phenotype
suggested by increased grooming time in the splash test and increased immobility in
the forced swim test. Both genders of HdhQ111 take a longer time to feed in the
novelty suppressed feeding test which suggests an anxio-depressive-like phenotype
[85]. For CAG140, they are impaired in long term recognition memory at 4 months
and take longer time to enter the light compartment in the light/dark box at 1.5 but
not at 8 months. The latter could be interpreted as an early non-persisting
anxious-like phenotype [79]. Note that CAG140 mice do not display
depressive-like behaviour in the forced swim and tail suspension tests [79]. On the
contrary, HdhQ250 displays an increased floating score at 3 months and a
decreased score at 12 months when tested in the forced swim test [86]. This
indicates an early but non-progressive depressive-like phenotype as in HD patients
[29, 86].

2.2.3.3 Neuropathology and Neurochemical Alterations

The KI models have been reported to display a spectrum of HD-distinctive neu-
ropathological characteristics with each model exhibiting unique features resem-
bling human HD. HdhQ111 lacks striatal atrophy but shows nuclear localization of
mHtt especially in medium spiny neurons and formation of N-terminal inclusions
and insoluble aggregates [87]. Nuclear EM48 reactivity in HdhQ111 is first shown
at the age of 1.5 months and EM48 puncta are visible by 5 months while nuclear
inclusions are evident only starting from 12 months [87, 78]. Neurodegeneration
shown by the presence of toluidine blue stained neurons take place only at later
phases, 24 months, and seems not to involve apoptosis [78]. Neuropathological
alterations in the CAG140 model follow behavioural changes and have been
reported to appear between 2 and 4 months of age [79, 73]. Both nuclear and
neuropil aggregates have been observed starting from dorsal striatum, nucleus
accumbens and olfactory tubercle [73]. By 12 months of age, CAG140 mice show
reduced levels of DARPP32 in striatum and gliosis in cortex. By 23 months, gliosis
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can also be detected in the striatum [79]. At this stage, striatal atrophy and loss of
mature and immature neuronal spines as well as decreased dendritic complexity
become evident [88]. Electrophysiological studies have also shown impaired cor-
ticostriatal circuitry function and altered synaptic transmission of medium spiny
neurons [89]. Late stage neuropathological features include reduced corpus callo-
sum volume and loss of tyrosine hydroxylase immunostaining in 20–26 months old
mice [88]. zQ175 brains are characterized by striatal atrophy, development of mHtt
inclusions, decreased striatal dopamine and brain-derived neurotrophic factor
(BDNF) levels as well as cortical thinning [83]. Analyses in heterozygous mice
show degeneration of medium spiny neurons while studies in both homozygous and
heterozygous mice demonstrated medium spiny neuron electrophysiological alter-
ations [82, 83]. Both homozygous and heterozygous mice show changes in the
expression of different mRNA transcripts including DARPP-32, cannabinoid
receptor 1 and phosphodiesterase which start at 3 months and progress faster in
homozygous than in heterozygous mice [74]. Nuclear inclusions in heterozygous
mice have first been observed in the dorsal striatum and cortex and later in other
brain regions including nucleus accumbens, hippocampus, amygdala, hypothala-
mus and thalamus [83].

Neuropathology in HdhQ150 mice include reactive gliosis, development of mHtt
nuclear inclusions, degeneration of cytoplasmic organelles in both neuronal axons
and cell bodies, neuronal and volume loss in striatum as well as decrease in striatal
dopamine D1 and D2 receptor binding potential [80, 75, 90]. Besides nuclear
inclusions, EM48 positive neuropil aggregates have also been detected [90]. Recent
research using a time-resolved fluorescence resonance energy transfer (TR-FRET)-
based immunoassays demonstrated that the levels of soluble mHtt are inversely
correlated with the load of aggregated mHtt in the aging HdhQ150 mouse brain
[91]. Size exclusion chromatography coupled to TR-FRET showed that mHtt
fragments and not full-length mHtt form a soluble pool of oligomers that is visible
already in the first month of life and declines with age [92]. Importantly, a com-
parable oligomer pool has also been shown in a human brain [92]. While the
pool-size of soluble mHtt oligomers is comparable in heterozygous and homozy-
gous HdhQ150 mice, the formation of insoluble aggregate is faster in the
homozygous and pathological alterations have been shown to be dependent on the
mHtt dosage in HdhQ150 mice [92, 18]. Similar to HD patients, 2 copies of the
mHTT gene correlate with a more severe clinical disease course [93]. Stereological
measurements of HdhQ150 brains show decreased striatal volume and neuronal
number in homozygous and heterozygous mice by about 25 months and the volume
loss is stronger in the homozygous population [80]. The related model, HdhQ200,
displays early brain pathology characterized by accumulation of Htt aggregates in
cytoplasmic foci by 9 weeks of age and neuronal intranuclear inclusions that are
first observable at 20 weeks and reach a massive distribution at 40 weeks [7].
HdhQ200 intranuclear inclusions are limited to striatum and cortex with higher
density in the striatal area [7]. Their shape and size (3–5 µm) is comparable to that
in HD human brains [65]. Interestingly, intranuclear inclusions at 40 weeks have a
perinuclear distribution and are associated to ubiquitin and autophagosome marker
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LC3 [94]. By 80 weeks heterozygous HdhQ200 brains show striatal and cortical
astrogliosis [7] that is also reported in the HdhQ150 model [75], which is a neu-
ropathological hallmark of human HD [33]. Astrogliosis in HdhQ200 mice is
paralleled by a 50% reduction of striatal dopamine receptor binding that was not
observed in HdhQ150 mice [7]. Besides striatal dysfunction, cerebellar abnormal-
ities have also been described in this model at the age of 50 weeks. These consist of
reduced mRNA and protein levels of Purkinje cell markers as well as decreased
Purkinje cell number and firing rate [95].

Myelination deficiency has been reported in early postnatal development in
HdhQ250 mice [69]. Comparing to wild-type mice, HdhQ250 mouse striatum has
lower levels of all isoforms of myelin basic protein and myelin oligodendrocyte
glycoprotein and displays fewer myelinated axons in the corpus callosum.
Importantly, these white matter abnormalities persist in adulthood as shown by the
high number of small hypomyelinated axons in the corpus callosum of
12-month-old mice, and are paralleled by altered proliferation of oligodendrocyte
precursor cells in both corpus callosum and striatum [69]. At 6 months of age, mHtt
aggregates are observable in striatum and atrophy occurs selectively in cortex and
striatum. Cortical and striatal levels of BDNF and DARPP32 in medium spiny
neurons are also reduced [69]. Most of these alterations are consistent with changes
in HD human brains where white matter morphology and integrity are disrupted
[70], medium spiny neurons undergo selective degeneration [96] and BDNF levels
and transport are altered [97].

2.3 Rat Models

Although the mouse represents an excellent model organism for HD due to its
established use in genetics research, it has certain shortcomings. Because mice have
a small body size, it limits the resolution and quality of in vivo imaging methods
such as MRI and positron emission tomography (PET), which are currently being
developed as diagnostics for HD [98]. Another reason is that mice generally require
more training in psychiatric and/or cognitive tests (e.g. operant conditioning tasks)
that are of interest when evaluating these aspects of HD. To overcome these
problems, a small number of genetically modified rat models have been developed
for HD.

2.3.1 Transgenic Fragment Models

At present, only 1 transgenic rat fragment model of HD has been generated. These
rats, known as the TgHD rats, carry a transgenic construct that expresses a human/
rat mixed fragment of the HTT gene. The fragment contains 51 CAG repeats and is
governed by the rat endogenous promoter, which is included in the construct [99].
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So far, the TgHD rats have only been kept on a Sprague-Dawley background.
Published studies have focused on either male or female hemi- or homozygote
TgHD rats, although the following text will focus on the general consensus.

In contrast to the frequently used mouse fragment models (e.g. R6/2), the TgHD
rats show a late and slowly progressing disease phenotype [99]. This is primarily
thought to be due to the more limited number of CAG repeats and the longer
fragment used in the TgHD rats’ construct. Thus, the TgHD rat is generally con-
sidered to be a good model for the adult onset HD that is commonly seen in patients.

The TgHD rat’s transgenic fragment is expressed at a lower level than the
endogenous rat Htt. The translated protein is detectable in most of the CNS,
although the expression is low in the cerebellum and spinal cord [99]. Like other
transgenic animal models of HD, the expression of the mutated protein results in
gradual development of Htt-containing protein aggregates [100, 101, 102, 99]. This
is first apparent at around 6 months of age, with the nucleus accumbens being
particularly affected [101, 99]. As the animals age, additional brain regions are also
affected. In the caudate-putamen, aggregate formation is primarily in its dorsome-
dial parts, which becomes apparent at around 9 months of age [101, 99].

Volumetric analyses, using either MRI or stereology, have yielded conflicting
results concerning HD-related neuropathology in the TgHD rat [103, 101, 102, 99,
104]. Some studies have found enlarged ventricles and reduced striatal volume
[103, 101, 102] already at 8 months of age [99], while others have failed to detect
these phenotypes [105, 100] even in 18 months old rats [104]. A smaller number of
studies that specifically investigated neuronal loss have detected the presence of
darkly stained degenerated neurons in both striatum and cortex and a reduced
number of striatal neurons at 12 months of age [103, 102]. In addition, a range of
other neuropathological features has been reported, including shrinkage of striatal
neurons [106], a drop in striatal D2R density [100], reduced proliferation of neu-
ronal stem cells [107] and changes in brain metabolism [106, 99].

There has also been extensive characterization of behavioural phenotypes in the
TgHD rats. Accordingly, the TgHD rat has been found to display a head movement
phenotype reminiscent of the chorea found in HD patients [108, 105, 99], with an
onset at around 15 months of age [108, 105]. In addition, impaired performance in
specific tests of motor function has been found [100, 101, 109, 99], although the
exact onset of these phenotypes is uncertain. TgHD rats have been found to be less
anxious than wild-type rats in several behavioural tests [101, 109, 99], a phenotype
which appears to be present already before 5 months of age [101, 99]. TgHD rats
have also been assessed in quite a wide range of tests for cognitive function. Initial
studies found indications that TgHD rats had impaired spatial working memory
starting at 6 months of age [101, 99], while spatial reference memory was impaired
at 12 months of age [101]. TgHD rats have also shown impaired recall memory
[110] and indications of learning deficits in tests of spatial navigation [100]. These
phenotypes appear to emerge when animals are around 6–10 months old.
Investigation in more complicated operant conditioning protocols have indicated an
attentional impairment among TgHD rats, which is present at 9–15 months of age,
depending on the respective protocol [108, 103]. Although a range of other studies
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have also investigated the rats’ performance using other cognitive tests, most of
which have not been repeated or have shown conflicting results [105, 109].
Regarding the life span of this model, they have been reported to show increased
mortality at 24 months of age [99], although the phenotype has not been further
investigated (Table 2.2).

Table 2.2 Rat models of Huntington disease

Model name TgHD rat BACHD rat

Host animal Rat Rat

Generic
manipulation

Transgenic Transgenic

Promoter Rat HTT Human HTT

PolyQ size 51 CAG 97 CAG/CAA

Protein context Amino acids 1-727 of mixed
human/rat sequence

Full-length human protein

Protein expression
level (relative to
endogenous Hdh)

Not stated, but lower than
endogenous

TG5 line: 450%
TG9 line: 250%

Repeat stability Stable Stable

Body weight Generally unchanged, although
stunted growth has been reported

Unchanged, although rats are obese

Brain atrophy Conflicting results, although
several indications of
neuropathology

Frequently found to have smaller
brains, although interplay between
progressive atrophy and
developmental deficits is unclear

Aggregate
formation

Throughout most of CNS Throughout most of CNS

Neuropathology Structural alterations of brain
regions, neuron shrinkage and loss

Structural alterations, and presence
of deteriorating neurons

Premature death Yes, around 24 months of age Nothing reported until age of
16 months

Motor phenotypes Chorea-like movements, impaired
performance on rotarod and beam
walk tests

Impaired rotarod performance and
gait abnormalities

Psychiatric
phenotypes

Reduced exploration anxiety Reduced exploration anxiety

Cognitive
phenotypes

Indications of impaired
performance in several tasks.
Impaired spatial working and
reference memory as attentional
deficits appear to be robust

Indications of impaired
performance in several tasks,
although most results are
preliminary and not extensively
reproduced

Onset and
progression of
phenotypes

Visible aggregate formation starts
at around 6 months of age. Onset
of behavioural phenotypes varies,
with anxiolytic behaviour
appearing as early as 2 months of
age, while motor and cognitive
phenotypes become apparent at
around 6–9 months

Visible aggregate formation starts
at around 3 months of age. Onset
of behavioural phenotypes varies
with impairments on rotarod being
detectable after 1 month of age and
anxiolytic behaviour appearing at
4 months
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2.3.2 Transgenic Full-Length Models

Similar to the rat fragment model, there is currently only 1 transgenic full-length rat
model available for HD, the BACHD rat. This model was established more recently
than the TgHD rats [111]. The rats carry the same genetic construct used to create
the BACHD mice [36, 111], and so far all published work has focused on hem-
izygote rats with Sprague-Dawley background [112–118, 111]. 2 different lines
(TG5 and TG9) were initially established, which overexpress the transgene to
different extents. However, with the exception of the initial publication, charac-
terization and treatment studies have hitherto been using male rats of the TG5 line
[112, 113, 111]. In these rats, the transgene shows a 4.5 fold overexpression when
compared to the endogenous rat Htt. Characterization data obtained from these rats
are summarized below. Additionally, dysregulation of gene expression in the
striatum of BACHD rats was found as early as 3 months in both transgenic lines
TG5 and TG9, reduced TFIID formation might contribute to this in a certain extent
[119].

The transgenic construct is expressed throughout most of the CNS [111].
Development of mHtt aggregates largely follow the expression pattern of the
protein, initially becoming apparent at around 3 months of age, then increasing in
both number and size as the animals grow older [111]. At 13 months of age, most
brain regions show aggregate formation, although the cerebral cortex, hippocam-
pus, amygdala and nucleus accumbens are among the most heavily affected areas,
while the striatum shows a relatively lower amount of aggregates [113, 111]. Other
noted indications of neuropathology are the presence of darkly stained degenerated
neurons in several brain regions, a change in the surface area of the striosome
compartment of the striatum, a decrease in D2R availability (detectable at
18 months of age) [111] and an impaired auditory gating response at 4 months of
age [120].

BACHD rats of the TG5 lines have frequently been found to have an early and
progressive impairment on the rotarod with the phenotype becoming apparent
already at 2 months of age [121, 113, 111]. In addition, a phenotype of disturbed
walking gait appears to be present at 14 months [111] but not earlier [121, 111].
Similar to the TgHD rats, TG5 rats have been found to be less anxious than WT rats
when tested on the elevated plus maze. This phenotype appears at around the age of
4 months, and becomes more pronounced with age [111]. When considering more
cognition-oriented characterization, the BACHD rats have been found to show
discreet impairments in reversal learning [122, 113] and reduced fear conditioning
response [121] at 4–6 months of age. Moreover, impaired performance on operant
conditioning tests that are sensitive to fronto-striatal lesions was observed already at
4 months of age [114]. Furthermore, BACHD rats have been found to show some
impulsivity disorder at 3 months of age [112, 117]. A recent study reported an
altered reactivity of central amygdala to GABAAR antagonist picrotoxin in
BACHD rats at 4.5 months of age [116]. Considering the metabolic aspects of the
BACHD rats, male rats have been found to be obese without showing an increased
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body weight [123]. This interesting phenotype is observed in parallel to the reduced
body size and reduced lean mass [123]. The obesity phenotype is maintained
despite the fact that BACHD rats consume less food than wild-type rats [123, 111],
although it is hard to be conclusive given the reduced lean mass in the transgenic
rats. Impairments in cellular metabolism have also been found, indicating glycolysis
dysfunction at early ages [124] and mitochondrial dysfunction at older ages [113].
The latter of these phenotypes has been suggested to play a major part in the
pathology in BACHD rats and to be linked to increased proteolytic cleavage of
mHtt [113]. Reduced life span has not yet been observed in BACHD rats, although
mortality beyond the age of 17–18 months of age has not yet been evaluated [112,
111].

2.3.3 Knock-in Models

Several knock-in rat models of HD are currently being developed. There is, how-
ever, at this time no published data available.

2.4 Concluding Remarks

The generation of genetic rodent models for HD has given us a valuable tool for
deciphering the disease mechanism and discovering therapeutic treatments. The
wide range of models available since the discovery of the causative mutation in the
HTT gene has provided us a variety of choices but at the same time poses difficulty
on deciding which is the appropriate model for a particular study. Depending on the
aim(s) of investigation, the duration of study, the feasible sample size and the extent
of correlation to human HD at the biochemical and behavioural aspects should be
considered. Consistency and stability of genetic variation due to breeding and
background strain is another concern. These considerations are not limited to
current utilization but also provide future directions to the generation of new animal
models for HD as well as other neurodegenerative diseases.
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Chapter 3
Mitochondrial Dysfunction
in Huntington’s Disease

Catarina Carmo, Luana Naia, Carla Lopes and A. Cristina Rego

Abstract Mitochondrial dysfunction has been described as an early pathological
mechanism delineating the selective neurodegeneration that occurs in Huntington’s
disease (HD), a polyglutamine-expansion disorder that largely affects the striatum
and the cerebral cortex. Over the years, mitochondria roles in eukaryotic cells (e.g.
in neurons) have largely diverged from the classically attributed cell power source;
indeed, mitochondria not only contribute for synthesis of several metabolites, but
are also dynamic organelles that fragment and fuse to achieve a maximal bioen-
ergetic performance, are transported along microtubules, regulate intracellular
calcium homeostasis through the interaction with the endoplasmic reticulum, pro-
duce free radicals and participate in cell death processes. Indeed, most of these
activities have been demonstrated to be affected in HD, potentially contributing for
the neuronal dysfunction in pre-symptomatic stages. This chapter resumes some of
the evidences that pose mitochondria as a main regulatory organelle in HD-affected
neurons, uncovering some potentially therapeutic mitochondrial-based relevant
targets.

Keywords Calcium dyshomeostasis � Oxidative stress � Metabolic deficits
Mitochondrial dynamics � Cell death

C. Carmo � L. Naia � C. Lopes � A. C. Rego (&)
CNC-Center for Neuroscience and Cell Biology, University of Coimbra,
polo I, 3004-504 Coimbra, Portugal
e-mail: acrego@cnc.uc.pt

L. Naia � C. Lopes
IIIUC-Institute for Interdisciplinary Research, University of Coimbra,
polo II, Coimbra, Portugal

A. C. Rego
FMUC-Faculty of Medicine, University of Coimbra,
polo III, 3000-354 Coimbra, Portugal

© Springer International Publishing AG 2018
C. Nóbrega and L. Pereira de Almeida (eds.), Polyglutamine Disorders,
Advances in Experimental Medicine and Biology 1049,
https://doi.org/10.1007/978-3-319-71779-1_3

59



Abbreviations

Dwm Mitochondrial membrane potential
a-KGDH a-ketoglutarate dehydrogenase
3-NP 3-nitropropionic acid
AIF Apoptosis inducing factor
Apaf-1 Apoptotic protease-activating factor 1
ATP Adenosine triphosphate
Bcl-2 B-cell lymphoma 2
BDNF Brain derived neurotrophic factor
BH3 Bcl-2 homology 3
Bid BH3 interacting-domain death agonist
Bim Bcl-2 interacting mediator of cell death
BNIP3 BCL2/adenovirus E1B 19 kDa protein-interacting protein 3
CBP CREB-binding protein
CK Creatine kinase
CoQ Coenzyme Q
CREB cAMP response element-binding protein
Drp1 Dynamin-related protein 1
ETC Electron transport chain
Fis1 Mitochondrial fission 1
FMN Flavin mononucleotide
GABA c-aminobutyric acid
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
Gpx Glutathione peroxidases
GTP Guanosine triphosphate
H2O2 Hydrogen peroxide
HD Huntington’s disease
hESC Human embryonic stem cells
HTT/HTT Human huntingtin protein/gene
Htt Rodent huntingtin protein
IAP1 Inhibitor of Apoptosis Protein-1
iPSCs Induced pluripotent stem cells
K Lysine
LC3 Light chain 3
MCU Mitochondrial calcium uniporter
Mff Mitochondrial fission factor
Mfn Mitofusin
mHTT Human mutant HTT
mHtt Rodent mutant Htt
MIM Mitochondrial inner membrane
MIS Mitochondrial intermembrane space
MOM Mitochondrial outer membrane
mtDNA Mitochondrial DNA
NAD b-nicotinamide adenine dinucleotide
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ND5 NADH dehydrogenase subunit 5
NRF Nuclear respiratory factor
Nrf2 Nuclear factor-erythroid 2-related factor-2
OPA1 Optic atrophy 1
OXPHOS Oxidative phosphorylation
PCr Phosphocreatine
PDH Pyruvate dehydrogenase
PGC-1a PPARc—coactivator-1a
PINK1 PTEN-induced putative kinase 1
PolyQ Polyglutamine
PPAR Peroxisome proliferator-activated receptor
Prx Peroxiredoxins
PTEN Phosphatase and tensin homolog
PTP Permeability transition pore
PUMA p53 upregulated modulator of apoptosis
ROS Reactive oxygen species
SDH Succinate dehydrogenase
Smac/DIABLO Second mitochondria derived activator of caspase/direct inhibitor

of apoptosis-binding protein with low pI
SOD Superoxide dismutase
TAF TBP-associated factor 4
TBP TATA-binding protein
TCA Tricarboxylic acid
Tfam Mitochondrial transcription factor A
TIM Translocase of the inner membrane
TRAK Trafficking kinesin protein
XIAP X-linked inhibitor of apoptosis
YAC Yeast artificial chromosome

3.1 Introduction

Mitochondria are double-membrane organelles that represent the major bioenergetic
hub coordinating cell and organism homeostasis. Mitochondria control the pro-
duction of energy (in the form of adenosine triphosphate, ATP) through oxidative
phosphorylation (OXPHOS), supporting the biosynthetic and degradative metabolic
requirements of the cells, intracellular calcium (Ca2+) homeostasis, apoptotic and
cell signaling pathways, among other cellular processes. The sustained integrity of
mitochondria is critical for preserving cell viability; therefore, mitochondrial dys-
function is a common process connecting several neurodegenerative and age-related
disorders [1], either due to defects in respiratory function, modified organelle
dynamics and degradation, cumulating in DNA and protein damage and/or pro-
ducing excessive amounts of reactive oxygen species (ROS).
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Mitochondrial dysfunction plays a major role in the pathogenesis of
Huntington’s disease (HD), an autosomal dominant neurodegenerative disorder that
initially affects the striatum (mainly the caudate) and later the cortex. HD is char-
acterized by psychiatric disturbances, cognitive deficits, involuntary choreiform
movements, dementia and weight loss. All HD cases possess, at least in one of their
two copies of the HTT gene, a polymorphic CAG repeat tract expansion that
encodes for a N-terminal polyglutamine (polyQ) segment of more than 39 residues
in the huntingtin protein (HTT) named mutant HTT (mHTT) [2]. Striatal neu-
rodegeneration linked to mitochondrial deregulation has been demonstrated in
genetic and toxin-induced animal and cellular models and post-mortem HD human
brain tissue [3, 4]. Of relevance, magnetic resonance spectroscopy revealed
impaired ATP synthesis and oxidative function in pre-symptomatic HD carriers [5],
suggesting that mitochondrial deficits might initiate disease onset.

In this chapter we discuss the role of mitochondrial deregulation in HD-related
neuronal dysfunction and degeneration, particularly focusing on changes in energy
metabolism, dynamics and movement and the regulation of apoptosis in both
central and peripheral HD humanized cell and animal models, in HD human
peripheral cells and post-mortem brain samples, as well as in HD human induced
pluripotent stem cells (iPSCs), a powerful model to study HD cellular pathogenesis
in a pre-differentiation neural stage of the disease and after differentiation into a
striatal-like neuronal fate.

3.2 Mitochondrial Dysfunction in HD

Early evidence of mitochondrial defects in HD came from a study demonstrating
ultrastructural abnormalities in mitochondria isolated from post-mortem HD corti-
cal tissue [6]. Additionally, the observation that systemic administration of
3-nitropropionic acid (3-NP, an irreversible mitochondrial complex II inhibitor) in
rodents or non-human primates produced preferential degeneration in the caudate–
putamen that resembled many behavioral and anatomical features of HD, supported
the previous evidence [4, 7, 8]. Defects in complexes II, III and IV activities from
HD patients’ striatum were demonstrated simultaneously [9]. A few years later,
mHTT was shown to directly interact with the mitochondrial outer membrane
(MOM) [10–12], triggering Ca2+ release and abnormal mitochondrial morphology
and trafficking, as shown in postmortem HD patient’s brain specimens, in human
HD lymphoblasts or mice neurons expressing the expanded exon 1 of HTT [12–14].
Furthermore, interaction of N-terminal fragments of mHTT with the translocase of
the inner membrane TIM23 was shown recently, culminating in the inhibition of
protein import machinery and neuronal death. Mitochondria from brain synapto-
somes of presymptomatic HD mice also exhibited a protein import defect, but not
liver mitochondria, suggesting an early and tissue-specific event of the disease [15].
Considering these observations, this section will focus on reports describing how
mHTT may cause mitochondrial dysfunction by either a direct interaction with the

62 C. Carmo et al.



organelle and modulation of respiration, mitochondrial membrane potential and
Ca2+ buffering and mitochondrial bioenergetics, which further impact on ROS
production and oxidative damage.

3.2.1 Altered Mitochondrial Membrane Potential
and Impaired Mitochondrial Respiratory Chain
Complex Activity

Electron flow along the respiratory complexes I–IV, localized at the mitochondrial
inner membrane (MIM), is coupled to proton translocation into the mitochondrial
intermembrane space (MIS), creating an electrochemical proton gradient (proton
motive force) and thus a mitochondrial transmembrane potential (Dwm) of −150 to
−180 mV that drives ATP synthesis. This energy production requires Dwm to be
maintained at 80–90% of its maximum value ([16], for review). However, in HD
mitochondria this percentage is not preserved. Brain mitochondria isolated from
two lines of YAC72 mice expressing “low” and “high” levels of full lenght-mHTT
displayed depolarized membrane, with mitochondria from YAC72 high expressor
depolarizing faster after Ca2+ stimulation [11]. Similar defect in Dwm was found in
mitochondria from chimeric human-mouse mHTT-expressing cells in response to
increasing Ca2+ concentrations [17]. Remarkably, a large amount of evidence has
shown that HD mitochondria from human lymphoblasts are highly susceptible to
decreased Dwm [11, 18], which was correlated with increased glutamine repeats
[19], suggesting that the adverse effect of mHTT is not limited to neurons. Indeed,
results obtained in our laboratory in symptomatic HD cybrids (an ex vivo peripheral
model obtained from the fusion of HD human platelets with mtDNA-depleted rho0
cells) versus control cybrids and in HD human B-lymphocytes evidenced signifi-
cant changes in Dwm linked to apoptotic events [20, 21]. Interestingly, constitutive
HTT phosphorylation at serine 421 completely abrogated the deregulation of Dwm

in HD human lymphoblasts [18], linking the neuroprotective effects of HTT
phosphorylation in this residue (e.g. [22]) to improved mitochondrial function.

A dramatically decrease in the activity of complex II (succinate dehydrogenase,
SDH)/III (cytochrome c reductase) and mildly complex IV (cytochrome c oxidase)
in the caudate or putamen were observed in postmortem studies of symptomatic HD
patients or HD models, namely immortalized striatal cell lines, animal model brains
or human peripheral cells [9, 23, 24, 25, 26, 27], and may contribute for decreased
Dwm. Additionally, the decrease in complex II in humans, rodents or primates
following administration of 3-NP or malonate (complex II reversible inhibitor)
causes HD-like symptoms in animal models and striatal cytotoxicity ([28], for
review). Although the selective inhibition of the striatum by a chemical compound
such as 3-NP has posed several questions, reduced activity of mitochondrial
respiratory chain complexes can largely contribute to accelerate mitochondrial
dysfuncton in HD.

3 Mitochondrial Dysfunction in Huntington’s Disease 63



3.2.2 Defects in Mitochondrial Ca2+ Handling

The MIM possesses a Ca2+ uniporter (MCU, mitochondrial calcium uniporter),
providing cells with a protective high capacity for Ca2+ buffering. Moreover,
interaction of mHTT with the MOM may induce the opening of a high conductance
pathway, the mitochondrial permeability transition pore (PTP), which is triggered
by Ca2+, ROS or decreased adenine nucleotide levels, causing mitochondrial
swelling, depolarization and, eventually, cell death [10, 11, 17]. Thus, deficits in
mitochondrial Ca2+ handling likely contribute to HD neurodegeneration. Studies
performed by Panov and colleagues demonstrated that mitochondria isolated from
lymphoblasts of HD patients and from brains of transgenic yeast artificial chro-
mosome (YAC) mice expressing full-length mHTT with 72 glutamines (YAC72)
exhibited pronounced defects in Ca2+ handling. Importantly, these defects persisted
even in the presence of PTP inhibitors [11]. Impaired mitochondrial Ca2+ home-
ostasis was also confirmed in intact HD human lymphoblasts following exposure to
hydrogen peroxide (H2O2) [18]. Moreover, mitochondria obtained from liver of
homozygous knock-in Hdh150/150 mice or treated with recombinant truncated
mHTT protein showed augmented predisposition to Ca2+-stimulated PTP induction
[10]. Contrariwise, increased Ca2+ uptake was observed in isolated brain
non-synaptic mitochondria from R6/2 mice (the most commonly used HD model
expressing human HTT exon 1 with *150 CAG repeats) and YAC128 HD mice,
when compared to mitochondria from wild-type mice [29]. Indeed, two years
earlier, Brustovetsky and colleagues had shown that striatal mitochondria from R6/
2 exhibited increased resistance to Ca2+, while in striatal mitochondria from lit-
termate controls, lower doses of Ca2+ consistently evoked PTP more easily.
Mitochondrial from knock-in HD mice also became more resistant to Ca2+ with
increasing age and retained these levels of sensitivity throughout life [30], sug-
gesting that mitochondria are capable of compensatory changes towards neuro-
protection. Meanwhile, recent data obtained with isolated brain synaptic and
non-synaptic mitochondria from YAC128 mice suggest that increased Ca2+ uptake
capacity can be directly correlated with the amount of mHTT associated with the
mitochondrial membrane [31]. In addition, HD-iPSC-derived neuronal-like cells
expressing both GABA (c-aminobutyric acid)-A receptor and ionotropic glutamate
receptors (obtained from fibroblasts of symptomatic HD patients retaining 60 or
180 CAGs) revealed a clear CAG expansion-dependent decrease in Ca2+ uptake
following a chronic glutamate stimulus [32].

3.2.3 Energy Metabolic Deficits

Neurons are highly dependent on mitochondrial ATP production to maintain nor-
mal synaptic communication. Therefore, they are very sensitive to disturbed energy
metabolism. A number of studies, from HD postmortem brains [33] to transgenic
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HD mouse brain [34, 35], revealed mHTT-related abnormal ATP/ADP and
phosphocreatine/inorganic phosphate (PCr/Pi) ratios and energy charges. This
reduction in mitochondrial ATP levels might be linked to increased Ca2+ influx
through N-methyl-D-aspartate receptors, since ATP/ADP ratio could be normalized
by blocking Ca2+ influx in mHTT-expressing striatal cells [36]. Moreover, a poor
creatine kinase (CK)/PCr system in HD brain might also contribute for this
reduction [37] (Fig. 3.1). As described before for changes in Dwm, bioenergetic
defects in HD are not only confined to the brain, but are also observed in peripheral
tissues, such as muscle [5, 38] or lymphoblasts [36]. These findings raise the
possibility that the ubiquitous expression of mHTT may place other cell types at
risk, particularly those with high metabolic demand. Remarkably, recent studies
conducted in our laboratory showed that glucose deprivation did not exacerbate the
defects in ATP/ADP ratio in cortical primary cultures derived from YAC128 mice,
contrarily to wild-type neurons, pointing to an abnormal glycolytic pathway linked

Fig. 3.1 Mutant huntingtin induces energy metabolic failure. Glycolysis is the metabolic
pathway that converts glucose into pyruvate, generating ATP and NADH. In the presence of
mHTT, ATP production is decreased, along with poor PCr/Pi ratio due to decreased CK activity.
Alongside, mHTT interacts with the sixth step glycolysis enzyme GAPDH. Although with
compromised glycolysis, pyruvate can still accumulate due to increased phosphorylation/inhibition
of PDH, stimulating the conversion to lactate instead of entering in the TCA cycle as acetyl-CoA.
Defects in TCA cycle intermediate enzymes such as a-KGDH, aconitase and SDH, as well as the
susceptibility of SDH to mHTT interaction severely compromises the generation of reduced
equivalents to feed the ETC, which may also explain decreased activities of mitochondrial
respiratory chain complexes
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to deficient ATP generation [39]. Studies on mitochondrial oxidative metabolism in
presymptomatic and symptomatic HD patients previously detected a selective
defect in glycolysis in early HD striatum [40–42], suggesting that metabolic deficits
in HD may precede neuropathology and clinical symptoms. Indeed,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has an essential function in
glycolysis, binding both normal and mHTT, but with a preferential interaction to
cleaved polyQ domain, enhancing nuclear translocation of mHTT and cytotoxicity
[43]. Interestingly, studies using an allelic series of murine CAG knock-in
embryonic stem cell (ESC) lines have shown dominant CAG-length dependent
reduction in energy metabolism [44]. In addition, human derived HD specific neural
stem cells showed significantly decreased intracellular ATP [32], supporting the
hypothesis that bioenergetic dysfunction is an early event in HD.

Elevated levels of lactate and increased lactate/pyruvate ratio have been also
described in striatum, cortex and cerebrospinal fluid from HD patients [45–47], as
well as in brains from YAC128 and R6/2 transgenic mouse models [34, 48].
Concordantly, we observed that HD cybrid lines exhibited increased lactate/
pyruvate levels, which were correlated with a large decrease in the activity and
protein levels of pyruvate dehydrogenase (PDH) [49], a protein complex located in
the mitochondrial matrix, responsible for catalyzing the irreversible oxidative
decarboxylation of pyruvate to acetyl-CoA (Fig. 3.1). Decreased mitochondrial
metabolism in caudate (in particular) and putamen of HD patients was previously
assessed through a progressive decrement in PDH complex [50, 51], whereas
dichloroacetate, a PDH kinase inhibitor previously shown to increase PDH activity,
prevented the increase of cerebral lactate concentrations and attenuated the devel-
opment of striatal neuron atrophy in R6/2 and N171-82Q transgenic HD models
[52]. Besides the PDH complex, tricarboxylic acid (TCA) cycle enzymes that
provide the main pathway for generating reducing equivalents, such as aconitase,
a-ketoglutarate dehydrogenase (a-KGDH) or SDH are also compromised in central
HD tissues [53, 54] (Fig. 3.1). Cultured striatal neurons expressing N-terminal HTT
fragment showed decreased SDH activity, the only enzyme that participates in both
TCA cycle and electron transport chain (ETC) [23]. Contrariwise, in peripheral HD
cybrids a-KGDH enzymatic activity was increased [49, 55, 56], suggesting a
compensatory mechanism to re-establish NADH levels.

3.3 Oxidative Dysregulation

Under physiological conditions about 1% of O2 consumed generates superoxide
anion (O2

•−) at the mitochondrial respiratory chain due to the leakage of electrons
at the level of complexes I and III. Indeed, mitochondria are both sources (at the
level of complexes I and III) and targets of ROS, contributing to mitochondrial
damage in several pathologies. In complex I (reduced b-nicotinamide adenine
dinucleotide (NADH)-ubiquinone:oxidoreductase), flavin mononucleotide (FMN)
accepts electrons from NADH passing them through a chain of iron–sulfur centers
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to the ubiquinone (CoQ, coenzyme Q) reduction site. Complex I-dependent ROS
production is influenced by the matrix redox potential (NADH/NAD+ ratio) and is
enhanced by its selective inhibitor, rotenone, which prevents the transfer of
electrons to the CoQ-binding site [57]. Complex III catalyzes the reduction of
cytochrome c by oxidation of CoQ, which has two reaction centers, the
ubiquinol-oxidation center (Qo site) and the ubiquinone-reduction center (Qi site).
Inhibition of Qi site by antimycin A prompts the production of large amounts of
O2
•− on both sides of the MIM [58]. O2

•− is highly membrane impermeable,
however it can be readily dismutated to H2O2 by superoxide dismutases (SOD); in
contrast, H2O2 diffuses across membranes [59]. Mitochondria have their own
antioxidant defense system, thus minimizing the deleterious effects exerted by
ROS. The first line of defense involves the dismutation of O2

•− to H2O2 by
metal-containing enzymes, comprising Mn-SOD (SOD2), located in the mito-
chondrial matrix, and Cu,Zn-SOD (SOD1) at the MIS and cytosol. H2O2 can also
be effectively detoxified by mitochondrial antioxidant enzymes like glutathione
peroxidases (Gpx), which are also present in the cytosol and by peroxiredoxins
(Prx) and catalase, the latter located in the peroxisomes, which convert H2O2 into
H2O and O2 [60, 61].

The major cause for energetic deficits in HD involves mitochondrial abnor-
malities and ROS production triggered by mHTT-mitochondria interactions (in a
polyQ length-dependent manner), which impair oxidative phosphorylation and
ATP production [62]. Aconitase is an iron-sulphur enzyme of the TCA cycle that is
particularly susceptible to ROS. Several studies found that it is strongly affected in
postmortem human HD caudate, putamen and cortex [55, 63, 64] and in striatum
from R6/2 mice [65].

A relationship between inhibition of complexes I and III and enhanced levels
of mitochondrial-generated O2

•− was previously confirmed by us in HD striatal
cells [66]. Enhanced ROS formation occurring mainly via mitochondria, observed
in knock-in striatal cells expressing mHtt (STHdhQ111/Q111), was related with
altered activities and levels of antioxidant defense systems, and decreased
antioxidant response to exogenous stressors associated to impaired nuclear
factor-erythroid 2-related factor-2 (Nrf2) transcriptional activity [66, 67]. An
exhaustive proteomic analysis of human HD samples from striatum and cortex
showed increased oxidative stress response, defined by the induction of several
antioxidant enzymes, namely Prx 1, 2, and 6, and Gpx 1 and 6. Concomitantly,
catalase activity was enhanced and SOD2 showed a significant increase of both
protein and activity levels in cortex and striatum [63]. Moreover, protein carbonyl
formation (a marker of protein oxidation) of glial fibrillary acidic protein,
c-enolase, and CK B was increased in human HD samples from striatum and
cortex [63].

Preceding studies in iPSC lines generated from HD patients fibroblasts, ranging
from 33 to 180 CAGs, and control fibroblasts, also described increased cell death in
HD-iPSC lines in response to toxic stressors, suggesting that HD-iPSCs are
increasingly susceptible to ROS [32]. In HD-iPSCs reprogrammed from a juvenile
HD patient carrying 72 CAG repeats, Chae and colleagues (2012) shed some light
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on protein expression profiles that are key regulators of oxidative stress, DNA
damage and expression of cytoskeleton associated proteins [68]. These authors
found lower levels of SOD1, GST and Gpx1 in HD-iPSC lines, when compared to
human embryonic stem cells (hESCs), in contrast with the upregulation of Prx
family members, including Prx1, 2 and 6, which have been implicated as important
indicators for cellular ROS signals [68].

In summary, mitochondrial dysfunction leads to increased production of ROS,
which has a major role in both necrotic and apoptotic mechanisms of cell death
(detailed in Sect. 3.6).

3.4 Mitochondrial Biogenesis

Mitochondrial network is constantly being renewed through an equilibrium
between biogenesis and degradation of damaged mitochondria (mitophagy) [69].
Mitochondria biogenesis comprises a multistep process, where mtDNA transcrip-
tion and translation, along with translation of nuclear-encoded mitochondrial-
related transcripts, mitochondrial protein import and overall assembly into a
mitochondrial network must proceed correctly [70].

cAMP response element-binding protein (CREB)/TATA-binding protein
(TBP)-associated factor (TAF)4 signaling pathway regulates various mitochondrial
genes, such as NADH dehydrogenase subunit 5 (ND5) that codes for a subunit of
complex I, and is severely disrupted in HD. In fact, mHTT can interact with
several transcription factors involved in this pathway, such as CREB-binding
protein (CBP) or TAF4/TAFII130 [71, 72]. Ultimately, CREB/TAF4 signaling
pathway regulates the expression of peroxisome proliferator-activated receptor c—
PPARc—coactivator-1a (PGC-1a), one of the major transcriptional regulators of
organelle biogenesis [73]. PGC-1a is a major regulator of mitochondrial function,
mediating mitochondrial biogenesis and respiration. Being a transcriptional
co-activator, it regulates the expression of nuclear-encoded subunits of each of the
electron transport-chain complexes, along with genes involved in antioxidant
response such as ATP synthase or SOD2 [74]. PGC-1a also regulates nuclear
respiratory factor (NRF)1 and 2 and PPAR a, d and c by forming heteromeric
complexes, sharing a role in the expression of genes such as cytochrome c,
complexes I-V and the mitochondrial transcription factor A (Tfam), the major
transcriptional regulator of mtDNA [75]. In HD in vitro and in vivo models
PGC-1a was found to be repressed, partially due to the direct interaction of mHTT
with the signaling pathway mentioned above that regulates its expression, but also
by a direct binding to its promoter [73]. HD patients also showed reduced levels
of Tfam and PGC-1a as disease severity increases, along with evidences of
mitochondrial loss [3, 73, 76, 77] (Fig. 3.2).
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3.5 Mitochondrial Dynamics and Mitophagy

Mitochondria are dynamic organelles with frequent changes in size, shape, number
and even cellular distribution that directly relate with their function in response to
cellular needs or to diverse stimuli [78]. Increasing evidence suggests that unbal-
anced mitochondrial dynamics take an important role in neurodegeneration in HD
([79] for review). The presence of mHTT appears to reduce the number of mito-
chondria and leads to their fragmentation, with defects in anterograde and retro-
grade transport and velocity, ultimately causing neuronal death [80].

Fig. 3.2 Mutant huntingtin severely impacts mitochondrial turnover. mHTT disrupts CREB/
TAF4 signaling culminating in decreased PGC-1a levels and activity. Ultimately, signaling
pathways regulated by downstream targets of this transcriptional coactivator may be affected,
namely NRF-1, NRF-2, PPARa, PPARd and PPARc. Expression of genes involved in TCA cycle,
ETC and Tfam are significantly impaired, with compromised mitochondrial biogenesis. By
directly interacting with mitochondria, mHTT inhibits mitochondrial protein import, a major factor
not only for mitochondrial biogenesis, but also for overall mitochondrial function. Moreover,
mHTT disrupts the balance between fission and fusion, with increased mitochondrial fragmen-
tation due to decreased levels of Mfn1, Mfn2 and OPA1 and increased levels of Drp1 and Fis1.
Additionally, mHTT interacts with and increases Drp1’s GTPase activity. Mitochondrial
trafficking is impaired in a retrograde (dynactin/dynein-dependent) and anterograde (kinesin-
dependent) manner. mHTT may also interfere with the selective degradation of dysfunctional
mitochondria, namely by hampering HTT’s function in aiding p62 to associate with LC3
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3.5.1 Mitochondrial Fission/Fusion Balance

Mitochondria hold the ability to divide (fission) and unite (fusion) in response to
diverse stimuli. Both processes allow the exchange of membranes and intramito-
chondrial content or mobility of the organelle to specific subcellular locations;
moreover, fission facilitates apoptosis by regulating the release of MIS proteins into
the cytosol, such as cytochrome c [78].

Fission/fusion balance has been reported to be altered in HD, with altered
expression of genes involved in these processes, culminating in abnormal mito-
chondrial morphology and consequently in neuronal dysfunction [81].
Dynamin-related protein 1 (Drp1) takes control of mitochondrial fission. This is a
cytosolic protein that can transit towards the MOM upon a fission stimulus, having
an effector guanosine triphosphate (GTP)ase domain [82]. Mitochondrial fission 1
(Fis1) and mitochondrial fission factor (Mff), two integral proteins of the MOM,
serve as adaptors for Drp1, allowing the recruitment of Drp1 to the effector sites [83].
Meanwhile, fusion counts with machinery of both the MIM and MOM. Mitofusins
(Mfn) 1 and 2 are also GTPases, located at the MOM, which are responsible for the
fusion of MOMs of the juxtaposing mitochondria. Optic atrophy 1 (OPA1) is the
regulator for the MIM fusion process; OPA1 is found at the MIS and shows asso-
ciation with the MIM. Maintenance of Dѱm is required for mitochondrial fusion. As
such, after dissipation of Dѱm, fusion is inhibited, but fission can still occur and
mitochondrial fragmentation becomes a dominant morphology [84].

A visible decrease in the number of mitochondria in striatal spiny neurons
derived from neostriatal tissue of HD patients appears to directly correlate with
disease severity [3]. Increased levels of Drp1 and Fis1, along with decreased levels
of Mfn1, Mfn2 and OPA1 were found in striatum and cortex of several HD animal
models and patients, resulting in excessive mitochondrial fragmentation [80, 85]. In
addition to increased expression, interaction of Drp1 with mHTT results in
increased GTPase activity [12] (Fig. 3.2), leading to fragmented and less efficient
mitochondria that culminates in loss of energy required for neuronal function.

3.5.2 Mitochondrial Trafficking

Impairment in mitochondrial transport along neuronal processes, with slower
translocation of the organelle has been associated to HD. Mitochondria trafficking
along the cells allows the organelle to be present in subcellular compartments that
are in need of a high energy demand. This process is critically important when
considering neurons that need energy outside the regular bioenergetic requirements,
such as for synaptic transmission. In fact, mHTT-induced fragmented mitochondria
are mainly localized in the cell body, not being able to be transported to dendrites,
axons or synapses (anterograde movement), which consequently results in low ATP
levels at these sites and in overall synaptic degeneration [76].
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The processes of mitochondrial fusion and fission can be directly related to their
motility. Fission allows for smaller mitochondria to be separated from the rest of the
network and to be transported along the microtubules with the aid of dynein,
dynactin (retrograde transport) and kinesins motors (anterograde transport) [86].
Mitochondria enlist motor adaptors such as trafficking kinesin protein (TRAK)1
and TRAK2 that bind Miro (MOM protein) to kynesin motors and ensures targeted
and precise trafficking in response to neuronal activity [87]. Both N-terminal
fragments and full-length mHTT can directly affect mitochondria motility in either
anterograde or retrograde movement, resulting in accumulation of the organelle in
the soma [76, 88, 89] (Fig. 3.2). Sequestration of mitochondrial transport
machinery and blockage by mHTT aggregates may take place, being impossible for
mitochondria to move through narrow neuronal projections, as seen in cortical
neurons overexpressing mHTT and in HD striatal neurons [89, 90]. Moreover, Orr
and colleagues reported altered mitochondrial trafficking in the absence of mHTT
aggregates, suggesting an early impairment due to reduced association of mito-
chondria with motor proteins [76, 88, 89].

3.5.3 Mitophagy

Accumulation of damaged mitochondria occurs in HD cells and can be due to the
loss in Dѱm, oxidative stress, impaired OXPHOS, excessive fragmentation and/or
decreased biogenesis. Selective mitochondrial degradation by macroautophagy
(hereafter termed mitophagy) ensures mitochondrial quality control and recycling,
but must be balanced with biogenesis [91]. Phosphatase and tensin homolog
(PTEN)-induced putative kinase 1 (PINK1)/Parkin-dependent mitophagy pathway
is the most well characterized mitophagy pathway, although PINK1/
Parkin-independent mitophagy can also occur [92, 93]. One example comes from
the redistribution of cardiolipin, naturally in the MIM, to the MOM, signaling
damaged mitochondria from neuronal cells to undergo degradation. This allows
cardiolipin to interact with autophagosome-associated light chain 3 (LC3) [94].

PINK1 is a serine/threonine kinase that localizes in the cytosol and is normally
imported into MIM where it is degraded by mitochondrial proteases [95–97]. In the
presence of damaged mitochondria exhibiting decreased Dѱm, PINK1 is stabilized
at the MOM, inducing Parkin translocation to mitochondria [98]. Since Parkin is an
E3 ubiquitin ligase, it ligates ubiquitin chains on MOM proteins that are recognized
by autophagy adaptors such as p62 [99]. Khalil and colleagues reported a protective
role for PINK1 overexpression in HD flies and STHdhQ111/Q111 cells [100].
Nevertheless, the significance of alterations in PINK1/Parkin-dependent mitophagy
has remained elusive in HD.

HTT was proposed to have a role in the control of autophagosome dynamics,
along with huntingtin-associated protein 1 (HAP1), through the regulation of
dynein and kinesin. Moreover, axonal transport of autophagosomes was found to be
impaired in the presence of mHTT. It ultimately ended in inefficient degradation of
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internalized mitochondria, probably due to inhibition of autophagosome/lysosome
fusion [101]. Additionally, wild-type HTT may serve as a scaffold protein in
selective autophagy (not just mitophagy), aiding autophagic adaptor p62 to asso-
ciate with LC3 and lysine 63 (K63)-linked ubiquitinated substrates [102].
PolyQ-expanded HTT may thus impede this scaffold function (Fig. 3.2). Indeed,
expression of a mHTT transgene in a mice expressing mitochondria-targeted
Keima, a protein exhibiting pH-dependent excitation, reduced the levels of mi-
tophagy [103].

3.6 Mitochondrial-Dependent Apoptosis

Intrinsic apoptosis is triggered following the loss of integrity of the MOM, which
allows the release of pro-apoptotic factors to the cytosol. The release of proteins
such as cytochrome c and Smac/DIABLO (second mitochondria derived activator
of caspase/direct inhibitor of apoptosis-binding protein with low pI) induces the
formation of the apoptosome. After release from the MIS, cytochrome c forms a
complex with deoxy-ATP, Apaf-1 (apoptotic protease-activating factor 1) and the
initiator caspase 9, which when activated further activates the executioner caspases
(3, 6 and 7) and induces the well-recognized nuclear apoptotic features, such as
DNA fragmentation and chromatin condensation [104–106]. In neurons, p53 has
also been implicated in upregulating the pro-apoptotic proteins Bax and the
BH3-only proteins PUMA (p53 upregulated modulator of apoptosis) and Noxa
[107].

Different evidences reinforce the deleterious influence of mHTT in the apoptotic
pathway, particularly by activating several BH3-only proteins. Changes in Bcl-2
(B-cell lymphoma 2), an anti-apoptotic protein, in HD are controversial. In several
cell lines with endogenous expression of mHTT or induced to overexpress mHTT,
Bcl-2 family protein dysregulation was common; several studies showed decreased
Bcl-2 protein and mRNA levels, Bax activation and translocation from the cytosol
to mitochondria, followed by Bim (Bcl-2 interacting mediator of cell death) acti-
vation [108–112] (Fig. 3.3). However, in animal models of HD, the results are
largely controversial, particularly when considering the anti-apoptotic proteins.
Initial studies showed that Bcl-2 protein levels were unchanged in total brain or in
mitochondrial fractions from R6/1 and R6/2 mice [113–115]. Conversely, other
studies reported down-regulation of Bcl-2 levels in R6/2 mouse brain [109, 116]
and in striatal tissue from N171-82Q mice [108]. Importantly, overexpression of
Bcl-2 was shown to slow the disease progression [117]. For other pro-survival
proteins, such as Bcl-XL, no major differences were found in total brain and
striatum lysates or mitochondrial fractions of R6/1 (control and with low levels of
the neurotrophin brain derived neurotrophic factor, BDNF), HD94 (tetracycline
inducible expression of mHtt) and R6/2 mouse models [113, 117]. Moreover,
higher Smac/DIABLO levels were found in the cytosol of cells overexpressing
mHTT and this release was responsible for the degradation of anti-apoptotic IAP1
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(Inhibitor of apoptosis protein-1) and XIAP (X-linked inhibitor of apoptosis) pro-
teins in the cytosol of HD striatal cells [118]. The mitochondrial levels of AIF
(apoptosis inducing factor), which induces apoptotic cell death through a
caspase-independent pathway, were also found to be reduced in HD mouse striatal
cells [119].

More consistent data has been observed in pro-apoptotic proteins examined in
HD animal models and patient samples. In mitochondrial brain fractions of R6/1
and R6/2 mice the pro-apoptotic protein Bax was increased; moreover, increased
Bax mRNA was described in the cortex and cerebellum of R6/1 mice [113, 115,
117]. A decrease in phosphorylated Bad and activation of caspases-1 and -3 was
also reported in R6/2 mice models [117]. In caudate samples from HD patients
neostriatal neurodegeneration was associated with enhanced Bax levels, weak
caspase-3 immunostaining and cells exhibiting apoptotic morphology, in compar-
ison with controls without neurological disease [120]. These changes seem not to be
specific for HD human brain, since increased Bax levels were also described in
peripheral B and T lymphocytes and monocytes derived from symptomatic HD
patients [20] (Fig. 3.3). Moreover, untreated HD human cybrid lines showed
increased mitochondrial Bim and Bak levels, and a slight release in cytochrome c,
evidencing their increased susceptibility to intrinsic apoptosis [21]. Another mito-
chondrial localized BH3-only protein implicated in HD is BNIP3; when activated,
BNIP3 causes loss in Dwm and induces mitochondrial fragmentation prior to mi-
tophagy [112]. Although the molecular mechanisms for BNIP3 activation are not
well understood, BNIP3 levels were described to be increased in total lysates of HD
myoblasts [121].

Numerous studies in vitro and in vivo support the interaction between caspases
and HTT in vulnerable cell types in the striatum and cortex leading to increase cell
death [122–125]. Increased expression of caspase-2 was correlated with decreased
BDNF levels in the cortex and striatum of YAC72 mice. Htt can be recruited and
cleaved by initiator caspase-2, which induces neuritic degeneration. The generated
N-terminal toxic fragment was shown to associate with synaptic vesicles and inhibit
glutamate uptake. Caspase-7, which is specifically expressed in medium-sized
neurons and enriched in the striatum, may also associate with Htt, triggering the
activity of other caspases, namely caspase-6, and accelerating the production of Htt
fragments and the induction of apoptosis [122, 124]. Two active caspase-3 sites and
one caspase-6 site have been largely studied in HTT. Caspase 6 cleavage at the 586
cysteine residue of Htt, but not caspase 3 cleavage, was shown to be required for the
development of the characteristic behavioral and neuropathological features of HD
[123, 126, 127]. However, recent studies showed that the cleavage pattern was
unaltered when mHtt expressing mice were crossed onto caspase knockout back-
ground [128, 129], raising the question of whether other caspases might be involved
in the generation of cytotoxic mHTT fragments.
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3.7 Concluding Remarks

In conclusion, numerous studies have shed some light on the role of mitochondria
in the regulatory mechanism of biochemical/molecular functions involved in HD
pathophysiology. Increasing evidence support the contribution of mitochondria and
oxidative phosphorylation defects in HD patients and cellular and animal HD
models as a trigger event for the irreversible cascade of events involved in disease
phenotype, as demonstrated by some of the most relevant publications that were
generated in this field since 1978 until 2015 (Fig. 3.4). However, many questions

Fig. 3.3 Intrinsic apoptotic pathway is triggered by intracellular stimuli such as Ca2+

overload and excessive ROS levels. Following the stress signals, the apoptotic process is
controlled by Bcl-2-protein family, classified into anti-apoptotic and pro-apoptotic members. The
pro-apoptotic effector proteins, Bak and Bax, can be activated by pro-apoptotic BH3-only proteins
—Bim and active Bid (truncated Bid, tBid)—or by a noxious stimulus, upon which these proteins
form oligomers that insert into the MOM, being responsible for the loss of membrane integrity.
Destabilization of the mitochondrial membrane causes the release of apoptotic factors such as
cytochrome c and Smac/Diablo, the latter promoting apoptosis by neutralizing the inhibitory effect
of IAPs on caspases activity. After being released, cytochrome c assembles into a multiprotein
caspase activating complex formed by procaspase-9, Apaf-1 and deoxy-ATP, the apoptosome.
Subsequently, activated caspase 9 cleaves and activates the downstream executioner caspases 3, 7
and 6 to induce cell death. Other apoptotic factors are released from the MIS into the cytosol,
namely AIF, which acts independently of caspases. Stress factors such as increased intracellular
Ca2+ levels and ROS production can trigger the opening of the PTP (not shown)
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remain to be answered regarding the role of mitochondria dysfunction in HD and its
influence on other pathological processes and thus on disease progression. The full
understanding of how mHTT targets mitochondria leading to a dysfunctional
organelle can be foreseen an important advance to identify new molecular pathways
and eventually therapeutic targets. So far, few clinical trials aimed to directly
improve mitochondrial function in HD, although the results have not been very
promising. A study concerning coenzyme Q10 intake was canceled at phase III due
to the lack of results. Other bioenergetic agents tested include creatine and cys-
teamine bitartrate, the latter the neuroactive metabolite of cystamine. The present
chapter clearly points out several molecular changes that can be the targets of more
efficient mitochondrial-based therapies and may impact on the organelle physiol-
ogy. Considering the diversity of changes operated just in a single organelle such as
mitochondria, development of combined therapies aiming to improve these alter-
ations may help to delay HD onset and/or disease progression.
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Fig. 3.4 Key discoveries involving mitochondria in HD pathogenesis. This timeline resumes
some of the major discoveries involving mitochondrial dysfunction in HD and related oxidative
stress changes, from dysfunctional glycolysis described in the late 80 s, to deficiency of respiratory
chain complexes in the late 90 s, which was later explained by the interaction of mHTT with
mitochondria and by transcriptional deregulation. More recently, research has focused on the role
of both wild-type and mHTT on mitochondrial dynamics and turnover. All studies are indicated in
the reference list
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Chapter 4
RNA Related Pathology in Huntington’s
Disease

Andreas Neueder and Gillian P. Bates

Abstract This chapter summarises research investigating the expression of hunt-
ingtin sense and anti-sense transcripts, the effect of the mutation on huntingtin
processing as well as the more global effect of the mutation on the coding and
non-coding transcriptomes. The huntingtin gene is ubiquitously expressed, although
expression levels vary between tissues and cell types. A SNP that affects NF-ĸB
binding in the huntingtin promoter modulates the expression level of huntingtin
transcripts and is associated with the age of disease onset. Incomplete splicing
between exon 1 and exon 2 has been shown to result in the expression of a small
polyadenylated mRNA that encodes the highly pathogenic exon 1 huntingtin pro-
tein. This occurs in a CAG-repeat length dependent manner in all full-length mouse
models of HD as well as HD patient post-mortem brains and fibroblasts. An anti-
sense transcript to huntingtin is generated that contains a CUG repeat that is
expanded in HD patients. In myotonic dystrophy, expanded CUG repeats form
RNA foci in cell nuclei that bind specific proteins (e.g. MBL1). Short, pure CAG
RNAs of approximately 21 nucleotides that have been processed by DICER can
inhibit the translation of other CAG repeat containing mRNAs. The HD mutation
affects the transcriptome at the level of mRNA expression, splicing and the
expression of non-coding RNAs. Finally, expanded repetitive stretched of
nucleotides can lead to RAN translation, in which the ribosome translates from the
expanded repeat in all possible reading frames, producing proteins with various
poly-amino acid tracts. The extent to which these events contribute to HD patho-
genesis is largely unknown.
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Huntington’s disease (HD) was first described in 1872 by George Huntington as a
‘dancing’ disorder due to involuntary movements, the chorea being the most
obvious motoric symptom [1]. However, HD had been known since the Middle
Ages under the name ‘St. Vitas dance’. This name also included dancing and St.
Vitas, the saint to whom people prayed for help. Their grimaces, the chorea and
mental impairments were the reasons people believed HD patients were possessed
by the devil. Some of the victims burned as witches in the Middle Ages were
probably suffering from HD.

The discoveries of DNA and genes as units of hereditary information were
milestones that ultimately led to the identification of a marker on chromosome 4
linked to HD in 1983 [2]. This discovery allowed the eventual identification of the
disease causing gene in a large-scale collaborative effort a decade later in 1993 [3].
The publication describes an unstable CAG trinucleotide expansion in the hunt-
ingtin gene (HTT) and shows that this expansion is the sole genetic cause of HD.
Genetic testing in the following years established that patients with a repeat length
of 40 or more CAGs inevitably develop HD, with a mean age of onset in the 40 s.
There is also a more severe, fast progressing form of HD with an age of onset in
childhood or adolescence caused by longer CAG repeats in the juvenile onset range.

The CAG repeat encodes for a stretch of glutamines (polyQ) in the HTT protein.
This polyQ tract in turn leads to the appearance of proteinaceous, very large ag-
gregates, the so called inclusion bodies, a pathological hallmark in a variety of
diseases. A wide variety of proteins co-localise with these aggregates and the
proteins that are sequestered are most probably not able to fulfil their normal role in
cell homeostasis. The observation of aggregates forming and the absorption of other
proteins into those led to the hypothesis of a ‘toxic gain of function’ of mutant
huntingtin. In contrast to this, the poly-glutamine stretch could disrupt the normal
function of HTT leading to a ‘loss of function’ [4].

There were very early indications that N-terminal fragments of HTT, that include
the polyQ tract, were an integral unit of the aggregates. In post mortem HD brains
nuclear aggregates could only be detected with antibodies against the N-terminus of
HTT [5, 6]. Furthermore, when aggregated proteins were released by formic acid
treatment, N-terminal fragments could also be identified [7]. In cell models HTT
can be cleaved to release the small N-terminal fragments cleavage products (cp)-A
and (cp-B) [7] or cp-1 and cp-2 [8, 9]. A comprehensive study in a knock-in mouse
model revealed 14 N-terminal fragments of HTT [10], the smallest of which was
encoded by exon 1 of the Htt gene. Exon 1 HTT is extremely aggregation prone and
is the most toxic species of naturally occurring HTT fragments [11].

4.1 Regulation of HTT Transcription

Although HTT is ubiquitously expressed [12], neuronal tissue is especially vul-
nerable in HD. A major determining factor of protein expression is the promoter
driving expression of the respective gene. A difference in the promoter activity and
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by this expression levels of HTT, which in turn would lead to higher concentration
of the mutated protein and an increase in disease burden, could be one explanation
for this selective vulnerability. We can deduce from the functional expression of the
exon 1 HTT transgene in the R6/mouse model that an upstream sequence of
approximately 1 kilobase of the HTT gene is sufficient to induce transcription of the
transgene in an animal model [13]. The human HTT promoter has a CpG island
[14], lacks the canonical TATA and CAAT boxes, but retains the SP1, AP-2 and
AP-4 core transcription factor binding sites [15]. An in vitro analysis of different
HTT promoter constructs driving a luciferase assay revealed a selectively higher
reporter signal in a neuronal versus a non-neuronal cell line [16]. A recent study
identified an additional NF-jB binding site in the HTT promoter and could show
that a single nucleotide polymorphism (SNP) in this binding site correlated with the
age of disease onset [17]. Reduced binding of NF-jB to the promoter due to the
transition of a G to A led to reduced expression of HTT and a delayed onset of HD.
Additional detailed studies of the interplay of transcription factors inducing
expression of HTT, identification and analysis of possible enhancer regions of the
HTT gene, as well as identification of other cis and trans acting factors influencing
expression of HTT could lead to the development of new therapeutic avenues in the
future. As proof-of-principle, decreasing the levels of NF-jB resulted in lower
levels of HTT expression [17]. One could also imagine allele specific HTT lowering
therapies by targeting SNPs [18, 17].

CAG trinucleotide expansions have the propensity to form highly stable
self-complementary structures. Newly synthesised mRNA could interact with the
DNA template and thus might require additional DNA-dependent RNA polymerase
II (PolI) subunits for efficient transcription. These DNA/RNA hybrid structures are
called R-loops, which play an important role e.g. in transcription regulation, DNA
replication and genome stability including repeat instability. They have already
been shown to exist in several repeat expansion diseases where it was proposed that
they induce gene silencing [19, 20]. In HD, R-loops have not yet been identified.
However, the yeast transcription factor Spt4 and its mammalian homologue Supt4 h
were found to be required for efficient transcription through the CAG repeat [21].
Inhibition of this transcription factor led to reduced expression of Htt, while the
transcription of other genes seemed to be largely unaffected.

4.2 Alternative Splice Forms of the HTT mRNA

Perhaps the most striking evidence for the extreme pathogenicity of the exon 1 HTT
protein as compared to other HTT fragments, is the rapidly progressing phenotype
displayed by the R6/mouse lines [13], in particular line R6/2. These were created by
transgene integration into the mouse genome; the transgene consisting of about
1 kb of the human HTT promoter, human HTT exon 1 with an elongated CAG
repeat and part of human HTT intron 1. R6/2 mice have been shown to develop very
comparable molecular and phenotypic signatures at later stages of disease
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progression when compared to full-length knock-in mouse models such as the
HdhQ150 mice [22], in which an expanded CAG repeat is integrated into the
full-length endogenous mouse gene [23]. However, the length of time to reach the
end stage of the disease is more than 20 months in homozygous HdhQ150 mice as
compared to approximately 14 weeks in the R6/2 model. The comparably higher
levels of exon 1 HTT in the R6/2 mice, as compared to that of HTT fragments in the
knock-in lines, was therefore sufficient to cause this vastly accelerated disease
progression.

When exon 1 HTT was first detected in brain lysates from knock-in mice, it was
assumed that it was generated through proteolytic cleavage of full-length HTT,
similar to the generation of other HTT fragments [10]. However, more recent
evidence showed that exon 1 HTT is generated through the incomplete splicing of
the HTT mRNA [24]. In all full-length knock-in mouse models of HD with
pathogenic repeat sizes, a transcript could be detected that consists of Htt exon 1
and a few hundred base pairs of intron 1 (HTT exon 1 mRNA). The production of
the HTT exon 1 transcript was shown to be CAG repeat length dependent, with
longer repeats producing higher levels of HTT exon 1 mRNA. The authors further
showed that a general, serine, arginine rich splicing factor (SRSF6) bound tightly to
the elongated CAG repeat. Serine, arginine rich splicing factors interact with U1
RNA containing small nuclear spliceosomal ribonucleoprotein complexes (U1
snRNP), also parts of the general splicing machinery [25]. U1 snRNP, in addition to
initiating the formation of the spliceosome at the 5′ splice site, protects cryptic
polyadenylation sites (polyA sites) from being recognised and thus inhibits the
formation of aberrantly spliced, shorter transcripts [26]. A shortage in the levels of
U1 snRNP therefore leads to the generation of shorter mRNAs, a phenomenon that
can be observed during organismal development [27]. However, in a fully devel-
oped organism, generation of these aberrant transcripts is in the best case unpro-
ductive leading to mRNA decay, or in the worst case produces the message for
toxic proteins, as is the case in HD. The increased binding of SRSF6 to the mutated
CAG repeats very likely depletes the local pool of U1 snRNP by sequestering the
spliceosomal component. This in turn could inhibit the formation of the spliceo-
some at the 5′ splice site and not mutually exclusive, also expose cryptic polyA sites
in HTT intron 1. The reduced efficiency in splicing and the partly exposed cryptic
polyA sites open a kinetic window in which cleavage and polyadenylation factors
can recognise the normally protected sites in HTT intron 1, cleave and synthesise a
polyA tail to generate a functional 3′ mRNA end. Moreover, the HTTexon 1
transcript was shown to be associated with poly-ribosomes indicating nuclear
export and functional integrity. Finally, the authors showed that in all mouse
models that produced the small transcript, the presence of an exon 1 HTT protein
could be detected.

The incomplete splicing of the Htt message to create the HTT exon 1 mRNA is
not limited to the mouse Htt gene. There are several mouse models of HD in which
the mouse sequence of exon 1 and short sequences of intron 1 have been exchanged
with their human counterparts. These chimeric models are based on two genetic
constructs, which slightly differ in the amount of human HTT intron 1 insertion/
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deletion of mouse Htt intron 1 [28–30]. Independently of these small differences, an
incompletely spliced HTT exon 1 mRNA and exon 1 HTT protein was detected in
all chimeric models with pathogenic repeat sizes [24]. Taking it one step further to
the full length human gene, the authors also analysed BAC (bacterial artificial
chromosome) and YAC (yeast artificial chromosome) mouse models of HD. Both
models express a full length copy of the human HTT gene from artificial chro-
mosomes that also includes large up- and downstream sequences. Strikingly, the
same transcript of HTT exon 1 and partial intron 1 could also be found in these
models. To exclude that the generation of the HTT exon 1 mRNA for some strange
reason was restricted to mouse models of HD, Sathasivam et al. analysed samples
from human HD patients. They identified usage of the cryptic polyA site in HTT
intron 1 for patient derived fibroblasts and post mortem brain samples. Intronic
sequences, consistent with the incomplete splicing of exon 1 to exon 2 have
recently been detected in post mortem brain samples and fibroblast lines from
juvenile HD patients (Neueder et al. unpublished).

In addition to the generation of HTT exon 1 mRNA through incomplete splicing,
novel isoforms of mouse and human HTT have been identified [31–33]. These
murine isoforms seem to be ubiquitously expressed and either lack exon 28 or 29,
or retain part of intron 28. Interestingly, the Htt isoform lacking exon 29 was
under-represented in the cerebellum of the HdhQ150 HD mouse model [31].
Various isoforms have been identified in human brains [32] and cell lines [33]. The
differences from the canonical full length HTT mRNA were: inclusion and
exclusion of exons, retention of intronic sequences and inclusion of a novel
hominid specific exon. Furthermore, the authors used protein homology modelling
of the novel isoforms and suggested that the splice changes would lead to loss of
protein-protein interactions and potential alterations in post-translational modifi-
cations of HTT. In any case, the impact of the respective isoforms on HD patho-
genesis needs to be determined.

4.3 Implications of Aberrant Splicing of the HTT mRNA

These findings have major implications for our understanding of the molecular
mechanisms that initiate the occurrence of HD symptoms. The HTT exon 1 mRNA
that is present in all mouse models, as well as in human patients, is almost identical
to the transgene expressed in the R6/mouse lines. Given the very rapid progression
of the phenotype in these mouse models, the production of exon 1 HTT through the
generation of an incompletely spliced HTT message might be expected to make a
significant contribution to disease onset and progression in humans. One of the
main questions which need to be answered is therefore: how much does generation
of exon 1 HTT contribute to HD pathogenesis [34]? Novel mouse models in which
the production of exon 1 HTT is inhibited or increased will certainly help to answer
this question. It will also be very interesting to see if there is a correlation of HTT
exon 1 mRNA levels in human patients with age of disease onset, rate of disease

4 RNA Related Pathology in Huntington’s Disease 89



progression, or severity of symptoms. Additional factors acting in trans, which
could influence the rate of HTT exon 1 mRNA production, might be uncovered by
genome wide association studies (GWAS). The first high powered GWAS analysis
in HD found a locus on chromosome 15, which could either hasten or delay, and a
locus on chromosome 8, which hastened the age of onset of HD (Genetic Modifiers
of Huntington’s Disease [35]. Additionally, in their analysis of over-represented
pathways, the authors found that DNA maintenance and repair mechanisms were
enriched. It has been shown that these pathways influence somatic instability of the
CAG repeat, with striatum and cortex, the two most affected tissues in HD, showing
the largest instability [36]. Since the production of HTT exon 1 mRNA is clearly
CAG repeat length dependent [24], somatic instability would enhance the genera-
tion of exon 1 HTT.

One of the most promising strategies to counter HD is to lower HTT levels,
either by targeting both the normal and mutated alleles, or preferably only the levels
of the mutated allele [37, 38]. There are mounting data to suggest that by lowering
HTT levels many phenotypical symptoms in HD model systems can be improved
[39–42]. Lowering HTT levels in a non-allele specific way seemed to be well
tolerated for at least 6 months in a non-human primate [43]. The first clinical trial to
lower mutant huntingtin levels with an antisense oligonucleotide was initiated
during 2015 (Ionis Pharmaceuticals in collaboration with Roche). However, these
strategies do not target the production of the HTT exon 1 mRNA. While a reduction
of mutated HTT in general has therapeutic potential, inhibiting the generation of
exon 1 HTT and by this the probable source for nucleation of aggregation might
have an even greater therapeutic value.

4.4 Antisense Transcription from the HTT Locus

Naturally occurring antisense transcription is a very common phenomenon acting as
an important transcriptional regulator [44]. An antisense RNA (HTTAS), which is
produced from the HTT locus and was identified in human brain tissue, influences
sense HTT transcript levels [45]. Chung et al. showed that HTTAS is comprised of 3
exons, with the transcription start site at +300 base pairs relative to the transcription
start site of the HTT gene. In addition HTTAS contains a 5′-cap and is
polyadenylated, giving it all the essential features of a mature mRNA. The antisense
RNA is differentially spliced into two isoforms: a longer one including the first
exon, which is mostly complementary to HTT exon 1 including the CAG repeat,
and a shorter one without this exon. Interestingly, only the longer isoform was able
to repress HTT transcription in a reporter cell line in a CAG repeat length dependent
manner. Its levels were also reduced in the frontal cortex of HD patients. The long
isoform of HTTAS contains a CUG repeat, the same repeat as in patients of
myotonic dystrophy type 1 and spinocerebellar ataxia type 8. These CUG repeats
sequester proteins like CUG-BP (hNab50) [46] and prominently MBNL1 [47, 48]
resulting in the inhibition of its function and induction of wide spread pathogenic
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splicing changes [49]. RNA binding proteins like MBNL1 that bind to double
stranded RNA hairpins recognize an RNA structure rather than a defined RNA
sequence [50]. CAG repeats, as CUG repeats, seem to adopt a double stranded
structure and were shown to also co-localize with MBNL1 [51, 52]. A comparison
of splicing changes between myotonic dystrophy type 1 and induction of changes
through expression of long CAG repeat containing reporter RNAs revealed a high
similarity in the cellular response to both [53]. The existing evidence of RNA
binding proteins being sequestered to the mutated CAG repeat in HTT suggests that
there is a high probability of additional factors being involved. These experiments
will certainly shed further light on the possibility of HD belonging to the class of
‘RNAopathies’ [54].

4.5 Small RNAs Are Produced from the HTT mRNA

Cellular compartmentalization and transport between these compartments consti-
tutes an important regulatory layer in cellular homeostasis. Full length HTT mRNA,
as well as HTT exon 1 mRNA are exported from the nucleus and are translated in
the cytoplasm. However, elongated CAG repeat containing reporter RNAs [51, 53],
as well as full length HTT RNA can form nuclear foci [51, 55]. These nuclear foci
co-localize with MBNL1 and by increasing the levels of MBNL1, the amount of
retention of HTT in the nucleus is increased as well. Higher levels of U2AF2, part
of the U2AF splicing RNP, counteract this phenomenon and lead to more efficient
export of HTT mRNA [55]. Whether these nuclear RNA foci are a quality control
step in the maturation of the HTT mRNA, or whether they are a pathological feature
induced by the elongated CAG repeat still needs to be clarified. Once the HTT
mRNA is exported it can be engaged by Dicer, which normally processes double
stranded (ds) pre-RNA into short (21-24 nucleotides) ds-RNAs that regulate gene
expression [56]. Dicer recognizes the secondary structure of the elongated CAG
repeat, which resembles the hairpin structure of its normal substrates [57]. It then
processes the elongated CAG repeat into short, pure CAG RNAs of about 21
nucleotide length (sCAG RNAs) in a CAG repeat length dependent manner [58].
The authors could furthermore show that the levels of these sCAG RNAs were
increased in post mortem brain tissue of HD patients. Since these sCAG RNAs
potentially act as transcriptional repressors of other CAG containing mRNAs in the
cell they can induce cytotoxicity. It is also conceivable that they are part of a
feedback loop reducing the expression of HTT itself.

4.6 Mutant HTT Affects General Splicing

Transcriptome wide dysregulation is one of the hallmark features of HD and has
been extensively studied in HD models and post mortem HD brains [59].
Historically, the striatum has been considered to be the most affected tissue.
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However, transcriptional dysregulation is qualitatively very similar between dif-
ferent tissues (caudate nucleus, frontal cortex and cerebellum) in post mortem
brains of HD patients, although its effect size is different [54]. An interesting
possibility how mutant HTT could induce transcriptional dysregulation has been
raised by the group of Jang-Ho Cha [60]. They found that HTT was bound to
promoter DNA in a CAG repeat length dependent manner. Although wild type
HTT also occupied some promoters, mutant HTT bound more strongly and to
promoters of different genes. The elongated polyQ region is sufficient to confer
DNA binding competence on exon 1 of HTT. The DNA binding competence seems
to distort DNA structure, as well as interfere with the binding of other transcription
factors.

As mentioned before, abnormal binding of the general splicing factor SRSF6 to
the elongated CAG repeat is an important step in the induction of incomplete
splicing of HTT mRNA and production of exon 1 HTT. Furthermore, MBNL1 and
possibly U2AF2 bind to the elongated CAG repeat and regulate the localization of
HTT mRNA. It is therefore easy to imagine that the mutant transcript sequesters
additional RNA binding factors leading to attenuation of their function and even-
tually splicing changes. SRSF6 is, besides its role in HTT splicing, is implicated in
the alternative splicing of tau where it regulates the inclusion of exon 10 coding for
the fourth microtubule binding domain of the microtubule associated protein tau
(MAPT, henceforth tau) [61]. Tau is a protein that is essential to stabilize micro-
tubules, especially in the brain and its function is closely tied into its phosphory-
lation state [62]. There is a large, diverse group of diseases linked to the function
and dysfunction of tau, the tauopathies, in which Alzheimer’s disease is the most
prominent one. In most tauopathies, toxicity is induced by tau forming
self-propagating fibrils. However, dysregulation of its microtubule stabilizing
function also leads to disease. The four repeat tau isoforms (tau 4R) exhibit a higher
propensity to stabilize microtubules than the three repeat iso forms (tau 3R).
A switch in the ratio of the 3R to 4R isoforms is sufficient to cause neurodegen-
eration [63]. This switch could contribute to disease pathogenesis in HD, as a
greater amount of the four repeat isoforms and filamentous tau structures were
observed in the striatum and cortex of HD patients [64]. Furthermore, it has recently
been shown that an aberrant interaction of tau with mutated HTT in vitro and in HD
mouse models led to hyperphosphorylation and mis-localization of tau [65].
Intriguingly, the same phenomenon has been observed in HD patients [66]. The
authors also proposed that mutations in the MAPT gene are a clinical risk factor for
increased disease progression as measured by cognitive decline; however, not for
the age of onset of HD.

An indirect way of analysing the dysregulation of splicing changes and identi-
fying the causative factors is motif analysis of transcriptome wide alternative
splicing events [67]. Lin and colleagues used transcriptome wide sequencing data
from the BA4 region of HD patients and controls to map alternative splicing events
in HD. Bioinformatics analysis revealed a list of 15 potential regulatory factors,
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including SRSF6, many of which are themselves dysregulated in HD. Another
factor, polypyrimidine tract binding protein 1 (PTBP1), involved in repression of
neuronal specific genes, was transcriptionally dysregulated in grade 2 [68] HD
brains.

4.7 Mutant HTT Affects the Balance of Non-coding RNAs

In addition to the gain of novel interactions through the mutated polyQ domain,
mutant huntingtin also loses the capability to bind to some of its normal interacting
proteins. One example is the loss of interaction with REST (R element-1 silencing
transcription factor) [69, 70]. REST is usually kept in an inactive state in
the cytoplasm through its sequestration into a complex including wild type HTT
[71, 72]. The loss of binding to the inhibitory complex leads to translocation of
REST into the nucleus and repression of a variety of neuronal genes, amongst those
e.g. neurotrophic factors like brain derived neurotrophic factor (BDNF) [73, 70].
Ever since the identification of BDNF dysregulation in HD [74], it has been a
prominent target of investigations, partly because it could explain the higher
vulnerability of neurons observed in HD. Increasing the levels of BDNF in the
forebrain [75, 76] and inhibiting REST [77, 78] has conferred some therapeutic
value in models of HD.

Abnormal regulation of REST is also linked to changes in microRNA (miRNA)
levels in HD [79, 80]. MicroRNAs are non-coding RNAs that can bind to other
transcripts and induce degradation of the miRNA/RNA hybrid, thus representing an
important post-transcriptional regulatory mechanism [81]. They are important
regulators of a variety of genes that are dysregulated in HD, e.g. genes encoding for
synaptic proteins [82]. Dysregulation of various miRNA species has been observed
in HD mouse models [83], monkeys [84] and more recently in human post mortem
brains [85–87] and in peripheral tissue [88, 89]. However, maybe due to technical
difficulties, or representing a real variance in the expression levels of the population,
the overlap between the individual studies is only small and in need of further
evaluation.

MicroRNAs and other small non-coding RNAs need to be in a protein complex
with argonaute proteins to be catalytically active [90]. A pull-down experiment of
wild type or mutated HTT expressed in a HELA cell line showed co-purification of
two argonaute proteins (AGO1, AGO2) independent of the elongated CAG repeat
[91]. Moreover, HTT co-localized with AGO2 in cytoplasmic foci, so called
processing-bodies or p-bodies. P-bodies are a rendezvous point for ribonucleo-
protein complexes and accessory factors playing a role in mRNA surveillance,
degradation or silencing [92]. Despite its co-localization with p-bodies, the pos-
sible roles of HTT for p-body assembly, function or mRNA stability remain
unknown.
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4.8 Mutant HTT Affects Translation

Interestingly, the expanded CAG repeat in the HTT mRNA can act as a binding
platform for a protein complex that enhances the translation of the mutant mRNA
[93]. This regulatory complex consists of midline 1 (MID1), protein phosphatase
2A (PPP2A) and ribosomal protein S6 kinase (S6 K). Krauss and colleagues could
show that binding of this complex was CAG repeat length dependent and its
stimulatory effect on translation increased with CAG repeat length. Furthermore, a
knockdown of MID1 resulted in decreased protein levels of mutant HTT, sug-
gesting that targeting this mechanism could prove to be a valuable therapeutic
approach. Expanded, repetitive stretches of nucleotides confuse the translation
machinery in a fascinating way. They lead to so called repeat associated non-ATG
(RAN) translation, where the ribosome starts translating from the expanded repeat
in all possible reading frames creating proteins with different amino-acid expan-
sions [94]. This phenomenon was discovered in spinocerebellar ataxia type 8 [95],
but has now been described for a multitude of repeat expansion diseases [94],
including for HD very recently [96]. The group could show that all four possible
RAN proteins—polyAla (sense and antisense), polySer (sense), polyCys (antisense)
and polyLeu (antisense)—were present in post mortem brain tissue of HD patients
and a HD mouse model (N171 [97]; expresses the first 171 amino acids of human
HTT with about 82 glutamines. The production was CAG repeat length dependent
and the expression levels correlated with the severity of HD symptoms in the
different tissues. Since several of these RAN proteins are implicated in disease [94]
and some of them like polyAla show higher toxicity than polyGln in cell models
[96], it is likely that they also contribute to HD pathogenesis. The extent of their
contribution however, needs to be addressed.

4.9 Summary

Classically, polyglutamine expansion diseases like HD are categorized as ‘pro-
teinopathies’, disorders in which abnormally folded proteins cause the disease by
loss-of-function and/or gain-of-toxic-function mechanisms. It is without doubt that
pathological symptoms of HD are caused by the mutant HTT protein, however, as
described in this book chapter, HD shares some features with disorders in which the
pathology is caused by mutations in non-coding regions, in particular through RNA
gain-of-toxic-function mechanisms. Members of these ‘RNAopathies’ include
myotonic dystrophy type 1 (DM1) and type 2 (DM2) [98] and the repeat expansion
in C9orf72, which is the most common cause of familial and sporadic ALS and
frontotemporal lobar degeneration [99, 100]. An unusual feature in HD is that HTT
pre-mRNA splicing itself is altered in a way that multiple shorter versions of the
HTT are produced; amongst these, exon 1 HTT is the most toxic N-terminal
fragment. Understanding the underlying molecular mechanisms of RNA related
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pathology in HD will certainly help to gain novel insights into the processes that
cause and drive the disease. In the future these findings could then help to design
new drugs and avenues of clinical intervention to treat Huntington’s disease.
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Chapter 5
X-Linked Spinal and Bulbar Muscular
Atrophy: From Clinical Genetic Features
and Molecular Pathology to Mechanisms
Underlying Disease Toxicity

Constanza J. Cortes and Albert R. La Spada

Abstract Spinal and Bulbar Muscular Atrophy (SBMA) is an inherited neuro-
muscular disorder caused by a CAG—polyglutamine (polyQ) repeat expansion in
the androgen receptor (AR) gene. Unlike other polyQ diseases, where the function
of the native causative protein is unknown, the biology of AR is well understood,
and this knowledge has informed our understanding of how native AR function
interfaces with polyQ-AR dysfunction. Furthermore, ligand-dependent activation of
AR has been linked to SBMA disease pathogenesis, and has led to a thorough study
of androgen-mediated effects on polyQ-AR stability, degradation, and
post-translational modifications, as well as their roles in the disease process.
Transcriptional dysregulation, proteostasis dysfunction, and mitochondrial abnor-
malities are central to polyQ-AR neurotoxicity, most likely via a
‘change-of-function’ mechanism. Intriguingly, recent work has demonstrated a
principal role for skeletal muscle in SBMA disease pathogenesis, indicating that
polyQ-AR toxicity initiates in skeletal muscle and results in secondary motor
neuron demise. The existence of robust animal models for SBMA has permitted a
variety of preclinical trials, driven by recent discoveries of altered cellular pro-
cesses, and some of this preclinical work has led to human clinical trials. In this
chapter, we review SBMA clinical features and disease biology, discuss our current
understanding of the cellular and molecular basis of SBMA pathogenesis, and
highlight ongoing efforts toward therapy development.
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Spinal and bulbar muscular atrophy (SBMA), also known as Kennedy’s disease, is
an X-linked inherited neuromuscular disorder characterized by lower motor neuron
degeneration leading to weakness and atrophy of bulbar, facial, and limb muscles
[1]. SBMA patients also display signs of androgen insensitivity, and full disease
penetrance is restricted to adult males. The causal mutation in SBMA is a CAG
trinucleotide repeat expansion in the first exon of the androgen receptor (AR) gene
[1]. Unaffected individuals carry anywhere from 5 to 34 CAG repeats in the AR
gene, whereas SBMA patients have 37 repeats or more CAG repeats. As with other
polyglutamine (polyQ) disorders, there is an inverse correlation between the length
of the polyQ tract and disease onset, and symptoms usually manifest between 30–
60 years of age. The prevalence of SBMA is estimated to be 1 per 100,000, and a
significant fraction of patients are initially misdiagnosed with other neuromuscular
disorders, including amyotrophic lateral sclerosis (ALS) or autosomal recessive
spinal muscular atrophy (SMA).

SBMA is unique among other polyQ disorders in that the native function of the
causal protein is well-characterized. AR is ubiquitously expressed, with particularly
high levels in the central nervous system (CNS), skeletal muscle, and primary and
secondary sexual organs, where it regulates the transcription of
androgen-responsive genes. These tissue-specific high levels of expression may
account for the selective vulnerability of certain cell-types to mutant AR toxicity
and the characteristic neuromuscular and endocrine symptoms in SBMA.

Today, the field regards SBMA pathogenesis as most likely involving two
distinct pathways: a primary gain-of-function toxicity due to production of mis-
folded polyQ-AR protein, and a secondary loss or alteration of AR normal function.
This is supported by two independent observations: first, a variety of animal models
of SBMA have been generated in the past three decades via expression of
polyglutamine-expanded AR (polyQ-AR), and they have all demonstrated the
androgen dependence of polyQ-AR neuromuscular dysfunction (Table 5.1) [2–7].
Second, while endocrine-related phenotypes occur in mice and humans carrying an
inactivated AR-gene, there is no documentation of motor neuron toxicity [8, 9],
suggesting that loss-of-function of AR alone is not sufficient to drive neuromuscular
disease. As we discuss below, understanding the role of native AR and how these
functions are altered in the context of the polyQ expansion have led to substantive
advances in our understanding of SBMA disease pathogenesis, and are paving the
way for provocative therapies.
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5.1 AR Structure and Function

The AR gene is located on the X chromosome short arm (band q11-12) and con-
tains 8 coding exons consisting of three functional domains that are shared among
the entire super-family of steroid-binding transcription factors [10]. These include
the N-terminal transactivation domain, a DNA-binding domain, and a C-terminal
ligand-binding domain (Fig. 5.1). The AR actually contains three glutamine tracts,
of which the first one, located in Exon 1, is by far the longest with an average repeat
length of *22 CAGs. This AR CAG repeat is highly polymorphic in human
populations, with >99% of females carrying two different repeat length alleles.
Expansion beyond 37 repeats causes SBMA, with the longest expansion reported to
date to be 70 CAG repeats (Fig. 5.1). Interestingly, while expansion of this CAG
repeat tract causes SBMA, shorter CAG tract lengths are associated with an
increased risk of prostate cancer [11].

In the absence of ligand, AR exists in a multi-heteromeric inactive cytosolic
complex with heat-shock proteins (HSPs). Binding to androgen (testosterone or
dihydrotestosterone) leads to dissociation of AR from this chaperone complex, and
facilitates an intramolecular interaction of its amino and carboxy terminals (known
as N–C interactions), which promotes dimerization and nuclear translocation

Table 5.1 Mouse models of SBMA

Name of mouse
model

CAG
repeat /
PolyQ tract
size

Promoter Muscle
pathology?

Motor
neuron
phenotype?

First author
& year of
publication

AR97Q 97
glutamines

b-actin Yes Yes Katsuno [5]

YAC AR100 100 CAGs Human AR Yes Yes Sopher [7]

PrP-AR112Q 112
glutamines

Prion protein No Yes Chevalier-
Larsen [26]

AR113Q knock-in 113
glutamines

Endogenous
mouse AR

Yes No Yu [80]

BAC fxAR121 121 CAGs Human AR Yes Yes Cortes [3]

AR F23A 108Q
(FxxFL mutant)

108
glutamines

Prion protein Yes Zboray [32]

AR113Q-KRKR
knock-in
(SUMOylation
resistant)

113
glutamines

Endogenous
mouse AR

Chua [40]

CMV-stop-AR113Q
(*tissue specific
expression)

113
glutamines

CMV Neuro AR
-No
Myo AR -
Yes

Neuro AR
-Yes
Myo AR -
No

Ramzan [6]
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(Fig. 5.1). AR then directly binds to Androgen Responsive Elements (AREs) in
target promoter regions, selectively recruiting co-activators and transcriptional
machinery for transcription initiation of androgen-responsive genes [10].
Importantly, ligand-induced nuclear translocation, N–C interactions, DNA binding,
and co-regulator interactions have all been implicated in SBMA disease patho-
genesis. Indeed, the polyQ-expansion may modify the intrinsic properties of the
N-terminal transactivation domain, leading to altered co-factor interaction and
transcriptional dysregulation (see below).

5.2 SBMA Disease Features and Pathogenesis

SBMA is characterized by degeneration of motor neurons in the anterior horn of the
spinal cord and in the brain stem, and to a lesser extent, of sensory neurons in the
dorsal root ganglia. Clinically, patients present an adult-onset, slowly progressive
muscle weakness, atrophy, and fasciculation of bulbar and limb skeletal muscle.
Muscle biopsies show both myogenic and myopathic features, including fiber type
grouping, target fiber formation, angulated atrophic fibers, and fiber size variability

T

Met End

CTGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAA

CTGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAGCAA

AR Gene

(Q)n

1 537 625     669 919

Transactivation
Domain

DNA Binding
Domain

Androgen Binding
Domain

AF-1 AF-2

AR Protein

N-terminal Domain  (NTD) C-terminal Domain (CTD)

1 2 3        4          5          6         7              8(CAG)n
5’ 3’

SBMA

Unaffected CAGn ~5-35 repeats

CAGn > 36 repeats

Hinge

Fig. 5.1 Exon-intron structure of the androgen receptor gene and functional domains of the
androgen receptor protein. The androgen receptor (AR) gene consists of eight exons, with the start
site of translation and the CAG repeat located within exon 1. Expansion of the CAG repeat is
responsible for causing the disease SBMA, with expanded disease-causing alleles greater in length
than 36 CAGs. The AR protein is normally 919 amino acids in length, but SBMA patients produce
a larger protein due to expansion of the glutamine repeat [(Q)n] tract. The AR protein is a member
of the steroid thyroid-hormone nuclear receptor superfamily, with functional domains as shown.
The principal ligand for the C-terminal androgen binding domain is testosterone (T) or metabolites
thereof
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with fiber splitting [12]. Nuclear inclusions (NIs), a pathological hallmark of polyQ
disorders, are also a cardinal feature of SBMA [13]. These inclusions are highly
enriched in N-terminal polyQ-AR fragments, chaperone proteins, and ubiquitin [13,
14], and are found in surviving motor neurons in the spinal cord and brainstem. In
SBMA, NIs are also prominent in non-neural tissues, including skeletal muscle,
prostate, kidney, and testis [13], suggesting they may intrinsically not represent the
primary toxic species in polyQ-AR toxicity.

What is the origin of AR protein inclusions? Atomic Force Microscopy studies
on in vitro models indicate that wild-type AR can self-assemble into annular oli-
gomers between 120–170 nm in length, a species that appears distinct from the
oligomeric fibrils formed by polyQ-AR, which are 300–600 nm in length [15]. It is
thus likely that the polyQ expansion tract in AR interferes with normal protein
folding, generating misfolded conformers that enhance the natural propensity of
wild-type AR to self-aggregate [15]. As with other aggregation-prone proteins,
polyQ-AR inclusion formation most likely occurs in a succession of steps.
PolyQ-AR oligomerizes into soluble deposits, cycling through intermediate
unstable conformers (‘seeding’ phase), until maturing into insoluble fibrils (‘elon-
gation’ phase) and finally NIs. Histopathology studies in SBMA patients and
transgenic mice support this seeding model of polyQ-AR aggregation. Analysis of
autopsied SBMA patients reveals that diffuse nuclear accumulation of polyQ-AR is
more frequently observed than NIs in surviving spinal cord motor neurons [16].
Similarly, polyQ-AR oligomers precede NI formation and symptom onset in
SBMA PrP-AR112Q mice, suggesting these intermediate species represent early
toxic polyQ-AR entities in vivo [17]. Interestingly, these oligomers are both soluble
and androgen-dependent, as they dissipate after testosterone ablation via surgical
castration [17]. This strongly suggests that polyQ-AR oligomers are dynamic in
nature, representing a state both structurally and temporally distinct from NIs,
which are believed to be quite stable [17, 18].

The role of NIs in polyQ toxicity has generated considerable debate in the field.
Although initially thought to be pathogenic entities, proteinaceous inclusions are
now more often regarded as a protective cellular response, sequestering toxic dif-
fuse species into non-reactive inclusions [19]. Consistent with this idea, genetic
overexpression of p62, a marker of cytosolic inclusions and a known AR interactor,
can rescue both neuromuscular abnormalities and decreased lifespan in AR97Q
transgenic mice by driving inclusion formation, shifting soluble oligomeric AR
towards insoluble AR species [20]. Nonetheless, one must also consider the
long-term effects of inclusions in a broader cellular context. If unable to be cleared
—either due to their inaccessibility for protein degradation pathways, or failure of
these pathways with aging—inclusions may ultimately impact physiological path-
ways and cause some degree of toxicity. Thus, the precise role of aggregates in
SBMA (and other polyQ disorders) still remains unclear, and the search for the
most toxic polyQ-AR species is still ongoing.

5 X-Linked Spinal and Bulbar Muscular Atrophy: From Clinical … 107



5.3 Ligand-Dependent SBMA Pathogenesis

SBMA is unique among other polyQ disorders in that the disease protein is acti-
vated by a specific ligand, and this activation step is necessary for polyQ-AR
toxicity [21–24]. This feature explains the gender-selectivity of SBMA, as affected
men have higher circulating levels of androgens than carrier females, who are
almost always unaffected. This gender-restriction is recapitulated in all transgenic
mouse models of SBMA to date (Table 5.1), with only males presenting with the
full manifestation of disease [3–5, 7, 25]. It is not surprising then that hormone
interventions are important modulators of disease phenotypes. Unaffected trans-
genic female mice quickly become symptomatic after testosterone administration
[5], and chemical or surgical castration to reduce circulating levels of androgens
leads to marked improvements in affected males [5, 21, 26]. Similarly,
testosterone-dependent toxicity has been demonstrated in Drosophila models of
SBMA [27], and there is evidence to suggest that testosterone administration may
exacerbate neuromuscular disease symptoms in SBMA patients.

How then does ligand activation promote polyQ-AR toxicity? AR can bind to
testosterone (T) or its derivative dihydrotestosterone (DHT), and androgen binding
has three major effects on AR biology: (a) dissociation from the heteromeric Hsp70/
Hsp90 complex, (b) promotion of post-translational modifications, and (c) translo-
cation into the nucleus. Recent studies into the mechanisms of ligand-activation of
AR have demonstrated the potential impact of each of these steps for SBMA
pathology, and we discuss each of them here.

5.3.1 Dissociation from HSP Proteins

In the absence of ligand, AR coexists in complex with cytosolic heat-shock chap-
erones Hsp70 and Hsp90. Upon binding to androgen, AR dissociates from its
chaperone interactors, dimerizes, and undergoes structural modifications that ulti-
mately lead to full transactivation competence [10]. PolyQ-AR is also member of this
cytosolic complex in its inactive state, which most likely masks the polyQ-tract and
prevents its self-association and aggregation. In the presence of ligand, polyQ-AR is
released from the complex, and subsequent structural modifications expose the
polyQ-tract permitting oligomerization to begin. Furthermore, once activated by
androgen, polyQ-AR appears to be cleaved by caspase-3, releasing a pro-apoptotic,
polyQ-tract containing N-terminal fragment [14, 28, 29]. Susceptibility to this
cleavage is dependent on polyQ-tract length, and may be necessary for polyQ-AR
inclusion formation and neurotoxicity [14, 28]. Additionally, these self-aggregating
polyQ-AR N-terminal fragments may contribute to the ‘seeding’ phase of aggrega-
tion. Ligand-binding thus has profound effects on the structural conformation of AR,
allowing for the exposure of not just the polyQ-tract, but also motifs that are rec-
ognized by proteases and interactors alike.
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5.3.2 AR Post-translational Modifications

AR is substantially modified in response to ligand-binding by phosphorylation,
acetylation, and SUMOylation (Fig. 5.2) [30]. These post-translational modifica-
tions have important downstream consequences, altering AR activity and cellular
localization, and are recognized as important SBMA disease modifiers. For
example, Akt phosphorylation of AR at serine 215 and 792 reduces polyQ-AR
toxicity by blocking ligand binding, an effect that is stimulated by insulin-growth
Factor-1 (IGF-1) [31]. Activation of IGF-1/Akt signaling in vivo by overexpression
of a muscle-specific isoform of IGF-1 rescues behavioral and neuropathology
abnormalities, extends lifespan, and reduces both muscle and spinal cord pathology
in SBMA mice [31]. This was accompanied by increased polyQ-AR phosphory-
lation and decreased AR aggregation [31], suggesting Akt may have important
modulatory effects on SBMA pathogenesis. More recently, phosphorylation of
serine 16 has been identified as another potential neuroprotective post-translational
modification of AR [32], although its relevance in vivo remains unclear (Fig. 5.2).

Phosphorylation may also favor the cellular toxicity of polyQ-AR. Serine 514
phosphorylation by JNK MAP kinase activates caspase-3 mediated cleavage of the
N-terminus of polyQ-AR [33], a crucial step in its cytotoxicity [28]. Similarly,
testosterone-dependent phosphorylation of AR at serines 81 and 308 by nemo-like
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kinase (NLK) promotes SBMA pathogenesis in BAC fxAR121 mice, enhancing
polyQ-AR aggregation and increasing AR-mediated transcription [34]. NLK is an
evolutionarily conserved, mitogen-activated protein kinase-like serine/threonine
kinase, which interacts either directly or indirectly with a number of neurodegen-
erative disease-related proteins, including polyQ-expanded ataxin-1, the causative
mutant protein in spinocerebellar ataxia type 1 (SCA1) [35]. Interestingly, loss of
one copy of NLK (resulting in a 50% reduction in protein expression) is beneficial
in mouse models of both SCA1 and SBMA [34, 35], suggesting that
down-regulation of NLK activity or expression can have beneficial effects against
polyQ toxicity. Phosphorylation of polyQ-AR can thus have pro-apoptotic or
cytoprotective effects in a residue specific manner. Therefore, any attempts at
developing phosphorylation-targeting therapies for SBMA will require further
studies to understand the delicate interplay between ligand-dependent phosphory-
lation of AR, AR transactivation function, and protein kinase activation. However,
these studies provide a definitive proof-of-principle that manipulation of AR
phosphorylation can affect polyQ-AR toxicity, and may thus hold promise for
SBMA therapy development.

Small Ubiquitin-like Modifier (or SUMO) proteins are a family of small proteins
that modify lysine (K) residues in target proteins, in a process that enzymatically
resembles ubiquitination. There are three SUMO family members: SUMO-1,
SUMO-2 and SUMO-3, and they are all ubiquitously expressed in mammals. This
reversible pathway provides a rapid and efficient way to modulate the subcellular
localization, activity, and stability of a wide variety of substrates. SUMOylation has
recently attracted considerable attention as a disease modifier for neurodegenerative
diseases, including polyQ disorders. Indeed, several lines of evidence suggest that
SUMOylation may play a role in SBMA pathogenesis. AR is subject to
SUMOylation at two lysine residues (K385 and K518) in an androgen-dependent
manner [30, 36] (Fig. 5.2). Mutations in the motifs containing the SUMOylation
sites in AR are associated with androgen insensitivity, testicular cancer, and
prostate cancer in humans [37], indicating that SUMOylation is indeed an important
regulatory mechanism for AR function. Overall enhancement of the SUMOylation
pathway reduces hormone-dependent aggregation of polyQ-AR in vitro, and this
effect is dependent on intact lysines in AR [38]. Pan-disruption of the SUMOylation
pathway worsens SBMA eye toxicity in Drosophila [39]. The first direct exami-
nation of the role of SUMOylation in SBMA pathogenesis was recently performed
using a novel line of SUMOylation resistant SBMA knock-in mice
(AR113Q-KRKR) (Table 5.1). These lysine-to-arginine point mutations partially
restored transcriptional activity of polyQ-AR, and AR113Q-KRKR mice exhibited
substantially improved exercise capacity and extended survival compared to
AR113Q mice [40]. These results appear to contradict previous evidence indicating
SUMOylation of polyQ-AR reduced toxicity and aggregation. However, due to the
low stoichiometry of SUMOylation of AR, initial data generated in vitro required
high levels of exogenous SUMO protein to achieve stable AR modification, which
may have produced overexpression artifacts. Intriguingly, the KRKR mutation only
partially rescued polyQ-AR transcriptional activity. Mitochondrial and energy
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metabolism genes returned to normal levels in SUMOylation resistant SBMA mice,
whereas denervation-associated gene-expression changes and associated endocrine
alterations remained unchanged [40]. SUMOylated-AR transcriptional inhibition
appears promoter-selective [36], indicating that: (a) SUMOylation-dependent
transcriptional dysfunction may only affect a subset of the AR transcriptome, and
(b) only certain AR targets may be rescued by changes to AR SUMOylation status.
However, these mice provide evidence that manipulation of AR SUMOylation
status may ameliorate SBMA by restoring transcriptional competence.

Arginine methylation is a newly discovered post-translational modification with
physiological roles in signal transduction, mRNA splicing, transcription regulation,
DNA repair, and protein translocation. Arginine methylation is catalyzed by a
family of enzymes known as protein arginine methyltransferases (PRMTs), which
differ in their activity, substrate specificity and subcellular localization. PRMTs are
known co-factors of AR, although their role in SBMA remains largely unexplored.
Recently, PRMT6 was shown to bind to AR through a canonical steroid receptor
interaction motif, and this interaction is enhanced with polyQ-AR [41]. AR is
potentially methylated by PRMT6 at arginines 210, 212, 629, 787, and 789
(Fig. 5.2). Genetic modulation of PRMT6 levels negatively correlates with
polyQ-AR toxicity both in vivo and in vitro, suggesting PRMT6 is a novel regulator
of AR function [41]. It is interesting to note that PRMT6 methylates AR at arginine
residues spanning the canonical Akt phosphorylation sites (Fig. 5.2). Arginine
methylation and serine phosphorylation at these sites is mutually exclusive, sug-
gesting a potential competition for post-translational modifications at the consensus
RXRXXS motifs.

Acetylation of lysine residues also has important effects on protein dynamics,
modulating function, trafficking, and turnover of target proteins. Furthermore,
acetylation has been reported to have varying effects on polyQ proteins, promoting
the degradation of huntingtin and inhibiting clearance of ataxin-7 via autophagy
[19]. The acetylation state of AR is also testosterone-responsive, and is regulated by
cellular acetyltransferases [including p300, p300/CBP-associated factor (P/CAF),
and TIF60 (Tat-interactive protein)] and deacetylases (such as HDAC1 and
Sirtuin-1). Androgen-induced acetylation of AR can regulate DNA-binding and
enhances AR transcriptional activity in a promoter-dependent context [30]. It might
appear puzzling then that polyQ-AR is acetylated even in the absence of ligand
[42], and ligand-bound polyQ-AR is hyperacetylated [42, 43], as initial reports
showed that polyQ tract expansion blunts AR transcriptional activity [42, 44].
Recent evidence suggests that AR transcriptional inhibition or activation is both
gene and tissue dependent [3, 4, 45], suggesting a complex interplay of interactors
and post-translational modifications regulate polyQ-AR transcriptional competence.
Hyperacetylation of polyQ-AR may thus alter transcription of a specific subset of
AR target genes, similar to the effect of the SUMOylation modifications described
above. Importantly, pharmacological reduction of acetylation or genetic mutation of
lysines 630/632/633 to prevent acetylation decreases polyQ-AR aggregation and
toxicity in vitro, suggesting modulation of acetylation could be a therapeutic target
for SBMA [43]. In agreement with this, Sirtuin-1 can deacetylate polyQ-AR and is
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neuroprotective against DHT-mediated polyQ-AR toxicity. Interestingly, similar to
arginine methylation, acetylation-resistant mutant polyQ-AR also showed reduced
levels of phosphorylation, perhaps indicating a connection between these two
distinct post-translational modifications. Finally, acetylation of AR may also alter
its N-C interactions, a feature essential for polyQ-AR aggregation and toxicity [46],
but a complete analysis of the effect of acetylation on AR intramolecular interac-
tions remains to be performed.

5.3.3 Nuclear Translocation

AR nuclear translocation is promoted by androgen binding, which triggers a con-
formation change exposing its bipartite nuclear localization signal (NLS). Current
evidence strongly suggests a central role for the nucleus in the pathogenesis of
polyQ disorders, and nuclear inclusions are a hallmark of SBMA, HD, SCA1,
SCA3 and SCA7 [19]. Importantly, retention of the respective mutant proteins in
the cytosol, either by mutation of the NLS motifs or by forcing nuclear export by
adding a nuclear export signal (NES), significantly rescues disease phenotypes in
models of polyQ disease. In SBMA, polyQ-AR inclusions are also present pri-
marily in nuclei [18], and nuclear trafficking is a key step for polyQ-AR toxicity in
Drosophila and rodent models of SBMA [24, 47]. Similar to findings for SCA1 and
SCA3, cytosolic retention of AR via mutation of its NLS sequence ameliorates
disease phenotypes in a mouse model of SBMA (PrPAr112Q-dNLS) [47].
Interestingly, while nuclear translocation is necessary for SBMA pathogenesis, it is
not sufficient to drive polyQ-AR toxicity. Mutations that inhibit polyQ-AR binding
to DNA but do not impede nuclear translocation, prevent degeneration in
Drosophila models of SBMA, indicating that the AR-DNA interaction is necessary
for polyQ-AR toxicity [23]. Furthermore, androgens mediate the intra-molecular
N-C interaction and subsequent AR dimerization, which is also required for
polyQ-AR toxicity in vivo [32, 46]. Prevention of AR N-C interaction by mutating
the intra-molecular interacting motif FxxLF reduces androgen-dependent mutant
AR toxicity in primary cultures, and SBMA mice carrying this mutation present
substantially delayed motor deficits and reduced pathological changes in spinal
motor neurons and muscle [32] (Table 5.1).

5.4 Mechanisms of Mutant AR Toxicity

PolyQ disorders are likely due in part to a toxic gain of function of the
polyQ-expanded proteins. Considerable progress has been made towards under-
standing the native function of polyQ proteins and altered function during disease
pathogenesis. SBMA is unique among polyQ disorders, as the native function of
AR as an androgen-dependent transcription factor is well understood. It is this
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knowledge that has driven much of the work into understanding the mechanistic
basis of SBMA pathogenesis [19]. In this section, we will discuss our current
understanding of disease pathways in SBMA, with particular emphasis on
tissue-specific phenotypes (Fig. 5.3).

5.4.1 Transcriptional Dysregulation

Gene expression analysis indicates that transcriptional alterations are an early
change in the pathogenic cascade in polyQ disease mouse models. It has thus been
suggested that global transcriptome alterations may underlie most polyQ diseases
[19]. For no other polyQ disorder is the connection between transcription and
disease as evident as for SBMA. AR is a transcription factor, and thus dysfunction
of AR transcriptional activity has long been suspected to be a key contributor to
SBMA disease pathogenesis [44, 48]. In agreement with this hypothesis, SBMA
transgenic mice placed on an AR null background display accelerated motor neuron
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degeneration and severe androgen insensitivity in comparison to SBMA transgenic
mice on a wild-type background [48], suggesting that impaired AR transactivation
contributes to motor neuron demise in SBMA. However, altered AR transcription
function is in reality a ‘change-of-function’, as expression of AR-regulated
androgen-responsive genes can be enhanced, inhibited, or unchanged [3, 4, 7]. The
net effect is due to a combination of factors, including post-translational modifi-
cations, altered AR interactome relationships, and aberrant co-factor sequestration.

One such sequestered factor is CREB-binding protein (CBP), an AR co-activator
with histone acetyltransferase activity. As mentioned above, CBP is incorporated
into nuclear inclusions in cultured cells, transgenic mice, and SBMA patient tissue
[49]. CBP activity is decreased in various models of polyQ disease, and acetylation
of nuclear Histone 3 is significantly reduced in SBMA mice [50], strongly sug-
gesting that polyQ-mediated interference with CBP-mediated transcription may
underlie global transcriptional dysfunction in SBMA [7, 51] (Fig. 5.3). In agree-
ment with this, expression of vascular endothelial growth factor (VEGF) and
transforming growth factor-beta receptor (TGFb-R), both powerful determinants of
motor neuron survival and both known targets of CBP transcription, is markedly
reduced in SBMA transgenic mice [7], Katsuno et al. [52]. CBP and polyQ-AR
may thus be part of a complex regulatory loop, as polyQ-AR aggregates sequester
CBP away from its gene targets, reducing CBP-mediated transcription, while at the
same time potentially enhancing CBP-mediated acetylation and aggregation of
polyQ-AR itself. Additionally, PRMTs mediated arginine methylation of histones.
Although PRMT6 can directly methylate polyQ-AR to modulate its toxicity [41],
this novel interaction between polyQ-AR and PRMT6 may also alter histone epi-
genetic marks, either by altering AR transcriptional function via methylation, or
through direct sequestration of PRMT6 into polyQ-AR aggregates, potentially
contributing to the transcription dysregulation that characterizes SBMA.

Another target of polyQ-AR transcription interference is peroxisome
proliferator-activated receptor gamma co-activator 1-a (PGC-1a), a master regu-
lator of mitochondrial biogenesis and function. Expression of PGC-1a subunits is
reduced in models of SBMA [53], indicating that mitochondrial impairment might
also be a feature of SBMA disease pathogenesis, although this hypothesis remains
to be fully explored (Fig. 5.3). Finally, reductions in expression of dynactin 1, a
microtubule motor protein that regulates axonal trafficking, have also been reported
in SBMA transgenic mice [54]. Thus, dysregulation of the AR transcriptome in the
context of polyQ-AR results in a variety of energetic and metabolic alterations that
may underlie different aspects of disease.

5.4.2 Proteostasis Dysfunction

PolyQ-expanded AR misfolds to form inclusions or aggregates, posing a direct
challenge to the two main cellular proteostatic systems of the cell: the ubiquitin
proteasome system (UPS) and the autophagy-lysosomal pathway. Both neurons and
skeletal muscle rely heavily upon maintaining protein quality control through
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highly efficient degradation mechanisms, perhaps explaining the selective vulner-
ability of these tissues to polyQ-AR toxicity. Here we examine our current
understanding of UPS and autophagy dysfunction in SBMA, and highlight the
novel role of AR as a regulator of lysosomal-mediated clearance.

5.4.2.1 Chaperone and Heat Shock Protein Alterations in SBMA

In SBMA, polyQ-AR forms nuclear inclusions in motor neurons, skeletal muscle,
and other tissues. These inclusions are heavily ubiquitinated, suggesting a failure of
UPS-mediated degradation [18]. Indeed, many components of the UPS, including
subunits of the proteasome and chaperones, are known to co-localize with
polyQ-AR NIs. This suggests that NIs represent both the intrinsic aggregation
properties of polyQ-AR and an impairment of degradative pathways to process
accumulating misfolded species.

Heat-shock proteins (Hsps) play crucial roles in maintaining proper protein folding,
assembly, and transport, rapidly responding to cellular proteotoxic stress. In particular,
Hsp70 and Hsp90 are essential components of the AR-chaperone cytosolic complex,
and they regulate function, nuclear translocation, and degradation of AR [10]. Protein
chaperones are often found in polyQ-AR inclusions, suggesting two non-mutually
exclusive possibilities: a sequestration of heat-shock proteins, or an attempt by cellular
protein quality control systems to clear out these aggregates (Fig. 5.3). PolyQ-AR
delays the induction of Hsp70 after heat shock [55], and Hsp expression levels are
decreased in models of SBMA [56, 57], suggesting that dysfunction of the heat shock
response machinery may underlie polyQ-AR toxicity. A variety of chaperones have
been tested for their ability to enhance polyQ-AR clearance, including Hsp40, Hsp70,
Hsp90, Hsp105, and DnaJ-like-1 proteins [58–61]. These chaperones work through
different mechanisms to ultimately prevent polyQ-AR toxicity, including
chaperone-mediated refolding, preventing aggregate formation, and facilitating
ubiquitination and UPS-mediated degradation. More recently, in vivo studies have
shown beneficial effects in SBMA AR97Q transgenic mice by activating the
heat-shock response through lentiviral delivery of Heat-shock factor-1 (HSF-1), a
transcriptional regulator of Hsps [57] or by overexpression of Hsp70 [58]. These
effects correlated with suppression of polyQ-AR accumulation, suggesting enhanced
degradation of the mutant protein, although the cellular degradation pathway
responsible for this effect was not clearly delineated in either study. ATP-independent
Hsps such as heat shock protein B8 (HspB8), can also reduce polyQ-AR aggregation,
in this case by targeting polyQ-AR towards autophagy-mediated degradation [62].
Both HspB8 and its co-chaperone BAG3 are robustly upregulated together with other
specific HspB8 interactors in SBMA AR113Q skeletal muscle [63].

The overall power of chaperone proteins to prevent polyQ-AR misfolding and
aggregation is evident, and represents an appealing strategy for disease therapy.
However, it is important to remember that the chaperone system handles the folding
and dynamics of a variety of client proteins, many of which are essential for neuron
and cellular function. Thus, rather than targeting the heat-shock protein system as a
whole, the goal should be to identify compounds that specifically alter the
polyQ-AR - chaperone interaction.
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5.4.2.2 Autophagy Dysfunction in SBMA

Macroautophagy (hereafter autophagy) is an evolutionarily conserved lysosomal
degradation pathway that functions to eliminate toxic macromolecules and dys-
functional organelles. Cytosolic cargo is enveloped by a double-layered membrane,
generating a novel organelle known as an autophagosome. Autophagosomes then
undergo a series of intermediate maturation steps, interacting with the endocytic
and secretory pathway, until their final fusion with lysosomes to generate
degradative autolysosomes. Cargo is degraded in the lysosomal lumen by hydro-
lytic enzymes, and essential building blocks are translocated back into the cytosol
for re-use. Autophagy cargo can include protein aggregates and damaged mito-
chondria, substrates too large to be threaded through the pore of the proteasome.
Furthermore, autophagy is a particularly important degradation pathway in polyQ
diseases, as eukaryotic proteasomes may not efficiently degrade long polyQ tracts.
Instead, autophagy can degrade both aggregated and soluble forms of polyQ pro-
teins, indicating that autophagy is likely a preferential degradation pathway in
polyQ disease. Recent discoveries further implicate polyQ proteins in the normal
regulation of autophagy, suggesting polyQ proteins play a dual role as both au-
tophagy substrates and autophagy regulators [19, 64] (Fig. 5.3).

Evidence has revealed a potential role for autophagy dysregulation in the
pathogenesis of SBMA. Over-expression of polyQ-AR leads to the accumulation of
LC3 puncta, a classical autophagy marker associated with increased autophago-
some numbers [65]. This correlated with accumulations of electron dense AVs in
close proximity to lysosomal structures in cultured cells overexpressing polyQ-AR
[66]. In a Drosophila model of SBMA, polyQ-AR eye toxicity is accompanied by
AV and multivesicular-body accumulation [27]. Additionally, motor neurons of the
YAC AR100 transgenic mouse model have increased numbers of AVs at
post-symptomatic stages [3, 4], suggesting alterations in the autophagy pathway are
indeed features of SBMA.

Recent evidence from our lab suggests that transcriptional inhibition of au-
tophagy signaling, rather than activation of autophagy, underlies the observed
accumulation of AVs in SBMA [3, 4]. By undertaking an exhaustive analysis of
stable cell lines, transgenic mice, and patient IPSC-derived neuronal progenitor
cells (NPCs), we uncovered a profound transcriptional inhibition of Transcription
Factor E-B (TFEB), a master regulator of autophagy and lysosomal function, in
SBMA. We determined that while SBMA cells and motor neurons were competent
for autophagy initiation and autophagosome formation, they failed to successfully
complete autophagic degradation, due to marked reductions in TFEB target gene
expression (Fig. 5.3) [3, 4]. We identified a novel interaction between TFEB and
polyQ-AR, suggesting that TFEB dysregulation might account for autophagic flux
impairments present in SBMA. Importantly, we restored autophagy flux by
over-expressing TFEB in patient-derived NPCs [3, 4], as a proof-of-concept that
modulation of TFEB activity could be an important target for therapy development
for SBMA. Indeed, treatment of SBMA AR97Q transgenic mice with paneoflorin, a
plant extract, partly exerted therapeutic effects on behavioral and pathological

116 C. J. Cortes and A. R. La Spada



phenotypes by strongly upregulating TFEB expression [67]. Furthermore, we also
found evidence of an interaction between normal Q-length AR and TFEB, and
detected enhanced TFEB signaling and increased autophagy pathway activity when
normal AR is overexpressed [3, 4]. Our data suggest that AR can normally interact
with TFEB to promote its function, spatially regulating TFEB activity in response
to testosterone. Thus, we have identified a previously unknown AR function on
autophagy through interaction with TFEB, and documented a change-of-function
upon expansion of the polyQ tract in AR, resulting in TFEB inhibition. As AR
normally interacts with many transcription co-regulators and studies of a SBMA fly
model indicate that polyQ-AR may promote neurotoxicity by reducing the function
of the co-regulators with which it interacts [23], reduced availability of a
co-activator protein shared by AR and TFEB may result in decreased TFEB
transactivation in SBMA.

Similar to HD, evidence suggests that autophagy is also playing a neuropro-
tective role in SBMA. Genetic ablation of autophagy in Drosophila exacerbates
polyQ-AR eye degeneration phenotypes [27] and depletion of p62, an autophagy
cargo-adaptor, in AR97Q transgenic mice significantly worsens motor and neuro-
logical phenotypes [20]. Conversely, pharmacological activation of autophagy
through rapamycin treatment suppresses polyQ-AR eye degeneration, and this
effect is dependent on functional autophagy [27]. Treatment of AR97Q mice with
17-allylamino-17-demethoxygeldanamycin (17-AAG) also markedly ameliorated
motor impairments by reducing amounts of monomeric and aggregated mutant AR
[68]. 17-AAG is a potent Hsp90 inhibitor, and experiments have shown that it can
potently enhance autophagic degradation of polyQ-AR [69], although the depen-
dence on autophagy function for SBMA disease rescue by 17-AAG in vivo remains
unknown.

It is interesting that autophagy, a cytoplasmic degradation pathway, can coun-
teract polyQ-AR toxicity, which appears to originate from ligand-dependent nuclear
accumulation of AR. The explanation most likely lies in the progressive nature of
aggregation: degradation of cytoplasmic polyQ-AR oligomers via autophagy would
reduce polyQ-AR available for nuclear aggregation and toxicity. In agreement with
this, transgenic mice expressing polyQ-AR with a deleted nuclear localization
signal (AR dNLS112Q), which results in cytoplasmic retention of AR, show
substantially improved motor phenotypes compared to non-mutated full-length
polyQ-AR models [47]. Autophagy induction was detected in AR dNLS112Q
cultured motor neurons, and inhibition of autophagy augmented
testosterone-mediated toxicity in this model [47], further suggesting that targeting
of cytosolic polyQ-AR for autophagy degradation could have important beneficial
effects in SBMA. Indeed, 17-AAG inhibition of Hsp90 prevents conformational
changes in AR necessary to bind androgens, preventing its nuclear translocation
and thus facilitating autophagic clearance of polyQ-AR [69]. Depletion of au-
tophagy cargo-marker p62 increases the accumulation of insoluble, aggregated AR
in AR97Q mice, strongly suggesting a fraction of polyQ-AR is indeed degraded
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through autophagy in vivo [20]. Further studies to increase our understanding of
polyQ-AR aggregation dynamics, including the identification of toxic intermediate
species, as well as an analysis of the role of p62-recognition of polyQ-aggregates,
are needed to clarify the basis for these effects.

5.4.2.3 Autophagy Dysfunction in SBMA

We have recently demonstrated that skeletal muscle plays a primary role in SBMA
disease pathogenesis, and is largely responsible for the motor neuron toxicity [3, 4,
70]. Most interestingly, while TFEB activity in SBMA motor neurons and
patient-derived NPCs was significantly reduced, analysis of quadriceps muscle
samples from symptomatic 14 month-old AR100 transgenic mice yielded an
opposite and dramatic up-regulation of TFEB target genes [3, 4], consistent with
studies in SBMA knock-in AR113Q mice [71]. This suggests a muscle-specific
process of supra-physiological induction of TFEB in diseased SBMA muscle cells.
Additionally, recent evidence indicates that HspB8-mediated protein quality control
is shifted towards hyperactive autophagy degradation in SBMA muscle [63],
suggesting a novel mechanism for polyQ-AR toxicity, wherein polyQ-AR induces a
potent autophagy response in muscle cells (Fig. 5.3). Since uncontrolled autophagy
is thought to underlie muscle wasting in several models of muscular dystrophy [72],
excessive activation of autophagy could contribute to SBMA skeletal muscle
degeneration. In agreement with this hypothesis, global reduction of autophagy
activity by Beclin-1 haploinsufficiency in SBMA knock-in AR113Q mice increased
skeletal muscle fiber size and significantly extended lifespan in this model [73].
Additionally, it is possible that IGF-1 overexpression restores SBMA muscle health
via inhibition of FOXO transcription factor, a known activator of muscle au-
tophagy, although this remains to be examined [31].

Interestingly, other regulators of proteostasis also appear to be modulated in a
tissue-specific manner in SBMA. HSF-1, a master regulator of the heat-shock
response, is reduced in motor neurons and spinal cord of AR97Q mice, but is
significantly elevated in SBMA skeletal muscle [57]. The mechanisms accounting
for the different tissue responses in TFEB or Hsf-1 dysregulation remain unknown,
but are most likely due to cell-type specific alterations in the AR interactome
tipping the scales one way or the other. In any case, these results strongly suggest
that systemic delivery of autophagy therapies could actually have deleterious effects
in SBMA. Understanding the cross-talk between SBMA skeletal muscle and motor
neurons, and identifying key players that regulate TFEB activity in a tissue-specific
manner will be essential for SBMA translational research. Importantly, however,
the non-cell autonomous contribution of skeletal muscle to motor neuron toxicity in
SBMA, and the accessibility of skeletal muscle should facilitate delivery of drugs to
the affected cell populations.
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5.4.3 Other Cellular Pathways and Processes

5.4.3.1 Mitochondrial Dysfunction

Neurons have high energetic demands, requiring a particularly efficient mitochondrial
network, Consequently, mitochondrial dysfunction has a major impact on neuronal
function and survival. Several findings suggest a key role for mitochondrial dys-
function in SBMA (Fig. 5.3). First, the distribution of mitochondria in neurons is
altered in the presence of polyQ-AR, likely due to defects in mitochondrial trafficking
[74]. Accumulation of depolarized mitochondria and reactive oxygen species in cell
culture models of SBMA also reflects an intrinsic failure of mitochondrial metabolism
in SBMA [53, 74], which may stem from transcription interference with PGC-1a, a
master regulator of mitochondrial biogenesis and oxidative energy production [53].
Furthermore, analysis of the mitochondrial DNA genome in SBMA patient leukocytes
reveals sizable deletions, a marker of mitochondrial impairment commonly associated
with aging. Whether this molecular pathology represents late-stage disease changes or
is in actuality a primary driver of disease pathogenesis remains unclear. Lastly,
polyQ-AR N-terminal fragments can activate a mitochondrial-originating
Bax-dependent apoptotic cascade, potentially connecting mitochondrial failure with
neuronal demise [29]. Nonetheless, the precise role of mitochondrial dysfunction in
SBMA remains unclear. As antioxidants, such as coenzyme Q10, can reduce levels of
reactive oxygen species in polyQ-AR expressing cells [53], the potential for therapy
development based upon these findings exists, although such treatment strategies are
yet to be studied in animal models of SBMA.

5.4.3.2 ER Stress in SBMA

The endoplasmic reticulum (ER) is a major regulator of cellular protein ‘quality
control’, serving as a processing center for the synthesis and folding of nascent
membrane and secretory proteins. Various physiological and pathological conditions
can impair the folding capacity of the ER, leading to the accumulation of misfolded
proteins in the ER lumen, a process known as ‘ER stress’. This triggers the unfolded
protein response (UPR), an ER-to-nucleus cellular stress response designed to increase
the capacity of the ER to fold its client proteins. ER stress has become increasingly
important in the understanding of several neurodegenerative proteinopathies,
including Huntington’s disease, though the role of ER stress in SBMA is still uncertain
(Fig. 5.3). Evidence for ER stress in the SBMA pathogenic cascade comes from
studies in which N-terminal fragments of polyQ-AR can activate the UPR in vitro
[75]. Markers of ER stress are found in motor neurons of presymptomatic SBMA
AR100 transgenic mice, implying that ER stress is among the initial insults to motor
neuron health in SBMA [76]. ER stress has also been described in skeletal muscle
from SBMAAR113Q knock-in mice and SBMA patients [73]. Inhibition of ER stress
with salubrinal significantly reduced the activation of ER stress-associated apoptosis
by suppressing the activation of caspase-12 in SBMA cell models [76], highlighting
drug targeting of ER stress as a potential therapeutic strategy for SBMA.
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5.4.3.3 Axonal Vesicle Transport

Of particular importance to motor neurons is the ability to ferry cargo to and from
dendrites, with some motor neuron processes extending as far as a meter away,
demonstrating that normal axonal transport is likely essential to motor neuron
health. Consistent with this view, disruption in axonal motor transport alone is
sometimes sufficient to cause motor neuron disease in mice and humans. PolyQ-AR
can impair both axonal anterograde and retrograde axonal transport [54, 77]
(Fig. 5.3). A marked deficit in retrograde labeling of motor neurons occurs very
early in disease in SBMA AR97Q transgenic mice, beginning prior to the neuro-
muscular phenotype [54]. This axonal transport defect in this SBMA mouse model
has been linked to reductions in motor protein dynactin 1. Similar deficits in
dynactin-1 in motor neurons have also been detected in SBMA patients [54], but
patient material has been ascertained from affected patients or post-mortem, pre-
cluding clear interpretation of its pathogenic significance. A ‘myogenic’ mouse
model, which overexpresses AR carrying 22 glutamines (normal repeat size) in
skeletal muscle, recapitulates certain disease aspects of SBMA accompanied by
striking deficits in retrograde labeling of sciatic nerve motor neurons [78]. These
data support the concept of ‘non-cell autonomous’ disease pathogenesis in SBMA
[3, 4], wherein AR-mediated pathology in skeletal muscle leads to neurotoxic
effects in the enervating motor neurons. Similar trafficking defects were also
reported in motor neurons from SBMA AR113Q knock-in mice [78]. These effects
were dependent on androgens, as similar trafficking deficits were detected in
symptomatic normal AR-over-expressing myogenic females upon testosterone
administration [78]. However, studies of motor neurons from SBMA YAC AR100
transgenic mice challenge these findings, as no abnormalities of axonal transport or
expression changes in microtubule-binding and microtubule-associated proteins
were found [79]. One possible explanation for these differences could be that
SBMA YAC AR100 mice display levels of mutant AR expression roughly
equivalent to endogenous mouse AR [7], while the SBMA AR97Q model and the
AR22Q myogenic model exhibit very high-level over-expression [5]. As overex-
pression of normal AR alone can cause neuromuscular disease phenotypes [22],
such results obtained from SBMA mouse models that do not recapitulate proper
expression levels may reflect cellular processes not occurring in the human disease.

5.5 Cellular Basis of SBMA

SBMA has traditionally been regarded as a motor neuronopathy, with the initial
toxic insult originating within motor neurons (or other CNS cells), and then leading
to skeletal muscle dysfunction. However, recent work has challenged this paradigm,
and many lines of evidence now suggest a less straightforward mechanism in
SBMA. First, muscle biopsies of affected SBMA patients consistently show mixed
pathology, with both neurogenic and myopathic features [12]. Second,
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overexpression of wild-type, non-expanded AR in skeletal muscle in mice is suf-
ficient to generate neuromuscular phenotypes reminiscent of SBMA (including
axonopathy and gender bias) [22]. Third, muscle pathology is an early finding in
SBMA AR113Q knock-in mice, detectable long before any abnormalities appear in
motor neurons [80]. These findings indicate that the myopathic features observed in
SBMA patients may not be entirely secondary, and that skeletal muscle could be
playing a role in disease pathogenesis. Indeed, in an early onset, progressive
glycolytic-to-oxidative fiber type switch in SBMA AR113Q transgenic mice may
reflect a selective sensitivity of glycolytic skeletal muscle fibers to polyQ-AR
toxicity, prior to any neurodegeneration [81].

Our lab directly evaluated the contribution of skeletal muscle to SBMA disease
pathogenesis by dissecting the role of skeletal muscle in an in vivo mouse model. We
found that eliminating expression of polyQ-AR exclusively from skeletal muscle,
while retaining strong polyQ-AR expression in the spinal cord, completely rescues
neuromuscular and systemic disease phenotypes in SBMA transgenic mouse (BAC
fxAR121) [3, 4]. These results indicate that skeletal muscle is a principal site for
polyQ-AR toxicity, and indeed suggest that targeting muscle may be a viable and
successful therapeutic avenue for SBMA. To independently confirm this result, we
treated SBMA polyQ-AR mouse models with an antisense-oligonucleotide
(ASO) directed against AR mRNA. Using the BAC fxAR121 mouse model
described above, we found that peripheral ASO treatment greatly reduced polyQ-AR
protein expression levels in skeletal muscle (and other peripheral tissues), but not in
spinal cord. This yielded a very significant rescue of weight loss, muscle weakness,
motor neuron degeneration, and shortened lifespan in BAC fxAR121 mice [70].
More importantly, this effect could be achieved even if peripheral ASO treatment
began after disease onset, suggesting this approach should be applicable to patients,
who are generally diagnosed after clinical findings appear.

Targeting skeletal muscle for therapeutic intervention has numerous advantages
over targeting the CNS. First, drug delivery to muscle is much more tractable than
for the spinal cord. Second, muscle is readily available for tissue sampling during
clinical trials, allowing for direct analysis of pharmacological targets and
biomarkers. Third (and perhaps most importantly for patients), targeting skeletal
muscle could bypass the secondary side effects associated with CNS reduction of
AR function, which include loss of libido, lack of focus, and general malaise. This
is particularly significant in light of our finding that intraventricular delivery of
ASOs, which targets spinal cord but not skeletal muscle expression of
polyQ-expanded AR, had no effect on disease onset or progression in SBMA BAC
fxAR121 mice [70].

The mechanistic basis for skeletal muscle-mediated polyQ-AR toxicity to motor
neurons remains unclear. Skeletal muscle provides trophic support for innervating
motor neurons, via expression of key growth factors and electrical impulses that
drive motor neuron function. SBMA mice display reduced expression of key
neurotrophic factors, including VEGF [7], type II transforming growth factor-beta
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receptor (TGF-beta) [82], GDNF and neurotrophin-4 [80]. Thus, polyQ-AR
mediated transcriptional dysregulation of growth factors and neuromuscular elec-
trical activity could be directly diminishing the trophic ability of SBMA skeletal
muscle. In support of this hypothesis, genes implicated in muscle function, myo-
genesis, and energy balance are dysregulated in the skeletal muscle of SBMA
models [45]. Removal of polyQ-AR from BAC fxAR121 muscle could thus restore
its ability to sustain and nourish motor neurons, resulting in disease rescue.
Consistent with this hypothesis, muscle-restricted over-expression of IGF-1, a
known muscle anabolic factor, improved survival and neuromuscular disease
phenotypes in SBMA mice [31].

Despite these findings highlighting the principal role of muscle to SBMA
pathogenesis, the inherent vulnerability of motor neurons in SBMA cannot be
ignored. Nuclear inclusions in motor neurons and neuronal loss are features of
human SBMA disease pathology [13]. Selective expression of polyQ-AR in either
motor neurons (NeuroAR) or myocytes (MyoAR) in SBMA transgenic mice sup-
ports both neurogenic and myogenic contributions to several aspects of pathology,
although the expression levels achieved in this study were too low to allow for
proper toxicity to manifest [6]. Recently, ASOs were used to efficiently suppress
polyQ-AR in the CNS via a single intracerebroventricular injection in AR97Q
transgenic mice. This delayed the onset and progression of motor dysfunction,
maintained body weight gain, ameliorated neuropathology, and improved survival
in SBMA AR97Q transgenic mice [83]. It is important to note, however, that the
therapeutic rescue by this CNS-only ASO delivery was much less striking than that
obtained with systemic, non CNS-penetrating, ASO administration in more phys-
iological models (i.e. the BAC fxAR121 transgenic and AR113Q knock-in mice)
[70]. However, as timing and dosage of ASO delivery differed between these
studies, further work may be required to clarify the contribution of peripheral and
central AR suppression for therapeutic intervention in SBMA. Nonetheless, studies
published over the last five years have discovered a central role for skeletal muscle
in SBMA disease pathogenesis. This realization is provocative and unexpected, and
provides a new paradigm for SBMA therapy development.

5.6 Therapeutic Opportunities in SBMA

In recent years, a number of treatment strategies for SBMA have emerged, and
some have progressed to clinical trials. Here we describe the current status of
certain of these approaches, and how the results from previous clinical trials may
inform upcoming trial design and execution.
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5.6.1 Post-transcriptional Silencing of PolyQ-AR
Expression

SBMA belongs to the polyQ disease category, a family of inherited neurodegen-
erative disorders. This provides an obvious therapeutic target: the mutant protein
itself. Several strategies to reduce mutant AR protein expression are currently at
different stages of testing for human delivery, but they share a similar strategy:
post-transcriptional gene silencing. Of the approaches being pursued, ASOs have
been shown to efficiently “knock-down” peripheral and CNS expression of mutant
AR in vivo and results in important therapeutic effects in mouse models of SBMA
[70, 83]. These studies are important proof-of-concept that ASO targeting of
polyQ-AR expression is indeed feasible, could have potent in vivo effects, and
should be explored in SBMA patients.

MicroRNAs (miRNAs) are another tool for target suppression in vivo, and have
been shown to efficiently knock-down polyQ-expanded proteins ataxin-1 and
ataxin-3 [84, 85]. Importantly, as miRNAs employ endogenous molecular pathways
and are smaller in size than ASOs, miRNAs should be safe and well tolerated in
human patients, and should be less likely to elicit an immunogenic response.
Intramuscular viral delivery of microRNA 196a (miR-196a) to AR97Q mice
reduced polyQ-AR expression in vivo, indirectly enhancing the decay of AR
mRNA by CELF2, a silencing protein involved in the regulation of AR mRNA
stability, and effectively rescuing SBMA disease phenotypes in AR97Q mice [86].
Similar results were obtained by intravenous viral delivery of miR-298, a novel
direct suppressor of human AR translation [87]. Interestingly, levels of both
miR196a and miR-298 were found to be altered in SBMA mice [86, 87], suggesting
that dysfunctional processing of mature miRNAs may contribute to SBMA disease
pathogenesis, though this hypothesis remains speculative at present. Nonetheless,
these findings indicate that treatments aimed at reducing AR levels are very
appealing, and that viral delivery of miRNA could be a therapeutic strategy for
SBMA and other polyQ diseases. One key advantage of silencing of AR via
miRNAs or ASOs is that this therapy does not reduce circulating testosterone
levels, and thus should not produce the side effects associated with
androgen-reduction therapy [70, 86].

5.6.2 Modulating Proteostasis Function

Protein misfolding and aggregation are hallmarks of SBMA and other polyQ dis-
eases, as the generation of toxic misfolded species is a key step in the pathogenic
cascade. Thus, management of the toxic conformers, either through re-folding or
clearance, has great potential as a therapeutic strategy in diseases associated with
protein aggregation. Several approaches to reduce protein misfolding in SBMA
have been pursued, mostly by targeting members of the heat-shock protein
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(Hsp) family. AR is normally stabilized in the cytosol through its interactions with
Hsps, and Hsp levels appear reduced in SBMA mouse models [56, 58].
Furthermore, pharmacological induction of the Hsp system via oral administration
of geranylgeranylacetone (GGA) ameliorated SBMA phenotypes in AR97Q mice
[56], and treatment with the potent Hsp90 inhibitor, 17-allylamino geldanamycin
(17-AAG), achieved proteasomal degradation of polyQ-AR and rescued SBMA
disease phenotypes in AR97Q transgenic mice without detectable toxicity [68].
A more potent version of 17-AAG, 17-dimethylaminoethylamino-
17-demetoxygeldanamycin (17-DMAG), also had beneficial therapeutic effects
[88]. Overexpression of Hsp70 is an effective treatment in SBMA AR97Q mice, by
also promoting the proteosomal degradation of polyQ-AR [58]. Recently, the plant-
derived compound paneoflorin was shown to increase chaperone expression and
enhance ubiquitin-proteasome system and autophagy activity in AR97Q mice,
mitigating neuromuscular and histopathology phenotypes in SBMA AR97Q mice
[67]. Although these compounds were effective in pre-clinical trials in SBMA mice,
non-specific induction of Hsp levels can have significant deleterious consequences
at an organismal level that preclude their use in SBMA patients. However, a novel
co-inducer of the heat-shock response, arimoclomol, likely only targets stressed
cells in which the heat-shock response has already been engaged, and was found to
be effective in SBMA YAC AR100 mice [89]. Indeed, arimoclomol achieved
similar neuroprotective effects in ALS mice, and is now in Phase 2 clinical trials for
ALS1 (SOD1) patients, suggesting it may have wider application in motor neuron
diseases.

Dysfunction of the autophagy pathway has been identified as a feature of SBMA
disease pathogenesis [3, 4, 63, 71]. Rapamycin, a commonly used autophagy-
inducer, was found to be neuroprotective in a Drosophila model of SBMA, but this
effect was dependent on intact autophagy function [27]. However, the availability
of nuclear polyQ-AR aggregates to autophagy degradation, a process restricted to
the cytosol, is unclear. Recent work with an interesting combination treatment of
bicalutamide (which slows down AR nuclear translocation) and trehalose (which
induces autophagy) increased the recognition of AR misfolded conformers by the
autophagy prior to their migration into the nucleus in in vitro SBMA models [90].
Trehalose has already been shown to have important neuroprotective effects in ALS
mice [91], suggesting that this combined treatment strategy could have potential
application in SBMA. However, correction of the underlying transcriptional inhi-
bition of autophagy via the polyQ-AR—TFEB interaction may also be necessary to
achieve therapy success.

5.6.3 Androgen Deprivation

It is well established that SBMA disease pathology occurs in males, because they
have high levels of circulating androgens. Testosterone reduction can also be
achieved by gonadotropin analogues, such as leuprorelin, compounds that are part
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of the battery of treatments currently available for AR-dependent prostate cancer.
Leuprorelin was remarkably protective for lifespan and neuromuscular phenotypes
in AR97Q SBMA mice [21]. As such, leuprorelin was enthusiastically advanced to
the clinic for several small SBMA clinical trials, but the results of these clinical
trials have been mixed. While all trials reported significant decreases in polyQ-AR
accumulation in patient biopsies, little to no rescue in clinical outcomes could be
detected [82, 92, 93], and side effects of androgen ablation are quite significant.
More recently, a randomized, single-site clinical trial with dutasteride, a potent
inhibitor of the testosterone-to-DHT conversion step, was completed, but with no
differences between the treatment groups [94]. Despite the lack of significant
therapeutic benefit, the dramatic effects of androgen deprivation in SBMA mice and
strong evidence for androgen-dependence in human patients indicate that further
investigation of androgen ablation is warranted. Improving clinical trial design and
selecting the most sensitive parameters for such a slowly progressing disease are
likely key prerequisites for unmasking the small, but clinically relevant effects, of
drug treatments in SBMA, and could uncover therapeutic benefit for androgen
ablation in the future. Nonetheless, while leuprorelin is approved and widely used,
androgen ablation therapy is associated with significant side effects in humans,
including decreased libido, osteoporosis, and fatigue, and these side effects clearly
impact a patient’s quality of life. For this reason, androgen ablation is not an ideal
therapeutic strategy for SBMA, even if eventually found to be an efficacious
treatment option.

5.6.4 Modulation of AR Function

Recent studies on SBMA and other polyQ diseases indicate that alteration of the
normal function of the disease protein is a key aspect of the pathogenic cascade [3,
4]. Therapeutic strategies aimed at restoring these ‘change-of-function’ phenotypes
are of particular relevance for SBMA, where the biology of AR is very well
understood. Building on this model, one approach is to target the AR interactome,
an important contributor to polyQ-AR toxicity [23]. Curcumin related com-
pound 5-hydroxy-1,7-bis(3,4-dimethoxyphenyl)-1,4,6-heptatrien-3-one (ASC-J9)
improved disease phenotypes in SBMA AR97Q mice, likely by disrupting the
interaction between AR and its co-regulator ARA70, although the mechanism of
ASC-J9 is not well understood [95]. Notably, ASC-J9 treatment ameliorated SBMA
phenotypes by decreasing AR97Q aggregation and increasing VEGF164 expres-
sion, but with little change in serum testosterone. Moreover, mice treated with
ASC-J9 retained normal sexual function and fertility [95]. Recently, another cur-
cumin analogue, ASC-JM17, was found to ameliorate polyQ-AR toxicity in SBMA
mice via activation of Nrf1, Nrf2, and Hsf1, thereby increasing the expression of
proteasome subunits, antioxidant enzymes, and molecular chaperones [96].

Post-translational modifications are another potential target to modify polyQ-AR
activity. Genetic overexpression of IGF-1 in skeletal muscle rescues neuromuscular
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and systemic phenotypes in SBMA mice [31], and pharmacological induction of the
IGF-1/Akt axis improves motor performance and increases survival in SBMA
AR97Q mice, even when treatment is started after disease onset [97]. Interestingly,
IGF-1 is a well-established muscle anabolic and motor neuron trophic factor, and
can thus have additional benefits in the neuromuscular system independent of AR
modifications. Similar activation of Akt-mediated phosphorylation of AR underlies
the neuroprotective effects of hepatocyte growth factor (HGF), when used in
combination with castration in SBMA AR97Q mice [98]. Furthermore, a clinical
trial using clenbuterol, a b2-adrenoreceptor agonist that has an anabolic effect on
muscle through the activation of the PI3 K/Akt signaling pathway, yielded some
evidence for decreased disease progression [99], but its direct effect on AR phos-
phorylation was not analyzed.

5.6.5 Future Therapeutic Target

A provocative study recently showed that feeding AR113Q knock-in mice a
high-fat diet (HFD) restored molecular phenotypes, related to aberrant muscle fiber
type switching, ameliorated muscle pathology, and extended survival [81]. That the
intrinsic metabolic changes in SBMA muscle can be modulated by changing
nutrient intake is a promising result, but care should be taken before attempting to
translate these findings to the clinic. If such profound metabolic changes are indeed
a feature in SBMA patients, then high-fat dietary modifications should be carefully
determined by a physician and a nutritionist to prevent potentially serious side
effects. As SBMA therapeutic approaches target different molecular pathways,
combinatorial treatments should be pursued in the future. For example, ASO/
miRNA silencing of polyQ-AR together with growth factor supplementation to
increase trophic factor release from skeletal muscle, when combined, may yield
synergistic benefits to SBMA patients.

5.7 Concluding Remarks

Research into the pathobiology of SBMA has progressed dramatically in the last
decade, revealing new insights into the cellular and molecular basis of this disease.
Of course, the molecular pathology of SBMA remains complicated, with more than
one mechanism likely contributing to SBMA disease pathogenesis. Perhaps the
most important advance has been the realization that SBMA, long believed to be a
primarily motor neuron disease, is in reality a disease initiated in skeletal muscle [3,
4, 70]. Understanding how mutant AR elicits motor neuron demise will not only
reveal important insights into SBMA pathogenesis, with implications for rational
therapy development, but will also yield pathways and processes crucial to motor
neuron health, with relevance to all motor neuron diseases, including ALS and
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SMA. Our current understanding of the cellular basis of SBMA thus signals a major
shift in therapy design, as muscle is a readily accessible tissue for compound
delivery. Developing promising new treatments for SBMA for use in human
patients, however, will only be successful if clinical trial design and outcome
measures are modified to permit sensitive detection of clinical improvement, as the
signal to noise ratio for such a slowly progressing disease is low.
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Chapter 6
Spinocerebellar Ataxia Type 1: Molecular
Mechanisms of Neurodegeneration
and Preclinical Studies

Judit M. Pérez Ortiz and Harry T. Orr

Abstract Spinocerebellar ataxia type 1 (SCA1) is an adult-onset, inherited disease
that leads to degeneration of Purkinje cells of the cerebellum and culminates in
death 10–30 years after disease onset. SCA1 is caused by a CAG repeat mutation in
the ATXN1 gene, encoding the ATXN1 protein with an abnormally expanded
polyglutamine tract. As neurodegeneration progresses, other brain regions become
involved and contribute to cognitive deficits as well as problems with speech,
swallowing, and control of breathing. The fundamental basis of pathology is an
aberration in the normal function of Purkinje cells affecting regulation of gene
transcription and RNA splicing. Glutamine-expanded ATXN1 is highly stable and
more resistant to degradation. Moreover, phosphorylation at S776 in ATXN1 is a
post-translational modification known to influence protein levels. SCA1 remains an
untreatable disease managed only by palliative care. Preclinical studies are founded
on the principle that mutant protein load is toxic and attenuating ATXN1 protein
levels can alleviate disease. Two approaches being pursued are targeting gene
expression or protein levels. Viral delivery of miRNAs harnesses the RNAi path-
way to destroy ATXN1 mRNA. This approach shows promise in mouse models of
disease. At the protein level, kinase inhibitors that block ATXN1-S776 phospho-
rylation may lead to therapeutic clearance of unphosphorylated ATXN1.

J. M. Pérez Ortiz � H. T. Orr (&)
Institute for Translational Neuroscience, University of Minnesota,
Minneapolis, MN 55455, USA
e-mail: orrxx002@umn.edu

J. M. Pérez Ortiz
Medical Scientist Training Program, University of Minnesota,
Minneapolis, MN 55455, USA

J. M. Pérez Ortiz
Graduate Program in Neuroscience, University of Minnesota,
Minneapolis, MN 55455, USA

H. T. Orr
Department of Laboratory Medicine and Pathology, University of Minnesota,
Minneapolis, MN 55455, USA

© Springer International Publishing AG 2018
C. Nóbrega and L. Pereira de Almeida (eds.), Polyglutamine Disorders,
Advances in Experimental Medicine and Biology 1049,
https://doi.org/10.1007/978-3-319-71779-1_6

135



Keywords Neurodegeneration � Polyglutamine � Therapeutic approaches

Spinocerebellar ataxia type 1 (SCA1) is a fatal neurodegenerative disorder with an
autosomal dominant inheritance. The genetic basis of SCA1 is a CAG repeat
expansion mutation in the coding region of the Ataxin-1 (ATXN1) gene [1, 2]. As
with other trinucleotide repeat disorders, SCA1 shows genetic anticipation where
the unstable repeats expand over generations, and disease onset occurs earlier and is
more severe. Unaffected individuals harbor 19–36 CAG repeats, with CAT inter-
ruptions in tracts over 21 repeats. SCA1 patients have 43–81 pure CAG repeats [3].
The gene product, ATXN1, is a predominantly nuclear protein that harbors the
polyglutamine expansion mutation in its amino-terminal region. While ATXN1 is
widely expressed in the brain, cerebellar Purkinje cells present more vulnerability to
mutant ATXN1 with their degeneration underlying the ataxic phenotype. As dis-
ease progresses, brain stem nuclei become involved and affected individuals suc-
cumb due to chronic lung infections and respiratory failure.

6.1 Molecular Mechanisms of Neurodegeneration

Mutant ATXN1 toxicity is not solely dictated by the polyglutamine tract mutation.
The C-terminal region of ATXN1 harbors several motifs that are required for the
protein to be pathogenic. The nuclear localization signal (NLS) directs ATXN1
translocation into the nucleus. Mice expressing mutant ATXN1[82Q] with a non-
functional NLS do not develop disease, which proves ATXN1 exerts its toxicity in
the nuclear compartment [4]. Once inside the nucleus, ATXN1 interacts with cel-
lular proteins involved in regulation of gene expression, both at the level of tran-
scription and RNA processing. The ATXN1 AXH domain allows its
homodimerization and interaction with regulators of transcription such as the
transcriptional repressor Capicua (Cic) [5]. ATXN1 and Cic together exist in large
protein complexes where mutant ATXN1 is thought to affect Cic repressor activity
[6]. In addition to regulating Cic function, stability of Cic depends on ATXN1
binding. ATXN1 immunodepletion results in loss of Cic and Sca1 null mice have
reduced Cic levels.

A knockin SCA1 mouse model that expresses 154Q at the endogenous Sca1
mouse locus (Sca1154Q/2Q) develops an ataxia phenotype as well as other features of
the human disease, namely wasting and brainstem degeneration-dependent lethality
[7]. Sca1154Q/2Q mice having partial (50%) genetic ablation of Cic show
improvement in motor coordination, weight, survival, and neuropathology.
Microarray analysis revealed that many Cic target genes that were repressed in
Sca1154Q/2Q were restored to near wild type levels with Cic+/−. This finding argues
for Atxn1 toxicity acting through a gain of function mechanism, whereby mutant
Atxn1 affects the normal function of an Atxn1 binding partner (Cic) and exacer-
bates its normal gene-repressor function in vivo. This is consistent with previous
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in vitro Cic-mediated transcription assay that show Atxn1 enhances Cic repressor
activity and this requires Atxn1-Cic interaction [6]. Interestingly, genes normally
repressed by Cic were overexpressed in Sca1154Q/2Q and partial Cic ablation
restored their levels. Thus, mutant Atxn1 also results in Cic loss of function,
revealing complexity in Atxn1 effects. Partial ablation of Cic in Sca1154Q/2Q

resulted in an improvement in disease, suggesting Atxn1 exerts its toxicity via Cic
gain of function and hyper-repression of Cic target genes. Relieving Atxn1-Cic
interactions may prove beneficial. Interestingly, nonpathogenic ATXN1[82Q]-
S776A does not associate with large protein complexes containing Cic [6]. These
results indicate that mutant Atxn1 pathogenicity acts through aberrant interactions
with its native binding partners and not via novel interactions.

Another key site at the C-terminus of ATXN1 is the serine at amino acid position
776 (S776). A large body of evidence supports that S776 phosphorylation is critical
for ATXN1 toxicity. While SCA1 mice expressing wild type ATXN1[30Q] in
Purkinje cells are not affected, ATXN1[30Q]-S776D phosphomimetic mutation
drives disease. Furthermore, D776 mutation enhances toxicity in ATXN1[82Q]-
D776 mice [8]. Notably, mice expressing ATXN1[82Q]-S776A phospho-resistant
mutation do not develop ataxia and largely resemble wild type mice, despite har-
boring a mutant polyQ tract [9]. What does S776 phosphorylation do to ATXN1
that changes it so drastically? Two main properties S776 phosphorylation confers to
ATXN1 are greater stability and enhanced protein-protein interactions. Abnormally
elevated levels of ATXN1, even in the wild type form, are pathogenic when
overexpressed in both Drosophila and mice, suggesting ATXN1 protein load itself
is toxic [10, 11]. The nonpathogenic ATXN1-A776 protein is unstable in vivo and
its lowered levels are thought to be an important factor contributing to averting
toxicity [12].

One mechanism by which phosphorylated pS776-ATXN1 is stabilized is by
interaction with the molecular chaperone 14-3-3. Co-expression of ATXN1[82Q]
and d14-3-3e in Drosophila retina enhances 82Q-induced eye degeneration [13]. In
mice, 14-3-3e haploinsufficiency (Sca1154Q/2Q; 14-3-3e+/−) rescues motor phenotype
and PC numbers [14]. In vivo 14-3-3e haploinsufficiency results in lower Atxn1
levels in the cerebellum [14]; in vitro using a peptide to competitively disrupts
14-3-3/ATXN11 interaction or siRNA-mediated knockdown of 14-3-3 prompts
ATXN1-S776 dephosphorylation and increased clearance of ATXN1 [15]. While
14-3-3/pS776-ATXN1 binding protects ATXN1 clearance by blocking dephos-
phorylation, it seems that the phosphorylation itself is what makes ATXN1 more
stable: ATXN1-D776 does not bind 14-3-3 and is as stable as phosphorylated
ATXN1, suggesting the phosphorylation alone stabilizes the protein [15]. Further
studies exploring 14-3-3e/pS776-ATXN1 interactions showed that perhaps this
interaction is unique to the cerebellum. Although 14-3-3e+/− results in lowered
Atxn1 (154Q and 2Q) levels in the cerebellum, this was not the case in the brainstem.
Whether a different 14-3-3 isoform mediates this stabilizing interaction in the
brainstem remains unexplored. Perhaps 14-3-3e+/− does not affect Atxn1 levels in
the brainstem as it does in the cerebellum due to distinct protein interactions in these
different brain regions. Yet, biochemical studies showed a shift in the incorporation
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of mutant Atxn1 from large (toxic) to small protein complexes in the cerebellum, but
this was not observed in the brainstem. Protein complex composition in the brain-
stem differs from that in the cerebellum. This may explain why motor deficits related
to the cerebellum were rescued in Sca1154Q/2Q; 14-3-3e+/− mice, even though these
mice continued to display brainstem-related deficits, including weight loss, prema-
ture death, and respiratory dysfunction. Differences in Atxn1-binding complexes
reveal potentially diverging mechanisms by which mutant Atxn1 exerts toxicity in
different regions of the brain.

Perhaps the most intriguing interaction modulated by S776 phosphorylation is
interaction with splicing factor RBM17 in the nucleus. In Drosophila, RBM17
overexpression worsens retinal degenerative phenotype when co-expressed with
mutant ATXN1[82Q], but not with wild type ATXN1[30Q] [16]. Conversely,
partial genetic ablation of dRBM17 (SPF45) in transgenic flies expressing mutant
ATXN1[82Q] attenuates pathology. Co-immunoprecipitation experiments revealed
RBM17 binding is enhanced by two key characteristics that contribute to ATXN1
pathogenicity, namely polyglutamine tract length and S776 phosphorylation.
ATXN1[30Q]-D776 also shows enhanced binding to RBM17 and suggests
pathogenic effects of this phospho-mimicking protein are due to downstream effects
of aberrant RBM17 interaction. ATXN1 and RBM17 interact via their C-terminal
domains in large protein complexes, yet these are not the same complexes where
ATXN1 interacts with Cic. In fact, RBM17 and Cic complexes compete for
ATXN1 binding, as RBM17 knockdown results in greater binding of ATXN1 with
Cic. In summary, ATXN1 exists in at least two large protein complexes, likely
regulated by S776 phosphorylation. ATXN1’s ability to interact with transcription
and splicing factors echoes the characteristic ability of factors that regulate
co-transcriptional splicing, some of which are affected in other neurodegenerative
diseases including ALS [17, 18]. It is possible that ATXN1 regulates gene
expression by the spatiotemporal coupling of these two nuclear events. In this
model, under normal conditions ATXN1 interacts transiently with at least two
macromolecular complexes containing either Cic or RBM17. Glutamine expansion
or D776 (i.e. constitutive S776 phosphorylation) create a shift in the normal binding
dynamics, favoring a toxic enhanced interaction with RBM17 complex, and dis-
rupting normal equilibrium between gene transcription and splicing (Fig. 6.1).
Interesting evidence in favor of a combined gain- and loss- of function mechanism
through which ATXN1 acts is via observations of Sca1154Q/− mice [16].
Simultaneous deletion of wild type Atxn1[2Q] with mutant Atxn1[154Q] expres-
sion (Sca1154Q/−) produces a mouse that presents with a worse rotarod performance
and poorer survival than the already sick Sca1154Q/2Q. It seems that in the
heterozygous state, wild type Atxn1[2Q] expression and function partially com-
pensates for Atxn1[154Q]-induced gain and loss of function toxicity.

In support of this pathogenic model are studies using SCA1 animal models,
which consistently implicate aberrations in gene expression as an early part of the
disease process. PCR-based cDNA subtractive hybridization first revealed abnormal
gene expression in transgenic SCA1 animals [19]. A set of neuronal genes highly
expressed by Purkinje cells were downregulated in SCA1 cerebella, as early as P11,
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just one day after transgene expression and weeks before histological or behavioral
deficits are detectable. These changes were also reflected with immunostaining of
SCA1 patient sections. Over the years, studies have focused in groups of genes
affected in disease Ca2+ handling/homeostasis [19], glutamate signaling [20, 21],
dopamine receptor [22], VEGF angiogenic factor [23], and synaptic proteins [24].
Early expression of mutant ATXN1 contributes to disease at least in part by affecting
RORa-mediated gene expression important for Purkinje cell maturation and cere-
bellar development [25]. That disease onset begins by affecting development is a
possibility suggested by several SCA1 mouse models [25, 26].

Recent studies show disease onset and progression are distinct processes, best
illustrated by transgenic mice expressing ATXN1[30Q]-D776 in Purkinje cells. The
S776D mutation confers a phospho-mimicking change that converts nonpathogenic
ATXN1[30Q] to a toxic species. ATXN1[30Q]-D776 mice develop an ataxia that
closely resembles that seen in ATXN1[82Q] transgenic mice, but their disease does
not progress to Purkinje cell death [8]. Recent RNAseq analysis of cerebellar tissue
at early, mid, and late stage of disease was performed using ATXN1[82Q] mice
(with a progressive disease) and ATXN1[30Q]-D776 mice (having a nonprogressive
disease) to uncover pathways that underlie progressive disease as well as those that
might prevent disease progression [27]. Weighted Gene Coexpression Network

Fig. 6.1 ATXN1 intracellular pathways. ATXN1 is a predominantly nuclear protein that
shuffles between the cytoplasm and nucleus. Phosphorylation of ATXN1-S776 in the cytoplasm
promotes binding by 14-3-3 at this site, which stabilizes ATXN1. Unphosphorylated ATXN1 is
otherwise rapidly cleared. By some yet undefined mechanism, 14-3-3 dissociates and ATXN1
enters the nucleus. Nuclear ATXN1 can incorporate into complexes containing the transcriptional
repressor Capicua (Cic) and the splicing factor RBM17 to participate in transcription and splicing
events. It is in the nucleus where glutamine-expanded ATXN1 exerts its toxicity
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Analysis (WGCNA) of the RNAseq data across all ages and genotypes identified
two modules, designated Magenta and Lt Yellow, as being associated with ataxia.
Interestingly, the Magenta module is enriched for genes specifically expressed by
Purkinje cells and a significant proportion have upstream Cic binding sites. This is
in line with established role of aberrations in Cic target gene expression in SCA1
models discussed above. Moreover, the course of gene changes in the Magenta
module track with the progressive phenotypic changes that occur in ATXN1[82Q]
disease.

Analysis of RNAseq data further revealed cholecystokinin (Cck) as being uniquely
overexpressed in ATXN1[30Q]-D776 and downregulated in ATXN1[82Q] cerebellar
RNA [27]. To test whether Cck upregulation protects ATXN1[30Q]-D776 from
disease progression, ATXN1[30Q]-D776 mice were crossed to Cck−/− mice,
producing ATXN1[30Q]-D776; Cck−/− mice. Loss of Cck resulted in a progressive
disease with molecular layer atrophy and Purkinje cell loss comparable to that seen in
ATXN1[82Q]model. This raises the possibility thatCck overexpression in theATXN1
[30Q]-D776 model activates a protective pathway that prevents progression of dis-
ease. The activation is thought to be via autocrine activation of Purkinje cell CckR1
since ATXN1[30Q]-D776; CckR1−/− (but not ATXN1[30Q]-D776; CckR2−/−)
mice demonstrated a similar progressive pathology.

6.2 Preclinical Studies

To date, two general strategies are being employed to mitigate SCA1 pathogenesis
preclinically in animal models. One strategy is to restore expression of a gene
product downregulated in SCA1, This was first tested by genetic and pharmaco-
logic treatments of Sca1154Q/2Q mice with VEGF [23]. Sca1154Q/2Q cerebella pre-
sent with a dramatic downregulation of Vegfa mRNA, likely due to increased
occupancy by Atxn1 of the Vegfa promoter and consequent gene repression, in a
histone acetylation dependent manner. VEGF is an angiogenic and neurotrophic
factor. In the cerebellum it is expressed by neurons, glia, and endothelial cells [28,
29]. Sca1154Q/2Q mice crossed to transgenic mice that overexpress VEGF from an
embryonic stage showed improved rotarod motor performance in adulthood, with
apparent full motor recovery by 6 months. This was coupled to only a slight but
statistically significant improvement in molecular layer thickness of the cerebellar
cortex. To test the therapeutic potential of exogenous VEGF delivery, intracere-
broventricular administration of recombinant mouse VEGF was continuously
delivered by osmotic pump into the lateral ventricles for two weeks starting at
11 weeks of age. This short period of treatment produced a complete recovery in
rotarod motor performance in treated animals. It is unclear whether VEGF benefits
come from the effects on microvasculature improving nutrient and oxygen delivery
to the brain parenchyma and/or activation of neurotrophic pathways. Regardless,
replenishing levels of a gene product downregulated in disease attenuates mutant
Atxn1 toxicity.
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A more recent study sought to reinstate expression of another cellular component
deficient in Sca1154Q/2Q cerebella [24]. Mass-spectrometry analysis of Sca1154Q/2Q

cerebella revealed a reduction in Homer-3 levels in synapses, likely caused by
defective mTOR signaling. Blocking mTORC1 signaling depleted Homer-3 levels
and worsened Sca1154Q/2Q pathology. While enhanced neurotransmission and acti-
vation of mTORC1 signaling enriched expression of the Purkinje cell scaffold
protein Homer-3 in wild type cerebella, it failed to do so in Sca1154Q/2Q. Thus, in
order to improve Homer-3 synaptic levels, AAV-Homer-3 was injected into the
ventricles of neonate brains. Behavioral examination at P40–P200 showed incom-
plete but significant persistent improvement in rotarod motor performance. Other
parameters improved with AAV-Homer-3 gene treatment included Purkinje cell
spine density, Purkinje cell numbers, and vesicle pool occupancy. Thus, replacement
of Homer-3 levels during development restores synaptic deficits and partially
improve motor performance in Sca1154Q/2Q mice.

Perhaps the most promising preclinical therapeutic approaches under investiga-
tion are predicated on the finding that reducing the amount of mutant protein
expressed in the cerebellum can alleviate its toxicity. Conditional SCA1 mice were
generated to manipulate ATXN1[82Q] expression in Purkinje cells by Doxycycline
administration to turn off ATXN1[82Q] expression and reduce mutant protein levels.
Strikingly, this results in reversal of the motor deficits and histopathology. Moreover,
the earlier the gene is turned off, the more pronounced disease reversal [21]. These
findings reveal two important points. First, progression of this inherited neurode-
generative disease can be reversed. Early intervention is key to preserve and recover
the remaining tissue. If the disease is targeted early enough the cells are still present
and able to recover. In fact, later studies have shown that there are differential
circuit-specific changes that progress with the course of disease and precede
histopathology [30]. Second, there is a therapeutic opportunity in targeting the
mutant protein.

Based on the studied outlined above, several targets for development of therapies
for SCA1 are being pursued (Fig. 6.2). First, that S776 phosphorylation is linked to
ATXN1 pathogenicity makes it an attractive therapeutic target. With this in mind,
efforts to identify the kinase to S776 have been under intense investigation. The first
candidate kinase identified was Akt. Purified Akt can phosphorylate ATXN1-S776
in vitro, but it seems not to be a relevant kinase in vivo [12, 13]. A mouse model
expressing a dominant negative form of Akt failed to lower ATXN1 protein levels
in vivo or rescue pathology [12]. Further investigation identified PKA, cAMP
protein kinase, as a candidate kinase for ATXN1-S776 in the cerebellum. For
example, PKA immunodepletion in mouse cerebellar lysates reduces the ability of
the lysate to phosphorylate ATXN1-S776. Also, ATXN1-S776 phosphorylation is
blocked by standard PKA inhibitors in cerebellar fractions that express PKA and
Atxn1. Recent findings suggest that MSK1 may be another kinase involved in
ATXN1-S776 phosphorylation [31]. A high-throughput screen using siRNAs to
human kinases was done to examine how this affected the phosphorylation and
levels of ATXN1 in human DAOY cells stably expressing mutant mRFP-ATXN1
[82Q]. Fifty final candidates were validated including MSK1, a kinase downstream
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of RAS-MAPK pathway. An SCA1 knock in mouse model heterozygous for Msk1/2
was generated (Atxn1154Q/2Q;Msk1+/−Msk2+/−) and showed modest improvement in
rotarod performance. Atxn1154Q/2Q; Msk1−/− cerebellar lysates showed a mild
reduction in Atxn1 protein levels. To date it remains unclear the relative contribu-
tions of PKA or MSK1 in regulating ATXN1-S776 phosphorylation and protein
stability.

The RNAi pathway is a robust gene silencing mechanism through which
mRNAs are cleaved and destroyed in the cytoplasm. In recent years, studies have
taken advantage of this powerful tool to reduce mutant Atxn1 expression and test
the therapeutic potential of this approach (Fig. 6.2). The first series of experiments
focused on viral-mediated delivery of RNAi species targeting transgenic ATXN1
[82Q] selectively overexpressed in murine Purkinje cells. AAV-shRNA injection
was targeted to midline cerebellar lobules for expression in Purkinje cells.
AAV-shSCA1 delivery at 7 weeks of age achieved complete preservation of
molecular layer thickness (examined at 16 weeks of age) and partial improvement
in rotarod motor performance (as late as 21 weeks of age) [32]. Advances in RNAi

Fig. 6.2 SCA1 Therapeutic Targets. The fundamental strategy underlying these targets is in
harnessing pathways that lower ATXN1 levels (wt and mutant). ATXN1 mRNA expression can be
targeted two ways. In the nucleus, ASOs complementary to the mRNA promote its cleavage via
the RNAse-H pathway (a). The RNAi machinery operates in the cytoplasm, where the miRNA is
processed, complexes with the target mRNA in the RISC complex, and this leads to mRNA
cleavage (b). At the protein level, action of small molecule inhibitors that block ATXN1-S776
phosphorylation would promote rapid clearance of unphosphorylated ATXN1 (c)
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technology led to development of the more refined use of endogenous miRNA
backbones for in vivo expression of mature siRNA sequences [33, 34]. Benefits
include improved siRNA processing with lower off-target potential, as well as
greater safety profile. Indeed, delivery of AAV-miRNA targeting hATXN1[82Q] in
SCA1 transgenic mice (AAV-miSCA1) achieved robust (70%) hATXN1 mRNA
knockdown without toxicity [35]. In these newer studies AAV-miSCA1 injections
were targeted to deep cerebellar nuclei (DCN) for uptake and expression by
Purkinje cells. With AAV injection at 5 weeks, motor recovery was observed out to
37 weeks of age, including ledge test, hindlimb clasping, and rotarod test for
coordination. Histological measures of cerebellar integrity such as molecular layer
thickness, total Purkinje cell numbers, and ectopic Purkinje cell numbers, were
more modestly improved, consistent with the accumulating notion that full rescue
of histopathological changes may not be required for complete recovery of motor
performance.

More recently an upgraded AAV-miSCA1 was tested in the Sca1154Q/2Q knockin
model to examine its therapeutic effect beyond the Purkinje cell related pathology
[36]. As expected, this resulted in Atxn1 knockdown and fully rescued
histopathology and motor impairments. A novel finding was that AAV-miSCA1
injection into the cerebellar DCN was able to transduce brainstem nuclei and knock
down local Atxn1 levels. One strategic injection site (the DCN) could be sufficient
to deliver the AAV-miSCA1 to reach the brain regions most critically affected in
SCA1 (the cerebellum and brainstem). It will be important to see whether future
studies demonstrate rescue in brainstem related phenotype, notably survival studies.
Another important finding in this study is that a single surgical injection was
sufficient to produce therapeutic benefit for as long as 40 weeks. Moreover,
expression analysis of select genes affected in Sca1154Q/2Q mice showed restoration
of their expression levels comparable to wild type. Of note is the preservation of
Vegfa levels, previously discussed.

Mutant ATXN1 toxicity is the primary insult in SCA1 disease. Downstream
gene changes implicate diverse molecular pathways that contribute to the disease
course. It is therefore not surprising that targeting these pathways incompletely
rescue pathology. The most efficient therapeutic avenue for SCA1 is to target
ATXN1 directly. Harnessing the RNAi pathway to knockdown ATXN1 gene
expression is efficient, without measurable toxicity, and has long lasting therapeutic
benefit. Another encouraging technology targeting mRNA degradation are ASOs
(anti-sense oligonucleotides), which act via the RNAse-H-dependent pathway in the
nucleus (Fig. 6.2). ASOs show therapeutic efficacy in treating disease-causing
proteins, including Hungtintin and SOD1, in preclinical studies with clinical trials
underway [37, 38]. Therapeutic ASOs could also be tested to target ATXN1 in
SCA1 studies in the future.

SCA1 is a fatal trinucleotide repeat neurodegenerative disorder to which there is
no cure. This chapter has covered how mouse models and biochemical studies have
aided our understanding of the molecular mechanisms underlying this disease.
Chiefly, the fundamental basis of pathology is an aberration in the normal function
of Purkinje cells affecting regulation of gene transcription and RNA splicing.
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Factors that promote ATXN1 stabilization lead to abnormal protein load, toxic
protein-protein interactions, and enhanced pathology. Preclinical studies are
focused on alleviating protein burden by targeting mRNA levels. Other therapeutic
opportunities underway ahead involve kinase inhibitors to block toxic S776
phosphorylation to promote ATXN1 protein clearance.
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Chapter 7
Spinocerebellar Ataxia Type 6:
Molecular Mechanisms and Calcium
Channel Genetics

Xiaofei Du and Christopher Manuel Gomez

Abstract Spinocerebellar ataxia (SCA) type 6 is an autosomal dominant disease
affecting cerebellar degeneration. Clinically, it is characterized by pure cerebellar
dysfunction, slowly progressive unsteadiness of gait and stance, slurred speech, and
abnormal eye movements with late onset. Pathological findings of SCA6 include a
diffuse loss of Purkinje cells, predominantly in the cerebellar vermis. Genetically,
SCA6 is caused by expansion of a trinucleotide CAG repeat in the last exon of
longest isoform CACNA1A gene on chromosome 19p13.1–p13.2. Normal alleles
have 4–18 repeats, while alleles causing disease contain 19–33 repeats. Due to
presence of a novel internal ribosomal entry site (IRES) with the mRNA, CACNA1A
encodes two structurally unrelated proteins with distinct functions within an over-
lapping open reading frame (ORF) of the same mRNA: (1) a1A subunit of P/Q-type
voltage gated calcium channel; (2) a1ACT, a newly recognized transcription factor,
with polyglutamine repeat at C-terminal end. Understanding the function of a1ACT
in physiological and pathological conditions may elucidate the pathogenesis of
SCA6. More importantly, the IRES, as the translational control element of a1ACT,
provides a potential therapeutic target for the treatment of SCA6.

Keywords SCA6 � Polyglutamine � Purkinje cells � IRES � a1ACT

7.1 Introduction

Spinocerebellar ataxia type 6 (SCA6) was genetically characterized by a large scale
genotyping survey of polymorphic CAG repeats and DNA samples from patients
with late onset spinocerebellar ataxia [1]. Eight unrelated patients with late onset
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ataxia had larger CAG repeat alleles in the CACNA1A compared to the number of
repeats in 475 non-ataxia individuals. Analysis of the repeat length in families of
the affected individuals revealed that the expansion segregated with the phenotype
in every patient. CACNA1A encodes the pore-forming subunit a1A, of the P/Q type
voltage-gated calcium channel and in several splice variants, the CAG repeat
encodes a small tract of glutamine residues in the carboxy terminus (C-terminus) of
the a1A subunit in a1A calcium channel subunit. This was the first SCA and first
polyglutamine expansion disease attributed to mutations in ion channel gene.

Studies have shown a relevant role of a stable 75 kDa polypeptide consisting of
a portion of the intracytoplasmic C-terminal tail (a1ACT) of the a1A subunit in
SCA6 pathogenesis. a1ACT contains residues involved in channel inactivation and
modulation by intracellular signaling proteins, as well as a tract of polyglutamine
residues pathologically expanded in SCA6 and nuclear localization signals [2].
a1ACT is found to be encoded by a second cistron in CACNA1A gene and is a
functional transcription factor that coordinates the expression of neuronal genes
involved in Purkinje cells and cerebellar development [3]. Both the wild type
(a1ACTWT) and the mutant (a1ACTSCA6) forms of the C-terminal peptide can be
transported to the Purkinje cell nuclei [4]. a1ACTSCA6 is toxic to cultured cells and
when expressed transgenically in Purkinje cells [3, 4].

7.2 Clinical Features

SCA6 is characterized by adult onset, slowly progressive cerebellar ataxia, dysar-
thria, and nystagmus. The range in age of onset is from 19 to 71 years, with a mean
age of onset between 43 and 52 years. Although age of onset varies roughly
inversely with the size of the repeat expansion, age of onset and clinical picture
vary even within the same family. Siblings with the same mutation may differ in
age of onset by as much as 12 years, or exhibit, at least initially, an episodic course,
despite all having the same size repeat expansion [5, 6]. Lifespan is not shortened.

Initial symptoms in SCA6 are gait unsteadiness, stumbling, and imbalance in
about 90% of individuals, while the remainder present with diplopia, oscillopsia,
dysarthria, or episodic vertigo several years before the gait disturbance [7].
Symptoms progress slowly, and eventually all persons have gait ataxia, upper limb
incoordination, intention tremor, and dysarthria, although severity of these symp-
toms may range widely in some patients. Diplopia occurs in about 50% of indi-
viduals. Others experience visual disturbances related to difficulty fixating on
moving objects. Eye findings include horizontal gaze-evoked nystagmus (70–
100%) and vertical downbeat nystagmus (65–83%). Other eye movement abnor-
malities, such as saccadic dysmetria, periodic alternating nystagmus and rebound
nystagmus, have also been described [8]. Dysphagia and choking are common [5].
The occurrence of cognitive impairment in SCA6 has been controversial [9].

Progression of ataxia has been best assessed using a standardized semi-quantitative
rating scale called Scale for the Assessment and Rating of Ataxia (SARA) [10]. This
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tool, which has been validated between raters for several forms of SCA, assigns a
score of severity for each of eight components including speech, sitting stability, three
upper limb coordinationmeasures, one lower limb coordinationmotor stance and gait,
totaling 0–40. Using this scale patients with SCA6 progress at a rate of approximately
0.8 points per year, compared with 1.5–2 points/year for SCA1-3 [11].

There is also growing clinical evidence showing clinical heterogeneity of SCA6
[12–14]. Other clinical features such as tremors, bradykinesia and postural instability
from pure Parkinsonism without cerebellar dysfunction were reported in isolated
SCA6 cases [14]. SCA patients rarely present with atypical Parkinsonism and
nigrostriatal dysfunction, and idiopathic Parkinsonism suggesting screening for SCA6
mutations in patients with slowly progressive ataxia and Parkinsonism [14–17].

7.3 Epidemiology

Estimates of the overall prevalence of autosomal dominant ataxia vary greatly, from
1–4/105 [18] to 50/105 [19, 20], and that of SCA6 from 0.02/105 to 5/105 [20, 21].
The proportion of SCA patients with SCA6 seems to vary by geographical area,
presumably relating to founder effects. SCA6, same as SCA1, are found in many
populations worldwide [22]. Estimated as a fraction of all kindreds with autosomal
dominant spinocerebellar ataxia, rates for SCA6 are 1–2% in Spain [23], France,
Italy [24], and South Africa [25]; 3.3% in Mainland China [26], 4% in Brazil [27],
12% in the US, 13% in Germany, 15% in Korea [28], 17% in Australia [29], 24% in
Netherlands [30].

SCA6 accounts for approximately half of the cases of pure cerebellar ataxia in
Japan [31]. SCA6 was the second most common form in the Netherlands and Japan,
after SCA3 [22]. The highest relative prevalence of SCA6 is found in Japan. In
Japan, a remarkable regional difference in SCA6 frequency has been observed: 10%
of all dominant SCA patients in east Japan; 20–33% of that in the rest region of
Japan [32]. A linkage study showed that the pure cerebellar ataxia phenotype was
linked with the SCA6 locus in some Japanese families, and these patients were
subsequently demonstrated to carry the SCA6 mutation [33]. Haplotype analysis
indicates that there are founder chromosomes in Japanese SCA6 patients and a
possibly shared haplotype for patients with SCA6 worldwide [20, 34, 35].

7.3.1 Differential Diagnosis

For patients complaining of imbalance as the initial symptom, all autosomal
dominant, recessive, and sporadic ataxias should be considered. An obvious
dominant or recessive hereditary pattern should direct the workup. In patients with
an obvious dominant inheritance pattern, all forms of genetically identified
spinocerebellar ataxia as well as non-classified SCAs can have an identical
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presentation of pure cerebellar ataxia. The more severe forms of SCA, such as
SCA1, SCA2, SCA3, and SCA7, may present in a similar fashion, but commonly
develop other symptoms and signs such as ophthalmoplegia, spasticity, and/or
primary visual changes. Examination of older relatives, in whom the disease may
have progressed further, frequently reveals the additional signs. The presence of
late-onset pure cerebellar ataxia with a dominant inheritance pattern and pro-
nounced gaze-evoked nystagmus is strongly suggestive of SCA6 [5, 36]. For
patients complaining of dysarthria, vertigo, oscillopsia, or diplopia, numerous other
otolaryngological or neuromuscular conditions may be considered, but SCA6 may
be suspected based on clinical examination or MRI scan documenting cerebellar
atrophy.

SCA6 is not the only disorder caused by mutations in the CACNA1A gene,
encoding the a1A VGCC subunit. Mutations in the CACNA1A gene (other than the
CAG expansion noted in SCA6) are associated with at least two other dominantly
inherited disorders, episodic ataxia type 2 and familial hemiplegic migraine.

7.3.1.1 Episodic Ataxia Type 2 (EA2)

EA2 is caused by CACNA1A mutations that predict protein truncation, abnormal
splicing, or, rarely, a1A subunit missense mutations. Like for SCA6, the mode of
inheritance is autosomal dominant. EA2 typically starts in childhood or early
adolescence and is characterized by attacks of ataxia, vertigo, hand incoordination,
and nausea that last minutes to hours to days. Attacks can be associated with
dysarthria, diplopia, tinnitus, dystonia, hemiplegia, and headache. Between attacks,
individuals may initially be normal but many eventually develop interictal symp-
toms and signs such as nystagmus and truncal ataxia. After years of episodic ataxia,
a condition of interictal ataxia can develop and may be indistinguishable from
SCA6 [37, 38].

7.3.1.2 Familial Hemiplegic Migraine (FHM)

FHM is an autosomal dominant condition with an estimated penetrance of 80–90%
[39]. Two clinical forms exist: (1) pure FHM (found in 80% of affected families), in
which interictal examination is normal in all family members; (2) FHM with per-
manent cerebellar symptoms (found in 20% of affected families), in which some
family members show interictal nystagmus and/or ataxia. Approximately 50% of
families with FHM, including those with permanent cerebellar symptoms, have
missense mutations in the CACNA1A gene [38, 40]. FHM is characterized by an
aura of hemiplegia that is always associated with at least one other aura symptom
such as hemianopsia, hemisensory deficit, or aphasia. The aura is followed by a
moderate to severe headache. The phenotype includes coma and seizures [41],
which can be triggered by minor head injury or angiography.
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Despite their well-described phenotypes, SCA6, EA2, and FHM demonstrate
clinical overlap:

• Individuals with SCA6 can present with episodic ataxia. In one study, up to 33%
of individuals with 21 or more CAG repeats in CACNA1A had episodic features
prominent enough to warrant the diagnosis of EA2 [42].

• In one family with a CAG repeat expansion, some members had episodic ataxia
and others had progressive ataxia; in all affected members the abnormal allele
had 23 CAG repeats [6].

• In a family with EA2, affected members also had hemiplegia, and one affected
member had migraine during episodes of ataxia [43].

• In one family with a CACNA1A missense mutation, phenotypes of both SCA6
and FHM were observed [44].

Although the clinical overlap and the idea that SCA6, EA2 and FHM may be
considered the same (complex) disease with a large variability of symptoms, the
mutation in each case may produce considerably different effects at the level of
neuromuscular junction [45]. Thus, neuromuscular junction dysfunction may be
seen in EA2 and FHM but not in SCA6. Lastly, some CACNA1A mutations causing
EA2 or FHM have been associated with eye movement disorder in childhood,
cognitive impairment, seizures, and cerebral edema [46– 48].

7.3.2 Clinical Genetics

SCA6 should be suspected in individuals with adult-onset, slowly progressive
ataxia, dysarthria, and nystagmus. However, because phenotypic manifestations of
SCA6 are not specific, the diagnosis of SCA6 rests on molecular genetic testing.
SCA6 is only caused by an expanded CAG repeat in exon 47 of the CACNA1A
gene. This CAG repeat is polymorphic, being in the range of 4–18 in normal alleles,
expanded to 19–33 in individuals with SCA6 [31, 49, 50].

7.3.3 Penetrance

Alleles with 20–33 CAG repeats have full penetrance. Asymptomatic individuals
bearing an expansion of (CAG)20 or greater are expected to develop symptoms at
some time in their life. Heterozygous individuals with 19 repeats are usually
asymptomatic although one patient with 19/7 CAG alleles developed ataxia in his
50s [51]. The average disease-causing allele has 22 CAG repeats. Age of onset of
disease in SCA6 is inversely correlated with the length of the glutamine repeat
expansion. For example, typically, individuals with a glutamine repeat of 20 begin
to exhibit symptoms in their 70s, while individuals with a repeat length of 30
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glutamines begin to exhibit symptoms as early as 30 years old. However, patients
with repeats of 21–23 may have episodic symptoms and subtle cerebellar signs in
their mid-20s [5].

7.3.4 Genotype–Phenotype Correlations

7.3.4.1 Heterozygous Individuals

While the age of onset of symptoms correlates inversely with the length of the
expanded CAG repeat, the same broad range of onset has been noted for individuals
with 22 CAG repeats, the most common disease-associated allele [5, 52]. In few
individuals with (CAG)30 or (CAG)33, onset has been later than in individuals with
(CAG)22 and (CAG)23 [31, 53]. A recent retrospective study has shown even closer
correlation of age of onset with the sum of the two allele sizes [54].

7.3.4.2 Homozygous Individuals

Several individuals who are homozygous for an abnormal expansion in the
CACNA1A gene have been reported [21, 53, 55, 56]. In homozygous individuals,
the onset was earlier and symptoms appeared more severe than in individuals who
are heterozygous [21, 55]. In one study, the age of onset correlated with the sum of
two disease alleles [54]. It is interesting to highlight, however, that the increase in
severity of symptoms with homozygosity of the CAG repeat expansion in
CACNA1A is not as great as that observed in SCA3 (Machado-Joseph disease). One
patient homozygous for 19 repeats developed ataxia at age 33. Her parents were
normal past 70 years of age [49].

7.3.5 Anticipation

Expansions of CACNA1A are not commonly observed in transmission from parent
to child, thus, clinical anticipation has not been observed in SCA6 [53]. In fact,
between 65 and 75% of the variation of age of onset can be accounted by the length
of the CAG repeat units [57]. However, in a few cases, meiotic instability has been
reported [50, 53, 55, 58, 59].

7.4 Neuroimaging

SCA6 is the prototype of a pure cerebellar ataxia [1, 60, 61] and, as such, MRI brain
scans in SCA6 have suggested essentially pure cerebellar atrophy. In particular, a
significant decrease in gray matter in cerebellar lobules and vermis has been
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Fig. 7.1 SCA6 Neuroimaging. Volumetric assessment of brain regions in SCA6 and healthy
controls. a Sagittal view of T1-weighted images in a healthy control (1), a presymptomatic SCA6
case (SARAII = 0, (2)), moderate case (SARAII = 2 (3), SARAII = 10.5 (4), and two severe cases
(SARAII = 17.5 (5), and SARAII = 22 (6). Note the increase in cerebellar atrophy along an
increase of SARAII scores. b Graphical representation of averaged brain region volumes and their
standard deviation in healthy controls (black bars) and in SCA6 (gray bars). Abbreviations: BG:
basal ganglia; CRB: cerebellum; WM: white matter (permission from Falcon et al. [66])
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observed [62]. Brain SPECT studies of regional cerebral blood flow (rCBF) have
shown a decrease of rCBF in the vermis and cortex of the cerebellum, in which the
decrease in the vermal rCBF was correlated with the severity of the dysarthria, but
not with the size of the CAG repeat expansion [63]. In addition, to the changes seen
in the structure and function of the cerebellum, limited changes in the inferior
olives, the middle cerebellar peduncles, pons, and red nuclei have also been
reported [64]. More detailed longitudinal voxel-based volumetric studies have
identified progressive atrophy not only of cerebellum but also the thalamus, puta-
men and pallidum [65]. Consistent with this, an effective connectivity between
regions of cerebral cortex, thalamus and cerebellum was at its highest in moderate
cases, and disappeared in severe cases, as shown by functional MRI and diffusion
tensor imaging (Fig. 7.1) [66]. Studies of cerebral glucose metabolism assessed
with PET have shown a decrease in the cerebellum but also in the frontal and
prefrontal regions [67], in contrast to an increase seen in the temporal lobe [68]. In
addition, a study by Kawai et al. suggested a correlation between a decrease in
prefrontal cortex perfusion (evaluated by SPECT) and cognitive decline symptoms,
assessed as verbal fluency and visual memory. These measures were not correlated
with the age of the subjects or the severity of the ataxic symptoms. Studies probing
the content of nigral dopamine in SCA6 using ioflupane (123I) SPECT (DaTSCAN)
have shown reduced uptake of dopamine in the substantia nigra in some patients
with SCA6 [17, 69, 70].

7.5 Neuropathology

Neuropathological studies show striking loss of cerebellar Purkinje cells [5, 71] and
profound morphological changes in the few remaining Purkinje cells, such as
heterotopic nuclei, unclear cytoplasmic outline, somatic sprouts, dendritic swelling
with increased numbers of spine-like protrusions and disorganization of axonal
arrangements [61]. In contrast to other SCAs, where cell loss and gliosis in addi-
tional regions can be seen secondary to the profound loss of Purkinje cells, very
limited degeneration is detected in associated cortical or cerebello-olivary regions in
SCA6 [5, 21]. Rather, numerous neurons in the pontine inferior olives, stellate,
basket and granule cells in the cerebellum, and red nuclei in the midbrain, seem to
be preserved from a retrograde degeneration [72] even though some decrease in the
number of neurons in the inferior olivary nuclei may be detected when disease
duration is long [73]. In addition, other more recent studies have noted the absence
of morphologically intact layer V giant Betz pyramidal cells in the primary motor
cortex and widespread degeneration of brainstem nuclei [74]. Although these
findings need to be verified they are consistent with the frequent observation of
hypereflexia and Babinski signs in SCA6 [5].
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7.6 Molecular Genetics

7.6.1 The Gene

7.6.1.1 CACNA1A Gene

The CACNA1A gene consists of 47 exons that are transcribed into numerous
alternatively spliced a1A mRNAs encoding polypeptides ranging from 195 to
270 kDa, and varying in sequence internally and in the C-terminus. These include
splice forms that have distinct properties characteristic of P-type and Q-type
channels. The discovery of the polymorphic CAG repeat in the 3′ end of the gene,
that was expanded in a population of ataxia patients, led to the identification of a
novel long splice form of the a1A mRNA encoding a polyglutamine tract in an
extended exon 47 [1]. The tract of glutamine residues is polymorphic in the pop-
ulation, with normal alleles ranging from 4 to 18 glutamines in length, and is distal
to the C-terminal calmodulin-binding domain and CAG expansion mutations have
been demonstrated in SCA6 patients [75, 76]. Disease alleles contain pure tracts of
uninterrupted CAG repeats consisting of 19 or more triplet units. The range of
pathological alleles in SCA6 patients reported so far varies between 19 and 33 CAG
units [31, 49, 77].

As noted above, SCA6 is not the only disorder caused by mutations in the
CACNA1A gene. Mutations in the CACNA1A gene also cause two dominantly
inherited episodic disorders in humans: familial hemiplegic migraine (FHM) and
episodic ataxia type 2 (EA-2). Their disease mechanisms have both been linked to
altered calcium channel function, channelopathies. Patients with FHM suffer from
severe headaches, hemiparesis, or hemianesthenia, and occasionally episodic
imbalance, with typical onset beginning at ages 10–20 years. In FHM missense
mutations at conserved residues in CACNA1A can lead to changes in current
densities, altered inactivation kinetics, and altered open probability of P/Q-type
channels. In EA-2, patients experience episodic imbalance, dysarthria, vertigo, and
hand incoordination. CACNA1A mutations found in EA-2 are most commonly
nonsense or splicing mutations resulting in a1A subunits that are truncated within
the repeat domains, or that predict skipped exons causing loss of function when
assessed in expression studies. However a growing number of missense mutations
have also been associated with EA-2 [78, 79]. Several studies suggest that the
truncated subunits exhibit dominant inheritance by exerting a dominant negative
effect on the wild-type P/Q current activity [80]. Rare mutations in the CACNA1A
gene lead to a progressive syndrome of non-episodic ataxia resembling SCA6
(Yue).
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7.6.1.2 IRES and CACNA1A Gene

In eukaryotic cells, the majority of mRNA translation is cap-dependent, relying on
the complex of proteins that assemble at the 7-methyl-guanosine cap at the 5′ end of
an mRNA. Another form of translation, termed cap-independent, occurs when the
40S ribosome directly binds mRNA near the start codon at an internal ribosome
entry site (IRES) [81]. IRESs are present in the 5′ untranslated region (UTR) of
approximately 10–15% of cellular mRNAs, presumably to ensure translation of
critical proteins during times of cell stress, cell cycle, or certain developmental
stages when cap-dependent protein synthesis may be reduced [82]. A few other
genes express mRNAs with IRES present in the open reading frame. In CACNA1A
a sequence of approximately 1 kb nucleotide within the a1A mRNA forms a
predicted complex 2-d hairpin structure using an M-fold-based algorithm [3, 81,
83]. This sequence is located in a highly conserved sequence of 1014 bp upstream
the ATG 1960th (nucleotide 6114; GenBank accession number: NM_001127222)
in CACNA1A mRNA (Fig. 7.2); it exhibits IRES activity in dual luciferase and

Fig. 7.2 CACNA1A gene, IRES, and a1ACT Schematic illustration of expression regulation and
function of a1A and a1ACT. The CACNA1A gene, encoding the VGCC subunit a1A, is
bicistronic. The second gene product, a1ACT, is generated from the a1A transcript by a cellular
IRES located within the a1A mRNA. The a1ACT is a transcription factor that regulates expression
of several neuronally-expressed genes, promotes neurite outgrowth. The a1ACTSCA6 reduces
viability of cells and causes cerebellar cortical atrophy in animal model (permission and modified
from Du et al. [84])
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in vitro translation assays [3]. This CACNA1A IRES regulates translation of a
secondary protein product of CACNA1A gene—a 75 kDa C-terminal “fragment” of
a1A (a1ACT) translation. a1ACT containing the polyQ tract forms a stable
polypeptide, enriched in nuclear fractions in cerebellum, that acts as a transcription
factor for neuronally-expressed genes.

Expression of bi-functional genes, particularly those encoding separate tran-
scription factor proteins in the second cistron, may be a newly-recognized strategy
for coordinating gene expression programs tied to individual gene products. This
could enable the timely expression of a set of genes coincident with the appearance
of key proteins during differentiation.

Most IRESs are thought to function through the binding of accessory transla-
tional proteins termed IRES trans-acting factors (ITAFs). These ITAFs interact with
RNA sequences or structures in the IRES to nucleate the formation of a translation
initiation complex distal to the 5′ cap structure. Some ITAFs are believed to be
tissue specific as the activity of some cellular IRESs varies between different
cell-types and tissues [82]. In the case of the CACNA1A IRES, the activity (reflected
by a bicistronic reporter) ranges from 14 to 45, in various cultured cell lines or
primary rat granule neurons, with the highest activity seen in neuronal cell lines,
PC12 and SY5Y [3, 84]. These latter levels in neuronal cells were 1.8–2-fold
greater, respectively, than in HEK 293 cells derived from human kidney cells. This
observation suggests that certain neuron-specific cellular factors may influence the
activity of the CACNA1A IRES. There are different splicing sites in the CACNA1A
IRES region (Ex30–Ex40), which may be involved in the structure of CACNA1A
IRES and further affect the generation of a1ACT. A complete understanding of
CACNA1A IRES control may pave the way for therapies targeted at suppressing the
CACNA1A IRES function.

7.6.2 The Proteins

7.6.2.1 a1A Subunit

Voltage-gated Ca2+ channels (VGCC) of ten classes have a ubiquitous distribution,
from muscle cells and neurons to endocrine cells and lymphocytes. Influx of Ca2+

through these channels regulates numerous intracellular processes, including con-
traction, secretion, neurotransmission, and gene expression [85]. VGCC are
heteromultimers consisting of a main pore-forming or a1 subunit and auxiliary
subunits, a2d, and b subunits. The VGCC class is determined by the numerous a1
subunits, named a1A, a1B, a1C, a1D, etc., each encoded by a separate gene. a2d,
and the four subtypes of b subunits that are part of each VGCC type, serve to
chaperone the subunit to the membrane surface and shape channel kinetics.
CACNA1A gene encodes the a1A subunit which forms the Cav2.1 (P/Q-type)
channel [86–88]. Depending on different splicing isoforms, a1A subunits are
membrane glycoproteins of approximately 2261–2512 amino acids in length in
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which primary structure predicts the presence of four homologous repeat domains,
each consisting of six transmembrane segments and a pore-forming P loop [89].

P/Q-type calcium channels are high-voltage-activated calcium channels found
primarily on neurons and expressed at high levels in granule and Purkinje cells of
the cerebellar cortex. Their principal role is believed to be in synaptic transmission
[90], synaptic integration, and gene regulation [91]. In terms of synaptic modula-
tion, these channels play a crucial role in membrane excitability, triggering synaptic
transmission and neuronal plasticity [92, 93].

In addition to their function in synaptic transmission, P/Q-type voltage-gated cal-
cium channels also have a role in regulating gene expression, both by indirect and by
recently identified direct pathways [3, 94]. In particular, Sutton et al. [94] showed that
Ca2+ fluxes through P/Q-type channels activate expression of a separate set of gene
products, including syntaxin 1A, although the pathways were not elucidated (Fig. 7.2).

7.6.2.2 a1ACT

It is now known that the C-terminus of the a1A subunit (a1ACT) is physiologically
formed from themRNA of the full-length subunit and translocated to the nucleus [3, 4].
Immunostains and western blotting studies demonstrate that the 60–70-kDa form is
enriched in the nucleus, particularly in P18mouse cerebellum,while in the cytoplasmor
membrane the C-terminus remains part of the full-length a1A subunit (Fig. 7.2).

The IRES located in CACNA1A mRNA mediates the expression of the a1ACT
fragment. Through an AT-rich element of a1ACT binding site, a1ACT binds and
regulates gene expression such as TAF1, BTG1, PMCA2 andGRN in neurons. These
genes are abundantly expressed in Purkinje cells, although not uniquely, and they are
possibly involved in the neurite outgrowth program. As a transcription factor, the
normal a1ACT also enhances the expression of at least three genes, GRN, PMCA2
and BTG1, in PC12 cells and cerebellar tissue, potentiates NGF-mediated neurite
outgrowth in PC12 cells, and partially rescues the CACNA1A KO mouse phenotype.

7.7 Pathogenesis

While the normal length of the CAG repeat tract at the C-terminus of the a1A
subunit of the P/Q-type voltage-gated calcium channel CACNA1A ranges between 4
and 18 glutamines, in individuals with SCA6 the tract is expanded to between 19
and 33 glutamines. This channel and the splice form expressing the polyQ tract are
expressed abundantly in Purkinje cells of the cerebellum [95]. The a1A subunit is
also mutated in several other inherited neurological disorders [89]. Initial studies
suggested that SCA6 was a disorder due to P/Q channel dysfunction [96–98],
although results were conflicting. Moreover, electrophysiological analysis of
SCA628Q and SCA630Q knock-in mice failed to find a change in the intrinsic
properties of Purkinje cells [99, 100].
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On the other hand, the identification of a1ACT as a stable protein bearing the
polyQ tract focused attention on this polypeptide as the pathological entity [4, 101,
102]. The C-terminal peptide with an expanded polyQ tract is toxic to tissue culture
cells with toxicity being dependent on its nuclear localization. Expressed as an
independent transgene protein it causes gait incoordination and cerebellar atrophy
in transgenic mice [3]. Because the expanded polyglutamine tract mutation in
SCA6 is essentially identical, except for size, to the mutations of numerous other
degenerative diseases, such as Huntington’s disease, Machado-Joseph disease, and
Kennedy’s disease, several studies have attempted to demonstrate that SCA6 is a
polyglutamine repeat expansion disorder. These results support a pathogenic model
for SCA6 where the polyQ-containing C terminus of the a1A transmembrane
subunit and its subsequent translocation to the nucleus contributes to disease.

7.7.1 SCA6 as an Ion Channelopathy

The cerebellum is responsible for coordination of movement and maintenance of
balance [103, 104]. At the core of the cerebellar computational circuitry are the
Purkinje cells (PCs), the sole output of the cerebellar cortex. It is proposed that
coordination of movements is achieved by encoding timing signals (for augmen-
tation and inhibition of the appropriate agonist and antagonist muscles) in the rate
of firing and pattern of activity of PCs. P/Q-type channels play a dominant role in
initiating fast transmitter release at the excitatory parallel fiber (PF) and climbing
fiber (CF) synapses onto PCs and presumably at the excitatory synapses PF–in-
hibitory interneurons and CF–DCN neurons. Inhibitory synaptic transmission at the
molecular layer interneurons–PC and PC–PC synapses and at the inhibitory
synapses onto granule cells is almost exclusively dependent on P/Q channels [105].
Moreover, P/Q-type channels play a key role in the maintenance of the highly
regular, spontaneous intrinsic pacemaking of PCs because they are specifically
coupled to the Cav2.1, that control the after hyperpolarization amplitude and the
frequency and regularity of tonic firing. After partial block of P/Q, the spontaneous
intrinsic firing of PCs in cerebellar slices becomes irregular and the firing frequency
increases; a larger block of P/Q channels causes the cells to burst and then go silent
[89]. Differential expression of the Cav2+-dependent regulatory proteins and/or of
different Cav2.1 splice variants may provide a means of neuron-type-specific reg-
ulation of presynaptic P/Q channels and short-term plasticity [106].

The involvement of a functional ion channel subunit (a1A) of a voltage-gated
calcium channel in SCA6 favors the hypothesis that SCA6 is an ion channel dis-
order in which the polyglutamine expansion in the C-terminus of the a1A subunit
causes ataxia by altering calcium channel function. This idea is more appealing
given the vast amount of data implicating altered calcium signaling in the SCAs as
well as the identification of other mutations a1A causing EA-2 ad FHM that clearly
affect P/Q channel function. Evidence for alterations in calcium signaling and/or
handling is reported for SCA1 [107, 108], SCA2 [109], and SCA3 [110].
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In addition, recent data show that SCA15, a non-polyQ SCA, is due to a deletion
mutation in the InsP3 receptor 1 gene encoding a receptor that functions in the
release of Ca2+ from intracellular stores [111].

Studies attempting to implicate altered channel function in SCA6 have yielded
conflicting findings. Some reports focusing on voltage dependence of inactivation
found that SCA6-associated polyQ expansions had opposing effects on the inacti-
vation of a1A splice forms representing P- or Q-type channels. Specifically, P-type
channels (those present in Purkinje cells) bearing SCA6 expansions had a small
negative shift in the voltage dependence of inactivation, while in Q-type channels
this shift was in the opposite direction [96, 98]. These changes would predict
reduced Ca2+ entry into Purkinje cells and increased Ca2+ entry into granule cells.
More recently, expression of SCA6 expansions in cultured cells was associated
with increased current density but negligible changes in P/Q gating kinetics [112].
On the other hand, using the Xenopus oocyte expression system, Restituito et al.
[97] reported that P/Q-type a1A subunits bearing SCA6 polyQ expansions had a
negative shift in the voltage dependence of activation and a delay in inactivation,
but only if they were assembled with b4 subunits. Intriguingly, b4 subunits are
highly expressed in Purkinje cells. This change favored a gain-of-function mech-
anism with excessive entry of Ca2+ and possible triggering of Ca2+-induced Ca2+

release from Purkinje cell internal stores [113–116]. Finally, in two recent studies,
transgenic mice expressing a1A subunits with Q28, Q30, or Q84 alleles in the a1A
C-terminus generated by homologous recombination had no alteration in P/Q
channel kinetics in cerebellar neurons [99, 100]. These studies strongly suggest that
the expanded polyQ tract in the C-terminus in SCA6 may act by mechanisms other
than perturbation of channel function.

The functional relationship between a1A and a1ACT needs further elucidation,
but a1ACT does not eliminate expression of functional a1A subunit, an observation
that has important implications for the interpretation of previous electrophysio-
logical studies. It is possible that a1ACT affects kinetic functioning of the
full-length channel through a1ACT-regulated signal transduction pathway. Because
whole cell patch-clamp techniques, rather than single channel recording have been
traditionally used, it is imperative to determine the effect of the
polyglutamine-expanded a1A subunit, on normal P/Q-type channel kinetics to
SCA6 pathogenesis.

7.7.2 SCA6 as a Consequence of Transcriptional
Dysregulation

C-terminal fragments of a1A subunits were detected in protein extracts of purified
a1A and a1A-expressing cells nearly two decades ago [117]. While initially
seeming to have little importance, these fragments took on greater significance
when the SCA6 mutation was identified in the extreme distal C-terminus of the a1A
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subunit. Kubodera et al. [101] reported that the C-terminus of the a1A subunit is
post-translationally processed from the full-length protein and in HEK cell cultures
expressing C-terminal fragments cell death was increased in an allele-dependent
manner. C-termini containing Q28 were significantly more toxic than C-termini
harboring Q13. In this experiment there was no difference in toxicity of full-length
a1A subunits bearing wild-type or expanded polyglutamine tracts [101].

Recent studies have demonstrated that a1ACT with polyglutamine expansion is
located in within cerebellar tissue [4]. Of greater significance however, is obser-
vation that the endogenous free C-terminal fragment localizes to Purkinje cell
nuclei, and that nuclear localization is not affected by polyglutamine length. To
understand the molecular basis for the nuclear translocation, three potential nuclear
localization signals (NLSs) were eliminated to determine whether they target the
C-terminal fragment to the nucleus. In HEK cell cultures, elimination of any of the
three NLS reduces nuclear localization of the C-terminus, but elimination of all
three NLS drastically reduces C-terminal nuclear localization [4].

As a transcription factor, a1ACT is essential for maintenance of neurite out-
growth through gene-specific signaling pathways. Several groups have demon-
strated that in HEK and primary granule cell cultures, expression of the a1ACT,
when bearing an expanded polyglutamine tract of 33 glutamines, is toxic to cells [3,
4]. This toxicity is independent of the function of the full-length protein. In addi-
tion, like other polyglutamine diseases the toxicity is highly dependent on the
nuclear localization of the expanded protein. Compared the properties of the normal
a1ACT protein, a1ACTWT, the a1ACTSCA6 polypeptide has altered binding to the
BTG1 enhancer, showing additional DNA-protein complexes in EMSA, and lacks
the capacity to medicate expression via BTG1 and GRN luciferase reporters or of
the native transcripts of these genes in PC12 cells. a1ACTSCA6 also fails to mediate
neurite outgrowth when stably expressed in PC12 cells and causes increased cell
death. It will be of interest to extend CHIP-based cloning approach using RNA-seq
methodology to more completely characterize the normal repertoire of
a1ACT-regulated genes, as well as those bound by a1ACTSCA6.

Given that the SCA6 expanded C-terminal fragment is the first demonstration
that a small CAG expansion of only 28 or 33 repeats can be toxic to cells, these data
suggest that SCA6 may have a similar disease mechanism as other polyglutamine
diseases. Thus, treatments directed inhibiting CACNA1A IRES, nuclear accumu-
lation, or nuclear entry might provide a useful treatment for SCA6, in addition to
the other polyglutamine diseases.

7.7.3 SCA6 as a Polyglutamine Disease

The mutational mechanism in SCA6 suggests that the pathogenesis of this disorder
may share features in common with polyglutamine diseases (Huntington’s disease,
dentatorubro-pallidoluysian atrophy, spinobulbar muscular atrophy, SCA1, SCA2,
Machado-Joseph disease [SCA3], SCA7, and SCA17). In each of these disorders,
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disease arises when a normal stretch of CAGs encoding *10–40 glutamines is
expanded mutationally to 40–100 glutamines. The polyglutamine tracts in these
disorders occur within entirely distinct proteins, and the associated disease phe-
notypes display overlapping, yet clearly distinct, topographic distribution of
pathology [118]. Formation of insoluble aggregates, or more direct interference by
soluble forms of the mutant protein, with certain vital components of cellular
metabolism or nuclear processes has been invoked as pathogenic mechanisms
[113]. It remains to be determined whether the accumulation of aggregates con-
tributes to the pathogenesis of or protection from the disease.

While clinically similar to some of the polyglutamine disorders such as SCA1,
SCA2, and SCA3 [119, 120], it is quite striking that in SCA6 the disease results
from a much smaller expanded polyglutamine tract. Fully penetrant ataxia arises
with expansions of only 20–33 glutamines, well within the normal range in other
polyQ diseases in which toxicity results at �*40 repeats.

There is growing experimental evidence for the role of the a1A subunit
C-terminus as a polyglutamine protein. In postmortem brains studied using an
antibody to the C-terminus, non-ubiquitinated accumulations were immunolabeled
in the Purkinje cells of an SCA6 patient brain [101].

Recently, using a distinct antibody to the a1ACT, specific immunolabeling of
Purkinje cell nuclei in both normal human and mouse and SCA6 cerebellum is seen.
Analysis of protein extracts of mouse cerebellum identified a 60–70-kDa a1ACT
fragment that was enriched in nuclei. The fragment is also present and enriched in
nuclei of cells transfected with a1A expression vectors. Nuclear transport appeared
to depend on the presence of evolutionarily conserved nuclear localization signals.
Lastly, a1ACT bearing expanded polyglutamine tracts of 33 repeats cause
increased cell death compared with wild-type a1ACT, when allowed to translocate
to nuclei [4]. These findings suggest that the disease may result from processes
more closely related to nuclear accumulation of expanded polyglutamine proteins or
fragments as seen in other polyglutamine disorders [121]. Pathogenicity in the
context of accumulation of proteins bearing expanded polyQ tracts or insoluble
polymers leading to a “toxic gain-of-function” has been proposed to arise from
several mechanisms, such as formation of toxic associations with housekeeping
genes or transcription factors, interference with the ubiquitin–proteasome pathway
or direct DNA damage [70], or the induction of apoptotic pathways [122].

7.8 SCA6 Animal Models

Five spontaneous mouse mutants harboring loss-of-function mutations in the
CACNA1A gene that lead to reduced P/Q-type density in cerebellar PCs have been
described first: tottering (tg), leaner (la), rolling Nagoya (rol), rocker (rkr), and
tottering-4j (tg-4j) [123]; Four of the spontaneousCACNA1Amutations are missense,
leading to substitutions of conserved amino acids in the pore lining or voltage sensor
regions, the leaner phenotype is caused by a splice-site mutation producing two
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aberrant splice products with altered C-terminal sequences. All homozygous mice
show progressive ataxia, ranging from mild in rkr/rkr, tg/tg, and tg-4j/tg4j to severe
ataxia and dystonia in la/la. The molecular consequence of one of these mutations, Tg
(la), is selective loss of the complete C-terminus of the a1A subunit after either codon
1922 or codon 1967, resulting in seizures, and episodic and progressive cerebellar
disease with degeneration of Purkinje cells. Because in this mouse the mutant
“tail-less” P/Q-type channels remain largely functional within the cerebellar neurons,
this mutant points to a key role for the C-terminus in cerebellar neuronal function and
viability, a fact relevant to the human disease SCA6. In the recent several years, more
animalmodels are established and used to study SCA6. Information gained from these
studies provide a good starting point for further investigation of the dynamics of gene
expression regulation and its role in the pathogenesis of SCA6.

7.8.1 a1A Subunit Knockout (KO) Mouse

To explore the underlying mechanisms of the diverse neuropathological defects
generated by a1A subunit mutations, a1A knockout mouse lacking P/Q-type currents
has been generated. a1A KO mice show several neurological abnormalities [124].
First, absence seizures, characterized by 3–5 Hz cortical spike-wave discharges
associated with behavioral immobility; second, ataxia and dystonia, beginning at
about 10 days after birth (P10) and becoming worse with age, if unaided the mice do
not survive past weaning; third, selective degeneration of the cerebellum in older
mice, with a specific pattern affecting mainly the anterior vermis. Developmental
changes in the calcium channel types mediating synaptic transmission are observed at
many central synapses, including the inhibitory synapses between Purkinje cells and
deep cerebellar nuclei neurons. Interestingly, this occurs at P12–16, the same age at
which the ataxic symptoms begins in a1A KO mice. With the finding that P/Q-type
calcium channels are absent in cerebellar granule cells in KOmice, this mouse model
provided direct evidence thata1A subunit generates both P- andQ-type currents and it
its absence causes progressive cerebellar ataxia [106].

A cerebellar phenotype similar to that of la/la and CaV2.1−/− mice (including
death of GCs and PCs) has been recently reported for Ca2.1 knockdown mice with
30% of the WT CaV2.1 level, whereas mice with 60 and 55% of the WT Ca2.1
level were normal [125]. It remains unknown why, when reduction of P/Q channel
function exceeds the critical threshold, neuronal death in the cerebellum is not
homogeneous and occurs in a highly specific pattern.

7.8.2 Purkinje Cell-Specific a1A KO Mouse

To study the specific contribution of a1A calcium channel in Purkinje cells to the
development of ataxia that is associated with mutations in the CACNA1A gene,
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conditional CACNA1A mice are crossed with transgenic mice expressing Cre
recombinase, driven by the Purkinje cell-specific Pcp2 promoter, to specifically
ablate the a1A subunit and thereby P/Q calcium channels in Purkinje cells. Purkinje
cell a1A-KO (PCa1A KO) mice had a normal lifespan, clearly distinct from the
lethal phenotype seen in a1KO mice. PCa1A KO mice exhibited cerebellar ataxia
starting around P12, much earlier than the first signs of progressive Purkinje cell
loss, which appears in these mice between P30 and P45. Secondary cell loss was
observed in the granular and molecular layers of the cerebellum and the volume of
all individual cerebellar nuclei was reduced. In this mouse model with a cell
type-specific ablation of P/Q-type Ca2+ channels, it is shown that ablation of P/
Q-type Ca2+ channels restricted to Purkinje cells is sufficient to cause cerebellar
ataxia and Purkinje cell degeneration [126].

7.8.3 Postnatal Purkinje Cell-Specific a1A KO Mouse

To visualize P/Q-type Ca2+ channels and dissect their role in neuronal networks at
distinct developmental stages, a novel conditional CACNA1A knock-in mouse was
created by inserting the floxed GFP derivative Citrine into the first exon of
CACNA1A, then crossing it with a postnatally expressing PCP2-Cre line for delayed
Purkinje cell (PC) gene deletion within the cerebellum and sparsely in forebrain
(purky). PCs in purky mice lacked P/Q-type calcium channel protein and currents
within the first month after birth, displayed altered spontaneous firing, and showed
impaired neurotransmission. Unexpectedly, adult purky mice exhibited the full
spectrum of neurological deficits seen in mice with genomic CACNA1A ablation.
Results from this mouse model suggest that the ataxia, dyskinesia and absence
epilepsy due to inherited disorders of the P/Q-type channel arise from signaling
defects beginning in late infancy, revealing an early window of opportunity for
therapeutic intervention [127].

7.8.4 SCA6 Knockin (KI) Mouse

To explore the underlying pathogenetic mechanisms of SCA6, two human
CACNA1A gene knock in mouse models have been generated. Saegusa et al. [99]
generated knock-in mouse models that express human Cav2.1 with 28 polyglu-
tamine repeats (disease range) (Q28) and with 13 polyglutamine repeats (normal
range) (Q13) by targeted insertion of the fully spliced a1A cDNA. Heterozygous
SCA6 Q28 mice did not have abnormal phenotype, although homozygous Q28 as
well as homozygous Q13 mice developed ataxia and died by 3 weeks of age. This
was attributable to an artifact in the expression of the transgene as all knockin
alleles had 7–11% expression levels compared with endogenous CACNA1A.
Despite the problems with expression studies in these mice P/Q channels could be
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recorded in dissociated Purkinje cells from these mice. Surprisingly, the voltage
dependence of activation and inactivation and current density were not different
between SCA6 Q28, Q13 and control. These results do not support the notion that
the alteration of the channel properties underlie the pathogenic mechanism of
SCA6.

Watase et al. [100] established another SCA6KI mouse model. In this model,
CAG repeat and its immediate flanking sequence derived from human CACNA1A
were inserted into the Cana1a locus using homologous recombination in embryonic
stem cells. SCA6KI mice carrying a hyperexpanded (84Q) polyQ developed
age-dependent motor impairment. Neither SCA6KI mice with an expanded, Q30,
polyQ tract in the range of SCA6 patients, nor those with Q14, control size polyQ
tract developed any neurological signs, including in the homozygous state during
the life of the mouse. Analysis of splice forms of the CACNA1A gene showed that
these the CACNA1A splice forms were disrupted in these knockin mice, with
reduced total expression levels and reduced proportion of the polyQ containing
isoforms. In 22-month-old homozygous 84Q mice neuronal inclusions reminiscent
of those seen in human SCA6 PCs were found predominantly in the cytoplasm of
PCs, but without neurodegenerative changes. These findings are consistent with the
hypothesis that SCA6 pathogenesis involves a toxic gain-of-function mechanism
associated with accumulation of the expanded polyQ protein similar to that of other
polyglutamine diseases. Thus, although both SCA6 knockin studies had unexpected
consequences of altered expression levels and splice variants, they provided evi-
dence that the P/Q channels that were formed with expanded polyQ tracts of 29 and
33 did not exhibit abnormal P/Q channel function. Another mouse knockin model
of a massive expansion of 118 repeats in the calcium channel machine showed
evidence of lysosomal abnormalities, although the relevance of this to the human
disease is uncertain [128].

7.8.5 Purkinje Cell-Specific a1ACT Transgenic Mice

To investigate the physiological and pathological function of the a1ACT fragment
in PCs, the Pcp2 promoter and Tet-off system [129] were used to generate two
double transgenic mouse lines, Pcp2-tTA/TRE-a1ACT (abbreviated, PC-a1ACT),
expressing at comparable levels either a1ACTWT (WT = Q4, the smallest a1ACT
polyQ seen in humans) or a1ACTSCA6 (SCA6 = Q33, the largest a1ACT polyQ
seen in SCA6) fragments tagged with an N-terminal myc epitope. These mice
appeared to grow and develop normally and live a full life span. a1ACTSCA6 mice,
however, have mild progressive motor problems that are evident using the com-
puterized treadmill (Digigait). Although there is no obvious sign of cell loss in the
cerebellum in a1ACTSCA6 mice at approximately 2 years of age, measurement of
the molecular layer thickness shows that a1ACTSCA6-expressing mice have sig-
nificant thinning of this layer, compared with age-matched a1ACTWT and WT
mice. Lastly, using RT-PCR to examine the expression levels of ChIP-identified
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genes TAF, GRN, BTG1 and PMCA2 in cerebellar tissues of 2-year-old
PC-a1ACTSCA6 mice compared with age-matched WT mice, transcript levels of
each of the a1ACT-regulated genes are decreased. These findings are the first to
demonstrate clinical and pathological changes in an animal model of SCA6
expressing appropriate-sized pathological alleles within a CACNA1A protein [3].

AAV CT knockin mice lines have been generated that exogenously expressed
the human CT polypeptides-CT-short (ending at exon 46) and CT-long polyQ
(ending at exon 47 and containing 27 polyQ residues)—in mouse cerebellar PCs
using viral and transgenic approaches. Although wt allele controls were not
included, the findings appear to support the point that, CTs cluster in nuclear
inclusions and cytoplasmic aggregates in infected PCs. Postnatal expression of the
disease peptide causes SCA6 symptoms, including ataxia and PC degeneration, that
are correlated with altered PC firing in vivo. Most importantly, expression of the
SCA6 peptide causes a virtually complete loss of (eyeblink conditioning) EBC that
is correlated with the loss of cerebellar plasticity (i.e., LTP and LTD) at the parallel
fiber (PF)-to-PC synapse. The results suggest that the polyQ carrying the CT
fragment of the P/Q-type channel is sufficient to cause SCA6 pathogenesis in mice
[130]. On the other hand, a neonatal model of SCA6 has been generated using AAV
to deliver a1ACT. These mice have severe ataxia phenotype and disrupted Purkinje
cell development [131]. These studies confirm that the a1ACT protein is the toxic
moiety, suggesting that a reaspnable treatment strategy would center around sup-
pression of a1ACT expression while sparing a1A expression. In fact, a microRNA
targeted to the CACNA1A IRES, delivered by AAV, can prevent this neonatal form
of SCA6.

7.9 Conclusions

SCA6 is a late onset autosomal dominant, essentially pure, cerebellar ataxia asso-
ciated with an expanded CAG repeat in the gene, CACNA1A. While there is some
support for the view that SCA6, like many other CACNA1A disorders is a chan-
nelopathy, the identification of the transcription factor, a1ACT, encoded by a
second cistron in the CACNA1A gene, a mechanism involving transcription dys-
regulation mediated by a polyQ-expanded a1ACT protein has become a more
likely scenario in the pathogenesis of SCA6. A better characterization of the
physiological function of CACNA1A gene and its two proteins, a1A and a1ACT,
and the regulation of a1ACT expression will be important to clarify the mechanism
of SCA6 pathogenesis and to design therapies.
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Chapter 8
Spinocerebellar Ataxia Type 2

Daniel R. Scoles and Stefan M. Pulst

Abstract Spinocerebellar ataxia type 2 (SCA2) is autosomal dominantly inherited
and caused by CAG repeat expansion in the ATXN2 gene. Because the CAG repeat
expansion is localized to an encoded region of ATXN2, the result is an expanded
polyglutamine (polyQ) tract in the ATXN2 protein. SCA2 is characterized by
progressive ataxia, and slow saccades. No treatment for SCA2 exists. ATXN2
mutation causes gains of new or toxic functions for the ATXN2 protein, resulting in
abnormally slow Purkinje cell (PC) firing frequency and ultimately PC loss. This
chapter describes the characteristics of SCA2 patients briefly, and reviews ATXN2
molecular features and progress toward the identification of a treatment for SCA2.

Keywords Spinocerebellar ataxia type 2 � Ataxin-2 � Neurodegeneration
Cerebellum

8.1 SCA2 Clinical Characteristics

While patients with SCA2 possess many of the core clinical characteristics that
define the SCAs as a group of neurodegenerative disorders, SCA2 is a clinically
distinct. Considered a hallmark characteristic of any SCA, the most noticeable
symptom of onset is gait ataxia. In SCA2, onset also frequently, although not
always, coincides with muscle cramping. Ataxia onset is then followed by multiple
other symptoms characteristic of cerebellar degeneration. For SCA2 these symp-
toms include appendicular ataxia with instability of stance, dysarthria, and ocular
signs including nystagmus, and ocular dysmetria. The signs and symptoms of
SCA2 are almost entirely of cerebellar origin, with clearly defined involvement of
cerebellar regions and associated cerebellar circuits. However, one predominant
ocular feature typical of SCA2, slow or absent saccades, arises from degeneration of
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neurons of the oculomotor brainstem. Dystonia and myoclonus are also frequent in
patients with SCA2, as well as neuropathy, muscle spasticity and frontal-executive
dysfunction [1–3].

SCA2 phenotype is characterized by gait ataxia in most SCA2 patients, however
variant phenotypes have been defined. These variant phenotypes reside outside of
the cerebellar spectrum and include L-DOPA responsive parkinsonism and amy-
otrophic lateral sclerosis (ALS) [3, 4]. Patients with these variant phenotypes
present with idiopathic forms of parkinsonism or ALS. While ATXN2-associated
parkinsonism and ALS present with no symptoms of cerebellar ataxia, more
imaging data are necessary to define whether these variant phenotypes are
accompanied with cerebellar atrophy.

8.1.1 SCA2 and ALS

ATXN2 CAG repeat expansions are also associated with ALS-like motor pheno-
types. For ATXN2 CAG repeats in the normal range for SCA2, between 27 and 33
repeats in length, a statistically significant increased risk for ALS has been defined
[4, 5]. A meta-analysis of ATXN2 alleles drawing on worldwide reporting of ALS,
however, showed that ALS-risk only increased significantly for CAG repeats � 31.
In these patients, the phenotype is indistinguishable from other idiopathic forms of
ALS. The causes of the ALS-like phenotypes in patients with ATXN2 expansions
are not well described but may associate with the ATXN2 interacting proteins
TDP-43 and FUS [4, 6], since mutations in the genes encoding these proteins can
cause ALS. ALS and intermediately expanded ATXN2 connects functionally to the
action of C9ORF72, since aggregates partially depleted of C9ORF72, including
intermediately expanded ATXN2, were neurotoxic due to impaired autophagy [7].
However, it remains to be determined why intermediate expanded ATXN2
increases risk of ALS in the absence of C9ORF72 mutations. In our meta-analysis
an 11-fold increased risk was observed for ATXN2 repeats of 32 [5]. Thus the
rarest ATXN2 alleles represent the highest risk for ALS. However, SCA2 patients
with longer ATXN2 mutations can also present with ALS-like phenotypes [5, 8].

8.2 Discovery of the ATXN2 Gene

SCA2 was first described in India with the discovery of nine patient families [9].
Nearly two decades later a large population of SCA2 patients was discovered in
eastern Cuba [9]. Both discoveries noted that the affected families were charac-
terized by ataxia and other cerebellar signs as well as slow saccades; clinical
features that are now known to typify patients with SCA2. In Cuba it was later
noted that the prevalence of SCA2 was especially high compared to other regions in
the world, attributed to a founder population in the eastern part of the island where 4
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out of every 10,000 inhabitants of Holguin province has SCA2 [10, 11]. The
existence of the large SCA2 populations in Cuba and elsewhere has aided the
identification of the ATXN2 gene. Varying age of onset (AO) in SCA2 pedigrees
helped to establish anticipation in SCA2 of 14.4 ± 7.9 years per generation
strongly hinting that the ATXN2 mutation was likely a repeat expansion mutation
[12]. Mapping studies ultimately localized ATXN2 to Chr 12q24.12 following initial
mapping to chromosome 12 [13], and fine mapping to 12q24 [12]. The ATXN2 gene
was identified in 1996 demonstrating the causative mutation as a CAG repeat
expansion in the coding region of ATXN2 resulting in a polyglutamine expansion in
the ATXN2 protein [14–16].

8.3 Molecular Genetics of SCA2

Most commonly, the ATXN2 gene has 22 CAG repeats while � 33 CAG repeats
causes SCA2 [17]. SCA2 is characterized by anticipation with strong correlation
between age of onset and CAG repeat length (Fig. 8.1). The CAG repeat expansion
is dynamic and unstable during meiosis with a strong propensity for expansion.

The ATXN2 gene consists of 25 exons and spans a total of 147 megabase pairs
(147,463 bp). The ATXN2 transcript is 4699 bp long with relatively small
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Fig. 8.1 Anticipation in SCA2. SCA2 age of onset is negatively correlated with ATXN2 CAG
repeat length. Note that the variability in AO for any CAG repeat length is partly associated with
CACNA1A repeat length (but no other polyglutamine disease genes) and likely also to other
genetic and environmental factors [10]
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untranslated regions (162 bp 5′-UTR, 601 bp 3′-UTR). There are two in-frame start
codons at the 5′-end of the sequence with the second one located four codons
upstream of the CAG repeat. Transcriptional studies have only partly described
which of these are utilized in translation. The predicted molecular weight for
ATXN2, when made from the first start codon, is 144 kDa and ATXN2 made from
the second start codon is 17 kDa smaller. While western blot analyses typically
produce a single ATXN2 protein band consistent for use of the further-most
upstream ATG, artificial luciferase tagged ATXN2 promoter constructs lacking the
second ATG fail to express proteins [18]. Note that a smaller, approximately
42 kDa, fragment of ATXN2 was observed in brain extracts from SCA2 patients
and SCA2 mice [19–21]. Huynh et al. [20] identified a consensus aa sequence for
caspase-3 cleavage at ATXN2 aa 396–399 that could explain the origin of this
band. ATXN2 is a cytoplasmic protein that also localizes to the trans-Golgi network
[22, 23], and is a phosphorylated protein with half-life of � 21 h [22]. ATXN2
transcription is also regulated by the ETS1 transcription factor [18], and might be
altered by CAG repeat expansion since the ATXN2 CAG repeat is located inside a
CpG island [24]. The molecular features of the ATXN2 gene and the encoded
protein are summarized in Table 8.1.

8.3.1 Macromolecules Interacting with ATXN2

The ATXN2 interacting proteins provided clues on the functions controlled by
ATXN2. ATXN2 interacts with multiple RNA binding proteins (RBPs) suggesting
that ATXN2 has a role in RNA metabolism. ATXN2 also interacts with staufen,

Table 8.1 Molecular
features of the ATXN2 genea

Chromosomal position 12q24.12

Number exons 25

Gene length 147,463 bp

Transcript length 4699 bp

3′-UTR length 601 bp

Putative start codons 2

ATG1 use

5′-UTR length 162 bp

Protein length 1312 aa

Protein size 144 kDa

ATG2 use

5′-UTR length 642 bp

Protein length 1152 aa

Protein size 127 kDa
aTranscript ID ENST00000377617 in Ensembl version
ENSG00000204842.14
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which controls stress granule formation and itself interacts with RBPs. ATXN2
interactions with IP3R and with the RGS8 mRNA transcript support the ATXN2
roles in calcium homeostasis. ATXN2 also interacts with endophilins and CIN85
indicating a function for ATXN2 in synaptic vesicle endocytosis. The ATXN2
interacting proteins are summarized in Table 8.2, and a graphic representation of
the binding sites within ATXN2 is presented in Fig. 8.2.

8.3.2 A2BP1/RBFOX1

A2BP1/RBFOX1 is a regulator of RNA alternative splicing. We discovered A2BP1
as an ATXN2 interacting protein by yeast two-hybrid screening. Secondary
two-hybrid assays using protein fragments determined that A2BP1 interacted with
the C-terminal half of ATXN2 residues 760–1313 and that the full-length A2BP1
protein interacted stronger than did the C-terminal A2BP1 fragment while an
N-terminal A2BP1 fragment did not interact with ATXN2 [25]. A2BP1 labeled in
granules present in SCA2 patient dentate neurons and Purkinje neurons. A2BP1
functions in RNA splicing suggested that ATXN2 may regulate alternative splicing

Table 8.2 ATXN2 interacting macromolecules

ATXN2
interactor

ATXN2 binding
regionb,c

ATXN2
domaind

Interacting protein
function

Citation

A2BP1/
RBFOX1

760–1312 – RNA binding Shibata et al.
[25]

PABP 816–1312 PAM2 RNA binding Ralser et al. [26]

DDX6 254–475 Lsm &
LsmAD

RNA binding Nonhoff et al.
[27]

TDP-43 FL – RNA binding/ALS Elden et al. [4]

FUSa FL – RNA binding/ALS Farg et al. [6]

Parkin 1–396 – Ubiquitination Huynh et al.
[28]

Staufen1a FL – RNA binding Paul et al.,
submitted

IP3Ra FL – Ca2+ signaling Liu et al. [29]

RGS8 mRNA FL – Ca2+ signaling Dansithong
et al. [30]

Endophilin-A1 481–815e SBM2 Vesicle endocytosis Ralser et al. [31]

Endophilin-A3 481–815e SBM2 Vesicle endocytosis Ralser et al. [31]

CIN85a FL – Vesicle endocytosis Nonis et al. [32]
aDirect interaction with ATXN2 not demonstrated
bSmallest ATXN2 amino acid regions experimentally tested for interaction
cFL, Full-length ATXN2; narrower interacting regions in ATXN2 not determined
dDomain within the ATXN2 binding region required for the interaction
eNonis et al. [32] identified additional flanking binding sites for the endophilins
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in a tissue-specific manner or of a subset of RNAs. A2BP1 was the first RNA
binding protein discovered to interact with ATXN2, and in simultaneous work in
our research group, this led to our first attention on the Lsm and LsmAD domains
located in the N-terminal region of ATXN2 [19] that are common in spliceosomal
small nuclear ribonucleoproteins (snRNPs) and function in RNA binding and
protein-protein interactions [33].

8.3.3 PABP & DDX6

Poly(A)-binding protein (PABP) interacts with the polyA end of mRNAs in the
initiation of protein translation [26]. Other interactions made by PABP are facilitated
by the 12 amino acid PABP-interacting motif 2 (PAM2) domain. A survey of
multiple PAM2 proteins demonstrated that a PAM2 domain in ATXN2 and a high
level of conservation of the PAM2 domain among the proteins [34]. A physical
interaction between PABP and ATXN2 was demonstrated by yeast two hybrid
testing and co-immunoprecipitation [26]. PABP is a component of mammalian stress
granules, and ATXN2 and PABP colocalized in stress granules in heat-shock treated
COS1 cells [26]. The study was the first to demonstrate the localization of ATXN2 to
stress granules. The same research group further investigated ATXN2 in stress

Lsm LsmADSBM1 SBM2 PAM2

ATXN2 Domain Structure and Sites of Interac ons

Endophilin A1 & A3

A2BP1/RBFOX1 

PolyQ

DDX6

PABP

Staufen1     TDP-43     FUS     IP3R     CIN85

aa: 

(narrower regions not determined)

Parkin 

Fig. 8.2 ATXN2 domain structure and sites of interactions. The diagram depicts the amino acids
of the ATXN2 protein with locations of known domains indicated. Lines represent the minimal
regions experimentally tested for interaction. The domains and their locations are as follows:
Polyglutamine tract (PolyQ) (aa 166–187), SRC homology 3 (SH3) domain binding motifs 1
(SBM1) (aa 117–126) and 2 (SBM2) (aa 587–596), Like sm domain (Lsm) (aa 254–345), Lsm
associated domain (LsmAD) (aa 353–475), PABP interacting motif 2 (PAM2) (aa 908–925). In
addition, ATXN2 has an acidic domain (aa 256–405), a predicted clathrin-mediated sorting signal
(aa 414–416), and a predicted site for caspase cleavage (aa 396–399) [20]
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granules by characterizing its interaction with the DEAD/H-box RNA helicase
(DDX6) [35]. DDX6 is a stress granule protein that like PABP is localized to stress
granules as well as processing bodies (p-bodies). ATXN2 was shown to directly
interact with DDX6 by way of the Lsm and LsmAD domains in ATXN2 by yeast
two-hybrid interaction testing [27]. Upon identifying DDX6 as an ATXN2 inter-
acting protein, the investigators further demonstrated that ATXN2 localized to both
stress granules and processing bodies (p-bodies). ATXN2 also interacts with
polyribosomes which are also known to be regulated by RNA granule formation [35].

Interaction between ATXN2 and PABP appears to connect functionally to the
control of translation by ATXN2 involving mTOR signaling. Increased ATXN2
mRNA was observed in SH-SY5Y cells stressed by serum starvation [36]. The
authors also showed sequestration of PABP and proteins of the cap-binding com-
plex with ATXN2 in stress granules in mouse embryo fibroblasts (MEFs) stressed
with arsenite [36]. A connection between ATXN2 and mTOR signaling was further
confirmed by demonstrating increased phosphorylation of S6 and 4EBP1 in MEFs
null for ATXN2, as well as elevated ATXN2 mRNA abundance in SH-SY5Y cells
treated with the mTOR inhibitor rapamycin but not the PI3-kinase inhibitor
LY294002 [36], suggesting the presence of a compensatory feed-back mechanism
activating ATXN2 when mTOR is inhibited.

8.3.4 TDP-43 & FUS

Both TDP-43 and FUS are RBDs that are mutated in amyotrophic lateral sclerosis
(ALS). The identification of ATXN2 as an interactor with TDP-43 was presented
along with the discovery that moderate expansions in the ATXN2 gene CAG repeat
are associated with increased risk for ALS [4]. More on ATXN2 and ALS is
discussed below. The interaction between TDP-43 and ATXN2 was demonstrated
by yeast two-hybrid interaction testing, and in HEK293 cells by coimmunopre-
cipitation (co-IP) of overexpressed GFP-TDP-43 fragments with endogenous
ATXN2 and by immunofluorescent colocalization. In co-IP tests, including RNAse
or including TDP-43 proteins mutated to abolish RNA binding, the
TDP-43-ATXN2 interaction was abolished, demonstrating that the interaction is
RNA dependent. FUS was also demonstrated to interact with ATXN2 [6]. Both
TDP-43 and FUS have been characterized in RNA granules containing ATXN2
[37], suggesting a pathogenic connection for ATXN2 in increased ALS risk is
associated with abnormal stress granule function.

8.3.5 Parkin

To investigate a functional connection that might explain why Parkinsonism is
sometimes observed in SCA2, Huynh et al. [28] tested ATXN2 as an interacting
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protein with Parkin. Parkin directly interacted with the ATXN2 N-terminal domain
(residues 1–396) when hemagglutinin (HA)-tagged Parkin was pulled down with an
anti-HA antibody in HEK293 cells expressing GFP fused to full-length ATXN2 or
N- or C-terminal fragments of ATXN2 [28]. The interaction was verified for
ATXN2 proteins with Q22, as well as expanded polyglutamine tracts of Q58 and
Q104. Parkin, an E3 ubiquitin ligase, ubiquitinated the full-length ATXN2 more
efficiently than ATXN2 N-terminal fragments. ATXN2 ubiquitination by Parkin
was more pronounced when ATXN2 was polyglutamine expanded but less efficient
with Parkin-C289G mutated. The induced overexpression of Parkin in tetracycline
inducible PC12 cells was associated with increased turnover of the ATXN2 protein.
ATXN2 and Parkin colocalized in cytoplasmic structures of Purkinje cells from
normal (non-SCA2) individuals [28]. The interaction between Parkin and ATXN2
was independently confirmed by coimmunoprecipition of polyglutamine expanded
ATXN2 with Parkin from the cerebella of ATXN2-CAG42 knock-in mice [38].
Note that the latter study also demonstrated that the E3 ubiquitin ligase Fbxw8 also
coimmunoprecipitated with ATXN2.

8.3.6 Staufen

Recently we demonstrated that ATXN2 interacts with Staufen1. Staufen is a key
regulator of stress granule formation. We demonstrated that staufen expression is
increased in SCA2 derived patient fibroblasts, lymphoblasts, iPSCs, and in the
cerebella of our ATXN2-Q127 transgenic and our ATXN2-Q72 BAC mice. The
result of elevated staufen expression in these systems is constitutively present stress
granules. The identification of staufen as an interacting protein with ATXN2, whose
expression is elevated upon ATXN2 mutation, demonstrates a functional role for
ATXN2 in either staufen mediated decay, stress granule mediated mRNA pro-
cessing or stress granule mediated dendritic mRNA trafficking for localized
expression control.

8.3.7 RGS8 mRNA & IP3R

ATXN2 interacts with RGS8 mRNA and IP3R supporting roles for ATXN2 in
calcium homeostasis. We determined that Rgs8 expression is reduced in the cere-
bella of SCA2mice by transcriptome analysis, and verified RGS8 reduction in SCA2
patient lymphoblast cells. We also demonstrated that Rgs8 translation is reduced in
the presence of mutant ATXN2 using rabbit reticulocyte in vitro translation assays.
Thus, reduced Rgs8 could be the result of mRNA degradation, as well as RGS8
mRNA translation inhibition perhaps mediated by sequestration in stress granules.
RGS8 inhibition could impact calcium levels in Purkinje cells, since RGS8 is
believed to be an inhibitor of mGluR1. The role of mGlur1 in the normal functioning
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of Purkinje neuron and motor coordination is well described in a review by
Hartmann et al. [39]. In Purkinje cells, mGluRs produce two distinct signals
including a local dendritic Ca2+ signal and a slow excitatory postsynaptic potential.
The dendritic Ca2+ signal originates through Ca2+ release from the ER mediated by
the inositol-triphosphate receptor type 1 (IP3R). The slow excitatory postsynaptic
potentials are mediated by Ca2+ influx, via the transient receptor potential cation
channel 3 (TRPC3) that is gated by diacylglycerol (DAG) and IP3R [39]. IP3R is
abnormally activated upon interaction by mutant ATXN2, resulting in abnormal
release of Ca2+ from intracellular stores [29]. The Bezprozvanny group verified that
IP3R specifically interacts with the polyglutamine expanded ATXN2 protein but not
the normal ATXN2 protein [29]. The interaction was demonstrated between
endogenous ATXN2 and overexpressed GST-IP3R in COS7 cells using a pull-down
assay. A second assay using cerebellar homogenates from Pcp2-ATXN2-Q58 mice
demonstrated that polyglutamine expanded ATXN2 co-precipitated with greater
abundance of radiolabeled IP3 than did wildtype ATXN2, consistent with an
interaction between mutant ATXN2 and IP3R [29]. Further experiments on mod-
ulating IP3R function for modifying SCA2 mouse phenotypes are described below.

8.3.8 Endophilins and CIN85

Endophilin and CIN85 are proteins that function along with Cbl in endocytosis of
cell surface receptor tyrosine kinases [40]. The Huntington disease protein hunt-
ingtin, another polyglutamine disease protein, interacts with endophilin A3
resulting in abnormal sequestration of proteins of endocytic vesicle systems [41,
42]. Therefore, to test whether ATXN2 could interact with endophilins, Ralser et al.
[31] performed two-hybrid interaction tests that demonstrated ATXN2 direct
binding with both endophilin A1 and endophilin A3. The interaction was mediated
by the SH3 domain binding motif 2 (SBM2) in ATXN2, and the investigators also
showed that ATXN2 failed to interact with endophilin A2. The study also
demonstrated competitive binding between ATXN2 and huntingtin for endophilin
A3 in the yeast two-hybrid system. Another study investigated ATXN2 interactions
with endophilin A1 and endophilin A3 by GST pull-down tests showing that the
endophilins interacted with other ATXN2 protein regions not including the SBM2
domain [32]. Extensive cytoplasmic colocalization of ATXN2 with endophilins A1
and A3 was also demonstrated by immunofluorescent labeling of HEK293 and
SH-SY5Y cells [31, 32]. Co-immunoprecipitation assays demonstrated ATXN2
exists in complexes containing endophilin A3, CIN85, Cbl, and EGF receptor
(EGFR) [32]. Overexpression of ATXN2 in CHO cells inhibited EGF-stimulated
EGFR internalization, demonstrating a functional role of ATXN2 in endocytosis
[32]. Endocytosis controlled by the Endophilin-CIN85-Cbl complex is mediated by
clathrin-coated pits. A putative site for clathrin binding in ATXN2 was described by
Huynh et al. [20] at aa 414–416. However Turnbull et al. [22] could demonstrate no
co-localization between ATXN2 and clathrin-coated pits or vesicles.
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8.3.9 Other ATXN2 Interaction Studies

Various studies have demonstrated proteins with which ATXN2 coimmunopre-
cipitated without formally testing direct interactions. Discussed briefly in the PABP
paragraph above, Lastres-Becker et al. [36] demonstrated that ATXN2 coimmu-
niprecipitated with TIA1, eIF3B, eIF4G, eIF4A1 and S6 from HEK293 cells treated
with or without arsenite. Blokhuis et al. [43] characterized the ATXN2 interactome
in Neuro2A cells using mass spectrometry with validations performed by coim-
munoprecipitation. Key interacting proteins verified in coimmunoprecipitation
experiments included Fmrp, Upf1, Caprin1, HuD, Pabpc4, and Dhx9. The inves-
tigators also produced interactomes for Fus and Tdp43 and presented interactions
shared among these proteins and ATXN2 [43].

Studies of the ATXN2 yeast homolog Pbp1 suggest other proteins likely to
interact with the ATXN2 protein. The PAS kinase 1 (Psk1) was shown to interact
with the C-terminal half of Pbp1 resulting in Pbp1 phosphorylation proximal to the
interaction [44]. Another study of Pbp1 demonstrated interactions with Lsm12 and
Pbp4 in addition to the yeast homologs of PABP and DDX6 [45].

8.4 SCA2 Mouse Models

We and others have produced multiple SCA2mouse models, including transgenic and
knockout models [20, 30, 46, 47, 48, 49, 50, 51]. In this section we describe these
mice. Note that a recent review comprehensively describes each of these mice [52].

8.4.1 Pcp2-ATXN2 Transgenic Mice

We have made two types of Pcp2-ATXN2 transgenic mice, including one with
ATXN2-CAG58 (Q58) and another with ATXN2-CAG127 (Q127). Both of these
mice have ATXN2 expressed under the control of the Purkinje cell protein 2
(Pcp2)/L7 promoter. These mice are characterized by age-dependent molecular,
motor and electrophysiological phenotypes. Rotarod testing demonstrated
ATXN2-dose dependent motor phenotype for ATXN2-Q58 mice first observed at
six months of age, and Purkinje cells in these mice contained cytoplasmic, but not
nuclear, inclusion bodies [20]. The ATXN2-Q58 mouse was also used in studies
demonstrating dantrolene treatment could restore ATXN2 mouse motor phenotypes
[29]. This is discussed in further detail in the section below, on calcium home-
ostasis. ATXN2-Q127 mice also has Purkinje cells with cytoplasmic inclusion
bodies, but with the longer repeat length we have observed the motor phenotype as
early as eight weeks of age [46]. The Auburger group has also created an
ATXN2-CAG42 knock-in mouse by replacing the single CAG in the mouse Atxn2
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gene with an expanded CAG42 repeat [50]. The ATXN2-CAG42 mouse was
characterized for how mutant ATXN2 alters PABPC1 solubility and availability for
functions in RNA metabolism.

8.4.2 SCA2 BAC Transgenic Mice

SCA2 BAC mice possess the entire 176 kb ATXN2 gene region including 16 kb
upstream sequence and 2.5 kb downstream sequence. Presently we have two
SCA2 BAC lines including alleles expressing ATXN2-Q22 normal length and
ATXN2-Q72 expanded [30]. The Q22 line has no motor, transcriptomic or neu-
rophysiological phenotype. However, the Q72 line has a progressive onset of its
motor phenotype, determined using the accelerating rotarod that is mimicked by
progressive reduction of the expression of various neuronal and Purkinje cell
specific genes, beginning at 8 weeks of age [30]. More recently, we have identified
changes in Purkinje cell firing frequencies in the SCA2-Q72 BAC mice, compared
to wildtype littermates, present for mice age 6 and 12 months but not mice
4 months of age (unpublished observation). This demonstrates that the neuro-
physiological phenotype of the BAC-Q72 mice appears later than for the
ATXN2-Q127 mice, mirroring the later motor phenotype observed in the BAC-Q72
mice. The delayed onset of SCA2 phenotypes in the BAC-Q72 mice is due to the
lower expression from the native ATXN2 promoter, as well as the shorter Q72
repeat compared to the ATXN2-Q127 mouse. Cerebellar molecular phenotype
changes determined by qPCR and RNA-seq were largely similar to those observed
in ATXN2-Q127 mice [30, 46].

8.4.3 ATXN2-Q75 Transgenic Mice

ATXN2-Q75 mice are transgenic for the ATXN2 cDNA under transcriptional
control by the native ATXN2 promoter, and include ATXN2 with 75 CAG repeats
[51]. Ubiquitous transgene expression was observed, and hemizygous mice were
ataxic by 12 weeks of age in rotarod tests, corresponding with abnormal Purkinje
cell morphology.

8.4.4 Atxn2 Knockout Mice

Our group and the Auburger group have both produced Atxn2 knockout mice and
we have demonstrated key characteristics that are common to both, which include
viable mice with marked obesity and the lack of any significantly debilitating
neuropathology [48, 49]. We have also demonstrated normal Purkinje cell
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physiology in Atxn2 knockout mice [53], but these mice are also characterized by
abnormal fear-related behavior [47]. The Auburger group demonstrated that Atxn2
knockout mice had abnormally low insulin receptor expression in both the cere-
bellar and the liver and concluded that these molecular changes associate with the
onset of obesity [49]. These investigators further evaluated their A2 knockout
mouse employing microarray analysis revealing increased expression of tran-
scription factors but overall lower translation [54]. The lack of neuropathology in
these mice supports the concept for developing SCA2 therapeutics that target the
total expression of ATXN2, such as we are with ATXN2 compounds and ATXN2
antisense oligonucleotides (ASOs), described below.

8.5 Transcriptome Analyses

Multiple studies on the cerebellar transcriptomes have been conducted using SCA2
mice. In our initial study we used cerebellar RNAs isolated from wildtype and
BAC-ATXN2-Q72 mice at ages 1 day, 3 weeks and 6 weeks. In day 1 mice we
observed *200 transcripts that were significantly dysregulated, and more tran-
scripts were altered in the older animals [30]. Most transcripts were reduced in
abundance in SCA2 mice as compared to wildtype mice. We also performed
transcriptome analysis using Pcp2-ATXN2-Q127 mice for the purpose of identi-
fying pathways commonly modified in these mice and BAC-ATXN2-Q127 mice
[30]. It was these studies that resulted in the identification of significant reductions
in the RGS8 mRNA as described above. Other genes that were significantly reduced
in both of these SCA2 mouse models included Pcp2, Fam107b and others.
Pathways that we identified that are altered in both Pcp2-ATXN2-Q127 and
BAC-ATXN2-Q127 mice include glutamate signaling, calcium signaling and
others [30]. We have also begun to compare the transcriptomes of these mice with
that of age-matched knockout mice. Unlike the transcriptomes in the SCA2 mice
we observed that few transcripts were altered in the Atxn2 knockout mice (un-
published observations). Similarly, the Auburger group compared transcriptomes of
ATXN2-CAG42 transgenic mice with Atxn2 knockout mice using a microarray
analysis approach, demonstrating overlapping abnormalities in calcium homeostasis
pathways [55].

8.6 SCA2 Therapeutics

Despite presence of many ATXN2 interactors, we still lack information on which
ATXN2 functions are targetable to prevent SCA2 pathogenesis or to delay SCA2
progression. The concept of two different approaches for developing SCA2 thera-
peutics discussed here, closely follows that developed in a recent review on pre-
cision medicine for the spinocerebellar ataxias [56]. One approach is to develop the
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known functions for ATXN2 as therapeutic targets for SCA2, including glutamate
signaling, calcium homeostatsis, and RNA metabolism (Fig. 8.3). Another
promising approach is to target ATXN2 expression directly, because, like for other
SCAs caused by mutations leading to polyglutamine expansions, SCA2 is char-
acterized predominantly by a toxic gain of function. We are making efforts to
develop SCA2 therapeutics that target ATXN2 functionally and we are also
developing antisense oligonucleotides that lower overall ATXN2 expression.

Native ATXN2
Misfolded

Mutant ATXN2

ATXN2 / STAU1 
Aggregates

RGS8 
reduced

Cytoplasmic Ca2+Rises

Abnormal RNA 
Processing in SGs

PolyQ
Expansion

Slow Purkinje 
Cell Firing

Staufen
Rises

IP3R  
activated

Fig. 8.3 Pathogenic outcomes of ATXN2 mutation. Polyglutamine expansion in ATXN2 results
in misfolding and increased staufen1 (STAU1) expression and ATXN2 aggregations leading to
stress granule formation and abnormal RNA processing. Misfolded ATXN2 interacts directly with
IP3R leading to abnormal IP3R channel activity followed by calcium release from internal stores.
ATXN2 also directly interacts with RGS8 mRNA resulting in reduced RGS8 protein abundance.
RGS8 reduction is attributed to decreased RGS8 translation which may be caused by sequestration
in stress granules, and to decreased RGS8 mRNA abundance possibly also related to stress granule
functions. The consequence of reduced RGS8 is overactive mGluR1 leading to increased
cytoplasmic calcium. The result of is abnormally slow Purkinje cell firing
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8.6.1 Therapies Targeting ATXN2-Related SCA2 Pathways

The approach that we have taken for developing therapeutics that target
ATXN2-related SCA2 pathways is to target pathways leading to abnormal rise of
cytoplasmic Ca2+. These efforts were initiated upon the identification that the
mutant, but not the wildtype, ATXN2 protein interacted with the
inositol-triphosphate receptor type 1 (ITPR1), also described above [29]. Targeting
the Ca2+ pathway in SCA2 is in line with the notion that defective Ca2+ signaling
underlies most neurodegenerative diseases [57]. ITPR1 mutations or haploinsuffi-
ciency are also causative for SCA15/16 [58, 59]. ITPR1 is a calcium channel
located on the endoplasmic reticulum membrane controlling the release of intra-
cellular Ca2+ stores, and is expressed highly in PCs. Mice harboring ATXN2-Q58
were characterized with increased Ca2+ release from the endoplasmic reticulum
associated with molecular layer thinning and Purkinje cell loss [20, 29]. Blocking of
the functionally coupled ryanodine receptor with dantrolene reduced abnormal
calcium release and cell death in culture [29]. Liu et al. [29] also demonstrated that
SCA2 motor phenotypes of ATXN2-Q58 mice, as well as improved Purkinje cell
survival was delayed by oral treatment of ATXN2-Q58 mice with dantrolene. Tests
included the beam walk and accelerating rotarod.

We have also begun to investigate mGlur1 as a therapeutic target for SCA2. As
described above, we demonstrated that RGS8 expression is reduced in an
age-dependent manner in SCA2 mice. RGS8 is a putative regulator of mGlur1 and
its reduced expression is predicted to deregulate mGlur1 [30]. We have now used
our Pcp2-ATXN2-Q127 model to replicate the in vitro findings and show that the
mGlur1 agonist DHPG enhances firing frequency of Pcp2-ATXN2-Q127 mouse
PCs accompanied by abnormally elevated intracellular Ca2+ at specific PC firing
rates [60]. ATXN2 expression itself may be regulated by intracellular calcium and
mGluR1. These data suggest that mGlur1 antagonists could be therapeutic for
SCA2.

8.6.2 ATXN2 ASO Therapeutics

Antisense oligonucleotides (ASOs) represent a promising approach for treating
SCA2. SCA2 is characterized by a gain of toxic function, thus we hypothesize that
lowering ATXN2 expression would be therapeutic for SCA2. Reducing total
expression as a therapeutic approach is supported for polyQ diseases by several
observations. In SCA2 patients two copies of the mutant ATXN2 allele can be
accompanied by earlier age of onset and more rapid disease progression [61]. The
importance of gene dosage is further supported by studies on mice. Doubling of
gene dosage in transgenic ATXN2-Q58 mice led to earlier onset of abnormal rotarod
performance [20]. Studies using tetracycline-regulated promoters in HD, SCA1 or
SCA3 mice have demonstrated reversibility of phenotypes even after disease onset
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[62–65]. Another study showed that intracerebellar injection of AAV virus
encoding shRNA Ataxin-1 reduced transgene expression, improved motor coor-
dination, restored cerebellar morphology and resolved ataxin-1 inclusions in
Purkinje neurons (PNs) of SCA1 mice [66]. Recently, ASOs have proven useful for
the treatment of spinal muscular atrophy and SOD-ALS [67, 68], and newer phase 1
clinical trials have been initiated using ASOs for the treatment of myotonic dys-
trophy (DM1) and Huntington disease.

Our ASO approach to therapeutics is being conducted collaboratively with Ionis
Pharmaceuticals utilizing modified 2′-MOE-gapmer ASOs. The 2′-MOE-gapmer
are 20 bp in length, are phosphorothioate throughout, and have a 2′-
O-methoxyethyl group (MOE) on the terminal 5 bps at each end of the oligonu-
cleotide [69]. These modifications prevent degradation by nucleases and the MOE
chemical modifications also aid in increasing specificity of target mRNA interac-
tion, supporting target degradation by RNase-H [70].

The SCA2 ASOs that we are developing are for non-allele-specific targeting of
ATXN2 unlike the approach undertaken for Huntington’s disease. In Huntington’s
disease ASOs are made to target SNPs in linkage with CAG repeat expanded alleles
[71, 72] because Htt knockout in mice disrupts neuronal development [73]. In our
approach we permit the ASO to target the mutant ATXN2 allele as well as the
non-mutant allele because knockout of the Atxn2 gene in mice is well tolerated and
associated with no neurodegeneration [47, 48]. However, progress on developing
non-allele-specific RNAi therapeutics for HD had favorable outcomes in mice and
non-human primates [74, 75].

In collaboration with Ionis Pharmaceuticals we have produced ATXN2 ASOs
that lower human ATXN2 expression in both our Pcp2-ATXN2-Q127 mouse
model, as well as our BAC-ATXN2-Q72 mouse model. We have observed as much
as 80% ATXN2 mRNA reduction when delivered to mice by introcerebroven-
tricular (ICV) injection to the right lateral ventricle, and we have observed no
cytotoxicity indicated by following AIF1 and GFAP expression post injection. We
have employed our most promising lead ASO, designated ASO7, in a blinded
preclinical treatment trial using Pcp2-ATXN2-Q127 mice (Fig. 8.4). Mice treated at
8 weeks of age were tested at different treatment timepoints, on the accelerating
rotarod, demonstrating delayed progression of the SCA2 motor phenotypes in both
mouse models. At the endpoint we determined the cerebellar expression of ATXN2,
Rgs8 and Pcp2 by qPCR and Western blotting demonstrating prolonged ATXN2
reduction and increases in Rgs8 and Pcp2 expression. Moreover, subsets of mice
were tested to determine the effect of the ASO7 treatments on Purkinje cell
physiology. We observed that ASO7 treatment could restore the mean PC firing
frequency to that unlike observed in age matched mice. The result of our ATXN2
ASO study was recently published [76]. Finally, we also have ongoing studies to
characterize the transcriptomes of SCA2 mice treated with or without ATXN2
ASO7. Information resulting from the latter work might indicate new pathways that
can be exploited for the treatment of ALS associated with ATXN2. This is supported
by a recent finding that lowering Atxn2 expression either genetically or by ASO
therapy improved survival of TDP-43 ALS mice [77].
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8.7 Conclusions

SCA2 is a debilitating disorder for which there is no treatment. Research by
numerous teams on SCA2 has resulted in the identification of multiple interacting
proteins that have given rise to clues about ATXN2 function. Additionally, multiple
SCA2 transgenic mouse models and Atxn2 knockout models have been studied
giving rise to understanding on pathways dysregulated in SCA2 mice. Collectively,
these studies have aided understanding on ATXN2 function and have indicated
possible pathways that can be targeted in order to delay SCA2 progression.
Progress toward developing drugs targeting calcium signaling and related pathways
is accumulating. But even with this increased knowledge of ATXN2 function, the
opportunity to target ATXN2 directly using antisense oligonucleotides remains a
primary goal of our research group for treating SCA2, garnered by positive pre-
liminary data in SCA2 mice and recent data demonstrating that ASOs are tolerated
in humans and effective for SMA and SOD ALS. Preliminary data demonstrating
that SCA2 ASOs lower ATXN2 expression in mouse spinal cord also lend hope
toward developing ATXN2 ASOs for SCA2 ALS and perhaps ALS in a more
generalized manner.

0 

25 

50 

75 

100 

125 

150 

Saline ASO7

A
T

X
N

2 
/  

A
ct

in
 (

%
)

210 µg ASO7
ICV@ 8wks

Treatment time
Age

N=13-15

NS P<0.05 P<0.01

5 wks 9 wks 13 wks
13 wks 17 wks 21 wks

0 

50 

100 

150 

200 

(a) (b)

L
at

en
cy

 t
o

 f
al

l (
s)

ASO7

SALINE

P<0.01

Fig. 8.4 Reduction of ATXN2 expression improved SCA2 mouse phenotypes. a Compared with
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Chapter 9
Molecular Mechanisms and Therapeutic
Strategies in Spinocerebellar Ataxia Type 7

Alice Karam and Yvon Trottier

Abstract Spinocerebellar Ataxia type 7 (SCA7, OMIM # 164500) is an autosomal
dominant neurodegenerative disorder characterized by adult onset of progressive
cerebellar ataxia and blindness. SCA7 is part of the large family of autosomal
dominant cerebellar ataxias (ADCAs), and was estimated to account for 1–11.7% of
ADCAs in diverse populations. The frequency of SCA7 is higher where local
founder effects were observed as in Scandinavia, Korea, South Africa and Mexico.
SCA7 is pathomechanistically related to the group of CAG/polyglutamine (polyQ)
expansion disorders, which includes other SCAs (1–3, 6 and 17), Huntington’s
disease, spinal bulbar muscular atrophy and dentatorubro pallidoluysian atrophy.
Two distinctive characteristics of SCA7 are the strong anticipation by which earlier
onset and more severe symptoms are observed in successive generations of affected
families, and the loss of visual acuity due to cone-rod dystrophy of the retina. The
pathology is caused by an unstable CAG repeat expansion coding for a polyQ
stretch in Ataxin-7 (ATXN7). PolyQ expansion in ATXN7 confers toxic properties
and leads to selective neuronal degeneration in the cerebellum, the brain stem and
the retina. Herein, we summarize the genetic, clinical and pathological features of
SCA7 and review our current knowledge of pathomechanisms and preclinical
studies.
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9.1 Genetic, Clinical and Pathological Description

The causative mutation of SCA7 was identified in 1995 [1] and the ATXN7 gene was
isolated in 1998 [2] and was shown to contain a polymorphic CAG repeat. The
wild-type alleles of ATXN7 have between 4 and 36 CAG repeats, while SCA7 alleles
have typically beyond 36 CAGs and can even reach >460 repeats [3]. Among CAG/
polyQ disorders, SCA7 CAG repeats show the highest tendency to expand upon
transmission, explaining the strong anticipation observed in families (mean
19 ± 13 years) [2, 4, 5]. The length of mutant CAG repeats is inversely correlated
with the age of onset and the disease duration. The majority of SCA7 alleles ranges
between 36 and 55 CAG repeats and are responsible for the classical adult-onset
form, which progresses over several decades until death [4]. Repeats >70 CAG
typically result in juvenile-onset forms with accelerated disease course. The repeat
length also influences the symptoms at onset: large repeat expansions are typically
associated with early onset and cause visual loss before cerebellar ataxia, while
shorter expansions with later onset cause ataxia symptoms before visual loss [2, 6, 7].
Intriguingly, extremely large CAG expansions (>100 CAG) cause infantile forms
with multisystem disorders such as failure to thrive, hypotonia, myoclonic seizures
and noncentral nervous systems dysfunctions like congestive heart failure, patent
ductus arteriosus, renal failure, and muscle atrophy, and lead to death within few
years or months [3, 6, 8–12].

SCA7 progressive cerebellar ataxia is manifested by the inability to coordinate
balance, gait, and speech. Additional neurological deficits include slow eye
movement, opthalmoplegia, dysphagia, as well as pyramidal signs [2, 6]. Variable
levels of cerebellar and pontine atrophy are observed by magnetic resonance
imaging [2, 4, 13–16]. Neuropathologically, the neuronal loss is substantial in the
Purkinje cell layer, in the dentate nuclei, in the inferior olivary nuclei and in basis
pontis, which is associated with the atrophy of spinocerebellar and pyramidal tracts
[4, 15, 17, 18]. Atrophy or loss of myelin is observed in the cerebellar white matter
and extra cerebellar associated structures [16, 18]. Visual impairment in SCA7 first
affects cone photoreceptors and then progresses toward a cone-rod dystrophy and
complete blindness [10, 19–21]. Fundoscopy examination shows atrophic macula
with granular pigmentation, pale areas with pigmentary atrophy and poor vascu-
lature [4, 20]. Post-mortem retinal sections reveal almost complete loss of pho-
toreceptors and substantial loss of the bipolar and ganglion neurons, associated with
a severe thinning of the nuclear and plexiform layers especially in the foveal and
parafoveal regions [4, 17, 22]. In addition, damages in the Bruch’s membrane,
retinal pigmentary epithelium and hypomyelinisation of the optic nerve were also
reported [10, 15, 17, 20].
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9.2 ATXN7 Protein

The ATXN7 gene encodes two protein isoforms, ATXN7a and ATXN7b, that
harbor a polymorphic polyQ stretch in the amino-terminus, three nuclear local-
ization signals (NLS) and one nuclear export signal (NES) (Fig. 9.1a). Besides
the NLS and NES, the different C-termini of ATXN7a and ATXN7b are likely to
control their subcellular localization, as ATXN7a appears predominantly in the
nucleus and ATXN7b in the cytoplasm [23]. However, the extent to which the
two isoforms contribute to SCA7 pathogenesis remains unclear, as most studies
have been done so far with ATXN7a, which was identified first. ATXN7a and
ATXN7b have three conserved domains that are shared with three paralogs,
ATXN7L1, L2 and L3: a typical C2H2 zinc-finger (ZnF) motif, an atypical
Cys-X9–10–Cys-X5–Cys-X2-His motif, now known as SCA7 domain, and a
third domain absent in ATXN7L3 (Fig. 9.1a) [24]. ATXN7 is also regulated by

(a)

(b)

Fig. 9.1 Structural composition of ATXN7 and functional interactions with SAGA compo-
nents. a Are depicted the sequences of ATXN7a and ATXN7b isoforms with 892 and 945 amino
acids, respectively, corresponding to a wild-type allele with 10 CAG-encoding glutamine units.
Wild-type alleles contain from 4 to 36 glutamine repeats, whereas mutant pathogenic alleles have
beyond 36 glutamines and can even reach >460 residues. The conserved domains are indicated as
yellow boxes: a typical C2H2 zinc-finger (ZnF) motif, an atypical Cys-X9–10–Cys-X5–Cys-X2-His
motif known as ATXN7 domain and a third conserved domain. ATXN7 isoforms have three
nuclear localization signals (NLS), one nuclear export signal (NES) and one site (lysine 257) for
post-translational modifications including acetylation and SUMOylation, but differ at their
carboxy-terminal end. b ATXN7 appears to be a molecular scaffold of SAGA. ATXN7 belongs to
the deubiquitination module (DUBm), together with the ubiquitin protease USP22, ATXN7L3, and
ENY2, and mediates the interaction with GCN5 and the SAGA core complex (SPT-ADA; other
subuits are not indicated). ATXN7 can also interact with transcriptional factors such as CRX.
SAGA complex harbors both histone acetylation (dependent of GCN5) and deubiquitination
(dependent of USP22) activities on histones H3 and H2B, respectively
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SUMOylation and acetylation [25, 26]. ATXN7 mRNA and protein are widely
expressed in neural and non-neural tissues [27–33]. There is no apparent corre-
lation between cellular or subcellular localization and the vulnerability of neurons
to degeneration in SCA7.

ATXN7 and its yeast ortholog sgf73 are core components of SAGA com-
plexes (Spt-Ada-Gcn5 Acetyltransferase) involved in chromatin remodeling (also
known in human as the TBP-free TAF-containing complex (TFTC) and the
SPT3-TAF9–GCN5 complex (STAGA) [24, 34–36]. SAGA complexes harbor
both histone acetylation (dependent of GCN5) and deubiquitination (dependent of
USP22) activities, located in distinct functional modules (Fig. 9.1b). ATXN7
belongs to the deubiquitination module (DUBm) together with the human
ubiquitin protease USP22, ATXN7L3, and ENY2. Histone acetylation is known
to increase decompaction of chromatin and the accessibility of gene promoters to
transcription factors, while deubiquitination of monoubiquitinated H2B (H2Bub)
is required for optimal transcriptional initiation/elongation [37]. Bonnet et al. [38]
recently unveiled a role of SAGA in general RNA polymerase II recruitment and
transcription. SAGA is recruited to all active genes to acetylate H3K9 on pro-
moters and to deubiquitinate H2Bub on gene bodies in yeast and human cells.
On the contrary to the ATXN7 nuclear function, the role of ATXN7 in the
cytoplasm is yet unclear. When overexpressed, ATXN7 associates with and
stabilizes microtubules [39]. Yeast two-hybrid screen showed that ATXN7
interacts with several cytoplasmic proteins associated with the vesicular system
and centrosomes [40]. In fly and zebrafish, inactivation of ATXN7 causes defect
in retina and brain development [41, 42]. In zebrafish, ATXN7 seems to be
required for full differentiation of photoreceptors and Purkinje neurons, sug-
gesting that partial loss of function of wild type ATXN7 may account for the
selective degeneration in SCA7. The physiological role of ATXN7 in tissue
development and homeostasis thus deserves further investigation.

9.3 Pathomechanisms Underlying SCA7
Neurodegeneration

9.3.1 Commonalities and Differences Between PolyQ
Disorders

SCA7 and other polyQ disorders share a number of common features. They are
adult-onset and progressive neurodegenerative diseases. The dominant inheritance
and genetic experimentations indicate that polyQ expansion confers toxic properties
to mutant proteins. The toxicity increases with the expanded polyQ length and the
age of disease onset and the severity of symptoms are function of the polyQ length.
There is an apparent polyQ length threshold above which the disease becomes fully
penetrant. Finally, a hallmark of polyQ diseases is the intracellular accumulation of
amyloid-like aggregates containing protein fragments bearing the polyQ expansion
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[43]. However, polyQ disorders differ on many aspects. While the mutant proteins
bear a similar polyQ tract, they do not share any other domain and have different
cellular functions. The polyQ proteins are ubiquitously expressed, however, neu-
ronal degeneration affects specific and different brain regions, leading to disease
specific symptoms. Therefore, particularities of each disease must come from the
protein context into which the polyQ expansion is embedded.

Our current understanding of SCA7 pathogenesis relies on biochemical,
molecular and cellular studies and on the characterization of model systems
developed in yeast, fly and mouse. Hereafter, we discuss the major characteristics of
mutant ATXN7 (mATXN7) toxicity, which might underlie the unique features of
SCA7 pathogenesis.

9.3.2 mATXN7 Misfolding, Accumulation and Toxicity

One major consequence of the polyQ expansion mutation is the intensive intra-
cellular accumulation of mATXN7 in disease tissues. Studies in SCA7 mouse
models showed the time-dependent accumulation of mutant, but not wild type
ATXN7 in neuronal nuclei [44, 45]. mATXN7 accumulation is faster in neurons
targeted by the disease than in spared neurons. Ultimately, protein accumulation
leads to the formation of mATXN7 aggregates, observed as nuclear inclusions
(NIs) by immunohistochemistry. In post-mortem brains, NIs are widely distributed
in degenerated and non-degenerated tissues [18]. However, in SCA7 mice, NIs
form faster in vulnerable tissues such as retina and cerebellum, although their
detection occurs after the onset of functional defects [44]. The role of NIs in the
pathogenesis of polyQ disorders is actively debated. It is now thought that small
oligomeric or multimeric forms of the misfolded mutant protein, not visible by
immunohistochemistry, are the most toxic species. These species are indeed readily
detected at very early stages in SCA7 mice using biochemical approach [44]. PolyQ
expansion appears to stabilize mATXN7, which could happen because of a slower
turnover, by a propensity to stably oligomerise or both (Fig. 9.2).

One important step in mATXN7 accumulation and toxicity is the proteolysis.
Indeed, an amino-terminal fragment of about 55 kDa containing the polyQ
expansion is detected in protein samples from SCA7 mice and from SCA7 patients
[46], and appears to be the major component of NIs in SCA7 mouse [47]. A similar
fragment can be released by caspase-7 cleavage in vitro and in vivo and was shown
to be more cytotoxic than the full-length mATXN7 [48]. Interestingly, transgenic
mice expressing a mATXN7 form that contain a mutation at the caspase-7 cleavage
site show reduced neurodegeneration, improved visual and motor performance and
prolonged lifespan [49]. These results suggest that the caspase-7 cleavage is a major
step in the pathogenesis. The presumed size of the mATXN7 fragment is short
enough for passive diffusion through nuclear pore complexes, but is retained in the
nucleus [48]. It harbors the polyQ expansion and the ZnF domain, but not the
ATXN7 domain. With this composition, the mATXN7 fragment may alter the
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function of SAGA complex, either by replacing the full-length protein in the
complex or by aggregation and sequestration of SAGA components.

Further analysis indicated that the accumulation of the mATXN7 fragment is
associated with an increased acetylation at lysine-257 (K257) located close to the
caspase-7 cleavage site [50]. In the absence of lysine acetylation, the fragment is

Fig. 9.2 Pathogenic events underlying SCA7 pathogenesis and potential therapeutic targets.
Mutant ATXN7 (mATXN7) accumulates and is cleaved by caspase-7 to release amino-terminal
fragments (Nter). Acetylation of Nter-mATXN7 at K257 prevents its degradation by autophagy in
the cytoplasm. In the nucleus, proteosomal activity of clastosomes, which normally degrades
mATXN7, is overwhelmed, leading to mATXN7 accumulation. Aggregation of SUMoylated
mATXN7 leads to the formation of «round» aggregates, while the non-SUMOylated mATXN7
forms «star-like» aggregate, which sequestered the activated caspase-3, 19 s proteasome subunit,
and HSP70. Components of SAGA (GCN5, ATXN7L3 and USP22) are also sequestered in
aggregates. Transcriptional alterations resulting from SAGA dysfunction and perturbation of
transcription regulators such as CBP, p53, RORalpha1, lead to down-regulation of cell
type-specific genes (such as photoreceptor- and oligodendrocyte-specific genes) and of
Pri-miR-124. The low level of miR-124 causes the accumulation of ATXN7 mRNA, which in
turn leads to increased level mATXN7. The involvement of non-coding RNA lnc-SCA7 in the
regulation of ATXN7 mRNA level is not depicted here. Therapeutic opportunities include:
(i) blocking proteolysis with caspase inhibitors; (ii) preventing acetylation by overexpressing
deacetylase; (iii) preventing nuclear accumulation by inducing clastosome formation with
interferon beta; (iv) inhibiting the formation of toxic aggregates; (v) upregulating transcription by
inhibiting histone deacetylation or ubiquitination or by treatment with neurotrophy factors such as
HGF and with the antibiotic Ceftriaxone; (vi) preventing ATXN7 mRNA accumulation or
translation using RNA inhibition; (vii) preventing mATXN7 binding to microtubules

202 A. Karam and Y. Trottier



degraded by autophagy. These results suggest that aberrant K257 acetylation pre-
vents the clearance of the fragment by autophagy, and thereby slows down its
turnover. Interestingly, the same K257 residue was shown to be a specific site for
SUMOylation [26]. SUMO modification not only decreases the propensity of
mATXN7 to aggregate, but also influences the shape and the protein composition of
aggregates. With SUMO, aggregates are homogenous, round and strongly stained
with SUMO antibodies, while in the absence of SUMO, aggregates are heteroge-
neous, have a star-like shape and are immunostained for chaperones, proteasomes
and activated caspase-3, suggesting that this type of aggregates are associated with
cells that undergo cytotoxic. In conclusion, proteolysis and post-translational
modifications are involved in the accumulation of ATXN7. Whether acetylation and
SUMOylation are in competition to modify K257 in order to trigger specific
mATXN7 fate or whether they act successively on K257 through rounds of
deacetylation/deSUMOylation remain to be determined.

In the brain of SCA7 patients, mATXN7 aggregates often colocalize with nuclear
bodies formed by the promyelocytic leukemia (PML) protein [51, 52]. A subset of
PML bodies formed by PML IV isoform and known as clastosomes, contain com-
ponents of ubiquitin-proteasome system and chaperones and were suggested to be a
site for protein degradation in the nucleus. Interestingly, PML IV-positive clasto-
somes actively recruit soluble mATXN7, but not the wild type form, for degradation
through the proteasome [53]. Moreover, interferon beta, which induces PML IV
expression and clastosome formation, enhances the clearance of the mATXN7 and
increases the survival of rat primary Purkinje neurons [53, 54]. In patients,
endogenous clastosomes might prevent the accumulation of mATXN7 for several
decades before onset of aggregation. Over time, the degradative activity of clasto-
somes might be overwhelmed by the aggregation process.

9.3.3 Transcriptional Alterations

Studies performed on cellular and mouse models of SCA7 have identified tran-
scriptional alterations as an early pathogenic event associated with neuronal dys-
function [44, 55–58]. Transcriptome analysis of SCA7 mouse retina revealed an
early and progressive down-regulation of most photoreceptor-specific genes [55],
while expression profile of SCA7 mouse cerebellum showed down-regulation of
genes involved in the maintenance and function of neuronal dendrites and CNS
myelin sheath [56].

The possibility that transcriptional alterations in SCA7 could result from dys-
function of SAGA acetylation and deubiquitination has been explored in several
studies, specially because mATXN7 had been shown to properly incorporate in
SAGA [24, 34, 59]. The outcome of these studies differs given the model system
investigated. In yeast and HEK2937 kidney cells, mATXN7-containing SAGA
lacks critical subunits and leads to the reduction of GCN5 acetylation activity and
gene transcription [34, 59]. In agreement with GCN5 dysfunction, promoters of
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photoreceptor-specific genes were shown to have histone H3 hypoacetylation,
which would explain their decreased expression in SCA7 mouse retina [34].
However, at variance with the above studies, mATXN7-containing SAGA purified
from SCA7 mouse retina was correctly assembled and had normal acetylation
activities [57]. In this study, promoters of photoreceptor-specific genes were found
hyperacetylated, but the presence of RNA Pol II on promoters was strongly
reduced, which would explain the low level of photoreceptor-specific mRNA
transcripts [57]. The discrepancy between these studies is yet unclear and might
dependent on the use of two different SCA7 mouse models [Prp SCA7-c92Q and
R7E (see Table 9.1)] or on the analysis of different stages of retinal degeneration.

Table 9.1 Mouse models of SCA7 retinal degeneration

Models Designa Retina pathologyb References

R7E
(R7N)

Human
rhodopsin
(rods)
ATXN7a
cDNA
90Q
(10Q)

(i) Reduction of rod then cone ERG activity
(ii) Thinning of retina layer, loss of photoreceptor

OS and polarity, enlargement of nucleus, dark
degeneretion, apoptosis, proliferation, gliosis

(iii) Expression profiles showed repression of
photoreceptor-specific genes and re-activation
of developmental gene; chromatin
decondensation and H3 hyperacetylation;
activation of cellular stress response signaling

(iv) Onset at 3–5 weeks

[24, 47, 55,
57, 68, 72,
73]

Prp
SCA7-c92Q
(Prp
SCA7-c24Q)

Murine
prion
(brain
except for
PC)
ATXN7a
cDNA
92Q
(24Q)

(i) Reduction of cone then rod ERG activity
(ii) Thinning of retina layer, apoptosis, gliosis
(iii) Repression of photoreceptor-specific genes;

H3 hypocetylation
(iv) Onset at 11 weeks

[34, 58]

SCA7266Q/5Q

(WT mice)
Mouse
ATXN7
mouse
ATXN7
266Q(5Q)

(i) Reduction of cone then rod ERG activity
(ii) Thinning of retina layer, loss of photoreceptor

OS, enlargement of nucleus, apoptosis, gliosis
(iii) Repression of photoreceptor-specific genes;

chromatin decondensation
(iv) Onset at 5 weeks

[44, 57]

SCA7100Q/
100Q

(WT mice)

Mouse
ATXN7
mouse
ATXN7
100Q(5Q)

(i) Reduction of rod ERG activity
(ii) Thinning of retina layer, loss of photoreceptor

OS, dark degeneration
(iii) Reduced expression of photoreceptor-specific

genes
(iv) Onset at 6 weeks(transcription anomalies)

[61]c

BAC bacterial artificial chromosome; PC Purkinje cells; OS outer segments
apromoter/targeted cells/cDNA or gene/repeat length
b(i) dysfunction; (ii) neuropathology; (iii) molecular altertions; (iv) onset
cYT personal observations
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Interestingly, histone hyperacetylation in R7E mouse retina correlates massive
chromatin decondensation of photoreceptor nuclei, which are enlarged compared to
wild type [57]. It is thus possible that the overall perturbation of chromatin orga-
nization accounts for major changes in the expression of photoreceptor-specific
genes. Besides hyperacetylation, chromatin decondensation in R7E retina might
also result from an abnormal low expression of histone H1, which is involved in
chromatin compaction [60]. The importance of GCN5 in SCA7 pathogenesis was
recently addressed using a mouse genetic approach [61]. One allele inactivation of
GCN5 accelerates retina degeneration in SCA7 mice, but does not worsen the
transcriptional repression of photoreceptor-specific genes, suggesting that GCN5
might have non-transcriptional function in the retina. Furthermore, total loss of
GCN5 in Purkinje cells leads to milder ataxia than SCA7 mouse ataxia. This
suggests that GCN5 could participate to some degree to SCA7 cerebellar ataxia.
Potential dysfunction of DUBm activity of SAGA has also been investigated in
SCA7 cellular and mouse models. Monoubiquitination of H2B is globally increased
in cultured cells expressing mATXN7 and in the cerebellum of SCA7 mice, but in
the latter correlation with transcriptional alterations has not been established [62–
64]. Two components of DUBm, ATXN7L3 and USP22, are sequestered in
mATXN7 aggregates, which might lead to DUBm dysfunction and hence an
increased H2Bub [63, 64]. Although the current data would support that SAGA
dysfunction accounts for SCA7 transcriptional dysregulations, it remains to deter-
mine how the dysfunction of a general co-activator complex like SAGA, which is
involved in the expression of all RNA Pol II-regulated genes, would only affect
specific subsets of genes in SCA7 affected tissues.

Interestingly, a recent study suggests that the increased expression of mATXN7
would be an indirect consequence of mATXN7-containing SAGA dysfunction [65].
In fact, SAGA regulates the microRNA miR-124, which in turn controls the
abundance of ATXN7 transcripts and of a non-coding RNA lnc-SCA7. The level of
lnc-SCA7 also seems to control the level of ATXN7 transcripts by a mechanism yet
unclear. Dysfunction of SAGA in SCA7 leads to post-transcriptional derepression
of ATXN7 transcripts, due to the reduced level of miR-124 and the increased level
of lnc-SCA7. Given that miR-124 is highly expressed in the cerebellum and retina
and that the levels of lnc-SCA7 and ATXN7 are tightly correlated, the cross-talk
between these two noncoding RNAs in the post-transcriptional regulation of
ATXN7 transcripts is thought to account for the tissue specificity of SCA7.

Besides SAGA dysfunction, other mechanisms are proposed to contribute to
chromatin modifications and transcriptional alterations in SCA7. mATXN7 ag-
gregates sequester CBP [45], a histone acetyltransferase, and impair CBP-mediated
and RORalpha1-mediated transcription in cultured neurons [66]. Most interesting, a
study in PC12 cells made a link between metabolic defect in SCA7 and tran-
scriptional alterations [67]. Abnormal mitochondria were observed in SCA7 mouse
retina, [68] and reduced electron transport chain activity and metabolic acidosis
were reported in muscle biopsy of patients [69]. In PC12 cells expressing
mATXN7, p53 is sequestered in aggregates and its transcriptional activity is
reduced, leading to dysregulation of metabolic proteins, such as TIGAR, AIF and
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NOX1 [67]. These alterations result in a reduced respiratory capacity, associated
with an increased reliance on glycolysis for energy production and a subsequent
reduction of ATP in SCA7 cells. Investigation of these transcriptional and meta-
bolic pathways in SCA7 mice is thus warranted, in particular because loss of AIF in
mice results in primarily neurodegeneration of cerebellar and retinal neurons.

9.4 Insights from Pathophysiological Studies of SCA7
Mouse Models

Different transgenic and knock-in mouse models have been generated during the
past years and have provided important insights into the nature of SCA7 neu-
rodegeneration (Tables 9.1 and 9.2).

9.4.1 Retinopathy

In SCA7 models, the retina develops normally before showing a progressive
reduction of electroretinograph activity, thinning of the retina and repression of
photoreceptor-specific genes [44, 47, 58]. Early on, these transcriptional alterations
were attributed to the dysfunction of CRX (cone-rod homeobox protein), a key
transcription factor of photoreceptor genes. This is because CRX was previously
shown to require interaction with ATXN7 and SAGA for its transactivation activity
on photoreceptor gene promoters, and because mATXN7 was shown to suppress the
transactivation activity in SCA7 retina [58, 70]. Later on, analysis of SCA7266Q/5Q

KI and R7E mouse retina showed that transcriptional alterations were not restricted
to CRX target genes [44, 55]. In particular, the expression profile of R7E retina
unveiled the dysregulation of transcriptional programs controlling the maintenance
of mature photoreceptors, thus showing on the one hand the down-regulation of the
photoreceptors specific transcription factors CRX, NRL (neural retina leucine zipper
protein), and Nr2E3 (Nuclear Receptor Subfamily 2, Group E, Member 3) as well as
most of their target genes, and on the other hand the re-activation of OPTX2, STAT3
and HES5 that normally inhibit the differentiation of precursor neurons into mature
photoreceptors during development [55]. And indeed, SCA7 photoreceptors pro-
gressively lose their outer segments and cell polarity, and relapse to round cell shape
[68]. Thus, SCA7 retinopathy primarily results from the progressive regression of
mature photoreceptor to an ill-defined state, which occurs long before cell demise
(Fig. 9.3a). This atypical scheme of slow degeneration contrasts with most pho-
toreceptor degenerative processes reported in mice, where alterations of outer seg-
ment integrity rapidly leads to cell death [71]. Yet the initial trigger leading to SCA7
photoreceptor degeneration remains to be determined.
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Table 9.2 Mouse models of SCA7 cerebellar degeneration

Models Designa Cerebellar pathologyb References

P7E
(P7N)

Pcp-2
(Purkinje)
hATXN7a
cDNA
90Q (10Q)

(i) Reduction of rotarod function
(ii) Purkinje reduced dentritic
(iii) Sequestration of chaperones and
proteasome subunits in aggregates
(iv) Onset at 11 months

[45, 47]

B7E2
(B7N)

PDGF-ß
(ubiquitous)
ATXN7a
cDNA
128Q (10Q)

(i) Ataxic phenotypes
(ii) Purkinje reduced dentritic
arborization
(iii) Sequestration of transcription
factors and co-regulators in
aggregates
(iv) Onset at 3–5 months

[45]

Prp SCA7-c92Q
(Prp SCA7-c24Q)

Murine prion
(brain except
PC)
ATXN7a
cDNA
92Q (24Q)

(i) Reduction of rotarod function
(ii) Purkinje neuron shrinkage,
reduced dentritic arborization and
dark degeneration (no cell loss);
thickened Bergmann glia radial
processes, reduced glutamate uptake
(iii) Reduced GLAST expression and
-dependent glutamate uptake
(iv) Onset at 13–15 weeks

[46, 74]

Gfa2-SCA7-92Q
(Gfa2-SCA7-10Q)

Human Gfa2
(Bergmann
glia)
ATXN7a
cDNA
92Q (10Q)

(i) Reduction of rotarod function
(ii) Purkinje neuron shrinkage,
reduced dentritic arborization and
dark degeneration; thickened
Bergmann glia radial processes,
reduced glutamate uptake
(iii) Reduced GLAST expression and
GLAST-dependent glutamate uptake
(normal GLT1 expression)
(iv) Onset at 9–12 months

[74]

PrP-floxed-SCA7-92Q
BAC

BAC murin
prion
(whole brain)
floxed
ATXN7a
cDNA
92Q

(i) Reduction of rotarod function;
reduced stride length on footprint
(ii) Purkinje reduced dentritic
arborization; reduced molecular
layer thickness; late thickened
Bergmann glia radial processes
(iii) Reduced EAAT4 glutamate
transporter expression (normal
GLAST expression)
(iv) Onset at 21 weeks

[76, 84,
85]

Ataxin-7-Q52
(WT mice)

PDGF-ß
ATXN7 cDNA
52Q

(i) Reduction of rotarod function;
decreased locomoter activity; ataxic
wobbling gait
(ii) Purkinje neuron shrinkage and
reduced dentritic arborization (no
cell loss); loss of inferior olive
neurons

[56]

(continued)
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Degenerating photoreceptors in SCA7 retina ultimately die through a mechanism
reminiscent of dark neuronal cell death [68]. Dark degeneration also occurs in
SCA7 mouse cerebellum and was reported in several mouse models of polyQ
disorders. Interestingly, apoptosis was also observed in R7E mouse retina, but only
occurs for a short time window during early disease stages. Concomitant with the
apoptotic wave, stealthy cells expressing proliferation markers were observed,
which afterwards express photoreceptor specific genes, suggesting that new pho-
toreceptors might be produced to replace the dead ones at early disease stages. From
these observations, it appears that R7E photoreceptors go through different cell
fates as a response to mATXN7 toxicity (e.g. apoptosis, cell reshaping, dark
degeneration, proliferation, etc.) [68]. Different cellular responses may be triggered
by different mATXN7 toxic species, since the relative amount of full-length
mATXN7, proteolytic fragments, soluble and insoluble aggregates varies consid-
erably from early to late disease stages and might influence the way individual
photoreceptors respond to these different proteotoxic products [68]. The overall
proteotoxic stress in R7E retina induces a stress response involving the Jnk/c-Jun
signaling pathway, which in turn accounts for Nrl repression [72, 73]. It was shown
that inhibition of c-Jun activation delays retinal degeneration in R7E mice.

Table 9.2 (continued)

Models Designa Cerebellar pathologyb References

(iii) Expression profiles showed
reduced expression of
oligodendrocyte myelin specific
genes and deregulation of many
other pathways; p53 activation of
Bax and Puma
(iv) Onset at 9 months

SCA7266Q/5Q

(WT mice)
Mouse ATXN7
mouse ATXN7
266Q (5Q)

(i) Reduction of performance on
rotarod, beam walking test balance
and fine paw coordinatio)n and
locotronic test (motor coordination);
reduced survival
(ii) Purkinje neuron shrinkage (no
reduced dentritic arborization and no
cell loss); gliosis
(iii) Reduced GLAST and GLT1
expression; increased Interferon beta
(iv) Onset at 5 weeks

[44, 54,
75]

SCA7100Q/100Q

(WT mice)
Mouse ATXN7
mouse ATXN7
100Q (5Q)

(i) Reduction of performance on
rotarod, footprint anomalies, reduced
survival (11 months)
(ii) Purkinje neuron shrinkage (no
cell loss); gliosis

[61]

BAC bacterial artificial chromosome; PC Purkinje cells; OS outer segments
apromoter/targeted cells/cDNA or gene/repeat length
b(i) dysfunction; (ii) neuropathology; (iii) molecular alterations; (iv) onset
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(a) (b)

Fig. 9.3 Schematic of the major degenerative pathways of photoreceptors (a) and Purkinje
neurons (b) in SCA7 mice. ONL, outer nuclear layer; IS, inner segment; OS, outer segment; RPE,
retinal pigmented epithelium; PC, Purkinje cell; BG, Bergmann glia; IO, inferior olive; GC,
granular cell; DCN, deep cerebellar nuclei; CF, climbing fiber; PF, parallel fiber; GL, granular
layer; ML, molecular layer; PCL, Purkinje cell layer; WM, white matter. Other cerebellar cell
types are not depicted

9.4.2 Cerebellar Pathology

Analyses of the PrP-SCA7-c92Q mouse model have highlighted the importance of
cell–cell interactions in the cerebellar pathology [46]. These mice develop motor
defects and show dark degenerating Purkinje neurons. Interestingly, Purkinje cell
pathology occurs despite the fact the MoPrP promoter drives the expression of
mATXN7 in all cerebellar neurons, except for Purkinje cells, suggesting that they
are affected via a non cell-autonomous mechanism. In this model, Bergmann glia
cells, which also express mATXN7, display pathological signs as well [74]. Given
that Bergmann glia are regulators of glutamate levels in the surrounding environ-
ment of Purkinje cells and that dark degeneration often results from excitotoxicity,
new transgenic mice were generated to express mATXN7 only in Bergmann glia
cells to assess whether the pathology would affect Purkinje cells as well. Indeed,
Gfa2-SCA7-92Q mice also show Purkinje cell degeneration and motor dysfunc-
tions. Moreover, in this model, like in PrP-SCA7-c92Q mice, Bergmann glia cells
express low levels of the glia-specific glutamate transporter GLAST, and hence
have a decreased glutamate uptake function, supporting the hypothesis that gluta-
mate accumulation leads to excitotoxicity and Purkinje dark degeneration [74].
However, compared to PrP-SCA7-c92Q mice, Gfa2-SCA7-92Q mice develop a late
onset and milder ataxia, suggesting that other dysfunctional neurons may account
for PC degeneration in PrP-SCA7-c92Q mice. Several pathological features of
PrP-SCA7-c92Q were replicated in SCA7266Q/5Q KI mice, including decreased
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motor functions, shrunken Purkinje cells and reduced expression of GLAST as well
as GLT-1 (also named EAAT2 or SLC1A2), another glia-specific glutamate
transporter [75].

The contribution of different cell types and their interaction to the cerebellar
pathology was further addressed using a new set of engineered mice in which
mATXN7 cDNAwas flanked by loxP sites at the start site of translation in the murine
PrP gene in a bacterial artificial chromosome (PrP-floxed-SCA7-92Q BAC) [76].
When crossed with mice expressing Cre recombinase under Bergmann glia promoter
(Gfa2) or under promoter specific to Purkinje and inferior olive neurons (Pcp2),
mATXN7 was deleted specifically in these cell types. Deletion of mATXN7 from
Bergmann glia has mild beneficial effects and does not prevent Bergmann glia
pathology. In contrast, deletion of mATXN7 from Purkinje and inferior olive neurons
improves motor performance and histopathology as well as prevents Bergmann glia
pathology. Finally, deletion of mATXN7 in the three cell types is more effective to
prevent the pathology. These observations led to two conclusions. First, Bergmann
glia pathology is in large part non-cell autonomous in SCA7. Second, it is likely that
the dysfunction of inferior olive neurons accounts for the SCA7 motor dysfunction.
This is because it was observed that the cerebellar pathology in P7E mice, which
express mATXN7 only in Purkinje cells, is less severe than in PrP-SCA7-c92Qmice,
which express mATXN7 in all cerebellar neurons, except for Purkinje cells.
Together, these results further highlight a complex cell–cell interaction between
Bergmann glia, Purkinje and inferior olive neurons in the development of SCA7
cerebellar dysfunction (Fig. 9.3b).

The expression profile of the cerebellum of Ataxin-7-Q52 transgenic mice,
which also display motor dysfunction and Purkinje cell pathology, revealed gene
deregulations affecting different pathways including synaptic transmission, axonal
transport, glial functions and neuronal differentiation [56]. Perhaps the most
interesting finding is the down regulation of a set of myelin-associated proteins
(CNP, MAG, MBP, MOG, MOBP and PLP1) and of their regulators, the tran-
scription factor Olig1 and transferrin [56]. This is consistent with the loose and
poorly compacted myelin sheaths observed in the cerebellar white matter of these
mice, and with the myelin pallor and loss of myelinated fibers reported in the
cerebellar white matter of SCA7 patients [18]. Defect in white matter in SCA7
might also result from excitotoxic mechanisms, as relation between excitotoxicity
and structural and functional damage to the white matter was observed in injury
models [77]. Reminiscent to the loss of photoreceptor maturation in SCA7 mouse
retina, mATXN7 toxicity might compromise genetic programs controlling oligo-
dendrocyte maturation and myelin sheath integrity and function.

9.5 Opportunities for Therapeutic Development

Cellular and mouse models have provided several directions for therapeutical
strategies (Fig. 9.2). Given the vulnerability of Purkinje cells to excitotoxicity-
mediated dark degeneration and the reduced expression of GLAST and GLT-1, any
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strategy to diminish glutamate levels in the cerebellum deserves consideration for
preclinical assays with SCA7 mice. One of them is the b-lactamic antibiotic cef-
triaxone, which induces GLT-1 expression via NF-kappaB and hence promotes
glutamate clearance [78]. Interestingly, administration of ceftriaxone in the SCA28
murine model (Afg3l2+/−) protects Purkinje cells from excitotoxicity-mediated dark
degeneration [79]. The ceftriaxone-induced GLT-1 expression was long lasting and
effective enough to prevent the onset of ataxia in pre-symptomatic and to stop the
progression in post-symptomatic mice. In addition to its protective effect on
Purkinje cells, the reduction of glutamate levels in the cerebellum might as well be
beneficial for the function and maintenance of oligodendrocytes [77]. Ceftriaxone is
a promising compound for SCA7 as well as for other SCAs showing
excitotoxic-mediated Purkinje cell degeneration.

Another potential therapeutic strategy would be to provide factors with neu-
rotrophic effects in the cerebellum and retina. In particular, the genetic programs of
mature photoreceptors and oligodendrocytes are altered and represent specific tar-
gets for therapeutic intervention. Although a variety of strategies exist to enhance
the protection of these cells [80, 81], the identification of initial triggers that
compromise the genetic maturation programs deserves further attention to orientate
the therapeutic development. Interestingly, hepatocyte growth factor (HGF) plays a
neurotrophic role in the cerebellum during development and in adults [82].
Overexpression of HGF was shown to provide beneficial effect in ALS mice by
maintaining GLT-1 levels [83]. Overexpression of HGF in SCA7266Q/5Q KI mice
restores GLT-1 and GLAST levels, protects Purkinje cells from shrinkage and
reduces motor dysfunction [75]. HGF is currently under consideration for thera-
peutic development of a number of human pathologies including brain injury,
which will contribute to evaluate its efficacy and safety.

One of the most significant therapeutic target is the intracellular accumulation of
mATXN7, which strongly correlates with the initiation and progression of SCA7.
This has encouraged the implementation of several strategies to prevent mATXN7
accumulation and aggregation, to increase clearance or to interfere with protein
synthesis. For instance, the strategy consisting in caspase-7 cleavage inhibition
through pharmacological approach or genetic intervention is promising, as prote-
olysis is an early step in protein accumulation [49]. Interferon beta, which fosters
the clearance of mATXN7 over the wild type form through the induction of
PML-clastosomes, protects cultured rat primary Purkinje neurons [53, 54].
Interferon beta has been investigated in preclinical assay in SCA7266Q/5Q KI mice
and treatment of asymptomatic mice significantly decreases mATXN7 aggregation
and improves motor functions [54]. The treatment was not efficient enough to
protect against weight loss and premature death, likely because this mouse model
has a very severe disease course. Nevertheless, since interferon beta has been used
for many years in the treatment of multiple sclerosis, it may hold promise as a
potential treatment to delay motor symptoms in SCA7 patients.

One emerging strategy to prevent the expression of toxic polyQ proteins makes
use of RNA interference (RNAi), a natural process of gene silencing mediated by
small RNAs. RNAi is widely used for biological applications and is now being
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harnessed to silence mRNAs encoding pathogenic proteins for therapy. As with any
therapeutics, the clinical usefulness of RNAi will depend on its efficacy and safety.
To this end, several issues were addressed in preclinical assays using mouse
models. Furrer et al. [84] asked to which level mATXN7 must be suppressed in
PrP-floxed-SCA7-92Q BAC mice to rescue the phenotype. The results indicate that
a reduction of 50% even after the onset of motor phenotype, can prevent disease
progression and achieve important amelioration of motor function, cerebellar
neuropathology and mATXN7 aggregation. Another important issue concerns
potential deleterious effects that could result from concomitant wild-type mRNA
suppression. Lessons from zebrafish and fly indicated that partial inhibition of
wild-type ATXN7 could affect the differentiation of photoreceptor and Purkinje
neurons [41, 42]. Ramachandran et al. [85] utilized adeno-associated viral vectors
to introduce miRNA in the deep cerebellar nucleus of Prp SCA7-92Q BAC mice
and to test non allele specific silencing where both wild type mouse and mutated
human ATXN7 were reduced by about 35–50%. The authors found a significant
improvement of motor functions and cerebellar neuropathology, and reexpression
of genes abnormally reduced in untreated mice. The non allele specific silencing
appeared well tolerated and can be added to the list of similar strategies successfully
developed in other polyQ disease models. Nevertheless, selective inhibition of the
mutant transcript that would leave the wild-type one intact would be safer and is in
theory feasible by exploiting differences between transcripts down to a single base
pair; the RNAi sequence would have a complete homology to the mutant transcript
and a single nucleotide mismatch with the wild type. In populations with strong
founder effect such as South African, a common SNP linked to the SCA7 mutation
was identified in 50% of SCA7 patients [86]. Using short-hairpin RNA targeting
this polymorphism, allele-specific mATXN7 suppression was achieved in patients’
cells [87]. Together, these studies provide the first proofs of efficacy of RNAi
strategy to prevent mATXN7 expression. However, those are the initial stages of
development and other challenges such as the clinical relevance of off-targets and
inflammatory responses, the longevity of RNAi effect in the treatment of chronic
neurodegenerative pathology, the brain or retina delivery approach, etc., need to be
met. The substantial progress in using gene silencing for treating skin and retinal
diseases, for instance, holds promise to bring RNAi technologies in clinic for SCA7
and other polyQ disorders.

9.6 Final Remarks

While biochemical approaches and the characterization of cellular and animal
models of SCA7 have greatly advanced our understanding of disease pathogenesis
in SCA7, much more needs to be learned before we get a solid comprehension of
the pathogenic mechanisms underlying neuronal specific dysfunction and neuronal
cell loss. While some of the therapeutic strategies against SCA7 are promising, as
they can take first steps into clinical trials, further fundamental investigations are
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required to propose new molecular targets for SCA7. Since SCA7 shares many
common pathological features with other degenerative disorders affecting the
cerebellum and the retina, identification of therapeutics in SCA7 or in one of these
diseases is likely to be cross-beneficial.
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Chapter 10
Spinocerebellar Ataxia Type 17 (SCA17)

Yasuko Toyoshima and Hitoshi Takahashi

Abstract In 1999, a polyglutamine expansion was identified in the transcription
factor TATA-binding protein (TBP) in a patient with ataxia with negative family
history. Subsequently, CAG/CAA repeat expansions in the TBP gene were iden-
tified in families with spinocerebellar ataxia (SCA), establishing this repeat
expansion as the underlying mutation in SCA type 17 (SCA17). There are several
characteristic differences between SCA17 and other polyglutamine diseases. First,
SCA17 shows a complex and variable clinical phenotype, in some cases overlap-
ping that of Huntington’s disease. Second, compared to the other SCA subtypes
caused by expanded trinucleotide repeats, anticipation in SCA17 kindreds is rare
because of the characteristic structure of the TBP gene. And thirdly, SCA17
patients often have diagnostic problems that may arise from non-penetrance.
Because the gap between normal and abnormal repeat numbers is very narrow, it is
difficult to determine a cutoff value for pathologic CAG repeat number in SCA17.
Herein, we review the clinical, genetic and pathologic features of SCA17.

Keywords Spinocerebellar ataxia � Huntington’s disease-like � Chorea
Dystonia � Dementia

10.1 Clinical Features

SCA17 is an autosomal dominant cerebellar ataxia caused by abnormal expansion
of a CAG/CAA repeat encoding a polyglutamine (polyQ) tract in the TATA-box
binding protein (TBP) gene on chromosome 6q [1–4]. Though the genetic abnor-
malities are mostly observed as a hereditary trait, de novo mutations have also been
reported [2, 5, 6].
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The clinical symptoms of SCA17 are mainly ataxia and/or dementia, as is the
case for other forms of autosomal dominant SCA [7]. However, SCA17 is a more
complex disease with extensive phenotypic variability, and the age at onset spans
several decades. Clinical heterogeneity can be observed even within the same
family [8]. In the present literature review of SCA17 patients (Table 10.1), the age
at onset ranged from 3 to 60 years, and about half of the patients developed ataxia
as the initial symptom. The age at onset appeared to correlate weakly with the
number of repeats (Fig. 10.1). During the disease course, most of the patients
(>90%) developed ataxia, which was manifested as gait instability, and slurred
speech. Cognitive dysfunction and memory disturbance have also been recognized
as an initial symptom [9]; dementia is the second most common symptom (73%)
during the disease course. In childhood, mental deterioration may occur instead of
dementia. Psychiatric symptoms, such as aggression [10], paranoia [1], euphoria
[11] and depression [12, 13] are observed frequently. Behavior or personality
changes as initial symptoms may indicate the presence of psychiatric disorders.

Involuntary movement is one of the characteristic features of SCA17 [14, 15].
As chorea is a well-known symptom of SCA 17, the clinical phenotype sometimes
overlaps that of Huntington’s disease (HD), being characterized by the triad of
movement disorder, psychiatric manifestations and cognitive impairment [16]. In
many cases of clinically suspected HD, patients lack the CAG repeat expansion that
causes HD. Such individuals are said to have HD phenocopy syndromes or HD-like
disorders [17–23]. SCA17 has therefore also been termed Huntington’s disease-like
4 (HDL4; OMIM #607136) [24]. Wild et al. [21] identified gene abnormalities in
285 HD phenocopy patients in the United Kingdom. Among the patients, five
(1.8%) were found to have expansions in TBP causing SCA 17. One patient (0.4%)
had a 6-octapeptide insertion in the prion protein gene (PRNP) [25], and one had
HDL2 caused by a pathogenic expansion in the janctofillin gene (JPH3) [26]. In
addition, one patient was diagnosed later as having Friedreich’s ataxia with
homozygous expansion in the flataxin gene (FXN) [27]. Moss et al. [28] recently
reported that ten (1.95%) of 514 HD phenocopy patients had an expanded hex-
anucleotide repeat in the C9orf72 gene. If patients with HD-like disease have no
mutations in huntingtin, the TBP and C9orf72 genes should be examined.

We have previously examined the relationship between repeat number and
clinical symptoms (Toyoshima et al. 1993), and found that more than 75% of
patients with a CAG/CAA repeat size of 43–50 had intellectual deterioration; in
some individuals, intellectual problems and involuntary movements were the only
signs. Psychiatric problems or dementia, parkinsonism and chorea, a clinical con-
stellation resembling Huntington disease, are observed more frequently in indi-
viduals with CAG/CAA repeats in this range than in those with larger repeats. All
individuals showing a CAG/CAA repeat size of 50–60 have ataxia and 75% have
reduced intellectual function. Pyramidal signs (e.g., increased deep tendon reflexes)
and dystonia are more common in these individuals than in those with smaller
repeats. These features were also confirmed in the present literature review
(Table 10.1). Two children with over 60 repeats have been reported. One, a familial
example, with a CAG/CAA expansion of 66 repeats developed gait disturbance at
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Table 10.1 Summary of the clinical features in the SCA17 patients

-, unaffected. +, mild. ++, moderate. +++, severe. nc = not commented, IVM = involuntary
movement

Shadowed columns; gray = over 50 CAG/CAA repeats, patients having chorea (red), dystonia
(green), and the both (blue). *de novomutation. References column filledwith the first author’s name
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the age of 3 years followed by spasticity, dementia and psychiatric symptoms [29].
The other, with a de novo CAG/CAA expansion of 63 repeats, developed ataxia
and intellectual deterioration at the age of 6 years, followed later by spasticity [2].

Less common symptoms reported are epilepsy [1–3, 13, 29–31] (20%), auto-
nomic symptoms [4, 11, 31, 32] (9%), apraxia [31] (7%) and peripheral nerve
symptoms [12, 13, 29] (3%). Lin et al. [11] reported a patient who developed
ophthalmoplegia with parkinsonism, and Rolfs et al. [31] reported a patient
showing hypogonadism.

Neuroradiological examination has been reported to demonstrate several charac-
teristic features. In early reports, some degree of cerebellar and cerebral atrophy was
shown onMRI [1, 3]. Later, putaminal rim hyperintensity on T2-weighted images was
also reported [33]. Striatal hyperintensity onMRI has been reported in a range of disease
conditions, including SCA2 [34], dentatorubral-pallidoluysian atrophy (DRPLA) [35],
neuroacanthocytosis [36], mitochondrial cytopathy [37] and multiple system atrophy
(MSA) [38, 39]. Functional imaging using radioisotopes is helpful for understanding
the pathophysiological conditions in the basal ganglia. Günther et al. [40] measured
striatal pre-synaptic dopamine transporter (DAT) availability and striatal dopamine D2
receptor (D2R) expression using [123I]FP-CIT and [123I]IBZM, respectively, applying a
brain-dedicated single-photon emission computed tomography (SPECT) system; [18F]
Fluordeoxyglucose positron emission tomography scanning (PET) was also used for
measurement of glucosemetabolism.They found that the striatumhad a reduction in the
availability of presynaptic dopamine transporters, although postsynaptic dopamine D2
receptor binding capacity was reduced only slightly, whereas marked reduction of
glucose metabolism was evident in the basal ganglia. Lin et al. [11] reported a patient
with parkinsonism partially responsive to L-dopa administration, in whom presynaptic
degeneration of the nigrostriatal dopaminergic system was manifested by a marked
decrease of dopa uptake in the striatum, as demonstrated by [18F]-6-fluorodopa PET.

Fig. 10.1 Correlation
between age at onset (years)
and CAA/CAG repeat
number on the expanded
allele
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10.2 Genetic Cause and Penetrance of SCA17

SCA17 is caused by abnormal expansion of the TBP gene on chromosome 6q. TBP
is a transcription factor with a polyglutamine tract encoded by the CAG/CAA
sequence [1–3]. The normal repeat range reported is from 25 up to 42–45 units,
varying among studies. The highest number of repeats reported to date is 66 [29].
Expansions of between 41 and 49 repeats may constitute an intermediate range with
incomplete penetrance. In our previous review [41], the pathologic number of
repeats was 43 or more. However, there have been reports of patients with 41
repeats, presenting with progressive cerebellar ataxia and/or involuntary move-
ments [12, 32, 42], late-onset chorea and psychiatric symptoms [43] and parkin-
sonism with chorea [44]. On the other hand, healthy individuals with 45 [45] and 49
repeats [46] have also been recognized. Because the gap between normal and
abnormal numbers of repeats is very narrow, it is difficult to determine the cutoff
value for the pathologic number of CAG repeats in SCA17. Shin et al. [47] reported
very interesting results from large genetic study conducted in Korea. They exam-
ined 2099 patients (classified by dominant clinical phenotype: parkinsonism,
n = 1706; ataxia, n = 345; chorea, n = 37; and dystonia, n = 11) and 522 normal
controls, and reported that 64 patients had 42 repeats or less (3%) in the TBP gene.
Forty-five repeats were the greatest number in normal populations. They recom-
mended that 41 through 45 repeats should be considered as the intermediate range,
requiring cautious interpretation.

Compared to the other SCA subtypes caused by expanded trinucleotide repeats,
anticipation [48] is rare in SCA17 kindreds because interruption of CAA within the
CAG repeat configuration of the TBP gene stabilizes the microsatellite [49, 50].
The allele basic structure is (CAG)3 (CAA)3 (CAG)n CAA CAG CAA (CAG)n
CAA CAG. However, when the basic structure is broken, anticipation may be
observed [50]. Maltecca et al. [29] reported a family showing marked anticipation.
PCR analysis of the CAG repeat region within the TBP gene in the third generation
showed a 300-base-pair (bp) band (53 CAG/CAA repeats), whereas the patient in
the fourth generation showed a band of *330 bp (66 repeats). The allele structure
of the father was (CAG)3 (CAA)4 (CAG)44 CAA CAG, and that of the daughter
was (CAG)3 (CAA)4 (CAG)57 CAA CAG. The basic allele structure was not
conserved in patients whose alleles had a simplified pattern with loss of CAA
interruptions, possibly leading to a reduction of repeat stability.

We previously reported a patient having 48 CAA/CAG repeats as a homozygous
state [15]. The clinical features of that patient essentially did not differ from those of
heterozygotes, although homozygosity might have exerted some influence on the
severity and progression of dementia. Zühlke et al. [51] also reported a patient who
had 47 homozygous glutamine residues caused by apparent partial isodisomy 6.
Compared with the heterozygote, the patient had no apparent differences in clinical
features.

Almost all SCA17 patients have a family history and the disease is inherited as
an autosomal dominant trait. However, a few cases develop de novo mutations in
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the TBP gene. One example is the child with 63 repeats mentioned above [2]. In
addition, [5] reported a 33-year-old woman presenting with a HD-like phenotype
with a de novo 54 CAG/CAA repeat expansion, and Wu et al. (2004) described a de
novo 55 CAG repeat expansion in a patient with a Pakinson’s disease phenotype.
The presence of such cases indicates that even in the absence of a positive family
history, genetic testing for SCA17 should be considered in patients with a HD-like,
or PD-like, phenocopy.

10.3 Pathological Findings

Several reports have described the pathological findings in SCA17 patients [1, 52].
We previously reported a homozygous patient focusing on the histopathological
findings; the patient did not show earlier onset of the disease than heterozygotes
reported with similar CAA/CAG-repeat sizes, and the pathological features appeared
to be very similar, if not identical, to those described for heterozygotes [15].

The patient died at the age of 49 years, about 6 years after disease onset. The
main symptoms were dementia and choreic movement. At autopsy, the brain showed
mild atrophy in the caudate nucleus and putamen (Fig. 10.2). Histologically, mild
neuronal loss and gliosis were observed in the cerebral cortex, especially the deep
layers. Neuronal loss was moderate in the neostriatum, affecting both small and large
neurons, and in the Purkinje cell layer with Bergmann gliosis (Fig. 10.3). Mild
neuronal loss was also evident in the cornu ammonis region 1 (CA1) of Ammon’s
horn, subiculum, parahippocampal gyrus, substantia nigra, brainstem reticular for-
mation, and inferior olivary nucleus. It is known that the formation of neuronal
intranuclear inclusions (NIIs) is a common hallmark of the CAG repeat diseases
[53]. In the above SCA17 patient, immunohistochemistry showed that expanded
polyQ stretches had accumulated in the neuronal nuclei in a diffuse pattern [54, 55]
(Fig. 10.4a), and no labeling was detected in their cytoplasm or in the neuropil. NII
formation was rare (<1%) in affected neurons and was restricted to brain regions

Fig. 10.2 Coronal section of
the patient (a) showing mild
atrophy of the caudate nucleus
(*) and putamen (p). (b) Age
matched control
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such as the cerebral cortex (Fig. 10.4b), putamen, and midbrain reticular formation.
The intranuclear diffuse accumulation of polyQ involved many neurons in a wide
range of CNS regions far beyond the lesion distribution assessed by neuronal loss.
Regions in which more than 40% of neurons were 1C2- immunoreactive included
the sixth layer of the cerebral cortex (Fig. 10.5a), neostriatum, hippocampal for-
mation (CA1 and subiculum) (Fig. 10.5b) and Purkinje cell layer. Of note was the
high frequency (>60%) of nuclear 1C2 immunoreactivity in the large neurons of the
neostriatum. Brain regions showing a frequency of 20–40% included the cerebral
cortical layers III and VI, subthalamic nucleus, and inferior olive. In the white
matter, a few glial nuclei also were immunolabeled for 1C2. No positive staining was
observed in the visceral organs.

Fig. 10.3 There is moderate loss of Purkinje cells with Bergmann gliosis in the cerebellum. The
granule cells are well preserved. Hematoxylin and eosin. Scale bar = 50 lm

Fig. 10.4 The neuronal nuclei are often stained diffusely by 1C2 (a). There are a few neurons
showing intra nuclear inclusion (b, arrow). a putamen. b brainstem reticular formation.
Immunohistochemistry with a monoclonal antibody (1C2). Scale bar = 10 lm

Fig. 10.5 There are many 1C2-positive nuclei in the subiculum of the hippocampal formation (a).
1C2-positive neuronal nuclei in the neurons (*) and an oligodendrocyte (arrow) (b, frontal cortex).
Immunohistochemistry with 1C2. Scale bar = a 50 lm, b 20 lm
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Intranuclear accumulation of mutant proteins has been recognized in many
polyQ-disease brains of humans [56, 57] and transgenic mice [54]. The wide
neuronal intranuclear distribution of the mutant proteins in the CNS far beyond the
lesions assessed by neuronal loss must be important when considering the clinical
and pathological correlations in polyQ diseases, including SCA17 [54, 56, 57].

10.4 Pathophysiological Reviews

The molecular mechanisms responsible for the pathogenesis of the polyQ diseases
have not yet been completely explained [58, 59]. PolyQ expansion renders the
protein more prone to aggregation and formation of inclusion bodies that are a
pathological hallmark of polyglutamine diseases [60, 61]. Early discussions focused
on whether the tendency of mutant polyQ proteins to aggregate was responsible for
the disease-associated neurodegeneration (gain of function). Yet, several studies
have indicated that disease severity can be disassociated from the presence of
inclusions [62–64]. Moreover, there are data indicating that inclusions may be
protective, perhaps as a result of sequestration of the mutant protein [62, 65, 66].

Several disease models, including cells [67, 68], Drosophila [59, 69, 70] and
rodents [71–74], have been generated to clarify the pathomechanisms of SCA17.
Overexpression of full-length-mutant TBP and truncated-mutant TBP lacking the
DNA-binding domains (DBDs) was found to cause formation of inclusions, sug-
gesting that insoluble aggregates are causative factors and that the neurotoxicity of
mutant TBP is independent of DNA binding [69]. Thus, the pathogenesis of SCA17
seems similar to that of other polyQ diseases [75]. On the other hand, whether or
not expanded polyQ tracts affect the function of TBP has yet to be comprehensively
addressed. TBP is a general transcription factor [76, 77] essential for formation of
the transcription preinitiation complex and transcription of RNA polymerases I, II
and III (Pol I, II and III). Aberrant TBP activity is expected to profoundly affect
normal cellular function. Inactivation of TBP in mice causes downregulation of
Pol I and Pol III transcription, growth arrest and cell death [78]. Friedmann et al.
[79] have reported that polyQ expansion reduces in vitro binding of TBP to DNA.
Furthermore, they observed that polyQ-expanded TBP fragments, which were
incapable of binding DNA, formed nuclear inclusions and caused a severe neuro-
logical phenotype in transgenic mice. Huang et al. [80] reported muscle dysfunction
in a knock-in mouse model that had long polyQ repeats. They considered that
decreased interaction between mutant TBP and MyoD, a muscle-specific tran-
scription factor [81, 82], might affect the association between MyoD and the DNA
promoter, thus reducing its transcriptional activity. Hsu et al. [69] recently reported
that deactivation of TBP may contribute to SCA17 pathogenesis. They generated
novel Drosophila models for SCA17 that overexpressed polyQ-expanded TBP, and
demonstrated neurotoxic aggregates, the mutant TBP sequestering wild-type TBP
in the neuroblasts of the flies. Moreover, they generated Drosophila mutants with
loss of TDP (dTbp) to examine whether the neurodegeneration was the same as that
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of the SCA-17 model flies. They confirmed that loss of TDP function caused
age-associated neurodegeneration in Drosophila. Interestingly, they reported that
dTbp expression exacerbated retinal degeneration induced in polyQ-expanded
SCA3 and Huntington’s disease fly models. These findings suggest that dysfunction
of TBP may play a universal role in polyQ-induced neurodegeneration. Therefore,
it is very significant to study the pathophysiology of SCA17 to clarify the causes of
other polyglutamine diseases.
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Chapter 11
The Neuropathology of Spinocerebellar
Ataxia Type 3/Machado-Joseph Disease

Arnulf H. Koeppen

Abstract Spinocerebellar ataxia type 3 (SCA-3)/Machado-Joseph disease (MJD),
the most common autosomal dominant ataxia, affects many regions of the brain and
spinal cord. Similar to SCA-1, SCA-2, SCA-6, SCA-7, and SCA-17, the mutation
consists of a pathogenic translated cytosine-adenine-guanine (CAG) trinucleotide
repeat expansion. Almost invariably, the substantia nigra and the dentate nucleus of
the cerebellum bear the brunt of the disease, and these lesions account for the
Parkinsonian and ataxic phenotypes. Lesions of motor nuclei in the brain stem
cause the complex disturbance of ocular motility and weakness of the tongue.
Atrophy of the basis pontis is common, and polyglutamine-positive neuronal
intranuclear inclusion bodies are most readily found in the pontine gray.
Abnormalities of basal ganglia, thalamus, spinal cord, dorsal root ganglia, and
sensory peripheral nerves are more variable. This report of the main neuropatho-
logical lesions is based on the study of 12 genetically confirmed autopsy cases of
SCA-3/MJD. In the cerebellum, all layers of the cortex remain normal, but the
dentate nucleus exhibits neuronal loss and a peculiar proliferation of synaptic ter-
minals termed grumose regeneration. The clusters surrounding residual neuronal
cell bodies and dendrites are interpreted as a response to loss of c-aminobutyric acid
(GABA)-A-receptors and lack of gephyrin, a protein that accomplishes the proper
positioning of GABA-A- and glycine receptors. At the spinal level, dorsal root
ganglia reveal proliferation of satellite cells, active neuronal destruction, and
residual nodules. The spinal cord shows total or subtotal loss of neurons in the
dorsal nuclei, anterior horn cell atrophy, and variable long tract degeneration. While
misfolding of ataxin-3 due to overly long polyglutamine stretches is a critical
contributor to the pathogenesis of SCA-3/MJD, the great neuropathological com-
plexity of the disorder remains largely unexplained.
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11.1 History

The first neuropathological description of spinocerebellar ataxia type 3 (SCA-3)/
Machado-Joseph disease (MJD) was titled “nigro-spino-dentatal degeneration with
nuclear ophthalmoplegia” [1] and coincided with the recognition that MJD is a
disease entity [2]. Several subsequent reports [3, 4] antedated the discovery that
MJD and SCA-3 are the same autosomal dominant disorder, sharing a pathogenic
polyglutamine expansion [5]. The early descriptions recognized the main targets of
SCA-3/MJD, namely, dentate nucleus and substantia nigra. Sparing of cerebellar
cortex and inferior olivary nuclei was confirmed in many papers that followed. This
constellation of lesions differs greatly from SCA types that affect the cerebellar
cortex and cause retrograde degeneration of the inferior olivary nuclei. The
involvement of regions of the central nervous system other than dentate nucleus and
substantia nigra is more variable: striatum and globus pallidus, thalamus, basis
pontis, oculomotor nuclei, paramedian reticular formation, hypoglossal nuclei,
anterior horn cells and dorsal nuclei of the spinal cord, and dorsal columns and
spinocerebellar tracts (review by [6]). It is peculiar that the dentate nuclei are not
always atrophic [7]. The dominant cerebellar ataxia described by Becker et al. [8]
was retrospectively identified as SCA-3/MJD, but neuropathological examination
of two siblings, brother and sister, from the same pedigree also revealed intact
dentate nuclei. The peripheral nervous system [2, 9] and dorsal root ganglia
(DRG) may also be affected [3].

11.2 Gross and Microscopic Neuropathology

This report is based on 12 genetically confirmed autopsy cases of SCA-3/MJD. All
showed the characteristic combination of lesions in dentate nucleus and substantia
nigra. Four of the 12 autopsies included lumbar DRG among which only one was
entirely normal. In one case, a sural nerve was available. It revealed no
abnormalities.

The size of the cerebellum may be reduced (Fig. 11.1a) because of shrinkage of
the dentate nucleus and atrophy of its efferent fibers in the superior cerebellar
peduncle (Fig. 11.1b). For the same reasons, the size of the fourth ventricle may be
larger than normal. The mesial section of the brain shows attenuation of the basis
pontis (Fig. 11.1a, arrow), but pontine atrophy rarely reaches the severe degree of
“olivopontocerebellar atrophy” (OPCA) that characterizes SCA-2, SCA-7, and
multiple system atrophy. Slices of the cerebellum reveal the collapse of the dentate
nucleus and thinning of its efferent fiber tract (Fig. 11.1b, arrow). Serial transverse
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Fig. 11.1 Gross and microscopic findings in SCA-3/MJD, a A midline division of the brain
shows modest dilatation of the fourth ventricle and attenuation of the lower pontine base (arrow).
The cerebellum is of normal size. b A parasagittal slice of the cerebellum shows a diminutive
dentate nucleus that is highlighted by a macro-iron stain. Cerebellar hilum and superior cerebellar
peduncle are atrophic (arrow). c Cerebellar cortex. An immunohistochemical stain with
anti-calbindin D-28K shows intense reaction product in the perikarya of Purkinje cells and their
dendritic trees. d Inferior olivary nucleus. A hematoxylin-and-eosin stain shows a normal
population of neurons. e Basis pontis. A hematoxylin-and-eosin stain reveals loss of neurons and
replacement gliosis (arrow); the inset illustrates a polyglutamine-reactive intranuclear neuronal
inclusion body (arrow) that lies adjacent to the nucleolus (arrowhead) (monoclonal antibody 1C2
to polyglutamine). f Substantia nigra. The hematoxylin-and-eosin stain shows subtotal depletion of
pigmented neurons and gliosis. Bars: a 2 cm; b 1 cm; c 50 µm; d 100 µm; e–f 50 µm; inset in
(e) 10 µm
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slices of the brain stem disclose loss of pigment in the substantia nigra and pontine
atrophy in some but not all cases. The meandering bands of the inferior olivary
nuclei remain distinctly visible.

Microscopy reveals integrity of Purkinje cells and their arborizations
(Fig. 11.1c) and, as expected, intact inferior olivary nuclei (Fig. 11.1d). The lesion
of the substantia nigra differs from idiopathic Parkinson’s disease in that it tends to
be focal rather than diffuse across the compact and lateral portions. Total neuronal
depletion and glial scarring, as shown in Fig. 11.1f, may alternate with relatively
intact adjacent portions. One case among those reported here revealed only a lack of
melanin but no numerical loss of nerve cells. Lewy bodies are absent. Loss of
neurons in the basis pontis (Fig. 11.1e) is not as severe as in typical hereditary or
sporadic OPCA, but glial scarring may be quite prominent (Fig. 11.1e, arrow).
While pontine atrophy may be entirely absent, the gray matter is an excellent
location to search for neuronal intranuclear polyglutamine-containing inclusion
bodies (Fig. 11.1e, inset, arrow). Disturbances of ocular motility are well known
from among the clinical features of SCA-3/MJD, and lesions of oculomotor nuclei
and the paramedian reticular formation are well established [6]. At the level of the
medulla oblongata, neuronal loss in the hypoglossal nuclei is also common,
explaining bulbar palsy in SCA-3/MJD. Reduced thickness of the spinal cord is
often very evident (Fig. 11.2a), and a stain for myelin shows fiber loss in the dorsal
columns (Fig. 11.2a), the spinocerebellar tracts, or a combination of these path-
ways. Figure 11.2b shows complete atrophy of the neurons in the dorsal nuclei.
Anterior horn cell atrophy may occur at all levels of the spinal cord (Fig. 11.2c),
and commensurate group lesions in skeletal muscle are part of the neuropatho-
logical phenotype [2].

Dorsal root ganglia in SCA-3/MJD often show hypercellularity, active destruc-
tion of neurons (Fig. 11.2d, arrow), and residual nodules (Fig. 11.2d, arrowheads).
Stains for class-III-b-tubulin suggest that DRG neurons (Fig. 11.2e) are dysfunc-
tional while still stainable by hematoxylin and eosin (Fig. 11.2d). Immunostains
with anti-S100 show the formation of multiple layers of satellite cells around
neurons and immunoreactivity of residual nodules (Fig. 11.2f).

Figure 11.3 presents the critical histopathological findings in the dentate
nucleus of SCA-3/MJD: loss of large neurons (Fig. 11.3a), preservation of small
neurons (Fig. 11.3b), grumose regeneration (Figs. 11.3a, c, d); loss of neurons
expressing the glycine (Fig. 11.3e) and c-aminobutyric acid (GABA) A receptors
(Fig. 11.3f), and of gephyrin, the protein that anchors glycine and GABA A
receptors to the neuronal plasma membrane (Fig. 11.3g). A comparison of the
stains for glutamic acid decarboxylase (GAD; Fig. 11.3c) and synaptophysin
(Fig. 11.3d) establishes that grumose regeneration is due to proliferation of
GABA-ergic terminals arising from Purkinje cells. Small nerve cells stained for
class-III-b-tubulin (Fig. 11.3b) are also reactive with anti-GAD, implying their
identity as GABA-ergic neurons.
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Fig. 11.2 Microscopy of spinal cord and DRG in SCA-3/MJD, a–c Spinal cord; d–f DRG. b′ and
c′ Show microphotographs from normal controls to match b and c, respectively. a Thoracic spinal
cord, stained with Luxol Fast Blue for myelin. The transectional area measures 27.1 mm2 (mean
normal: 40.3 mm2). The fasciculus gracilis shows loss of myelinated fibers. b Nucleus dorsalis,
immunostained for class-III-b-tubulin. The nucleus shows total depletion of the characteristically
large nerve cells (b′, normal control). c Lumbar anterior horn, immunostained for
class-III-b-tubulin. The anterior horn shows a paucity of motor neurons in comparison with a
control section c′. d DRG, hematoxylin and eosin. The neural parenchyma is hypercellular and
displays residual nodules. The arrow points to active invasion of a nerve cell. e DRG, immunostain
for class-III-b-tubulin. The section shows loss of reaction product from small and intermediate-size
neurons. In some nerve cells, the immunoreaction is restricted to the cytosol just beneath the
neuronal plasma membrane. f DRG, S100 immunostain. Several nerve cells show multiple layers
of satellite cells, and S100-reactive residual nodules represent destruction of neurons. Bars:
a 1 mm; b–c 100 µm; d–f 50 µm
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Fig. 11.3 Microscopy of the dentate nucleus in SCA-3/MJD, a A hematoxylin-and-eosin stain
shows loss of neurons and numerous clusters of grumose regeneration (arrows); b An
immunohistochemical stain for class-III-b-tubulin reveals total loss of large glutamatergic neurons
and preservation of small neurons (arrows). c An immunohistochemical stain for GAD shows lack
of negative images of large glutamatergic neurons and grumose regeneration. The inset displays
studding of the plasma membrane with multiple layers of GAD-reactive terminals (N, neuronal
perikaryon). d Immunohistochemical reaction product of synaptophysin resembles the visualiza-
tion of GAD c Including grumose regeneration. e Immunohistochemistry with anti-GABA-
A-receptor c2 subunit shows only a few small and intermediate neurons. f Immunohistochemical
visualization of the glycine receptor a1/2 subunits resembles the stain for GABA-A-receptor c2
subunit (e). g Immunohistochemical gephyrin reaction product labels neurons that are of small or
intermediate size. Bars: a–d 100 µm; inset in c 10 µm; e–g 50 µm
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11.3 Functional Consequences and Pathogenesis

The cytosine-adenine-guanine (CAG) trinucleotide repeat expansion of the ATXN3
gene (chromosome 14.q32.12; OMIM 109150) in SCA-3/MJD is translated to an
abnormally long polyglutamine stretch in the gene product, ataxin 3. One of the first
and most intriguing observations was that presence and abundance of
polyglutamine-containing neuronal inclusion bodies did not correlate with the
degree of tissue destruction. It is widely held that expanded and misfolded ataxin 3,
or its proteolytic fragments, are toxic to the neuropil. One explanation of the
disparity of inclusion bodies and tissue damage is that intranuclear inclusions are an
epiphenomenon while expanded ataxin 3 damages organelles in the neuronal
cytoplasm. Several animal models have yielded insight into the disease mechanism
of SCA-3/MJD but have not provided advanced information on the complex
neuropathological phenotype in humans (review in [10]). Parkinsonism may be
attributed to the lesions of substantia nigra while ataxia is the expected result of
damage to the dentate nucleus and atrophy of the dorsal nuclei in Clarke columns.
The clinical phenotype, however, is much more variable and reflects the broad
spectrum of structural lesions in the central and peripheral nervous systems (re-
views in [6, 11–14]).

SCA-3/MJD and Friedreich ataxia are very different heritable disorders though
they exhibit a remarkable resemblance in their lesions of the dentate nuclei, spinal
cord, DRG, and sensory peripheral nerves. Similar to Friedreich ataxia, SCA-3/
MJD causes loss of large neurons in the dentate nucleus while small neurons persist
(Fig. 11.3b). The author and his collaborators [15] have proposed that the
grape-like clusters in the dentate nucleus of Friedreich ataxia, SCA-3/MJD
(Figs. 11.3a, c, d), and progressive supranuclear palsy be named grumose regen-
eration, rather than degeneration, because the immunohistochemical evidence
strongly supports proliferation from GABA-ergic synaptic terminals. This luxuriant
growth is not present in all cases and may only indicate relatively short disease
duration. Koeppen et al. [15] suggested that grumose regeneration is a response to
the loss of GABA-A- and glycine-receptors on large nerve cells of the dentate
nucleus. Disappearance of these receptors, in turn, may be the result of gephyrin
deficiency in the postsynaptic membrane. This protein, named after the Greek term
for bridge [16] is essential for the proper positioning of GABA-A- and
glycine-receptors. Persistence of all three proteins within the plasma membranes
and cytoplasm of small and intermediate-size neurons of the dentate nucleus
(Fig. 11.3e–g) implies that SCA-3/MJD selectively damages large glutamatergic
nerve cells.

Destruction of the dentate nucleus by strokes, trauma, tumors, or multiple
sclerosis causes degeneration of the dentato-olivary tract and a characteristic clin-
ical phenomenon, palatal myoclonus. Though the dentate nucleus shows advanced
degeneration, neither SCA-3/MJD nor Friedreich ataxia causes palatal myoclonus.
The reason is the survival of small GABA-ergic neurons that are the source of the
dentato-olivary fibers. Koeppen et al. [17] suggested that GABA-ergic input to the
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inferior olivary nuclei has trophic properties and prevents the development of oli-
vary hypertrophy, which is the anatomical substrate of palatal myoclonus. The
integrity of the inferior olivary nuclei also accounts for intact climbing fiber con-
nections to Purkinje cells in SCA-3/MJD. Therefore, the main ataxia-causing deficit
resides in the dentate nucleus and failure of glutamatergic output to the thalamus.

In comparison with the dentate nucleus, much less is known about the
destruction of the substantia nigra, neuronal loss in basal ganglia, motor and
non-motor nuclei of the brain stem and spinal cord, DRG, and peripheral nerves.
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Chapter 12
Origins and Spread of Machado-Joseph
Disease Ancestral Mutations Events

Sandra Martins and Jorge Sequeiros

Abstract Machado-Joseph disease (MJD) is the most common autosomal dominant
spinocerebellar ataxia reported worldwide, but it shows marked geographic differ-
ences in prevalence. The study of ancestral origins and spreading routes of MJD
mutational events has contributed to explain such differences. During human evo-
lution, at least two independent de novo MJD expansions occurred in distinct
haplotype backgrounds: TTACAC and GTGGCA (named Joseph and Machado
lineages). The most ancient Joseph lineage, probably of Asian origin, has been
introduced recently in Europe, where founder effects are responsible for the high
MJD prevalence, as occurs in the Portuguese/Azorean island of Flores and
Northeastern mainland. The Machado lineage is geographically more restricted, with
most known families in Portugal (island of São Miguel and along the Tagus valley).
The hypothesis of other mutational origins has been raised, namely to explain the
disease among Australian aborigines; however, a comprehensive haplotype study
suggested the introduction of the Joseph lineage in that community via Asia. Also,
additional SNP-based haplotypes (TTAGAC, TTGGAC and GTGCCA) were
observed in other MJD families, but phylogenetic analysis with more polymorphic
flanking markers did not point to independent mutational events, reinforcing the
hypothesis of a very low mutation rate underlying this repeat expansion locus.
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12.1 The Original Descriptions of Machado-Joseph
Disease

A novel form of autosomal dominant cerebellar ataxia, with a “peripheral neu-
ropathy” and onset after age 40 years, was described by Nakano, Dawson and
Spence, in 1972, among Portuguese immigrants in the United States [1]. The new
disease was named after the affected family, as Machado disease. The kindred was
traced back to Guilherme (William) Machado, a native of the island of São Miguel,
in the archipelago of the Azores (Portugal), who had migrated to southern
Massachusetts in the late XIX to early XX centuries.

The same year, another family (descending from Joe Thomas), also of Azorean
ancestry but from the island of Flores, was reported as having a cerebellar ataxia,
also with dominant inheritance; however, an earlier age-at-onset (17 through
46 years) and the presence of a pyramidal syndrome and progressive external
ophthalmoplegia (PEO) led Woods & Schaumburg to propose this was a new
entity, distinct from Machado disease, and named it as nigro-spino-dentatal
degeneration with nuclear ophthalmoplegia [2].

Four years later, Rosenberg et al. reported still another large family of Azorean
extraction with an autosomal dominant striatonigral degeneration [3]. One patient
resembled Machado disease, but others shared some clinical features with the
Thomas family: onset was at age 17 to 42 years, cerebellar ataxia was absent (or
minor), extrapyramidal signs were prominent and neuropathological findings also
seemed to differ. The family descended from Antone Joseph, born in the island of
Flores in 1815 (as António Jacinto Bastiana, as much later was found) and who
reached the San Francisco bay area aboard a whaling ship, in 1844. He died in
Pleasanton (in 1870), leaving many affected descendants mostly in northern
California. Their disorder eventually came to be named as Joseph disease [4].

In 1976, Paula Coutinho and Corino Andrade investigated a familial neuro-
logical disease with high prevalence in the Azorean islands, after the national health
authority called for their attention and help [5]; they suggested that all the 15
families found (mostly in Flores and São Miguel), as well as the previously
described Machado, Thomas and Joseph families, suffered from the same disease,
despite some differences in its expression, as the various clinical presentations
could be found within a single family, and even among sibs [6]. They called it
autosomal dominant system degeneration in Portuguese families of the Azores
islands.

A similar conclusion was independently reached by other authors, including
after the observation of the three presentations previously reported in still another
Portuguese-Azorean family in Massachusetts [7]; the name Azorean disease was
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now suggested. But the disease was to be found in mainland Portugal (in 1978) [8]
and in an American black family from North Carolina (in 1980) [9], as well as in
families of Japanese [10–12], Indian [13], Chinese [14] and other origins.
Additional descriptions showed its presence in four aboriginal families from
Arnhem Land, in northern Australia [15], and in a Yemenite Jewish kindred from
the Ta’izz village [16].

The name Machado-Joseph disease (MJD) was proposed by Coutinho and
Sequeiros and adopted, in 1980, at the first international meeting on this disease,
where all the clinical and research groups involved so far were represented; this was
meant to unify the various denominations given, as well as to honour the first family
described and the largest and better studied one (also of relevance was the fact that
the Thomas descendants were reluctant to provide their surname to the disease).

The epidemiology of MJD, based on families described until 1993 (before the
gene was known), was reviewed by Sequeiros and Coutinho [17]. In 1995, a British
family was molecularly diagnosed with MJD, among nine others of different origins
living in the United Kingdom. That was the historical Drew family of Walworth,
described 100 years earlier, with a heredo-familial disease resembling disseminated
sclerosis [18, 19]. This way, the clinical diagnosis of MJD, as suggested by Paula
Coutinho, was confirmed by the group lead by Anita Harding [20].

12.2 The Current Distribution of MJD in the World

Epidemiological data on the spinocerebellar ataxias (SCAs) are essential to study
the natural history of underlying mutations, but also important for genetic testing in
every population, helping the clinical diagnosis since phenotypes of different SCAs
often overlap. Nationwide surveys are scarce to estimate prevalence of MJD (also
known as SCA3) and other SCAs in most populations; thus, diagnostic testing is
often informed by the relative frequency of SCA subtypes, even though the number
of dominant ataxias of unknown aetiology may exceed half of the cases in many
series. A marked geographical and ethnic variability in SCA frequency exists
(mainly due to demographic and population effects, such as migration, founder
effects or genetic drift), but MJD proved to be the most frequent dominant ataxia
worldwide. Currently, MJD is particularly common in China (62.1%) [21], Brazil
(59.6%) [22], Portugal (57.8%) [23], Thailand (46.5%) [24], Germany (42%) [25],
Singapore (41%) [26], Taiwan (32%) [27], France (32%) [28], Japan (28%) [29],
The Netherlands (28%) [30], Venezuela (25%) [31], the USA (21%) [32], and
Spain (15%, the same frequency as SCA2) [33]. On the other hand, MJD seems
absent in Greece [34], Czech Republic [35], Cyprus [36], Sri Lanka [37], Poland
[38], Finland [39], Serbia [40], and rare in Turkey (0.6%) [41] and South Africa
(1.1%) [42].
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12.3 Identification of Mutations with Independent Origin

The knowledge on how many mutational events occurred (independently of the
demographic and evolutionary forces that conditioned their success and consequent
present-day frequency) is of utmost importance to determine the local mutation rate
and better calibrate the respective molecular clock. The first study to identify MJD
mutational origins focused on the analysis of 3 single-nucleotide polymorphisms
(SNPs) flanking the causative CAG repeat at ATXN3 (the gene responsible for
MJD) [43]. SNPs are bi-allelic markers, characterized by a very low mutation rate,
estimated at around 2 � 10−8 per locus, per generation, in humans [44]. Given the
low probability of having two independent base changes occurring at a single
position, SNPs often result from unique events over the evolution of a species. To
date, CAG expanded/pathogenic alleles have been observed exclusively in humans,
suggesting that large expansions responsible for MJD and other polyglutamine
disorders occurred after the human-chimp split [45–47]. Therefore, at the moment a
de novo expansion occurs from a pool of genetically diverse normal alleles, a single
haplotype background is in total linkage-disequilibrium (LD) with the newly arisen
expanded (CAG)n allele. Then, the breakdown of LD over time is mainly due to
recombination, even if some recurrent mutations may also arise in SNPs. Typically,
recombination between two loci increases with physical distance, but patterns of
LD are not always constant throughout the chromosomes, with LD blocks and
recombination hotspots varying also between populations. The high density of
SNPs across the human genome allows, however, the study of virtually any locus of
interest in great detail.

Based on the analysis of A669TG/G669TG (rs1048755), C987GG/G987GG
(rs12895357), and TAA1118/TAC1118 (rs7158733), intragenic SNPs in ATXN3, it
was suggested, for the first time, that not all MJD patients shared the same ancestral
mutational origin [43]. Families from 16 different origins presented 4 SNP haplo-
types co-segregating with deleterious expanded (CAG)n alleles: ACA and GGC
were observed in the vast majority of the cases. Even if only three SNPs were
analysed, the yin-yang pattern in these common MJD haplotypes could hardly be
explained by a single MJD origin; with A669TG/G669TG located upstream and
C987GG/G987GG and TAA1118/TAC1118, both downstream the (CAG)n (at a few 1
and 132 bp distant of the repeat, respectively), the unlikely accumulation of
recurrent SNP mutation and/or recombination would be needed to justify a common
ancestry for the ACA and GGC lineages. Later, the extension of the analysed
haplotype confirmed the two main MJD mutational origins [48]. By including the
additional IVS6-30G>T (rs12590497), GTT527/GTC527 (rs16999141) and C1178/
A1178 (rs3092822) SNPs, in a large study of MJD families from 20 populations, the
TTACAC and GTGGCA haplotypes were found to underlie the two major muta-
tional origins, named Joseph and Machado lineages respectively, denoting their
predominance in Flores and São Miguel, the Azorean islands home to the Joseph
and the Machado families and their descendants (as well as their putative ancestors
in the mainland).

246 S. Martins and J. Sequeiros



On the other hand, the finding of SNP haplotypes different from these two most
common could indicate the existence of other, perhaps less frequent and geo-
graphically more restricted, independent-origin MJD mutations. In fact, three rare
haplotypes have been genotyped in MJD families, TTAGAC, TTGGAC and
GTGCCA, but phylogenetic analyses with flanking microsatellites (short tandem
repeats, STRs) did not support the hypothesis of independent-origin mutations [43,
48]. Instead, TTAGAC (found in two families from the United States, one from
Morocco, one from Ghana and one from the West Indies) seemed to have derived
from the ancestral TTACAC lineage, after a mutation in the C987GG/G987GG SNP,
an event followed by a reversion in the A669TG/G669TG SNP, resulting in the
TTGGAC haplotype (present in one family from French Guyana). The haplotype
GTGCCA, observed in three Portuguese families, resulted most likely from
mutation (again in the C987GG/G987GG SNP) on a GTGGCA background, since
extended STR-haplotypes were shared between them [48].

12.4 Routes of Mutation Spread

When haplotype analyses were not possible or available (as before the discovery of
ATXN3), some hypotheses of mutational routes for dispersal of MJD have been
based on the historical and geographical origin of the families. It has been postu-
lated that an ancestral mutation could have originated among the Sephardic Jewish
communities (in the mountainous and relatively inaccessible region of north-eastern
Portugal), taken from mainland Portugal to the Azores and then to North America
and other regions [17, 49]. Also, assuming a Portuguese origin for the worldwide
spread MJD mutation, links with Asia during the Portuguese sea explorations were
evoked to explain the presence of MJD in these geographically distant populations
via genetic exchange with Portuguese merchants, mercenaries and missionaries, in
the 1500–1600s [43, 50–52].

More recent studies followed a strategy based on the same principle applied to
the reconstruction of human evolutionary history, which assumes that ancestral
populations (in this case, the place-of-birth of a mutation) would have accumulated
the highest genetic diversity flanking the locus under study. Accordingly, diversity
should decrease in populations where the mutation has been more recently intro-
duced, as fewer generations underlie less time to diverge.

Several studies on genetic diversity rely on the analysis of highly informative
multi-allelic microsatellites markers (or STRs), which display 1–6 bp tandem
repeats, highly variable in length, and widely distributed in the human genome [53].
Their evolution rate at 1 � 10−3 mutations per generation, usually under a stepwise
mutation model [54], led in part, to their popularization as an analytic tool for
phylogenetic reconstructions of several human genes [55].

Concerns on the analysis of STRs relate to the mutation–migration–drift equi-
librium, effective population sizes, and homoplasmy; however, confounding factors
may be reduced when STRs are placed on stable SNP backgrounds. When a
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narrower time-scale is considered, fewer are the factors that may affect the
molecular clock that underlies the evolution of STRs. In the study of disease
mutational origins, the analysis of a restricted subpopulation of chromosomes
(mutated alleles) allows an accurate approach based on the combined analysis of
SNPs and STRs haplotypes.

12.5 The Joseph (Flores) Lineage

The most ancient MJD mutational event arose probably more than 6000 years ago
in Asia. The TTACAC SNP background, which was found to segregate with
expanded chromosomes in the five continents, is spread worldwide: currently, the
Joseph lineage is present in, at least, 19 populations [48]. At the time estimated for
the origin of this mutation for MJD, humans experienced the Neolithic culture, a
period when domestication of plants and animals occurred together with human
settlements. The routes and times of diffusion associated to the New Stone Age do
not support simultaneous dispersal of this MJD mutation. After the earliest known
development of Neolithic culture in the Middle East (Jericho, Palestine), between
8000 and 6000 BC, further spread of this culture through Europe, the Indus valley
(India) and the Huang He valley (North China) seems to have occurred between
6000 BC and 2000 BC. The introduction of Joseph haplotypes in Europe (Germany
and France) seemed, nevertheless, to have occurred less than 1500 years ago. This
might be a subestimation of the time of presence of the TTACAC mutation in
Europe, since other eastern population were not assessed in this study; however, the
geographical relative frequency of SCAs have shown, so far, the absence of MJD in
the Czech Republic [35], Poland [38], Serbia [40] and Russia [56].

On the other hand, the Silk Road trade during the 1st century AD could explain
the spread of some MJD founder haplotypes along those routes. Although no single
route was taken, different branches are known to have started from Chang’an (the
ancient capital of China, actual Xi’an), towards central Asia, northern India, and the
Parthian and Roman Empires. Later, trading routes connected the Yellow River
valley to the Mediterranean Sea and passed through present-day Iran, Iraq and
Syria. As in eastern Europe, reports of MJD are also very rare in central and
southwest Asia. In Iran, there are at least two MJD families, molecularly confirmed
[57], and one additional large family clinically diagnosed with MJD, including
50 patients and 50 unaffected relatives (Nima Rezaei and Mohammad Najafi,
personal communication, 2007).

More recently, the Joseph lineage was introduced from Eastern to Western
Europe, through the 10-21-14-15 and 11-21-14-15 founder STR-based haplotypes,
respectively in German and French populations, at about the same time, i.e., around
1300 years ago. Later (about 600 years), the French founder haplotype was intro-
duced in mainland Portugal, and from here the mutation migrated to the Azores and
to Brazil. In mainland Portugal, this haplotype is observed mainly in the northeast,
bordering Spain, from where it must have been introduced in the Azorean island of
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Flores, where a founder effect was responsible for the highest prevalence of MJD
reported worldwide (835.2 patients per 100,000 inhabitants; Paula Coutinho, per-
sonal communication, 2007).

Based on the mutational age estimation, the presence of MJD in North America
is most probably explained by more than one introduction of mutations identical by
descent, both directly from the ancestral Asian population, and a derived expanded
haplotype from Europe.

12.6 The Machado (São Miguel) Lineage

A different de novo expansion occurred at ATXN3 on the GTGGCA haplotype, the
Machado lineage from the Azorean island of São Miguel, where this is the most
common MJD haplotype. The Machado lineage predominates also in central
mainland Portugal (mainly along the Tagus valley), but is very rare in other parts of
the world. Among a total of 264 MJD families, from 20 different populations, only
7 non-Portuguese families carried this haplotype. [48] The scarcity of this lineage
has constrained an accurate analysis of its foundation and history; nonetheless, a
recent Portuguese origin, less than 2000 years ago, has been suggested based on the
flanking haplotype diversity. Phylogenetic relationships among haplotypes from
different populations showed more diversity generated from the most common
haplotype in mainland Portugal, supporting the hypothesis of its mutational origin
in this region, rather than in São Miguel.

12.7 The Azores as a Platform for Dissemination of MJD

Of note is also the fact that all the known MJD families of Azorean ancestry reside
in or ultimately originate from Flores (Joseph) or São Miguel (Machado lineage),
which are at the extremes of this widely spaced mid-Atlantic archipelago.

Also, the Azores were uninhabited when they were first discovered in 1432.
Their colonization began only after 1444, when they became an important platform
for the sea fare of the 1500s and, very likely, for the introduction of MJD in other
populations, either due to migration over the past 2 centuries (to countries as Brazil,
USA and Canada) or even more ancient population exchanges (but always limited
to the last 5 centuries).

12.8 Australian Aboriginal Families

In 1980, Kiloh and colleagues reported an endemic neurological complex disorder
in 13 (possibly 16) cases in tribal Australian aborigines living on Groote Eylandt
and adjacent Arnhem Land area of northeast mainland [58]. In the 1960s,
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the disease was already known locally and called the Groote Eylandt syndrome.
Later, Burt and colleagues reported four Australian aboriginal families at Angurugu
(on Groote Eylandt) and at Yirrkala (Arnhem Land), with clinical presentation
characteristic of cerebellar ataxia, and having a molecular diagnosis of MJD, by
1996 [59].

Archaeological evidence support continuous occupation of Arnhem Land by
these communities for many thousand years, preceding recorded history, which
indicates an ancient presence of aboriginal people in these territories, prior to the
origin of known MJD mutations. A Portuguese ancestry was in fact first suggested
(via the Makassar trepangers, from the southwest corner of Sulawesi, formerly the
Celebes, a Portuguese possession from 1512 to 1665); later, the alternative
hypothesis of a third mutational event at ATXN3 was also raised.

In 2012, a study based on full-extended haplotypes, including the 6 previously
analysed SNPs and 14 additional ones, in aboriginal and 40 other multi-ethnic MJD
families, pointed, however, to a different story [50]. The two aboriginal families
studied (from Groote and Yirrkala) shared a full-extended SNP background, named
Joseph-derived haplotype, since a single variant (rs56268847) differed from the
Joseph lineage. Other families with this Joseph-derived haplotype included five
from Taiwan, three from India and one from Japan, sharing a common ancestor
dating back more than 7000 years. It was then proposed that MJD had been
introduced in these isolated aboriginal communities of the Northern Territory in
Australia via Asia, since an inter-population pairwise analysis of flanking STRs had
shown the families with the Joseph-derived lineage to be phylogenetically closer to
the Japanese families than to any other MJD population studied.

12.9 African Families

MJD may be underdiagnosed in most African populations, but a few families have
already been reported from Morocco, Algeria, Ghana, Ivory Coast, Mali, Nigeria
and Somalia, as well as in African-Americans [9, 43, 48, 60–62]. Haplotype studies
performed in these populations are thus scarce in order to gain insight into the
mutational origins of MJD in this continent; nevertheless, different genetic back-
grounds segregating with expanded alleles in some families point to more than one
introduction of MJD in Africa. The worldwide spread Joseph lineage (TTACAC)
was observed in each of the families described from Algeria, Nigeria and Somalia,
as well as in five African-American kindreds; the Joseph-derived TTAGAC hap-
lotype was found in two families, from Morocco and Ghana; and the nuclear
haplotype GCC (A669TG/G669TG - C987GG/G987GG - TAA1118/TAC1118) was seen
in three African-American families including the first one in which MJD was
suspected, as described by Healton and colleagues [43, 48, 61, 62]. The GTGCCA
haplotype was found in only three Azorean families, from São Miguel, and sug-
gested to have derived from the Machado lineage (GTGGCA) by mutation in the
C987GG/G987GG SNP. Although identity-by-descent of GCC haplotypes shared by
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all families could not be assessed due to lack of flanking extended haplotypes in
African patients, the hypothesis of an independent-origin event in MJD seems
unlikely.

All eight MJD families of African descent described by Subramony and col-
leagues [61] were diagnosed with the rare MJD subtype 4 (Parkinsonian pheno-
type), including the Antigua kindred in whom this phenotype was first observed
[63], and also the first family of African ancestry suspected to have MJD [9].
Subramony et al. first explained the scarcity of this MJD subtype in patients of
European descent with variation in disease expressivity due to different genetic
backgrounds [61]. Repeat length did not seem to be responsible for an ethnical bias
for Parkinsonism, since correlation between age-at-onset and allele size was similar
in both European and Africans; nevertheless, the authors mentioned that the
Antigua kindred (having purer Parkinsonian presentation than the other families)
had shorter expanded alleles and later onset.

The absence of a common haplotype among African families with the
Parkinsonian phenotype of MJD, led the authors to suggest trans-acting genetic
variation to explain the unusual presentation in a restricted ethnic background [61].
Nevertheless, these ethnic differences in MJD phenotype must be regarded with
caution since, e.g., the Antigua family was a branch of a large kindred to whom
belonged also the patients reported by Sequeiros and Suite [64], in 1986, with
typical MJD presentation. After searching the medical archives of the Johns
Hopkins Hospital, the authors came to prove this was the same as the first
African-American family described by Healton and Brust in 1980 [9], but also the
very same family described by Taniguchi & Konigsmark, as early as 1971 [65], as
having a spinopontine atrophy (one of the many names MJD has assumed along the
times).
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Chapter 13
Clinical Features of Machado-Joseph
Disease

Nuno Mendonça, Marcondes C. França Jr., António Freire Gonçalves
and Cristina Januário

Abstract Machado-Joseph disease (MJD) also known as Spinocerebellar ataxia
type 3, is a hereditary neurodegenerative disease associated with severe clinical
manifestations and premature death. Although rare, it is the most common auto-
somal dominant spinocerebellar ataxia worldwide and has a distinct geographic
distribution, reaching peak prevalence in certain regions of Brazil, Portugal and
China. Due to its clinical heterogeneity, it was initially described as several different
entities and as had many designations over the last decades. An accurate diagnosis
become possible in 1994, after the identification of the MJD1 gene. Among its wide
clinical spectrum, progressive cerebellar ataxia is normally present. Other symp-
toms include pyramidal syndrome, peripheral neuropathy, oculomotor abnormali-
ties, extrapyramidal signs and sleep disorders. On the basis of the presence/absence
of important extra-pyramidal signs, and the presence/absence of peripheral signs,
five clinical types have been defined. Neuroimaging studies like MRI, DTI and
MRS, can be useful as they can characterize structural and functional differences in
specific subgroups of patients with MJD. There is no effective treatment for MJD.
Symptomatic therapies are used to relieve some of the clinical symptoms and
physiotherapy is also helpful in improving quality of live. Several clinical trials
have been carried out using different molecules like sulfamethoxazole-
trimethoprim, varenicline and lithium carbonate, but the results of these trials
were negative or showed little benefit. Future studies sufficiently powered and
adequately designed are warranted.
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13.1 Epidemiology

Globally, spinocerebellar ataxias (SCA)s are considered rare disorders, with
prevalence estimates varying from 0.3 to 2.0 per 100,000 [1]. Machado-Joseph
disease (MJD) is presently considered the most common form of SCA worldwide
[2]. Among SCAs, the relative frequency of MJD is higher in countries such as
Brazil (69–92%) [3], Portugal (58–74%) [4, 5], Singapore (53%) [6], China
(48–49%) [7], The Netherlands (44%) [8], Germany (42%) [9], and Japan
(28–63%) [10, 11]. It is relatively less frequent in Canada (24%) [12], USA (21%)
[13], Mexico (12%) [14], Australia (12%) [15], and India (5–14%) [16], and is
considered relatively rare in South Africa (4%) [17] and Italy (1%) [18]. Even
within each country the geographic distribution pattern of MJD is not homoge-
neous. Although constituting the most prevalent subtype of SCA in Portugal, for
example, MJD is relatively rare in the mainland (1/100,000) [19], with few
exceptions such as a small area of the Tagus River Valley (1/1000) [20], but highly
prevalent in the Azores Islands, where the highest worldwide prevalence occurs in
Flores Island (1/239) [21].

13.2 History

MJD was first described in 1972 among Portuguese immigrants living in New
England, United States of America (USA). These immigrants were descendants of
William Machado, a native of the Portuguese Azorean islands [22]. A few years
later, other cases in families of Portuguese-Azorean extraction were described in the
USA (Thomas and Joseph families) [23, 24]. Between 1972 and 1977 the disease
was identified in four families, reported as four distinct entities named “Machado
disease” [22], “nigrospino-dentatal degeneration” [24], “Joseph disease” [23] and
“Azorean disease of the nervous system” [1]. In 1975, Coutinho and Andrade
studied 15 families from the Azorean Islands and proposed that the
above-mentioned diseases were simply variations of the same clinical disorder [25].
They defined it as “Machado-Joseph disease,” a single disorder characterized by an
unusually high degree of clinical variability. In 1977, it became commonly accepted
that it was a single genetic disease with remarkable phenotypic expression [1, 25].
However, it was only after identification of the MJD1 gene in 1994 [26] that an
accurate diagnosis of MJD becomes available. Furthermore, in 1995, it was
observed that an ataxochoreic form of dentatorubral-pallidoluysian atrophy
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(DRPLA), spinocerebellar ataxia type 3 (SCA3) and Machado-Joseph disease were
in fact the same entity [27]. The ancestral mutation origin and the presence of a
founder effect have been a source of much speculation over the years [28–31]. The
most accepted theory is that the disease was originated by two distinct mutational
events in the affected gene (A-C-A and G-G-C intragenic haplotypes). In MJD gene
carriers, the A-C-A haplotype is the most common worldwide, whereas the pres-
ence of both haplotypes A-C-A and G-G-C mostly occurs in Portugal (mainland
and Azores) and in countries historically related to Portugal (Brazil, Spain, USA)
(Gaspar C L.-C. I., [32]. Therefore, it is possible that the mutations were brought
from mainland Portugal to Azores (Flores and São Miguel islands) upon colo-
nization in the 15th century [32, 33]; Rosenberg, Autosomal dominant cerebellar
phenotypes: the genotype has settled issue, 1995; [29] and worldwide during the
Portuguese Age of Discovery in the 15th and 16th century along with the Azorean
emigration waves in the 17th century [32, 33]; Rosenberg, Autosomal dominant
cerebellar phenotypes: the genotype has settled issue, [29, 34]. The Portuguese sea
travels could, therefore, be a possible explanation for the presence of MJD in
countries like India, China, Japan, Yemen and parts of Africa [29]. Nevertheless,
the mutational event relative to the A-C-A haplotype may have occurred in another
ethnic group and later brought to Europe, including Portugal [32]. One possibility is
the introduction of large normal alleles with the A-C-A haplotype in Portugal due to
intermingling between South Asian and Portuguese populations in the 15th century,
which later expanded and originated the MJD mutation [35]. However, the
heterogeneity among French and German as compared to Portuguese families does
not support the hypothesis of Portugal as the principal source to the establishment
of the A-C-A haplotype in Europe [36]. This lineage, the Joseph lineage, seems to
have occurred about 7000 years ago, in Asia and is the most common in the vast
majority of non-Portuguese. The G-G-C haplotype, or Machado lineage, occurred
afterwards and is the most common in mainland of Portugal, the Azores and in
other families of proven or suspected Portuguese ancestry and that most probably
have a Portuguese origin [32, 36, 37].

13.3 Clinical Symptoms and Natural History

The discovery of MJD illustrates the difficulty of defining a disease as a single
entity when various symptoms are hallmarks of the disease.

MJD is, in fact, characterized by a wide range of clinical manifestations.
Progressive cerebellar ataxia is normally present, leading to motor incoordination
that can affect balance, gait, and speech. In addition, other symptoms may be
present, such as: a pyramidal syndrome with brisk deep tendon reflexes, Babinski
sign and spasticity; peripheral neuropathy with amyotrophy; oculomotor abnor-
malities with nystagmus, eyelid retraction, progressive external ophthalmoplegia
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(PEO), ophthalmoparesis, bulging eyes; facial and lingual fasciculation;
extrapyramidal signs, including dystonia, rigidity and/or bradykynesia; as well as
weight loss and sleep disorders (Rosenberg, Machado-Joseph disease: an autosomal
dominant motor system degeneration [38]) [29, 39].

A clinical diagnosis of MJD is suspected in individuals with progressive cere-
bellar ataxia and pyramidal signs, associated with a complex clinical picture
extending from extrapyramidal signs to peripheral amyotrophy [40]. Minor, but
more specific features such as PEO (especially for upward gaze), dystonia, fasci-
culation of facial and lingual muscles, as well as bulging eyes, are also of impor-
tance in the diagnosis [40]. The mean age at onset is around 40 years, with
extremes of 4 [41] and 70 years [19], and a mean survival time of 21 years (ranging
from 7 to 29 years) [19] [42]. Gait ataxia is reported as the first symptom in 92.4%
[19].

MJD is highly pleomorphic, not only in the variability in the age at onset, but
also in the neurological signs presented by different patients as well as in the
resulting degree of incapacity. The marked clinical heterogeneity and the pro-
gressive nature of MJD rendered its clinical classification difficult and nowadays of
limited clinical value to neurologists. The most used classification was created by
Coutinho and Andrade [25] who have systematized the disease phenotypes into
three main clinical types (see Table 13.1). The authors observed that almost every
patient presents with cerebellar signs and PEO, associated with pyramidal signs in
variable degrees. Clinical types could, therefore, be distinguished on the basis of the
presence/absence of important extra-pyramidal signs, and the presence/absence of
peripheral signs. Type 1 (“type Joseph”) is characterized by an early onset (mean of
24.3 years) and a rapid progression of symptoms, which together with cerebellar

Table 13.1 Classification of MJD according to symptoms, prevalence and age of onset

MJD
type

Age of
onset
(years)

Prevalence Symptoms

I 5–30 Limb and gait ataxia, severe dystonia,
pyramidal signs, PEO and a relatively faster
progression of symptoms

II �36 Most frequent Ataxia, pyramidal deficits and PEO

III �50 Second most frequent Cerebellar ataxia and PEO, associated with
peripheral alterations, may feature
pyramidal and extrapyramidal signs

IV 38–47 Typical in patients with
short CAG repeat
expansions

Slowly progressive parkinsonism,
responsive to L-DOPA, fasciculations and
peripheral neuropathy

V Marked spastic paraplegia with or without
cerebellar ataxia. Important differential
diagnosis with hereditary spastic paraplegia
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ataxia and PEO include marked pyramidal and extrapyramidal signs (such as
dystonia). Type 2 (“type Thomas”) corresponds to presentations with an interme-
diate onset (mean of 40.5 years), cerebellar ataxia and PEO, with or without
pyramidal sings. When present, the extrapyramidal and peripheral signs are tenu-
ous. Patients with type 2 features may maintain these for long periods or evolve
(5–10 years later) to type 1 or type 3, by the manifestation of important
extrapyramidal or peripheral signs, respectively. Type 3 (“type Machado”) presents
a later onset (mean of 46.8 years) and is characterized by cerebellar ataxia and PEO,
associated with peripheral alterations, with or without slight pyramidal and
extrapyramidal signs [19]. These three clinical types can occasionally be present in
the same family Table 13.2. Additionally, some authors consider as type 4 a rare
presentation with parkinsonian features, mild cerebellar deficits and a distal motor
sensory neuropathy or amyotrophy [43]. Furthermore, Sakai and Kawakami [44]
observed two siblings that presented spastic paraplegia without cerebellar ataxia
and proposed the existence of a fifth type for MJD.

13.4 Non-motor and Extra-Cerebellar Symptoms in MJD

The pathological and neurodegenerative processes in MJD affect a large variety of
functional and neurotransmitter systems. This results in a widespread pattern of
damage to the central and peripheral nervous system. Thus, several non-motor and
extra-cerebellar symptoms may occur and are likely to be under-recognized in
clinical practice. Although there is still no disease modifying therapy, many of the
extra-cerebellar symptoms are suitable to symptomatic treatment, which can sig-
nificantly improve the quality of life in patients with MJD [45].

The main non-motor and extra-cerebellar symptoms include sleep disorders,
cognitive deficits, olfactory dysfunction, psychiatric symptoms, pain, cramps and
fatigue, autonomic dysfunction, nutritional difficulties, neuropathy, movement
disorders and autonomic dysfunction [45]. In this chapter, we briefly describe some
of the most relevant symptoms.

Sleep disorders frequently occur in the context of neurodegenerative diseases,
particularly the alpha-synucleinopathies (e.g. Parkinson Disease, Multiple System
Atrophy and Lewy Body Dementia), and are also common in the SCAs. Among all
subtypes of SCAs, MJD has the highest incidence of sleep disorders [46]. The main
sleep disorders described are restless legs syndrome (RLS), rapid eye movement
(REM) sleep behavior disorder (SBD), periodic limb movement during sleep
(PLMS), sleep apnea, insomnia, and excessive daytime sleepiness (EDS) [47, 48].
Available evidence demonstrates that the frequency of RLS in MJD is significantly
greater than in the general population, affecting up to 55% of patients [49]. It is
interesting to note that SBD may precede gait ataxia by several years [50].

Among cognitive and affective disturbances, the so-called cerebellar cognitive
affective syndrome (CCAS) has been described in patients with different types of
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cerebellar diseases and is possibly related to disruptions of cerebro-
cerebellar-cerebral loops [51, 52]. CCAS is characterized by cognitive impair-
ment within the executive and visuospatial domains and by language disturbances
and affective symptoms [51]. Executive and visuospatial dysfunctions, together
with depression and anxiety, are the main symptoms described [53–57]. On neu-
ropsychological testing, patients with MJD may present executive dysfunction,
slowed processing of visual information in complex tasks, abnormal shifting of
visual attention, and also verbal and visual memory deficits [53–57]. Nevertheless,
although cognitive deficits are frequently reported in patients with MJD, dementia
or severe cognitive impairment are rarely described [53–57].

Psychiatric symptoms are also common in patients with MJD, and depressive
manifestations are by far the most frequent [58], followed by anxiety. Depressive
symptoms are more frequent in patients with MJD than in matched controls [56,
59–61], caregivers, or individuals who are at risk for MJD [62–64]. Despite its
importance, depression is probably under diagnosed in SCAs; consequently, a great
proportion of patients are not properly treated [59, 62–64].

Olfactory dysfunction is also a very common and early sign in different neu-
rodegenerative diseases and it has been recently described in hereditary ataxias [65–
70]. Notably, a recent study described olfactory dysfunction in a large group of
patients with MJD (N541), measured through the Sniffin’s Sticks (SS-16) odor
identification test [57].

Peripheral neuropathy (PN) in MJD has long been known and may be the
presenting manifestation of the disease [71–73]. Previous estimates indicate that
60% of all patients ultimately develop clinical signs of peripheral neuropathy [74,
75]. Sensory fibers are the most frequently affected [75]. Damage to motor fibers
may cause muscle atrophy, distal weakness with foot drop, and fasciculations,
which may further aggravate the functional difficulties [75]. Nerve conduction
studies have demonstrated widespread reduction of the amplitudes of motor and
especially sensory potentials [74–76]. Needle electromyography (EMG) reveals
signs of active and chronic denervation in both proximal and distal muscles.
Fasciculation potentials and myokymia are other typical EMG findings [74–76].
Overall, the neurophysiological pattern suggests that PN in MJD is a double neu-
ronopathy in most patients (sensory neuronopathy combined with motor neuron
disease). PN is usually found in patients with late disease onset and small CAG
expansions [74, 75]. It is interesting to realize, however, that the rate of progression
of peripheral nerve damage is higher in patients with larger (CAG) expansions [75].

The frequency of fatigue is greater in MJD patients compared with healthy
individuals. Patients with severe fatigue tend to have longer disease duration and
are more likely to be wheelchair-bound. There is a significant, positive correlation
between Fatigue Severity Scale scores and excessive daytime sleepiness scores.
Nonetheless, the frequency of fatigue remained stable across different ataxias,
including MJD [77]. The factors that predicted fatigue in patients with ataxia were
physical functioning and depression. No correlations with disease duration or the
Scale for the Rating and Assessment of Ataxia (SARA) scores were reported [77].
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Cramps are a frequent and disabling symptom in MJD [78, 79]. Forty-one of 50
patients presented with muscle cramps in 1 study, whereas cramps were the pre-
senting symptom in 10 patients and the chief complaint in 15 patients [79]. They
usually occurred in the lower limbs but also in the arms, trunk, face, and abdominal
muscles [78, 79]. No clinical or neurophysiological differences were reported
between patients with and without cramps.

There have been at least 4 reports of chronic pain in patients with MJD; how-
ever, only 1 was a systematic evaluation [80]. In that study, which included 70 MJD
patients, almost half of the patients reported chronic pain and lower back pain was
the presenting symptom in 6 patients. Pain was most frequently musculoskeletal;
however, in a smaller subset, it was related to dystonia and/or neuropathy. It is
noteworthy that patients who had pain had longer CAG expansion [80].

Autonomic dysfunction is another common finding in MJD that is frequently
overlooked because of the marked motor impairment [81, 82]. Overall, more than
50% of patients present with at least 1 dysautonomic symptom. Nocturia and
urinary incontinence (64%) followed by cold intolerance and disorders of sweating
(48%) were the most frequent complaints in 2 studies from Brazil and Taiwan [81,
82]. Gastrointestinal abnormalities (especially constipation) and sexual abnormal-
ities were identified in fewer than 30% of patients. Orthostatic hypotension was
much less frequent [81, 82]. Autonomic dysfunction is frequently subclinical in
MJD and is only identified through additional investigation [83, 84]. Sudomotor
responses were reported as abnormal in 36–73% of patients with MJD [82, 84]. It is
likely that the underlying cause for dysautonomia is the damage to autonomic
ganglia and central pathways. However, it is not yet clear why some (but not all)
patients develop marked autonomic dysfunction.

Movement disorders in MJD include both hypokinetic disorders (parkinsonism)
and hyperkinetic disorders (dystonia, myoclonus, chorea, and tremor). They may
predominate in some clinical phenotypes and pose a challenge to accurately
diagnosing the SCA subtype. Today, it is believed that the presence of movement
disorders in patients with SCA is a sign of degeneration of other brain areas in
addition to the cerebellum, although some studies have pointed to cerebellar
involvement in the origin of some forms of dystonia and myoclonus [85].

Parkinsonism, especially an akinetic-rigid syndrome, has been described in
patients with SCA—particularly in those with SCA2, MJD, and SCA17—and is a
common condition in Asian patients [85–87]. Some series have reported a particular
association of pure parkinsonism with patients of African origin [85, 88–93]. It
should be noted that levodopa is a very effective treatment in this group of patients
with MJD [94].

Dystonia also has been described in patients with MJD as either focal, seg-
mental, or even a generalized form [85–87]. Patients with early onset of MJD
present with a greater frequency of dystonia, which is also associated with larger
CAG repeat expansions [94–96]. Schmitz-Hubsch et al. studied several different
patients with SCA and observed dystonia in 23.9% of those with MJD, whereas
Schols et al. reported dystonia in 10% [86, 87]. Some patients with MJD may have

13 Clinical Features of Machado-Joseph Disease 263



a clinical presentation that closely resembles dopamine-responsive dystonia with
very mild cerebellar signs [40].

Less common manifestations observed in MJD cohorts include myoclonus and
chorea, which have been observed in up to 4.4% and up to 10.1% of subjects
respectively. [40, 87, 95, 96]. Different forms of tremor can be found in MJD,
including titubation and intention tremor that are associated with cerebellar ataxia,
and resting tremor which occurs as part of Parkinson disease [85, 86, 87, 95]. Other
movement disorders have been more rarely related in patients with MJD, for
example, stiff-person syndrome and akathisia [85, 97]. Basal ganglia involvement,
substantia nigra degeneration, and a dopaminergic dysfunction are the most likely
explanations presumed to be the anatomical basis for the constellation of movement
disorders observed in patients with MJD [85, 97].

13.5 Neuroimaging

Magnetic resonance imaging (MRI) has been considered a useful tool to uncover
the neuroanatomical substrate of MJD [98–103]. Volumetric analyses of MRI
datasets have demonstrated atrophy of both supratentorial and infratentorial struc-
tures [104, 105]. Previous studies identified cerebellar (vermian and hemispheric) as
well as brainstem volumetric reduction [104, 105, 106]. Interestingly, disease
severity correlated with these volumetric measures. Volumetric reduction also
extended to the basal ganglia (caudate nuclei, putamen and thalami) and cerebral
cortex (particularly at frontal and temporal regions) [104, 105, 106]. Longitudinal
assessment of volumetric changes was reported in 2 studies [104, 107]. D’Abreu
et al. failed to identify prospective changes after 12 months in a cohort of 30
patients, but Reetz et al. found progressive volumetric reduction at the basal ganglia
after 24 months of follow-up. Surprisingly, the rate of atrophy was not correlated
with the length of (CAG) expansion.

Diffusion tensor imaging (DTI) is another powerful technique to assess white
matter integrity. In MJD, DTI-based analyses revealed microstructural damage to
the cerebellum (including the dentate and other nuclei), cerebellar peduncles, and
the brain stem, including the midbrain and pons [108].

Magnetic resonance spectroscopy (MRS) studies have also shown abnormalities
in MJD [109, 110]. These involved not only the cerebellum and connections, but
also the apparently normal deep cerebral white matter [109]. The most conspicuous
finding was reduction of N-acetylaspartate/creatine ratio (marker of axonal/neuronal
integrity) at the cerebellar hemispheres and deep nuclei [111].

Neuroimaging studies have been lately employed to characterize structural and
functional differences in specific subgroups of patients with MJD [112, 113].
Jacobi et al. studied at risk individuals for MJD and found that mutation carriers
already have brainstem volumetric reduction when compared to non-mutation

264 N. Mendonça et al.



carriers [112]. The extent of central nervous system damage does not seem to be
homogeneous in MJD, a finding that helps to explain the remarkable phenotypic
heterogeneity of the disease. Nunes et al. have indeed shown that MJD patients with
dystonia present different findings in comparison to non-dystonic patients. Dystonic
patients have precentral cortical atrophy and more severe volumetric reduction at
the basal ganglia (especially the thalami) [113].

Neuroimaging methods other than MRI have also proven useful to investigate
cerebral abnormalities in MJD. Brain SPECT demonstrated perfusion abnormalities
in the parietal lobes, inferior portion of the frontal lobes, mesial and lateral portions
of the temporal lobes, basal ganglia, and cerebellar hemispheres and vermis [114].
The 18F-Dopa uptake in MJD was found to be significantly decreased not only in
the regions with apparent pathological involvement such as cerebellum, brainstem
and nigro-striatal dopaminergic system, but also in the cerebral cortex and the
striatum, where no pathology could be observed using conventional morphological
techniques [115]. A PET with fluorine-18-fluorodeoxyglucose (FDG) study in
seven asymptomatic MJD patients showed subclinical changes of FDG consump-
tion: decrease in the cerebellar hemispheres, brainstem, as well as occipital, parietal
and temporal cortices suggesting preclinical disease activity [116].

13.6 Patient Management

Regarding the treatment of disease, there are yet no effective pharmacologic
approaches for MJD. Symptomatic pharmacologic therapeutics have been used to
alleviate some of the clinical signs, namely spasticity [117, 118], parkinsonism [88,
119], dystonia [120, 121], and muscle cramps [79].

In addition to pharmacological therapy, physiotherapy may help the patients to
cope with the disability associated with gait problems [122]. Physical aids, such as
walkers and wheelchairs, can assist the patients in their everyday activities.
Furthermore, regular speech therapy for dysarthria and dysphagia as well as
occupational therapy may have beneficial effects [122].

Several clinical trials have been carried out, but a critical weakness of many of
these studies is the small number of participants. This is typical of trials in rare
disorders such as MJD, which makes recruitment for large studies particularly
challenging [123].

The first double-blind, placebo-controlled, clinical trials were performed with
sulfamethoxazole and trimethoprim, in a small cohort of MJD patients [118, 124–
126]. From those studies, encouraging results on spasticity, walker assisted gait
[125], and contrast sensitivity were obtained [124]. Mild improvements of hyper-
reflexia of knee jerks and spasticity of the legs [126], and beneficial effects on gait
and coordination were also observed [118]. However, all 4 studies were done with
small cohorts and had short if any placebo controlled periods. To clarify the
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relevance of this medication a larger, double-blind, placebo-controlled crossover
trial was performed in 22 patients with genetically confirmed MJD. The investi-
gators analyzed short- and long-term effects and performed posturography and a
computer-based dexterity test and obtained achromatic contrast sensitivity, color
discrimination, and clinical scores. Additionally, sub-group analysis using clinical
and genetic variables were performed to search for subtypes of MJD responding to
trimethoprim-sulfamethoxazole. Unfortunately, the results showed that in a
homogenous, genetically determined study population, treated for 6 months,
trimethoprim-sulfamethoxazole was not an effective treatment for MJD [127].

Varenicline (Chantix; Pfizer, New York, NY), a partial agonist of a4b2 neuronal
nicotinic receptors, that is US Food and Drug Administration–approved as a
smoking cessation drug, has also been tried in MJD. The investigators sought to
evaluate the efficacy of varenicline in a controlled, multicenter trial. Twenty patients
with genetically confirmed MJD were randomly assigned to receive either vareni-
cline (4 weeks for titration and 4 weeks at a dose of 1 mg twice daily) or placebo.
The primary efficacy measures included changes in the SARA (Schmitz-Hübsch
2006) subscale scores to assess improvements in axial or appendicular function.
Secondary measures included a timed 25-foot walk (axial function), a 9-hole peg
test (appendicular function), Beck Depression Inventory, Beck Anxiety Inventory,
Clinical Global Impression, Patient Global Impression, and the Short Form 36 to
assess activities of daily living. Improvements were noted in the SARA subsections
for gait, stance, rapid alternating movements, timed 25-foot walk and Beck
Depression Inventory scores in patients taking varenicline compared with those
taking placebo at endpoint, with a trend toward improvement in the SARA total
score in the varenicline group. Varenicline was well tolerated, and the number of
reported adverse events was similar between patients who were treated with
varenicline and those who received placebo [123]. There were, however, several
weaknesses to the study. Namely, the small number of patients who participated
and the high placebo dropout rate (4 of 10 patients). Moreover, the authors cau-
tioned that the effect of nicotinic acetylcholine agonists on spasticity, posterior
column disease, or peripheral neuropathy is unclear and that patients who have
these conditions or have prolonged timed 25-foot walking scores should not be
treated with varenicline until further research is conducted [123].

One of the largest clinical trials in MJD was performed by Jardim et al. The
trialists evaluated in a randomized, parallel, placebo-controlled, 48-week trial the
safety and efficacy of lithium carbonate in 62 MJD patients [128]. The results
showed that lithium was considered safe but resulted in no statistically significant
difference in the progression of the primary efficacy outcome the Neurological
Examination Score for the Assessment of Spinocerebellar Ataxia (NESSCA) [129].
Furthermore, the investigators studied several secondary outcome measures and, as
expected when evaluating multiple outcomes, received mixed results. Whereas no
significance was obtained with the SARA [130], some time-based ataxia functional
scores and their composite scores SCA Functional Index (SCAFI) [87] and
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Composite Cerebellar Functional Score (CCFS) [131] presented less severe pro-
gression in the lithium than in the placebo group. Due to the apparent conflicting
results in some of the secondary measures the authors suggest that further clarifi-
cation regarding the putative benefits of lithium is warranted. Furthermore, the
investigators published additional observations from the Lithium trial suggesting
that future phase 2 clinical trials in MJD should use the SCAFI or CCFS as the
primary outcome. They argue that data obtained in a phase 2 study using these
composite scales could then allow for sample size estimation for a phase 3 trial,
with the same intervention, but where an ataxia scale (e.g. SARA) would be the
primary outcome. However, in our view, some caution is needed since changing
primary endpoints between phase 2 and phase 3 trials greatly increases the
uncertainty of reproducing the phase 2 study results.

The authors also mentioned that although relevant and disabling, extra-cerebellar
features of MJD progress slower than ataxia over time and due to that, they should
be assessed only as secondary outcomes for disease modifying therapy trials.
Moreover, only patients still capable of independent or minimally assisted walking
should be included, due to a possible higher sensitivity to change of the clinical
scales in this subgroup of patients. Finally, after observing the progression of the
SARA in the placebo group, the authors suggest that future phase 3 studies should
be planned for 18–24 months duration [132].

As described the information gathered by investigators in all of these past trials
will help guide the design of future studies. It is critical that sufficiently powered
studies, with adequate duration of treatment, that select the most relevant endpoints
and with a design suitable to study rare neurological diseases are performed if we
are to detect meaningful effects in disease progression. Future studies should also be
based on a deep knowledge of relevant molecular targets in MJD and a clear
understanding of the mechanism of action of the experimental compound and
backed by solid evidence of target engagement in pre-clinical models.
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Chapter 14
Polyglutamine-Independent Features
in Ataxin-3 Aggregation and Pathogenesis
of Machado-Joseph Disease

Ana Luisa Carvalho, Alexandra Silva and Sandra Macedo-Ribeiro

Abstract The expansion of a trinucleotide (CAG) repeat, translated into a
polyglutamine expanded sequence in the protein encoded by the MJD gene, was
identified over 20 years ago as the causative mutation in a severe neurodegenerative
disorder originally diagnosed in individuals of Portuguese ancestry. This incapac-
itating disease, called Machado-Joseph disease or spinocebellar ataxia type 3, is
integrated into a larger group of neurodegenerative disorders—the polyglutamine
expansion disorders—caused by extension of a CAG repeat in the coding sequence
of otherwise unrelated genes. These diseases are generally linked with the
appearance of intracellular inclusions, which despite having a controversial role in
disease appearance and development represent a characteristic common fingerprint
in all polyglutamine-related disorders. Although polyglutamine expansion is an
obvious trigger for neuronal dysfunction, the role of the different domains of these
complex proteins in the function and aggregation properties of the carrier proteins is
being uncovered in recent studies. In this review the current knowledge about the
structural and functional features of full-length ataxin-3 protein will be discussed.
The intrinsic conformational dynamics and interplay between the globular and
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intrinsically disordered regions of ataxin-3 will be highlighted, and a perspective
picture of the role of known ataxin-3 post-translational modifications on regulating
ataxin-3 aggregation and function will be drawn.

Keywords Amino acid repeats � Amyloid � Conformational plasticity
Post-translational modifications

14.1 Ataxin-3: A Multidomain Protein with Considerable
Conformational Plasticity

Ataxin-3 (Atx3) is a modular protein, containing a globular N-terminal domain
(Josephin domain, JD) and a flexible C-terminal tail containing ubiquitin interaction
motifs (UIM) and a polyglutamine (polyQ)-rich region [1] (Fig. 14.1). Mutations
leading to expansion of the repeated polyQ sequence represent the major trigger for

Fig. 14.1 Domain architecture of ataxin-3. Schematic representation of the modular structure of
Atx3 composed of a globular domain [the Josephin domain (JD)] and a flexible tail containing two
or three ubiquitin interaction motifs (UIMs) and the expandable polyQ stretch. The JD is formed by
a catalytic subdomain and a flexible helical hairpin. The cartoon representation of the JD shows two
of the structures determined by nuclear magnetic resonance depicting the closed (PDB accession
2aga, catalytic subdomain in grey and helical hairpin in yellow), half-closed (PDB accession 2dos,
catalytic subdomain in grey and helical hairpin in pink) and open (PDB accession 1yzb, catalytic
subdomain in grey and helical hairpin in red) conformations of the mobile hairpin. UIMs 1 and 2
adopt a predominantly helical conformation that is more compact in the presence of ubiquitin (PDB
accession 2klz). The polyQ segment is polymorphic and can adopt a helical conformation (PDB
accession 4wth) stabilized by interactions with a neighbor molecule in the crystal lattice. Known
phosphorylation sites of Atx3 are represented as grey circles (S12 and T60 at the JD and S236, S256,
S260, S261, S340 and S352 at the UIMs) or as a green circle (S55 at the JD, phosphorylation is more
pronounced in expanded Atx3). Ubiquitination (K117 at the JD) and SUMOylation sites (K356 at
the UIM3) of Atx3 are represented as yellow and pink circles, respectively. Figure prepared with
Pymol (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC.)
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the development of spinocerebellar ataxia type 3 (SCA3) or Machado-Joseph dis-
ease (MJD), a neurodegenerative disease for which no pharmacological therapies
are available so far [2, 3].

Early bioinformatic studies predicted that Atx3 shared several signatures typi-
cally found in ubiquitin-interacting proteins and ubiquitin hydrolases [4, 5]. In
agreement, both normal and polyQ-expanded Atx3 were shown to be able to cleave
standard ubiquitin hydrolase substrates, an enzymatic activity that was critically
dependent on the conserved catalytic residue cysteine 14 [6]. Follow-up studies
with the isolated JD corroborated its identity as Atx3 catalytic domain [7], and the
link between Atx3 and the ubiquitin-proteasome pathway was further established
[8, 9]. Investigation of Atx3 biochemical properties and enzyme specificity showed
its preference for K63-linked or heterotypic linkage (mixed K63 and K48 linkages)
polyubiquitin chains with four or more ubiquitins [10]. While the JD plays a role in
defining the cleavage properties and linkage specificity [11], polyQ expansion does
not seem to impose significant differences in enzyme activity or specificity [10].
Accordingly, normal and expanded Atx3 bind to K48-linked tetraubiquitin chains
with equivalent affinities [12]. Covalent modification of Atx3 by ubiquitination
partly increments its proteolytic activity towards polyubiquitin chains [13], whereas
Atx3 phosphorylation decreases its catalytic activity [14] (see below).

The first structural insights of the domain architecture of Atx3 in solution
resulted from combined studies using circular dichroism and nuclear magnetic
resonance (NMR) spectroscopy [1]. Later, the solution structure of the JD was
determined, unveiling a canonical cysteine protease fold [15–18] with a distinctive
helical hairpin, whose conformation is variable in the several solution and crys-
tallographic structures determined thus far. This a2/a3 hairpin samples multiple
conformations and can be found in a closed (PDB accession 2aga, [15]), half-closed
(PDB accession 2dos, [18]) and open conformation (PDB accession 1yzb, [17]), a
dynamic behavior that has been linked with ubiquitin substrate recognition and
binding [18–21]. The JD encloses two central ubiquitin-binding sites: a proximal
site (a.k.a. site 1), located close to the catalytic triad, and a distal site (a.k.a. site 2)
including an extended hydrophobic patch, located at the back of this globular
domain [18, 19]. The binding region of the ubiquitin-like domain of HHR23B also
maps to the distal ubiquitin-binding site [18, 19], a region that modulates Atx3
cellular turnover [22].

The first two UIMs of Atx3 are structurally similar to related motifs in different
proteins and form two a-helices connected by a short linker, adopting a more
compact structure upon addition of ubiquitin [23]. The crystal structures of a small
C-terminal fragment of Atx3 containing the nuclear localization sequence [24] and
a polyQ region of 14 glutamines, interrupted by a single lysine residue, were
recently solved in fusion with maltose-binding protein (MBP) [25]. The polyQ
region was also shown to display conformational plasticity sampling multiple
conformations that range from random coil to a-helical structures, the latter sta-
bilized by interactions with neighbouring MBP molecules in the crystal lattice [25].
The essentially polymorphic nature of Atx3 polyQ region is not unusual, and is also
common to polyQ segments in other polyQ disease-related proteins [26, 27].
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Contrary to what was originally postulated, the expansion of the polyQ region in
disease-related Atx3 is not accompanied by global structural changes [28, 29], and
has no relevant impact on polyubiquitin binding [12] and hydrolysis [10]. Recent
data from ion mobility mass spectrometry revealed that normal and
polyQ-expanded Atx3 adopt a wide range of conformational states imparted by the
intrinsic plasticity of the C-terminal tail, containing the UIMs and the polyQ stretch,
and the a2/a3 hairpin of the globular JD [29–31].

14.2 The Complex Pathway of Ataxin-3 Self-assembly
into Amyloid-like Fibrils

Expansion ofAtx3 polyQ repeat sequence is directly correlatedwith the appearance of
ubiquitinated intracellular inclusions containing the mutated protein [32]. Early evi-
dence, where expression of an expanded polyQ-containing sequence stimulated
recruitment of full-length Atx3 into insoluble inclusions, suggested a central role for
the expanded polyQ sequences in protein aggregation and disease pathogenesis. In
vitro studies with the full-length protein, with variable polyQ tract sizes, revealed that
polyQ expansion promoted protein self-assembly into insoluble SDS-resistant ag-
gregates [28, 33]. These aggregates had fibrillar morphology, were enriched in
b-structure, and displayed the capacity to bind the amyloid dye Congo Red, sug-
gesting that they have amyloid-like properties [33]. Interestingly, non-pathological
Atx3 is also found in intracellular inclusions under stress-induced conditions [34, 35].

Follow-up studies with recombinant Atx3 demonstrated that the non-expanded
protein as well as the isolated JD could also self-assemble into insoluble b-rich
structures upon protein destabilization/unfolding [36–39], but also under
near-physiological conditions [40]. The modulation of protein aggregation by
regions outside the polyQ tract is a common feature in several proteins involved in
polyQ expansion diseases [41–44]. The JD has a number of aggregation-prone
regions [7, 38, 40, 45] and plays a central role in the early aggregation steps of both
normal and polyQ-expanded Atx3 [40, 46, 47]. Small oligomers and protofibrils
from non-pathological Atx3 and JD were efficiently detected by a specific antibody,
which universally recognizes toxic amyloid oligomeric structures from unrelated
amyloid-forming proteins [40, 48]. Those findings suggest that studying the
“slower” aggregation pathway of normal Atx3 or the JD will provide clues to
identify early intermediates with relevance for neuronal degeneration. Native mass
spectrometry data has contributed for the delineation of the early molecular events
underlying JD-mediated aggregation: self-association of the JD is initiated through
dimerization, followed by a conformational change of the dimer, which can be
recognized by a conformation-specific antibody [29, 40]. The more compact dimer
further sustains linear oligomer assembly by sequential monomer addition [29].

Current experimental data support a two-step model for Atx3 aggregation as
proposed by Ellisdon and coworkers [47]: the first step leads to the formation of
SDS-sensitive protofibrils, while the second step generates long-straight and
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SDS-resistant mature fibrils (Fig. 14.2). The first aggregation step is mediated by
self-association of the JD and occurs in both expanded and non-pathological Atx3,
being independent of the polyQ tract. The second step is observed only for Atx3 with
a pathological polyQ tract size and leads to the polyQ-dependent formation of
SDS-resistant fibrils, as initially reported by Bevivino and Loll [33]. A combination
of mass spectrometry and limited proteolysis studies identified the region encom-
passing helix a4 from the JD as the core of the protofibrils formed in the
JD-mediated aggregation step [29, 49]. Additionally, the fibrils formed by
polyQ-expanded Atx3 contained two structured regions, the protofibril core and a
polyQ-containing core [29]. These results denote that the polyQ stretch is directly
involved in the maturation into SDS-resistant fibrils [29], which are stabilized by
hydrogen bonds mediated by the glutamine side-chains [50]. However, although
both the isolated JD as well as non-pathological and polyQ-expanded protein can
self-assemble into amyloid-like fibrils, the in vitro aggregation rates are different for
the different constructs [28–30, 33]. This implies that further mechanistic details are
required to completely comprehend the complexity of Atx3 aggregation pathway(s).

Fig. 14.2 Two-step model of ataxin-3 aggregation. The first step of ataxin-3 self-assembly,
common to non-pathological and polyQ-expanded Atx3, is centered on the Josephin domain. The
oligomers and small protofibrils formed are sensitive to SDS and can be recognized by the
anti-oligomer specific antibody A11 [40, 48]. A second step, exclusively dependent on the polyQ
expansion, leads to the generation of mature and SDS-resistant Atx3 fibrils
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14.3 Polyglutamine Sequence Expansion
and the Conformational Dynamics
of the Josephin Domain

Expansion of the polyQ tract has been consistently demonstrated to accelerate Atx3
fibrillation, although multiple studies have demonstrated that the JD and the
C-terminal tail are not directly involved in a stable interaction [28, 29, 31, 38] and
polyQ expansion does not modify Atx3 overall stability or folding/unfolding [28].
Experimental data from different research groups have demonstrated that polyQ
expansion induces local conformational fluctuations in the aggregation-prone
regions of the globular JD, exposing them more frequently and thereby increasing
the rates of aberrant self-assembly events [29, 49]. PolyQ expansion affects in
particular helix a4, identified as part of the protofibrillar core, and helix a1, con-
taining the catalytic residue C14 [49] (Fig. 14.3). This region is adjacent to the
mobile a2/a3 hairpin. Interestingly, those aggregation-prone and mobile surfaces of
the catalytic JD overlap with the functionally relevant Ub binding sites [51]. In
agreement, JD-mediated interactions set off the oligomerization of both normal Atx3
and its expanded counterpart in vitro [31, 40, 45, 47], and interaction with ubiquitin
delays JD aggregation [51]. The key role of JD-mediated protein interactions as
regulators of Atx3 self-assembly is further reinforced by the findings that a
molecular chaperone, transiently interacting with JD catalytic subdomain, signifi-
cantly reduces aggregation [52]. Those studies expose a role for protein interactions
as modulators of the conformational plasticity and self-assembly properties of

Fig. 14.3 Cartoon representation of the JD structure depicting the aggregation-prone stretch
forming the core of the protofibril (orange) and the regions showing structural perturbations
characterized by increased solvent exposure upon expansion of the polyQ segment (helix a1, red;
helix a4, orange; central b3–b5 strand, yellow). The helical hairpin is shown in dark red.
Phosphorylation site serine 12, close to the ubiquitin-binding site of JD and with an impact in Atx3
aggregation, and cysteine 14, the nucleophile of the catalytic triad, are represented as red and green
spheres, respectively. Figure prepared with Pymol (The PyMOL Molecular Graphics System,
Version 1.8 Schrödinger, LLC.)
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full-length Atx3 (for a recent review on Atx3 interacting proteins see [53]), pro-
viding an attractive link between cellular context and Atx3 aggregation and toxicity.

14.4 Ataxin-3 Post-translational Modifications
as Modulators of Protein Aggregation and Function

A striking feature of MJD and other polyQ diseases is the selective vulnerability of
specific brain regions to the expanded protein, despite its ubiquitous expression [3].
The disease features reflect the loss or dysfunction of specific neuron populations
that are affected by expanded Atx3. These observations motivated a series of studies
addressing Atx3 regulation by post-translational modifications (which could be cell
type-specific) as an attractive mechanism for modulating protein aggregation and
toxicity. Important insights have been provided by studying Atx3 regulation by
phosphorylation, ubiquitination and SUMOylation (Table 14.1).

14.4.1 Ataxin-3 Phosphorylation

Atx3 is phosphorylated at both the JD and the UIMs (Fig. 14.1), in some cases with
consequences on protein aggregation and toxicity. In the JD, Atx3 is phosphory-
lated at serine 12 [14] (Fig. 14.3), a residue located in proximity to structural
elements associated with substrate binding and hydrolysis. Serine 12 is in the loop
preceding the a1 helix where the C14 nucleophile of the catalytic triad is located,
near Q9, a residue that may contribute to the stabilization of the negatively charged
transition state during peptide bond cleavage, and in the vicinity of the loop cen-
tered on S27, close to the docking site for the ubiquitin substrate [19]. In fact,
mimicking constitutive phosphorylation of Atx3 at residue 12 decreases its deu-
biquitinase (DUB) activity [14]. Additionally, in cortical neurons phosphorylation
of S12 reduces dendritic tract and synapse (excitatory and inhibitory) loss caused by
expression of expanded Atx3, and reduces expanded Atx3 aggregation. In a len-
tiviral rat MJD model, expanded Atx3 phosphorylation at this position is associated
with decreased formation of Atx3 aggregates, and decreased neuronal and synapse
loss [14], suggesting that modifications targeting S12 may reduce the toxicity of
expanded Atx3, and be protective. The effect of S12 phosphorylation on Atx3
aggregation may be related to its proximity to the proximal ubiquitin-binding site in
the JD (a.k.a. site 1), which has been described to overlap with regions that take part
in JD self-assembly [19, 23, 51]. In addition to this phosphorylation site, S55 and
T60 at the JD were also recently described to undergo phosphorylation [54]
(Fig. 14.1), but the functional consequences of these phosphorylation events are so
far unknown. Interestingly, phosphorylation at S55 is increased in expanded Atx3
compared to the non-expanded protein [54].
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Six other Atx3 phosphorylation sites have been described, localized in the UIMs
of the protein (Fig. 14.1). Glycogen synthase kinase 3b (GSK3b) phosphorylates
Atx3 in vitro at S256 in the second UIM [55]; preventing Atx3 phosphorylation at
S256 by replacing the serine residue by alanine increased Atx3 aggregation, which
was prevented by overexpression of the Hsp70 chaperone [55]. Serine 236 in
UIM1, serines 260 and 261 in UIM2, as well as serines 340 and 352 in UIM3 are
also phosphorylation substrates [56]. Phosphorylation of S236 or of S340 and S352
enhances Atx3 nuclear localization and repression of Atx3-regulated transcription,
whereas inhibition of casein kinase 2 (CK2), a kinase that binds to Atx3 [56, 57],
leads to cytoplasmatic accumulation of the protein [56].

Table 14.1 Post-translational modifications in ataxin-3

Modification Residue
in Atx3

Enzyme Protein
domain

Functional effect References

Phosphorylation S12 Unknown JD Phosphorylation decreases
DUB activity; prevents
dendritic shrinkage and
synapse loss caused by
expression of expanded
Atx3; decreases expanded
Atx3 aggregation

[14]

S55 Unknown JD Unknown [54]

T60 Unknown JD Unknown [54]

S236 Unknown UIM1 Phosphorylation enhances
nuclear localization and
transcription repression
activity

[56]

S256 GSK3b UIM2 Preventing phosphorylation
increases expanded Atx3
aggregation

[55]

S260/
261

Unknown UIM2 Unknown [56]

S340 Unknown UIM3 Phosphorylation enhances
nuclear localization and
transcription repression
activity

[56]

S352 Unknown UIM3 Phosphorylation enhances
nuclear localization and
transcription repression
activity

[56]

Ubiquitination K117 CHIP/
E4B

JD Ubiquitination enhances
Atx3 catalytic activity

[13, 58]

SUMOylation K356 Unknown UIM3 SUMOylation increases
affinity for p97/VCP

[64]
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14.4.2 Ataxin-3 Ubiquitination

Atx3 is ubiquitinated at lysine 117 (Fig. 14.1), near the DUB active site [58].
Ubiquitination enhances the catalytic activity of the protein [13, 58], without
affecting its preference for K63-linked ubiquitin chains [13]. A recent study
addressed the consequences of Atx3 ubiquitination at K117 at the structural level,
and found that K117-covalently linked mono-ubiquitin binds to the proximal
ubiquitin-binding site 1, suggesting that the observed increase in catalytic activity
could result from locking Atx3 in an active state [59]. Interestingly, regulation of
Atx3 DUB activity by ubiquitination is enhanced upon proteasome inhibition or
activation of the unfolded protein response [13], suggesting that cellular protein
turnover control by Atx3 is regulated by its ubiquitination.

The co-chaperone C-terminal Hsp70-interacting protein (CHIP) as well as the
mammalian E4B (UFD2a), a ubiquitin chain assembly factor (E4), interact with
Atx3 and promote its ubiquitination and degradation [60–62]. However, cellular
degradation of Atx3 does not require its ubiquitination, rather is dependent on
binding of Rad23 to its distal ubiquitin-binding site, which rescues it from pro-
teasomal degradation [22]. In a Drosophila model of MJD, expression of E4B
suppressed the neurodegeneration induced by expanded Atx3 [61], suggesting that
enhancing Atx3 ubiquitination is neuroprotective. Accordingly, it was more
recently found that ubiquitination of wild-type Atx3 at K117 enhances its protective
effect against expanded Atx3-induced degeneration in Drosophila [63].

14.4.3 Ataxin-3 SUMOylation

Covalent attachment of small ubiquitin-like modifier (SUMO) protein to lysine
residues in target proteins can influence their localization, interactions, activity and
stability, and has been shown for several polyQ-containing proteins, including Atx3
[64, 65]. Atx3 is SUMOylated by SUMO1 and SUMO2 at K356 in UIM3
(Fig. 14.1), which decreases Atx3 fibril formation in vitro, and increases Atx3
affinity for the ATPase p97/VCP [64]. P97/VCP is involved in retrotranslocation of
misfolded proteins from the endoplasmic reticulum to the cytosol, for degradation
by the proteasome, and Atx3 is known to participate in efficient elimination of
retrotanslocated misfolded proteins [66, 67]. On the other hand, p97/VCP influ-
ences the assembly of Atx3 protein aggregates in vitro, in a concentration-
dependent manner, and suppresses Atx3-induced neurodegeneration in Drosophila
[67]. Atx3 SUMOylation, by impacting Atx3 affinity for p97/VCP, may affect the
p97/VCP-mediated ER-associated degradation, as well as the modulation of Atx3
aggregation by VCP.
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14.4.4 Concluding Remarks

The modular structure of Atx3, containing a globular domain and an intrinsically
disordered flexible tail, outlines its polymorphic character and multifaceted
self-assembly process. Multiple studies have delineated the relevance of the regions
and domains flanking the polyQ segment in the regulation of Atx3 function and in
modulating its aggregation behavior. In particular, the globular JD assumes a
central role for Atx3 function and self-assembly, properties that can be partly
modulated by post-translational modifications and protein-protein interactions. The
identification of a globular region whose conformational dynamics is influenced by
polyQ expansion, and is directly involved in the establishment of the protofibrillar
core, suggests that JD can constitute a valuable target for rational design of
anti-Atx3 aggregation molecules.
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Chapter 15
Animal Models of Machado-Joseph
Disease

Jana Schmidt and Thorsten Schmidt

Abstract Animal models are an important tool to study the pathophysiology of
Machado-Joseph Disease (MJD). So far, animal models using simple organisms
(like the round worm Caenorhabditis elegans or the fruit fly drosophila) but also
mammalian models (mouse and even a non-human primate model) have been
generated to study MJD. While simple organisms made an important contribution
to the identification of pathophysiological mechanisms in MJD and were further
used for modifier and screening purposes, mammalian models recapitulate major
disease features of MJD in humans and are therefore a highly valuable tool for e.g.
the validation of mechanisms or for pre-clinical validation of treatment approaches.
Here we give an overview about the strategies which were used to model MJD and
about the different models generated so far. We further highlight advantages of
specific model organisms and describe the new findings which were made
employing these animal models of MJD.

Keywords Animal models � Drosophila � C. elegans � Mus musculus
Transgenic

15.1 Introduction

Animal models are indispensable especially for a late-onset disease like
Machado-Joseph Disease (MJD), as they allow analysing pathogenic mechanisms
and aspects of the disease which obviously cannot be studied in human MJD
patients. For example, histopathological analyses of post-mortem human brain
samples can be for obvious reasons only conducted at the end stage of a disease and
therefore cannot reveal details about different disease stages. Sections and brain
samples over the pathophysiological course of MJD can therefore only be gathered
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from animal models. In addition to this, animal models allow the assessment of
disease modifiers or treatment approaches. Most commonly used model organisms
contain an endogenous orthologue of the human ATXN3 gene (Table 15.1).

No naturally occurring animal models of MJD or expansions of the endogenous
polyglutamine repeats beyond a disease-causing threshold have been reported in
animals yet [1]. Animal models of MJD were therefore either generated by trans-
fection with a viral construct, classical transgenic approaches or by the modification
(knock-in) of the endogenous ATXN3 orthologue via the integration of an expanded
polyglutamine repeat with surrounding sequence. Transgenic lines (in mice, flies,
worms and even non-human primates) comprise of either the full-length ATXN3
cDNA, a fragment of it or even a large genomic YAC construct containing major
parts of the ATXN3 locus.

15.2 Non-mammalian Models of MJD

Simple organisms, like the roundworm (Caenorhabditis elegans) or the fruit fly
(Drosophila melanogaster) appear on the first sight not that much suitable to model
a neurodegenerative disorder, like MJD. However during the recent years, a number
of highly relevant studies were performed employing either C. elegans or
Drosophila m. thereby demonstrating their high suitability for research in MJD.

15.2.1 Caenorhabditis elegans (Roundworm)
Models of MJD

The round worm (Caenorhabditis elegans) is especially suitable to serve as disease
model due to its size (about 1 mm in length), short generation time (about 4 days), and
especially its transparency. This allows an easy visualization (and counting) of living
(or degenerating) cells in vivo. C. elegans are in most cases self-fertilizing her-
maphrodites or (rarely) males. It is known that C. elegans hermaphrodites consists of
about 1000 cells in total from which 302 are neurons (divided into 118 distinct
classes) and 56 are glial cell [2]. C. elegans is considered to be a “good compromise
between complexity of vertebrates… and extreme simplicity of yeast” [2].

About 65% of human disease genes have homologs in C. elegans [3] including
ATXN3. The endogenous worm ortholog of human ATXN3 (called atx-3) consists of
four exons and does not contain a CAG repeat [4]. A detailed characterization of the
C. elegans orthologue of ATXN3 revealed ubiquitously expression starting in late
embryonic development and retaining during adulthood. Strong expression can be
detected in the spermatheca (i.e. the organ that produces sperm in hermaphrodites)
and vulval muscle as well as in neuronal dorsal and ventral cord and neurons of the
head and tail [4]. As human ATXN3, C. elegans atx-3 possesses deubiquitinase
activity in vitro against polyubiquitin chains with a minimum length of four
ubiquitin residues. The knock-out of the gene does not induce an obvious
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phenotype in worms under normal growth conditions but lead to differential
expression of genes involved in cell structural/motility, signal transduction and the
ubiquitin proteasome system [4]. Known interactions in humans (e.g. between
ATXN3 and p97/VCP), likewise occur in C. elegans (i.e. between atx-3 and the
C. elegans homologs of p97/VCP namely CDC-48.1 and CDC-48.2) [5].
Interestingly, under challenging growth conditions atx-3 knock-out worms proved
to have an enhanced stress response and display a better survival and tolerance
against heat shock conditions possibly explained by the (pre-)activation of
molecular chaperones upon the loss of atx-3 (dependent on DAF-16) and thereby a
more effective activation of this process upon heat shock [6].

In order to induce aggregation and an MJD-like phenotype in worms, transgenic
constructs (under control of the pan-neuronal unc-119 promoter) with either an
extremely long polyglutamine repeat (130Q) within full-length ATXN3 or a
C-terminal fragment of ATXN3 (aa284 ff with at least 63Q) are required.
Full-length ATXN3 with 91Q or less, however, did not aggregate ([7], Table 15.2).

C-terminal fragments of ATXN3 induces neuronal dysfunction and behavioural
symptoms (including uncoordinated locomotion and egg laying defects), interrupts
synaptic transmission and causes morphological abnormalities of neuronal pro-
cesses [7]. The fact that C-terminal fragments of ATXN3 induce a stronger phe-
notype than full-length ATXN3 has likewise previously been observed in mice
[12]. Worms expressing full-length ATXN3 with an extremely long repeat (130Q)
likewise developed movement deficits however not before reaching mid-age.

In another study, full-length ATXN3 with 130 glutamine repeats was able to
induce an earlier phenotype in worms [8] including aggregation foci, lethargy and
slightly reduced lifespan. This may be either due to the use of a different promoter
(F25B3.3 promoter instead of unc-119) or a different isoform of ATXN3: While
Khan et al. [7] employed the 1a short isoform of ATXN3 [10] (containing two
ubiquitin-interacting motifs), Teixeira-Castro et al. [8] used the 3c isoform of
ATXN3 (MJD1-1, [11]) harbouring an additional, third Ubiquitin-interacting motif.

As already observed in the study mentioned before, worms expressing a
C-terminal fragment of ATXN3 exhibit a more severe phenotype than worms
expressing the full-length protein. Motor dysfunction was highly associated with
the aggregation of ATXN3: Likewise, the C-terminal fragment of ATXN3 was
more aggregation prone than the full-length protein i.e. 75 glutamines induced
aggregation in a C-terminal fragment of ATXN3 only but not in the full-length
protein. Interestingly, aggregation of expanded ATXN3 occurred in a
neuron-subtype-specific pattern rather than randomly indicating that the sequence
surrounding the polyglutamine repeat confers a kind of cell-type specificity on
ATXN3’s toxicity [8]. Furthermore, it was shown that the insulin/insulin
growth-factor-1 (IGF-1)-like signalling pathway facilitated by heat-shock factor-1
(HSF-1) together with aging modify the proteotoxicity of expanded ATXN3 [8].
This age-dependency seems to be neuron-specific as the aggregation and toxicity of
a comparable C-terminal fragment of ATXN3 turned out not to be age-dependent
when expressed in the C. elegans body wall muscle cells instead of neurons [9].
A special strength of C. elegans as a small model organism is its suitability for
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screening procedures. While large genetic screens for disease modifiers of MJD
have been conducted in drosophila (see below), C. elegans models of MJD turned
out to be especially useful for an effective screening of compound libraries and
validation of small molecules alleviating locomotive defects induced by mutant
ATXN3. Using this approach, the serotonin reuptake inhibitor citalopram was
identified and later even validated in a transgenic mouse model for MJD [13].

15.2.2 Drosophila melanogaster (Fly) Models of MJD

The fruit fly (Drosophila melanogaster) is a small organisms of about three mm in
length. One invaluable advantage of using Drosophila m. as model organism is the
availability of fly stocks allowing practically an infinite number of genetic
manipulations (e.g. overexpression or downregulation of genes using transgenic
flies or flies containing genomic duplications or deletions). The availability of
suitable promoter (driver) lines, allow in addition goal-directed targeting of the
expression of the gene of interest.

Although about 75% of all human disease genes have related sequences in
drosophila [14], the fruit fly does not contain a natural orthologue of ATXN3. The
lack of an endogenous copy of the ATXN3 gene excludes any knock-in and
knock-out approaches in flies and may question the suitability of flies to model
MJD as relevant target or binding partners of ATXN3 may be missing as well.
Nevertheless, drosophila models expressing either a C-terminal fragment [15] or
full-length [16] expanded human ATXN3 mimic some features of the disease in
humans including intranuclear inclusions and neuronal degeneration. So far only
flies expressing the short variant of the 1a isoform (containing a premature stop
codon) are available and no flies expressing the 3c isoform (Table 15.3). The
stability of the CAG repeat within a transgenic ATXN3 depends on the activity of
the CREB-binding protein (CBP) in flies [17].

A severe and progressive neurodegeneration with adult onset is induced upon
expression of ATXN3 (either in the flies’ eye or on the nervous system) with an
expanded polyglutamine repeat (Q78 or Q84) only but not with a normal repeat
(Q27) [15, 16]. On the contrary, co-expression of normal ATXN3 (Q27) delayed or
even protected against the toxicity induced by either full-length or C-terminal
expanded ATXN3 (Q78 or Q84) and normal ATXN3 further protected against the
toxicity of expanded huntingtin and ataxin-1 [16]. This protective effect of normal
ATXN3 depended on both its Ubiquitin-interactive motifs (UIM) and its deubiq-
uitinase activity [16]. Interestingly, full-length ATXN3 even with an expanded
repeat turned out to alleviate the toxicity of the C-terminal fragment of expanded
ATXN3 [16]. In order to prevent the generation of ATXN3 fragments in vivo, Jung
et al. [19] generated flies expressing full-length ATXN3 with six mutated putative
Caspase cleavage sites (D171/208/217/223/225/228 N). The six mutations indeed
prevented the cleavage of ATXN3 and mitigated its neurotoxicity, but without
influencing its aggregation and formation of neuronal intranuclear inclusion [19].
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Noteworthy, expanded C-terminal ATXN3 induce the formation of aggregates
and behavioral changes not only when expressed in neuronal cells but comparable
effects were likewise be observed upon its expression in glial cells [18]. In the search
for factors alleviating the phenotype in flies, it was observed in a
candidate-gene-based approach that the toxicity of ATXN3 is diminished by the
co-expression of chaperones, like HSP70 [20, 21]. Large genome-wide screens
further revealed that several chaperones and components of the ubiquitin pathway
alleviated the phenotype of MJD flies induced by expanded ATXN3 by reducing its
aggregation and thereby its toxicity [22]. Additional modifiers identified are impli-
cated in nuclear export and transcription [22]. Interestingly, some of these modifiers
not only impacted the toxicity of expanded ATXN3 but of mutant Tau as well. This
finding was later confirmed in an independent modifier screen [23] and indicates
their relevance for a broader range of neurodegenerative disorders beyond MJD [22].

The identification of another modifying pathway in drosophila models of MJD
shed light on a novel component of the pathophysiology in MJD: The upregulation
of muscleblind (mbl), a modifier of CUG repeat RNA toxicity, increased the tox-
icity of expanded ATXN3 thereby indicating that the CAG expansion within ATXN3
does not only lead to toxicity mediated by the (translated) polyglutamine repeat but
by the (transcribed) CUG mRNA as well [24]. Importantly, the authors further
demonstrated that an ATXN3 transgene loses partly its toxicity if a pure CAG repeat
is interrupted by CAA although both CAG and CAA encode for glutamine and
therefore the identical protein is encoded. Muscleblind seems to “act on the RNA to
enhance polyQ toxicity” thereby accelerating the aggregation of ATXN3 [24].

ATXN2 is another highly interesting modifier identified in flies, as it causes (in
its expanded form) another type of Spinocerebellar Ataxia: SCA2. The affected
protein in SCA2, ATXN2, enhances in its normal state (when upregulated) the
toxicity of ATXN3 and likewise mitigates (when downregulated) the neurode-
generation induced by expanded ATXN3 [25].

15.3 Mammalian (Mouse) Models of MJD

To learn more about the physiological function of ATXN3 in mammals, knock-out
mice were generated by targeted mutagenesis [26]. ATXN3 knock-out mice had
normal viability and fertility and showed no gross locomotor abnormalities, but
contained a higher level of ubiquitinated proteins, underlining a deubiquitinating
function of ATXN3 [26]. Attempting to create a MJD knock-in model, Switonski
et al. [27] generated a MJD knock-out model due to alternative splicing events. Also
these MJD knock-out mice were viable, fertile with no reduced life span or neuro-
logical abnormalities, but showed no higher amounts of ubiquitinated proteins [27].

The first mouse model to study MJD pathology was generated by targeting the
expression of full-length human ATXN3 containing an expanded polyglutamine
stretch (79Q) to Purkinje cells (L7 promoter, [12], Table 15.4). Up to an obser-
vation time of 23 weeks, these mice did not demonstrate any phenotype. Mice
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expressing a C-terminal ATXN3/polyglutamine fragment of 35 repeats (Q35C) in
Purkinje cells as well did not develop a phenotype. Only when the polyglutamine
repeat number was extended to 79, mice developed an ataxic phenotype starting at
four weeks of age with wide-based hindlimb stance and falling down when moving
[12]. Neuropathologically, Q79C mice presented with cerebellar atrophy with all
three layers affected by neuronal cell loss [12]. Ikeda et al. concluded that the
truncated ATXN3 protein is more potent in inducing Purkinje cell pathology than
the full-length protein [12].

In order to generate a model including all regulatory elements, Cemal et al. [28]
used a yeast artificial chromosome (YAC) spanning 250 kb of the human ATXN3
locus. Several different lines were established with 15 CAG repeats as control line
(MJD15) and between 64 and 84 repeats resembling MJD disease lines (MJD64-84).
Transgene expression levels equaled that of endogenous mouse ATXN3. Both the 1a
long and the 3c isoforms of ATXN3 [11] are expressed in these mice, while 3c is the
predominant isoform detected on protein level [57]. The observed behavioral phe-
notype of affected mice included wide gait, lowered pelvis, tremor, hypoactivity,
body clasping and loss of weight. Neuropathological analyses revealed cell loss in
several brain regions also primarily affected in humans like pons, deep cerebellar
nuclei and cerebellum. Transgenic ATXN3 is predominately localized in the nucleus
and accumulates in neuronal nuclear inclusion bodies (NIIs) in MJD disease lines.
Severity of disease symptoms was increased with higher copy number and repeat
length [28]. Dantrolene, a stabilizer of intracellular calcium signaling, was able to
improve the motor coordinative performance ofMJD84.2 mice and reduced neuronal
cell loss in this model [29]. Using this mouse line it was also shown that Purkinje cell
dysfunction in these mice is associated with alterations in the physiology of
voltage-activated potassium channels. The administration of SKA-31, an activator of
calcium-activated potassium channels, was able to correct Purkinje cell firing and
improve motor function of SCA3/MJD84.2 mice [31]. A RNA interference approach
using microRNA was able to reduce soluble levels as well as abnormal neuronal
intranuclear accumulation of mutant ATXN3 protein in MJD84.2 mice [30].

Goti et al. [32] generated MJD transgenic mice using full length human ATXN3
cDNA containing either 20 CAG repeats for control lines (Q20) or 71 CAG repeats
for disease lines (Q71). Transgene expression was controlled by the prion protein
promoter from mouse. Starting at the age of 2 months homozygous Q71 mice
developed a behavioral phenotype with tremor, ataxic limbs, abnormal posture
(hunchback with low pelvic elevation and muscle wasting), impaired grip strength
of fore- and hindlimbs, impaired rotarod performance, deteriorating footprint pat-
tern and body weight loss. ATXN3 immunostaining was enriched in nuclei in
several brain regions both in Q71 heterozygous and homozygous mice, but only the
latter presented with large intranuclear inclusions. Furthermore the authors were
able to detect a C-terminal ATXN3 cleavage fragment with high abundance in
phenotypic Q71 mice and in affected brain regions of MJD patients [32].
Heterozygous Q71 mice bred poorly and homozygous mice were infertile due to
gonadal failure secondary to a neuroendocrine dysfunction [58]. The generation of
a mouse model lacking amino acids 190-220 (deltaQ71) narrowed a putative
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proteolytic cleavage site to a region N-terminal of amino acids 190 within ATXN3
[33]. Genetic reduction of the co-chaperone and ubiquitin ligase CHIP (C-terminus
of Hsp70-interacting protein) in Q71 mice resulted in an increase of ATXN3
microaggregates and worsening of the neurological phenotype leading the authors
to suggest that enhancing CHIP activity could be therapeutically beneficial in MJD
[59].

In 2007, Bichelmeier and colleagues [34] not only demonstrated that the
severity of a MJD phenotype increases with increasing CAG repeat number, but
also that nuclear localization of mutant ATXN3 is a prerequisite for the devel-
opment of symptoms: Transgenic mice expressing full-length ATXN3 with 70
CAG repeats under the control of the murine prion protein promoter (70Q)
developed a strong neurological phenotype with tremor, wide based hind limbs,
reduced activity, body weight and grooming. Purkinje cells in this model appeared
shrunken and with an increased electron density. Expanding the CAG repeat size
to 148 (148Q), mice showed comparable symptoms earlier in life leading to
premature death already at three months of age. Transgenic mice in which ATXN3
with 148 CAG repeats was kept in the nucleus by attaching a nuclear localization
signal (148Q.NLS) were even more severely and earlier affected. On the other
hand, keeping ATXN3 out of the nucleus using a nuclear export signal (148Q.
NES) led to only very mild or even missing behavioral symptoms. Moreover,
inclusion bodies abundant in several brain regions in transgenic mice with 70, 148
and 148 polyglutamines with NLS were highly diminished in the 148Q.NES
model [34]. Pharmaceutical upregulation of autophagy resulted in decrease of
soluble mutant ATXN3 and number of inclusion bodies as well as in an
improvement of rotarod performance in 70Q mice [35].

Another model using the mouse prion protein promoter and an ATXN3 con-
struct with 22 and 79 polyglutamines (ataxin-3-Q22 and ataxin-3-Q79), respec-
tively was generated by Chou et al. [36]. Transgenic ataxin-3-Q79 mice developed
a progressive neurological phenotype with forelimb clasping, impaired motor
coordination, reduced locomotor activity and ataxic wide-based gait. Symptoms
deteriorated with age leading to reduced pelvic elevation and hunch back posture at
around one year of age. Purkinje cells exhibited morphological characteristics of
degeneration. Intranuclear inclusion bodies were observed in neurons of the dentate
nucleus, pontine nucleus and substantia nigra [36]. The authors identified tran-
scriptional dysregulation of genes involved in glutamatergic neurotransmission,
intracellular calcium signaling, MAP kinase pathways, regulators of neuronal sur-
vival or differentiation of GABAA/B receptor subunits and heat shock response in
ataxin-3-Q79 mice before ataxic symptoms became evident. These findings led to
hypothesize that the ataxin-3-Q79 transgene causes transcriptional downregulation
by the induction of hypoacetylation and that the HDAC inhibitor sodium butyrate is
able to reverse this transcriptional repression and thereby alleviates ataxic symp-
toms observed in ataxin-3-Q79 mice. In follow up studies the authors were able to
proof the efficacy of sodium butyrate in reversing transcriptional downregulation in
the cerebellum of ataxin-3-Q79 mice. Furthermore, the onset and severity of ataxic
symptoms in these mice were delayed and ameliorated, respectively [37, 39]. Based
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on upregulated mRNA expression profiles of different apoptotic pathways, the
authors also tested a second hypothesis: Ataxin-3-Q79 mice were treated with a
pro-apototic gene inhibitor leading to significantly ameliorated neuronal cell death
in pontine nuclei [38]. In a third attempt, the same authors therapeutically targeted
the ubiquitin-proteasome system. Transgenic mice were treated with an adenosine
A2A receptor agonist leading to significantly increased chymotrypsin-like activity of
the proteasome. This treatment resulted in reduced protein level of mutant ATXN3
and alleviated neuronal cell death and ataxic symptoms in treated ataxin-3-Q79
mice [40].

To test whether a newly identified guanosine triphosphatase (CRAG) has the
potential to be therapeutically effective in the treatment of polyglutamine diseases
Torashima et al. [45] generated a new mouse model. In these mice the
Purkinje-cell-specific promoter L7 controlled the expression of a truncated form of
human ATXN3 starting at amino acid 287 with 69 glutamines (ataxin-3[Q69]).
Transgenic mice developed an ataxic phenotype with early onset, reduced weight,
impaired rotarod performance and severe cerebellar atrophy. Inclusion bodies were
present in the cytoplasm or extracellular of Purkinje cells [45]. Lentiviral
vector-mediated expression of CRAG in Purkinje cells of this model led to clear-
ance of inclusions and rescue of the ataxic phenotype [45]. Konno et al. [43] further
analyzed this model and another study proved that Neuropeptide Y was able to
alleviate motor coordinative abnormalities and neuropathological parameters in
these mice [42].

The first conditional mouse model for MJD was generated by Boy et al. in 2009
[47]. Mice were generated employing the Tet-off system [60]. A promoter mouse
line containing the prion protein promoter from hamster was cross bred to a
responder mouse line expressing ATXN3 with 77 CAG repeats. In double transgenic
mice containing both transgene constructs (Prp/MJD77) a factor (tTA) transcribed
by the promoter construct is able to bind to the responder construct, thereby acti-
vating the expression of transgenic ATXN3. In the presence of tetracycline, this
antibiotic binds to the tTA factor and thus inhibits its binding to the responder. In
this way the expression of mutant ATXN3 can be turned off. Double transgenic Prp/
MJD77 mice developed a progressive neurological phenotype characterized by
deficits in motor coordination and balance, hyperactivity, reduced anxiety and
reduced gain in body weight. ATXN3 positive intranuclear inclusion bodies were
detected in brains of double transgenic mice and Purkinje cells presented with
higher electron density indicating dark cell degeneration. Turning the expression of
mutant ATXN3 off resulted in a complete reversal of the observed rotarod
impairment as well as the reduced body weight gain proving that MJD symptoms
although already manifested can be reversed [47]. Employing this model the suit-
ability of riluzole as treatment for MJD has been assessed [46].

In 2010, Boy et al. [48] published a late onset MJD mouse model, using an
ATXN3 construct with 148 CAG repeats under the control of a fragment of the
huntingtin promoter (HDPromMJD148). Mutant ATXN3 is ubiquitiously expres-
sed throughout the whole brain. Several main characteristics of the MJD disease in
humans, like the late onset as well as intergenerational CAG repeat instability, are
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resembled in this model. Rotarod impairment as sign of decline of motor coordi-
nation occurs at around one year of age, whereas inclusion bodies are not detectable
before 18 months of age, stressing that neuronal dysfunction is independent from
the formation of inclusions. Electron microscopical analysis revealed that Purkinje
cells, also in this MJD model, show dark cell degeneration [48].

Using the CMV promoter to control the expression of an ATXN3 construct with
83 and 94 CAG repeats, respectively, was the strategy of Silva-Fernandes et al. [49]
to generate two more mouse models for MJD. CMVMJD94 mice presented with
CAG repeat instability, neuronal dysfunction and impairment of motor function,
whereas no phenotype was detectable in the CMVMJD83 model [49]. Using the
CMVMJD94 model mitochondrial DNA damage and its suitability as a biomarker
of initial stages of the SCA3 disease was dissected [61, 62]. Silva-Fernanades et al.
also generated a third model in which the CAG stretch was expanded to 135 repeats
(CMVMJD135) [53]. In these mice main characteristics of the human MJD disease,
like intergenerational repeat length variation, progressive neurological deficits,
reduced gain of body weight and formation of intranuclear inclusion bodies in
different brain regions are recapitulated [53]. Hsp90 inhibition by administration of
17-DMAG resulted in reduced levels of ATXN3 protein and lower numbers of
intranuclear inclusions in CMVMJD135 mice [53]. Using these mice the efficacy
of valproic acid and citalopram as treatment for MJD was assessed [52, 13].

In 2011, Hübener et al. [54] reported on a MJD mouse model generated by gene
trap integration, leading to an ATXN3 fusion protein containing 259 N-terminal
amino acids, but lacking the C-terminal polyglutamine stretch and other regulatory
regions. Initially ataxin-3(gt/gt) mice develop without gross abnormalities. However,
with 9 months of age a severe deterioration with impaired motor coordination and
body weight loss was observed, leading to premature death with about 12 months of
age. Phenotypic mice presented with extranuclear inclusion bodies and neuronal
cell death of Purkinje cells and cells of the molecular layer of the cerebellum.
Authors concluded that the N-terminal region of ATXN3 can contribute to MJD
symptoms [54].

Knock-in technology presents a method to generate a model which expresses the
mutant gene under control of the endogenous promoter in the proper genomic
context including all regulatory elements. 2015 two different knock-in mouse
models for MJD were published [56, 55]. In the first model a CAG repeat expansion
was inserted into the murine ATXN3 locus by homologous recombination gener-
ating heterozygous Atxn3Q82/Q6 and homozygous Atxn3Q82/Q82 mice. Early
accumulation of ATXN3 protein in intranuclear puncta as well as large neuritic
inclusions in older mice and altered splicing of mutant ATXN3 were characteristics
observed in this knock-in model. However, behavioral deficits or neuropathological
changes are missing in these mice, leading the authors to promote this model as
being especially suitable for analyses of pathogenic mechanisms preceding neu-
ronal dysfunction or cell loss [56].

The second humanized knock-in model was generated by exchanging exons 7
through 11 of the mouse ATXN3 locus with human exon 7 through 11 con-
taining 91 CAG repeats. This resulted in intergenerational CAG repeat
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instability, loss of Purkinje cells and impairment of motor coordination with late
onset in Ki91 mice [55].

Injection of lentiviral vectors encoding transgenic ATXN3 constructs presents an
alternative, fast and cost effective approach to generate MJD models. First studies
using this technique involved rats as a MJD model organism [63, 64]. Lentiviral
vectors expressing mutant ATXN3 constructs were injected in different brain
regions led to behavioral deficits, neuronal cell loss and inclusion body formation
[63]. Delivery of allele-specific siRNA via lentiviral vectors was able to silence
mutant ATXN3 expression and decreased neuropathological abnormalities [64, 65,
44]. Targeting the mouse cerebellum with lentiviral-mediated expression of mutant
ATXN3 resulted in the development of a behavioral phenotype, intranuclear in-
clusions and neuronal cell death abnormalities [66].

15.4 Non-human Primate Model of MJD

Very recently, the first transgenic non-human primate i.e. marmoset model of MJD
has been generated [67]. Transgenic marmosets were generated using a lentiviral
approach based on a construct containing 120 CAG interrupted by CAA (coding for
glutamine as well) every 30 repeats within the full-length ATXN3 cDNA (3c iso-
form). However, studies employing non-human primates are expensive and
time-consuming and only three monkeys of the founder generation reaching a
certain expression level of the transgene (likely due to multiple insertions of the
transgene in different chromosomes) developed symptoms and could be analysed
yet. This model displays protein aggregates, neurodegeneration and degeneration of
skeletal muscles as well as varying neurological symptoms (including grip strength
deficits and reduced body weight gain) within 3–4 months of age. Although
transmission of the transgene was confirmed, a stable transgenic line has not been
generated yet, possibly complicated by mosaicism in the founder marmoset and
integration into multiple and different chromosomes [67].
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Chapter 16
Towards the Identification of Molecular
Biomarkers of Spinocerebellar Ataxia
Type 3 (SCA3)/Machado-Joseph
Disease (MJD)

Manuela Lima and Mafalda Raposo

Abstract Whereas spinocerebellar ataxia type 3 (SCA3)/Machado-Joseph disease
(MJD) remains an untreatable disorder, disease-modifying compounds have begun
being tested in the context of clinical trials; their success is dependent on the
sensitivity of the methods used to measure subtle therapeutic benefits. Thus, efforts
are being made to propose a battery of potential outcome measures, including
molecular biomarkers (MBs), which remain to be identified; MBs are particularly
pertinent if SCA3 trials are expected to enroll preataxic subjects. Recently,
promising candidate MBs of SCA3 have emerged from gene expression studies. In
this chapter we provide a synthesis of the cross-sectional and pilot longitudinal
studies of blood-based transcriptional biomarkers conducted so far. Other alter-
ations with potential to track the progression of SCA3, such as those involving
mitochondrial DNA (mtDNA) are also referred. It is expected that a set of
molecular biomarkers can be identified; these will be used in complementarity with
clinical and imaging markers to fully track SCA3, from its preataxic phase to the
disease stage.
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16.1 Spinocerebellar Ataxia Type 3 (SCA3): Overview

Spinocerebellar ataxia type 3 (SCA3)/Machado-Joseph disease (MJD) is the most
frequent of the autosomal dominant ataxias, displaying a worldwide prevalence of
1.5 cases per 100,000 inhabitants [1]. In the Portuguese Azores, to where the first
descriptions of SCA3 trace (revised in [2]), an homogeneous cohort of patients has
been described [3–5], whose importance for the understanding of several aspects of
this disease has been reinforced by Raposo and collaborators [6]. A recent longi-
tudinal epidemiological study of SCA3 in the Azores Islands reported an overall
prevalence of 1 in each 2544 for the total archipelago, and of 1 in each 158 for the
island of Flores [7].

SCA3 involves predominantly the cerebellar, pyramidal, extrapyramidal, motor
neuron and oculomotor systems. Although the average age for the appearance of
first symptoms is around 40 years, extremes from 4 to 70 years have been reported
(revised in [8]). As a clinical entity, SCA3 is recognized as highly pleomorphic;
pleomorphism is reflected on the marked variation of age at onset, the heterogeneity
of the clinical features displayed by the different patients, as well as on the existence
of particular/atypical clinical presentations (see, for example, [9]). Clinical
heterogeneity is further evidenced by inter-patient differences in the rate of disease
progression and magnitude of the associated disability.

SCA3 causative gene displays almost complete penetrance (*98%, in accor-
dance with [10]), following an age-dependent pattern. The probability of being a
mutation carrier and consequently a posteriori risk diminishes with age of
asymptomatic at risk individuals, reaching approximately zero in 70 years old
subjects [11].

ATXN3, SCA3 causative gene, was described as containing a polymorphic
expanded and unstable CAG tract at exon 10 [12], consensually ranging from 14 to
42 repeats in normal chromosomes and from 52 to 91 repeats in chromosomes
harboring its mutated form [13, 14]. ATXN3 encodes for the ubiquously expressed
ataxin-3, a cysteine protease whose main native role is that of a deubiquitinating
enzyme (DUB) in the ubiquitin-proteasome pathway. Expansion of the polyglu-
tamine (polyQ) tract above the pathological threshold initiates a cascade of
pathogenic events that have been extensively studied (revised in [15, 16]).
Aggregation of mutant ataxin-3, proteolytic cleavage, transcription dysregulation,
mitochondrial dysfunction, axonal transport impairment, dysregulation of intra-
cellular Ca2+ homeostasis and impairment of protein degradation are considered the
main mechanisms implicated in SCA3 pathogenesis [16].

Despite the progresses made in the understanding of the underlying molecular
mechanisms, disease-modifying therapies for SCA3 are still lacking, and only
symptomatic approaches are currently available. So far interventional studies
undertaken have failed to demonstrate an impact of compounds tested on disease
progression. Therefore, despite corresponding to the SCA for which the highest
number of interventional studies has been conducted, the large majority has been
clearly power-limited; the lack of randomization, the absence of a placebo group
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and the short duration of the trials are some of the limitations pinpointed (revised in
[17]). Based on their own previous experience with an interventional study, Saute
and collaborators [18] have provided insights on potential pitfalls in SCA3 clinical
trials, drawing attention to the importance of improving their efficacy [18].

Empowering clinical trials emerges as a major goal of current SCA3 research,
given the previously described scenario, in which anticipated trials should be
lengthy and require large numbers of patients. Part of such empowerment is related
with the increase in sensitivity of the instruments used to measure disease pro-
gression and detect subtle therapeutic benefits; it is therefore expected that
molecular biomarkers (MBs) will have the potential to provide a crucial contri-
bution to the quality of SCA3 interventional studies.

16.2 Molecular Biomarkers of SCA3

A biomarker is understood as “a characteristic that is objectively measured and
evaluated as an indicator of normal biological processes, pathogenic processes, or
pharmacological responses to a therapeutic intervention” [19]. Biomarkers are
frequently subdivided into “trait biomarkers” if they provide indications as to the
presence/absence of disease and “state biomarkers” if they can inform about the
severity of a certain pathology [20]. Biomarkers are expected to be useful in
diagnostic, staging and prognosis of disease, as well as to aid in the prediction and
monitoring of intervention [19].

As it would be expectable, clinical biomarkers correspond to the most investi-
gated markers so far in SCA3. Several standardized clinical tests, including rating
scales, have been developed to measure different aspects of the SCA3 phenotype.
Such measures have been validated in studies of the natural history of the disease,
targeting different cohorts of patients. Advantages pinpointed for the widespread
use of clinical markers are the relatively low requirement in time and their reduced
cost, as well as the fact that they can be obtained without the need for any
sophisticated equipment [20]. Regardless of the progresses made with the devel-
opment of more objective clinical scales, it is assumed that clinical measures are to
a certain extent subjective (the complexity of the SCA3 phenotype further aggra-
vates this limitation), insensitive to subtle changes in small periods of time, as well
as potentially subjected to observational bias [20]. Also, current clinical measures
are limited as to their usefulness in the preataxic stage of the disease, a phase that
should be extremely important on what concerns the development of therapeutics.

Neuroimaging information holds the promise of sensitivity and informativity;
neuroimaging indicators, such as specific volumetric alterations, are already being
used as primary endpoint in clinical trials of neurodegenerative diseases similar to
SCA3 (www.clinicaltrials.gov—clinical trial NCT02336633). Notwithstanding, it
has to be acknowledged that although neuroimaging alterations in SCA3 are well
documented in cross-sectional studies, longitudinal data is still scarce, a limitation
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that will be necessary to overcome, if such type of biomarker is to be considered as
a primary endpoint in future interventional trials of SCA3.

Because in slow progressing disorders, such as SCA3, the capture of small
effects remains a challenge, the development of MBs is urgently needed. MBs
should be crucial to improve sensitivity, when used in complement to clinical
endpoints; they are also crucial because they can be applied to the presymptomatic
stage, thus resolving one of the limitations of clinical markers. Furthermore, when
ameliorating drugs will be available MBs being able to precociously detect
pathogenic alterations will be of use to optimize therapeutics efficiency, since such
compounds are expected to be more efficient if administrated to mutation carriers
before disease.

16.2.1 Molecular Trait Biomarkers of SCA3

The CAG repeat at the ATXN3 locus constitutes the primary trait biomarker of
SCA3. In fact, the identification of the ATXN3 gene opened prospects for the direct
detection of the mutation, providing the grounds for molecular diagnosis and
allowing presymptomatic (predictive) testing. The identification of carriers of the
mutation before onset offers the possibility of understanding the full process of
progression of the disease (Fig. 16.1), which in turn will be of major importance at

Fig. 16.1 Stages, type of biomarkers and interventional studies which can be performed during
the natural course of SCA3
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a stage where therapeutic offers will be available, as previously referred. In SCA3
patients, a negative correlation between the number of CAG repeats in the
expanded allele and age at onset has been widely reported, the number of CAGs
accounting for nearly 50–75% of the variation in the age of appearance of first
symptoms (revised in [8]); in the Azorean SCA3 cohort, for example, the number of
CAG repeats in the expanded allele explains 68% of the onset variance [21]. In
addition to the size of the CAG tract, age at onset, specific symptoms, rate of
progression as well as degree of severity are notably modifiable by other factors.
Such factors could theoretically be environmental or genetic; probably both con-
tribute to the specific final phenotype. Although research on genetic modifiers of
SCA3 is still at an incipient stage, several genetic factors have already been
investigated as modifiers of SCA3: the number of CAG repeats at several expansion
loci [21–23]; allelic variants at the interleukine 6 (IL6; [24]), apolipoprotein
E (APOE) [25, 26] and glucosylceramidase beta (GBA) [27] genes; variation in the
3’UTR at the ATXN3 gene [28] and size of the normal SCA3 allele [29]. Moreover,
for some of these genes/variants a possible cumulative effect has also been tested; in
fact, Azorean SCA3 patients carrying the APOE*e2 and the IL6*C allele presented
an onset which was anticipated by an average of 10 years [24]. More recently,
exome sequencing has been proposed to study genetic modifiers of SCA3 (Manuela
Lima, personal communication). The identification of genetic modifiers would
allow: (1) targeting particular pathways/mechanisms for development of therapeutic
interventions; (2) stratifying patients based on their genotype and incorporating this
knowledge into the design of clinical trials. This type of stratification will empower
clinical trials by controlling for the effect of the genetic background of participants
[30]; and (3) improving the prediction of age at onset, aiming to provide better
genetic counseling.

16.2.2 Molecular State Biomarkers of SCA3

16.2.2.1 Transcriptional biomarkers

As previously referred, abnormal conformation of mutated ataxin-3 promotes a gain
of a toxic function compromising several cellular mechanisms, namely transcription.
Transcriptional regulation seems to be affected by mutated ataxin-3 via two pro-
cesses: (1) recruitment of transcription factors into polyQ-rich inclusions [31–33];
and (2) abnormal interactions with transcription factors and co-activators [34–38].
Transcriptional dysregulation was initially studied in cellular and animal models of
SCA3 [35, 39, 40]. In such models, transcriptional alterations of genes involved in
inflammatory processes, cell signaling and encoding cell-surface associated proteins
has been described [35, 39, 40]. Based on this previous evidence Raposo and col-
leagues [6] hypothesized that in SCA3 patients the analysis of disease-specific
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transcriptional changes in blood, a peripheral tissue, had the potential to allow the
identification of novel biomarkers. A cross-sectional study with SCA3 patients and
controls, using the Illumina Human V4-HT12 array, confirmed the presence of
differences in expression between the two groups [6]. Twenty six genes, found to be
up-regulated in patients, were selected for a first step of validation by quantitative
real-time PCR (technical validation). From these 21 genes, fourteen were subse-
quently selected for validation by qPCR in a new set of SCA3 patients and controls.
In this second validation step, the expression levels of FCGR3B (Fc fragment of IgG,
low-affinity IIIb, receptor (CD16b)), CSF2RA (Colony-stimulating factor 2 receptor,
alpha, low-affinity (granulocyte-macrophage), CLC (Charcot-Leyden crystal pro-
tein), FPR2 (Formyl peptide receptor 2), SLA (Src-like-adaptor), GPR97
(G protein-coupled receptor 97), P2RY13 (Purinergic receptor P2Y, G-protein
coupled, 13), TNFSF14 (Tumor necrosis factor (ligand) superfamily, member 14),
SELPLG (Selectin P ligand) and YIPF6 (Yip1 domain family, member 6) were found
to be 1.11–2.60-fold higher in patients when compared to controls. Noteworthy,
FCGR3B, P2RY13 and SELPLG genes were significantly up-regulated. Raposo and
colleagues [6] further shown that, particularly for FCGR3B and CLC, patients with
shorter disease duration tended to have higher expression levels when compared
with patients with longer disease duration [6].
In a second approach Raposo and colleagues [41] listed molecules whose levels had
been previously described in the literature as altered in SCA3 patients. The goal was
to verify if expression levels of the selected genes HSPB1 (heat shock 27 kDa
protein 1), DNAJB1 (DnaJ (Hsp40) homolog, subfamily B, member 1), DNAJB12
(DnaJ (Hsp40) homolog, subfamily B, member 12), DNAJB14 (DnaJ (Hsp40)
homolog, subfamily B, member 14), BAX (BCL2-associated X protein), BCL2
(B-cell CLL/lymphoma 2), SOD2 (superoxide dismutase 2, mitochondrial), IL1B
(interleukin 1, beta) and IL6 (interleukin 6) correlated with disease. The authors
concluded that HSPB1 and BCL2 were significantly down-regulated in patients
compared to controls. Given the previously highlighted importance of the pre-
clinical stage of SCA3 Raposo and colleagues [41] expanded this analysis to
include samples from preataxic SCA3 subjects. mRNA levels adjusted for age at
blood collection were obtained for a set of premanifest SCA3 subjects, patients and
controls. BCL2 levels were distinct in SCA3 subjects as compared to controls,
although not being able to differentiate between premanifest carriers and patients.
Moreover, lower levels of IL6 mRNA were also found in preataxic carriers.

In the quest for SCA3 biomarkers, longitudinal studies should provide the
best quality data; such studies, however, represent an important effort for
researchers and patients and therefore are lacking for SCA3. Due to the avail-
ability of a homogeneous subset of SCA3 patients with several blood collection
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points, Raposo and colleagues [41] investigated the behavior of HSPB1 and
BCL2 mRNA levels in a longitudinal setup. Blood samples from SCA3 patients
were collected at the baseline of the study and at a second moment. BCL2 and
HSPB1 mRNA adjusted levels were found to be significantly different between
the baseline and the second observational moment; during disease progression,
the mRNA levels of BCL2 and HSPB1 increased.

16.2.2.2 Biomarkers of mitochondrial (mtDNA) depletion and damage

Amongst the several cellular pathways shown to be altered in the presence of
mutated ataxin-3 are those associated with mitochondrial integrity and function.
Because different compounds which improve energy metabolism defects or reduce
oxidative stress (such as creatine and coenzyme Q10, amongst others) have been
proposed as having the potential to ameliorate polyQ diseases, the investigation of
the potential of mitochondrial alterations as biomarkers is pertinent. Metabolic
alterations linked with mitochondrial function in SCA3 have been widely reported
[42–44]. Furthermore, data on mtDNA depletion and increased damage (higher
frequency of mutations, namely deletions) has also been produced [44–48]. Some
of these previous reports indicated that alterations in the leukocytes mtDNA
content had the potential to be used as biomarkers of SCA3; results from the
several studies, however, were not consensual. Aiming to confirm previous find-
ings of increased mtDNA depletion and damage, analysing a larger and indepen-
dent set of patients, Raposo and colleagues [49] measured the levels of
mitochondrial encoded NADH dehydrogenase 1 (MT-ND1), NADH dehydroge-
nase 4 (MT-ND4) and ribonuclease P RNA component H1 (RPPH1) genes, which
enabled the determination of the mtDNA content and the evaluation of the common
deletion (m.8470_13446del4977 deletion, which is considered a marker of age). In
this study, along with blood samples collected from SCA3 patients and community
controls, samples from preataxic carriers were also analysed. Although differences
in mtDNA content were not evidenced in carriers of the mutation, as compared to
controls, the common deletion was significantly more frequent in patients and
preataxic subjects than in controls, after adjusting for age at collection. In preataxic
subjects, moreover, a significant correlation between the number of CAG repeats in
expanded allele and the frequency of common deletion was obtained; the frequency
of common deletion was lower in preataxic subjects carrying a higher number of
CAGs [49].

Alterations in several molecules related with other SCA3-associated mecha-
nisms, quantified either at the mRNA or protein level have been reported and are
synthetized in Table 16.1.
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16.3 Conclusions

The quest for MBs of SCA3 has started; although studies are presently in an
exploratory phase, longitudinal studies have begun to aid in the validation of results
from cross-sectional analysis. Candidate transcriptional biomarkers evaluated so far
will need to be further tested to warrant their reliability; this means that their
behavior should be independent from inter-individual variation and comorbidities,
for example. Similar to what is expected in similar neurodegenerative diseases, it is
likely that for SCA3 not only a single biomarker, but a set of different molecules,
will have to be identified. This set of MBs will be use, in complementarity with
clinical and imaging markers, to fully track SCA3, from its presymptomatic phase
to the disease stage.

Table 16.1 Candidate biomarkers linked to several SCA3-associated mechanisms, either
identified using cross-sectional and longitudinal analysis

Mechanism Type of study Gene/
protein

Subjects Main results Reference

Autophagy Cross-sectional BECN1 Controls
Patients

Levels of BECN1
mRNA were 1.4 times
higher in SCA3 patients
compared to controls

[50]

Cross-sectional SIRT1/
SIRT1

Controls
Patients

mRNA levels of SIRT1
as well as protein levels
were severely decreased
in human fibroblasts of
SCA3 patients in
comparison with controls

[51]

Inflammation Cross-sectional Eotaxin Controls
Preataxic
subjects
patients

Eotaxin levels was found
to be higher in SCA3
asymptomatic carriers
and in patients

[52]

Longitudinal Patients Eotaxin levels decreased
after 360 days

Insulin
system

Cross-sectional IGFBP3
IGF1
IGFBP1

Controls
Patients

Low levels of insulin and
IGFBP3 and high levels
of insulin sensitivity
(HOMA2), free IGFI,
and IGFBP1 where
obtained in SCA3
patients

[53]
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Chapter 17
Planning Future Clinical Trials
for Machado-Joseph Disease

Jonas Alex Morales Saute and Laura Bannach Jardim

Abstract Spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD) is
an autosomal dominant multiple neurological systems degenerative disorder caused
by a CAG repeat expansion at ATXN3 gene. Only a few treatments were evaluated
in randomized clinical trials (RCT) in SCA3/MJD patients, with a lack of evidence
for both disease-modifying and symptomatic therapies. The present chapter discuss
in detail major methodological issues for planning future RCT for SCA3/MJD.
There are several potential therapies for SCA3/MJD with encouraging preclinical
results. Route of treatment, dosage titration and potential therapy biomarkers might
differ among candidate drugs; however, the core study design and protocol will be
mostly the same. RCT against placebo group is the best study design to test a
disease-modifying therapy; the same cannot be stated for some symptomatic
treatments. Main outcomes for future RCT are clinical scales: the Scale for the
Assessment and Rating of ataxia (SARA) is currently the instrument of choice to
prove efficacy of disease-modifying or symptomatic treatments against ataxia, the
most important disease feature. Ataxia quantitative scales or its composite scores
can be used as primary outcomes to provide preliminary evidence of efficacy in
phase 2 RCT, due to a greater sensitivity to change. Details regarding eligibility
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criteria, randomization, sample size estimation, duration and type of analysis for
both disease modifying and symptomatic treatment trials, were also discussed.
Finally, a section anticipates the methodological issues for testing novel drugs when
an effective treatment is already available. We conclude emphasizing four points,
the first being the need of RCT for a number of different aims in the care of SCA3/
MJD. Due to large sample sizes needed to warrant power, RCT for
disease-modifying therapies should be multicenter enterprises. There is an urge
need for surrogate markers validated for several drug classes. Finally, engagement
of at risk or presymptomatic individuals in future trials will enable major advances
on treatment research for SCA3/MJD.

Keywords SCA3 � Machado-Joseph disease � Clinical trials � Treatment
Study design

17.1 Context

Most clinical trials for neurodegenerative disorders have been performed for
common conditions like Alzheimer’s (AD) and Parkinson’s disease (PD). In such
complex disorders, uniformity or homogeneity of causes are not guaranteed among
recruited participants, representing a major issue for both experimental and
observational studies. In contrast, polyglutamine diseases (polyQ diseases),
monogenic conditions caused by CAG repeat expansions (CAGexp) in coding
regions of specific genes, would theoretically present a better scenario for clinical
trials relying on more homogeneous samples. In spite of that, quite a few clinical
trials have been done in polyQ diseases and the most important reason for that is
their rarity, when adequate sample size and statistical power of a given trial are at
stake. Rarity of polyQ disorders explains other major reasons for the few number of
trials performed so far: lack of knowledge of its natural history for many years, and
absence of good clinical biomarkers. This chapter will present suggestions on how
to face these challenges when planning future trials in polyQ diseases in general,
and in spinocerebellar ataxia type 3/Machado-Joseph disease (SCA3/MJD), in
particular.

As previously reviewed in this book, SCA3/MJD is an autosomal dominant,
multiple neurological systems degenerative disorder in which cerebellar ataxia is
the core feature [1–3]. SCA3/MJD is caused by a CAGexp at ATXN3 that codes for
ataxin-3 [1, 4, 5]. Age at onset (AO), clinical manifestations, natural history, and
survival are very important factors when it comes to build up a clinical trial: they
have been described in details in Chap. 10. Currently, there is no proven
disease-modifying therapy for this condition and only a few treatments were tested
in controlled clinical trials.

Cellular mechanisms have been reviewed in Chap. 10. Complex, multicellular
pathways might be targeted by different therapeutic approaches. Interventions
acting on distal mechanisms might be safer, but will probably be limited in time and
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to symptomatic effects—such as those related to neurotransmission, neuronal
firing-rate and general neuroprotection. Interventions acting on proximal disease
mechanisms such as gene silencing may be potentially curative, but might be
associated with increased risks for major adverse events such as those associated
with tumor suppressor genes and invasive procedures to deliver treatment to target
tissues.

A brief, historical review on first clinical trials in SCA3/MJD will be presented.
After that, methodological issues for future studies on potential therapies, the aim of
this chapter, will be discussed in detail.

17.2 First Clinical Trials in SCA3/MJD
and the CONSORT Era

The first randomized clinical trials (RCT) in SCA3/MJD were published in 1995,
one year after mutation was identified, and reported short-term benefit of
sulfamethoxazole-trimethoprim (SMT + TMP) [6, 7]. Later, a trial with longer
follow-up discarded SMT + TMP efficacy on ataxic manifestations in SCA3/MJD
[8] and this therapy was abandoned. Subsequent trials with other interventions aimed
to modify the disease progression or reduce disease symptoms; they resulted neg-
ative or not conclusive. These pioneer studies were hampered by methodological
problems such as lack of validated clinical scales to assess ataxia and neurological
severity, lack of knowledge about disease natural history, and absence of surrogate
biomarkers. Many trials were limited by lack of randomization and of a placebo
group, multiple primary endpoints, inclusion of different types of cerebellar ataxia,
and short periods of follow-up. Trials with physostigmine, fluoxetine, tandospirone,
lamotrigine, buspirone and IGF-1, are examples that illustrate the problems
researchers face when trying to study novel treatments for rare diseases [3].

Consolidated Standards of Reporting Trials (CONSORT) first appeared in
1996, and intended to recommend a minimum set of evidence-based character-
istics for performing and reporting RCT. Being consensual among methodolo-
gists, translational specialists and editors, CONSORT 2010 guidelines give us a
tool to critically understand if a trial for a given disease was well designed,
analyzed, and interpreted [9].

Mostly due to historical reasons, only a few clinical trials performed in SCA
were reported according to CONSORT 2010 guidelines [10–14]; even so,
methodological limitations were not prevented in some cases. For those interested,
we suggest a recent review on the theme [3].
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17.3 Designing New Clinical Trials for SCA3/MJD

Evidence on efficacy is lacking for disease-modifying and symptomatic treatments
for SCA3/MJD. However, a number of symptomatic therapies already exist for
non-ataxia neurological signs of SCA3/MJD, such as spasticity and dystonia. Some
of these interventions are already established treatments for neurological signs
irrespective of the etiology (Eg: botulinum toxin for spasticity or focal dystonia)
and evaluation of their specific efficacy in SCA3/MJD might preclude placebo
groups. Therefore, while RCT against placebo group are the best design for a
disease modifying therapy, this might not be the best approach to test some
symptomatic treatments. Finally, if a given therapy is proved to be effective, in the
future, new interventions with the same aim should be tested by superiority or
non-inferiority analysis against established standard treatment and not against
placebo.

17.3.1 Designing a Clinical Trial for SCA3/MJD When
There Is no Intervention Already Established

There are several potential therapies for SCA3/MJD, with encouraging preclinical
results. Route of treatment, dosage titration and potential therapy biomarkers might
differ among candidate drugs RCT; however, the core study design and protocol
will be mostly the same.

17.3.1.1 Disease Modifying Versus Symptomatic Treatment

One of the first questions to be answered before ongoing on a RCT of a candidate
drug, is whether researchers expect a symptomatic or a disease modifying effect.
Disease-modifying therapies exert their effects on the underlying pathophysiology
of the disease rather than simply acting on symptoms. When started after the disease
process is established and the clinical picture is already evident, disease-modifying
therapies are likely just to halt or slow disease progression. Improvements are not
expected, in general. On the other hand, symptomatic therapies aim to improve the
target (a neurological function) irrespective of the disease stage—although
improvements might not last.

Even when researchers have reasons to believe that an intervention will modify
the disease process, there is a great chance that the observed effect is only symp-
tomatic. Misclassification here can have clinical consequences. A disease modify-
ing therapy should be offered to all affected individuals and it should be
discontinued only in case of significant adverse event that preclude its use. Even
worsening of the clinical picture is not sufficient evidence of failure for a
disease-modifying drug. In contrast, loss of effect after a given time is just the usual
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prognosis for symptomatic drugs. Moreover, symptomatic treatments are usually
tried for a short period in real life; if no benefit is evident or no harm is seen after its
discontinuation, the drug can be withdrawn.

Clinical trials with a single period study can hardly determine whether a treat-
ment effect is symptomatic, disease-modifying, or both. The inclusion of a second
period, in a withdrawal or a delayed-start design [15], might help to uncover which
kind of effect the intervention presents.

Subjects randomized to active treatment followed by placebo (A/P) are com-
pared to subjects randomized to placebo followed by placebo/nothing (P/P) in the
withdrawal design (Fig. 17.1a, b). If the active treatment has a disease modifying
effect, final average scores from A/P and P/P groups will maintain their differences
in time; if it has a symptomatic effect, then final average scores will gradually
approach one to each other. Although the alternatives in the progression rate are
very clear-cut, this design is prone to non-adherence and losses. In the delayed-start
design, subjects randomized to active treatment followed by active treatment (A/A)
are compared to those randomized to placebo followed by active treatment (P/A)
(Fig. 17.1c, d). Again, if the active treatment has a disease-modifying effect, final
scores (or lines) from both groups will not approach one to each other. Considering
that a difference between groups favoring active treatment (if effective) is a sine qua
non condition for applying such designs, the delayed start design is also ethically
preferred due to less time exposure to placebo.

Although important, building a two-period trial adequately is a difficult task.
Deciding for how long the second period should last is crucial and it is frequently

Fig. 17.1 Symptomatic
versus disease-modifying
effects. In withdrawal
paradigm, a represents a
given treatment with both
symptomatic and
disease-modifying effects
while b has only symptomatic
effect. In delayed-start
paradigm, c represents a given
treatment with both
symptomatic and
disease-modifying treatment
effect and d has only
symptomatic effect
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unknown. For instance, a too short follow-up could inadequately lead to a parallel
slope appearance, indicative of a disease-modifying effect. In addition, demon-
stration of a disease-modifying effect depends on equivalence of slopes [16].
Studies looking for equivalence between groups usually require a large number of
patients, which is a major drawback in the context of rare diseases.

17.3.1.2 Outcomes for Clinical Trials

Knowledge of disease natural history, of sensitivity to change of a given outcome
measurement, and of the estimated sample size according to the expected effect are
crucial to adequately design a RCT. The most widely used instruments to measure
disease progression in SCA3/MJD are clinical scales. Different clinical scales have
been widely explored in SCA3/MJD and we have considerable information about
its natural history, sensitivity to change and sample size estimations, which are
presented below.

As clinical scales were not proven to be sensitive outcomes for
disease-modifying RCT of short duration, much is expected from surrogate
markers, at least for phase II clinical trials. Biochemical, neurophysiological and
neuroimaging studies are arising as candidate biomarkers for SCA3/MJD.
Knowledge about them is limited: characteristics such as natural history and sen-
sitivity to change must be determined before their use as main outcomes.

Neurological Scales

Four main type of scales were developed to evaluate SCAs: (1) semi-quantitative
ataxia scales as the International Cooperative Ataxia Rating Scale (ICARS) [17],
and the Scale for the Assessment and Rating of ataxia (SARA) [18];
(2) semi-quantitative ataxia and non-ataxia scales as the Neurological Examination
Score for SCA (NESSCA) [19]; (3) semi-quantitative non-ataxia scales, like the
Inventory of Non-ataxia Symptoms (INAS) [20]; and (4) quantitative scales, like
Composite Cerebellar Functional Score (CCFS) [21] and SCA Functional Index
(SCAFI) [22]. All were validated for SCA3/MJD, and each of them present
advantages and disadvantages according to the planned outcome for a given trial
[23].

Progression Rate of Clinical Scales: Natural History and Placebo Group
Studies

Semi-quantitative Ataxia Scales
Worsening of clinical scales is supposed to mirror disease progression, and have
been used to describe the natural history (NH) of SCA. Progression rates have been
frequently measured between a baseline and further observations of a given clinical
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scale. In few other studies, statistical models considered the relationship between
the slope of progression and disease duration (DD) for each patient, generally
resulting in slower progression rates than the former modeling. For instance,
ICARS (range: 0–100 points) worsened 5.1 points per year in a Brazilian SCA3/
MJD cohort, when baseline was compared to follow-ups [24], and 2.25 points/year
in a Dutch cohort where DD was adjusted to the model [25]. SARA (range: 0–40
points) progression between observations was more frequently studied and wors-
ened 0.65, 1.56–1.70 and 3.0 points per year among Americans [26], Europeans
[27–29] and Taiwanese SCA3/MJD patients [30].
Progression rate of placebo groups would be theoretically more helpful for planning
clinical trials than those obtained from NH studies. In two recent RCTs, SARA
progression was 1.34 in 31 SCA3/MJD patients [12, 31, 32] and 1.67 points/year in
27 patients with other SCAs and Friedreich ataxia [11]—results very similar to
those obtained in NH studies using intervals between observations.

ICARS has interdependency and redundancy of some items, which may under or
overestimate sensitivity to change, raising doubts about effect size measures of the
scale. SARA, on the other hand, is very reliable, and less time-consuming than
ICARS [23]. SARA is currently the most widely used semi-quantitative ataxia scale
in SCA3/MJD.

Semi-quantitative Ataxia and Non-ataxia Scales
NESSCA (range: 0–40 points) progression was 1.26 points/year in a NH study of
156 SCA3/MJD patients that considered DD for the model. Markovian chains
showed that extra-pyramidal findings presented a slower progression in the first
stages of disease [33]. Mean placebo group progression of NESSCA was similar:
1.45 points/year [12]. In the same period and placebo group, cerebellar NESSCA
items (range: 0–7) progressed 0.74 points, while the sum of pyramidal,
extrapyramidal and peripheral NESSCA items (range: 0–19) progressed 0.23
points/year, only [32], confirming that non-ataxic findings presented slower pro-
gression than ataxia in SCA3/MJD.

INAS count (range: 0–16) is the sum of categorical observations among several
neurological findings. Probably due to its dichotomized variables (strong, moderate,
or mildly positive responses being reduced to a single value), INAS count showed
an unsatisfactory responsiveness when compared to other kind of scales [27, 34].
Annual INAS count progression was 0.37 (SE 0.08) points in SCA3/MJD.
Furthermore, INAS did not follow a linear progression in a longer follow-up of the
same cohort [29], a phenomenon similar to some NESSCA non-ataxia items [33].

Since ataxia is the core disease sign and since non-ataxia signs progress quite
slowly, NESSCA and INAS count are not recommended as primary outcomes for
future RCT designed to evaluate disease-modifying treatments. However, their use
as secondary outcomes in future RCT is warranted. Extra-cerebellar manifestations
are an important burden in SCA3/MJD, and the effect of future trials on them
should be followed, either for efficacy or for safety reasons.
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Quantitative Scales
Quantitative composite scores CCFS and SCAFI were developed to reliably detect
small clinical changes over short periods. However, face and content validity of
quantitative tasks of composite scores are hard to define since they are timed tasks.
For instance, a delay in the 9-hole pegboard test or 8-m walking time (8 MW)
performances might be due to upper limb or gait ataxia, but also to bradykinesia,
dystonic movements, and other extracerebellar phenomena [23].

NH studies showed that CCFS worsened 0.025 [SE: 0.004] per year in SCA3/
MJD [28] and that SCAFI progressed −0.159 [SD: 0.33] per year among patients
with different SCAs [34]. In placebo group, progression of CCFS and SCAFI were
near 0.015 (almost undetectable) and −0.30, respectively [12].

Sensitivity to change measured with standardized response mean (SRM) of
CCFS in two cohorts of polyQ SCAs [34, 35] were similar or even lower than
SARA sensitivity to change. However, theoretical greater sensitivity to change of
quantitative composite scores were confirmed by recent trials. Significant
improvements in CCFS and SCAFI were seen with smaller sample sizes and shorter
periods than expected, whereas no effect was detected on SARA or NESSCA [12,
36]. Therefore, relative changes in composite scores to an intervention might be
larger and easier to detect than changes in semi-quantitative scales [32].

Quantitative scores have the downside of not being feasible in more severely
affected patients: those who are not be able to walk, use the pegboard, perform the
click test, or even talk. Ceiling effects are probably unavoidable and should pre-
clude the recruitment of more disabled patients. However, quantitative scores used
as primary outcomes might hasten and provide preliminary evidence of efficacy in
phase 2 RCT. Data simultaneously obtained with an ataxia scale (SARA, ICARS or
other), used as a secondary end-point, from phase 2 studies with positive results on
composite scores (as primary outcomes), could then provide sample size estima-
tions for phase 3 trials with the same intervention, when the semi-quantitative ataxia
scale should be the primary outcome.

Minimally Important Differences (MID) of Clinical Scales

MID is not the same as sensitivity to change or as true responsiveness (clinically
important changes) and has seldom been demonstrated [37], particularly for neu-
rodegenerative disorders [38]. Some authors consider any small significant differ-
ence as clinically relevant for ataxias [39]. Ideally, MID should include subjective
changes as external criterion, such as psychological well-being and quality of life,
whose validation properties may differ among specific disorders.

Schmitz-Hubsch and cols tried to define MID for SCA scales by using Patients’
Clinical Global Impression of Change (PGI) questionnaire [40] as an external
criterion [34]. The upper limit of the 95% confidence interval (CI) of change in the
stable subjects was used as a conservative estimate of MID. The SARA MID
obtained for different SCAs was 1.1/40 points [34].
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Who Should Be Recruited? Which Factors Should Be Controlled,
According to Results Obtained from Clinical Scales?

The question deserves a great attention from researchers. Some authors consider
that any effective drug will have a better pharmacodynamics scenario in early
disease stages [41]. Such strategy was successful in trials for other neurodegener-
ative genetic disease, like transthyretin familial amyloid polyneuropathy [42].

On lithium trial subgroup analysis, when analyzing only patients able to perform
8 MW, mean NESSCA progression was significantly slower in lithium group [32].
Therefore, independent walking might be an inclusion criterium in a future trial, at
expenses of reducing its external validity. More or less stringent inclusion criteria
will have pros and cons that researchers need to take into account.

Recruiting presymptomatic carriers for RCT will probably guarantee treatment
start at a better time window. The example of PRECREST study should inspire
SCA researchers [43]. Prospective observational studies of clinical scales and
candidate biomarkers in preclinical phases must be pursued in SCAs [44]. NH
results must be preferentially replicated in other cohorts, before recommending any
RCT on pre-clinical phases.

Controlling for modifying factors of disease progression is another interesting
issue in a RCT protocol. For instance, CAGexp modified the NH of NESSCA [33]
and might impact on treatment responses. Interaction of CAGexp randomization
strata with treatment response on NESSCA was found in lithium trial [32], with a
significant effect of active treatment only for patients with shorter CAGexp.
However, a confounding bias was detected: cerebellar items had a higher impact on
total NESSCA in this subgroup than in individuals with larger CAGexp. Due to that,
authors concluded that the main factor associated with drug efficacy, or higher
sensitivity to change, was the greater proportion of ataxic features, and not the
CAGexp.

In summary, evidence obtained so far sustains that simple or block random-
ization may be enough to control for known and unknown factors such as
CAGexp. Stratification or minimization randomization might be used only in too
small sample size studies [45].

Sample Size Estimations

Disease Modifying Treatments
These strategies are expected to slow down the rate of disease progression, and not
to improve or revert it. Natural history studies of SCA3/MJD depicted that the
number of patients needed per study arm to detect a 50% reduction of disease
progression in a 2-arm trial for any drug, with the respective outcome measure
within 1 year, should be 130 for NESSCA [33], 175–202 for SARA [35, 29]), 275
for SCAFI [34]; SCA1, SCA2, SCA3/MJD and SCA6 analyzed together) and 260
for CCFS [35]. A longer follow-up study calculated that these numbers would be
102 within 2 years and 70 within 3 years of study using SARA as the outcome
[29].
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Sample size estimations from placebo groups provide more accurate information for
designing future clinical trials than natural history studies. Table 17.1 presents
sample size estimations obtained from an intention-to-treat placebo group [32] and
according to the desired relative change on annual progression with intervention.
For instance, sample size needed to show a 50% reduction of disease progression
with SARA after 12 months will be between 175 (according to a NH study) and
328 (according to placebo study).

Table 17.1 Sample size estimations

Relative effect N patients per study arm

NESSCA SARA SCAFI CCFS

0.1 3937 8180 4681 31,554

0.2 985 2046 1171 7889

0.3 438 910 521 3507

0.4 247 512 293 1973

0.5 158 328 188 1263

0.6 110 228 131 877

0.7 81 168 96 645

0.8 62 129 74 494

0.9 50 102 59 391

1 40 83 48 316

1.1 34 69 40 262

1.2 28 58 33 220

1.3 24 49 29 188

1.4 21 43 25 162

1.5 19 37 22 141

1.6 16 33 19 124

1.7 15 29 17 110

1.8 13 26 15 98

1.9 12 24 14 88

2 11 21 13 80

Estimated sample size (n per trial arm) for a 2 arm interventional trial that aims to reduce
progression rates by 1–100% (100% meaning that progression was interrupted) or ameliorate the
baseline scores by 101–200% (200% meaning an improvement in the same magnitude of the
expected progression in the placebo group for the period), according to the observed variability of
progression rates in the placebo group (power 80%, a = 0.05) in the intention to treat population
(N = 31 patients) of lithium trials [32] with the formula: [(mean placebo progression—mean
intervention progression/mean placebo progression)]. NESSCA Neurological Examination Score
for the Assessment of Spinocerebellar Ataxia. SARA Scale for the Assessment and Rating of
Ataxia. SCAFI SCA Functional Index. CCFS Composite Cerebellar Functional Score
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These are huge numbers for a rare disease. Even in geographical areas where
SCA3/MJD presents a high relative frequency, these sample sizes will be hardly
achievable. For instance, the 42.7:100,000 prevalence of symptomatic individuals
in Azorean islands actually represents 105 individual for the overall population of
246,102 [46]. Prevalence in Rio Grande do Sul state, Brazil, is 5.6:100,000—or 625
for the 11.2 million inhabitants [47]. Sample sizes for RCT in SCA3/MJD imply
that these studies must be multicenter.

It is worth to remember that sample size estimated from NH or placebo groups
give us only clues on how to plan a clinical trial. They can be quite different from
the numbers needed to show differences obtained from a specific management. This
can be exemplified by the experience obtained from the lithium trial. The scale with
the least sample size required in a future trial according to SRM of the placebo
group, NESSCA (158 patients), would need the largest number of patients per arm
in a future trial with lithium, 684. In contrast, both composite quantitative scores
SCAFI and CCFS, that would require larger sample sizes according to SRM,
presented statistically significant effects with lithium, with 31 patients per study arm
[32]. These numbers show us that the responsiveness of scales to treatments cannot
be completely foreseen and question the mathematical property of the effect size as
measured by SRM to compare different scales over time [34].

Symptomatic Therapy
Sample sizes required to evaluate symptomatic treatments might be smaller than
those for disease-modifying therapies. Improvements are expected in the active
drug arm and therefore a more clear-cut detachment from the placebo progression
over time. However, this might be not so simple, as data so far obtained might teach
us.

Few studies evaluated ataxia symptomatic treatments for SCA3/MJD [13, 36,
48]. Two RCT with methodological issues and inconclusive results, showed large
effects on placebo groups on short term: mean improvements on SARA score of
0.86 and 1.37 points after 8 and 12 weeks [13, 48]. That is, testing of a symp-
tomatic candidate drug by a short-term trial will be a hard task.

Although not including a single SCA3/MJD patient, studies that evaluated
riluzole efficacy for cerebellar ataxias [10, 11] can be used as a model for planning
future symptomatic treatment for SCA3/MJD or other SCA. The numbers of
recruited patients were 20 [10] and 30 per study arm [11]. The former study elected
5-points improvement in ICARS as the primary outcome after two months, and the
latter 1-point improvement in SARA after 12 months. In both studies, a statistically
significant effect was detected favoring active treatment with the reported sample
sizes.

Primary outcome (1-point improvement in SARA score) was achieved by 26 and
11% patients on the placebo group after 3 and 12 months [11]. Since the proportion
of patients with improvements with riluzole treatment was 50% after both periods,
the absolute difference between treatment groups was of 24 and 39% after 3 and
12 months of treatment, probably due to larger placebo effect at the beginning of
the study [11]—a phenomenon seen in other RCTs [13, 48]. The sample size
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required to detect a 24% difference in the proportion of responders between
treatments is 63 patients per study arm; to detect a 39% difference (by the
12 month), 21 patients per study arm would fit (power 80%, a = 0.05). Estimations
obtained from the placebo group of lithium trial indicated similar sample sizes to
confirm a symptomatic effect. Minimally important improvement (MID) for SARA
is 1.1: since worsening in placebo group is 1.34 points per year, the relative effect
would be 1.82 and the number of patients per study arm that should be recruited
would be 26 (power 80%, a = 0.05, Table 17.1) [12].

Therefore, it seems that 21–26 patients per study-arm should be an adequate
sample size to test symptomatic treatments for SCA3/MJD in a 1-year study and
that 63–65 patients per study arm would be necessary to perform short-term
symptomatic treatment trials. SARA should be the main outcome, and either a
dichotomous (rate of responders with 1-point SARA improvement) or a continuous
outcome (difference in mean improvements of SARA) can be chosen.

Study Duration

Disease Modifying
Since SARA mean progression was of 1.34 points per year in a placebo group [12],
the achievement of SARA MID—1.1 points—in a 1-year study would require the
very large relative reduction of 82% in progression rate. Disease-modifying inter-
ventions can hardly achieve this milestone. Longer duration studies would be able to
detect smaller effects sizes with similar or even smaller sample sizes [29].
Considering the rarity of SCA3/MJD (and remembering that the same patient should
not participate in multiple clinical trials), future studies using SARA as their outcome
(such as phase 3 trials) might be planned to last at least 24 months. In contrast, trials
with higher responsivity outcomes such as composite scores, that can be chosen for
phase 2 trials, can have adequate power to detect differences after 12 months.

Symptomatic Therapy
Short-term (2–3 months, 65 patients per arm) and long-term (1-year, 25 patients per
arm) studies can test ataxia symptomatic treatments in SCA3/MJD. A reasonable
study could last one year with an interim analysis on 3rd and 6th months of
treatment with pre-defined interim results. This plan would allow an early study
interruption either for efficacy or futility [31].

Surrogate Markers

Treatments have been approved on the basis of their manifest effects on the clinical
signs and/or symptoms of the disease for which they were intended. Clinical trials
based on clinical outcomes are a highly empirical approach that does not need a
complete explanation of the underlying mechanisms to be accepted [16].
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Sometimes the proposed clinical benefit might not be detectable in trials of
reasonable duration or size. SCA3/MJD might be one of these cases: its slow
progression requires RCT with large sample of patients and/or long duration. In
these circumstances, use of surrogate markers as the primary outcome measures is
warranted.

A biomarker is a measurement that reflects the activity of a disease process.
A surrogate marker, in contrast, is a biomarker proven to be a reliable substitute of a
clinically meaningful, generally a hard endpoint, to be used in therapeutic trials [49,
16].

If a surrogate marker with better sensitivity to change than those from clinical
scales is identified for SCA3/MJD, then its use as primary outcome could hasten
phase 2 RCTs and drug discovery for the disease.

Validating a surrogate marker is a complex process that has many interpretative
problems and depends on substantial research. Correlation of a measure with
clinical progression is not a sufficient condition for establishing a surrogate marker.
For instance, the correlation between biomarker and disease might disappear during
treatment. Alternatively, the drug may have the effect desired on the surrogate
marker, but no effect on the clinical outcome. Clinical outcomes have indubitable
face validity; in contrast, the use of surrogate markers requires deeper knowledge of
disease process. There may be many pathophysiologic pathways contributing to
disease manifestations, and the surrogate marker may be “in” some, but not in other
pathways. Drug mechanisms should also be known enough to decide if the sur-
rogate marker will pick them up and translate into the beneficial clinical outcome
[50, 51].

Surrogate markers must be validated during RCT using clinical outcomes with
established MID: this research process will take some time. Given that there is a
number of candidate therapies for SCA3/MJD, it would be wise to validate sur-
rogate markers across many drugs and strategies, so that therapies can be more
easily compared (in non-inferiority or superiority approaches).

The number of candidate biomarkers evaluated so far for SCA3/MJD is not very
large, but can be divided into candidate markers of disease progression and can-
didate modifiers of phenotype. Table 17.2 summarizes the evidence obtained so far.
Some of the potential biomarkers were tested prospectively in the context of the
lithium trial; results are expected soon (Jardim, personal communication).

17.3.2 Designing a Clinical Trial for SCA3/MJD When
Comparison Against Placebo Is not Acceptable
or Feasible

The use of a comparator placebo group is sometimes difficult or unfeasible to test
efficacy of a given management. This is the case of physical therapy, for instance,
when patient and physician cannot be blinded; or of consecrated therapies, when
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physicians might declare ethical reasons or conflicts of conscience that prevent
prescription of placebo; or of invasive interventions where the risk per se does not
allow to not offer the active therapy.

There are a number of alternatives to circumvent the absence of a placebo group,
all of them inferior to RCT. It is worth to remember that open label trials can hardly
test the study hypothesis correctly due to Hawthorne and placebo effects, while at
the same time patients are being exposed to risks.

17.3.2.1 When Patient and Physician Cannot Be Blinded

Surgical and other similar interventions cannot be hided to patients and physicians.
The alternative proposed is sham, fake or dummy procedures. They aim to act in a
similar way to placebo, by masking the technique used in the active group. Some
authors raise ethical doubts about these designs, but they can be justified if there is a
relevant clinical question to be answered. Although it was never done in SCA3/
MJD, use of a sham group might be methodologically necessary for invasive
procedures required to deliver gene silencing therapies, for instance.

Another strategy is to apply a delayed onset group combined with a blind
evaluation of efficacy. Physical therapy is a good example for this approach.
Considered as the standard treatment for cerebellar ataxia, efficacy studies on
physical therapy are rare and best protocol of exercises are not clearly established
[3]. An RCT on intensive rehabilitation in ataxias (no SCA3/MJD cases) assigned
patients to the immediate or delayed entry control group to rehabilitation [65]. The
immediate group showed significantly improvement of 3 points on SARA after
4 weeks compared with the delayed group.

17.3.2.2 Consecrated or Symptomatic Therapies Already in Use

This class encompasses several symptomatic treatments for motor and nonmotor
manifestations involved in SCA3/MJD. This is an important field of research.
While disease-modifying therapies for neurodegenerative diseases were not iden-
tified yet, effective symptomatic treatments such as those for parkinsonian symp-
toms brought significant improvement of patient’s quality of life. Short-term RCTs
for most of symptomatic treatments will be warranted for SCA3/MJD. Table 17.3
clearly shows the need for class I, II and III studies to provide better recommen-
dation levels on this ground. Recent reviews on symptomatic therapies of SCA3/
MJD are also available [3, 66]

Some physicians might not feel comfortable in not offering the considered
consecrated study drug to all study individuals. In this case, single-blind longitu-
dinal observations might be planned. Studies with this design used a clinical scale
videotaped and blindly scored, as their outcome [73]. Such design is better than an
open-label study, because it overcomes assessment bias of unblinded raters.
However, positive results due to placebo and Hawthorne effects are not prevented.
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Table 17.3 Therapeutic approaches for SCA3/MJD: conceptual frame, praxis and
recommendations

Approach and targets Intervention studied Recommendation

Disease modifying; long
term follow-up
(� 1 year)

RCT on lithium carbonate [12]
Efficacy not proved

Not recommended for reducing
disease progression (Level C).
Larger phase 3 RCTs are
warranted

Open trial on stem cell therapy
[67]
Efficacy not proved

Not recommended for reducing
disease progression (Level U)

Symptomatic Intervention studied Recommendation

RCT on valproic acid [48]
Efficacy not proved

Not recommended (Level U)

Ataxia RCT on varenicline [13]
Efficacy not proved

Not recommended (Level U)

2 RCT on Riluzole [10, 11]
Effective in ataxias of different
etiology and hereditary ataxias;
not tested for SCA3/MJD

Probably recommended (Level
A) RCT in SCA3/MJD are
needed

Open trial on 4-Aminopyridine
[36]
Efficacy not proved.

Not recommended (Level U)

Open and RCT trials on
coordinative training [65, 68,
69]
Efficacy proved

Recommended (Level C)
In-patient intensive
rehabilitation programs and � 3
times/week outpatient session or
daily homemade exercises are
probably more effective than
less intensive programs (Level
C)

Spasticity Case report on botulinum toxin
[70]. Expert opinion on others

Physiotherapy, baclofen,
tizanidine and botulinum toxin
injections are recommended for
lower limb spasticity (Level U)

Dystonia Case reports on botulinum toxin
[71, 72]

Botulinum toxin may be utilized
for blepharospasm and focal
dystonia. Additional caution is
advisable for cervical dystonia
(Level U)

Case reports and a blinded trial
on levodopa [73, 74, 75]

Levodopa/carbidopa or
benserazide should be tried
dystonia; if no response is seen
the treatment should be
withdrawn (Level C)

Parkinsonism Case reports on dopaminergic
drugs response [76–78]

Levodopa, pramipexole, or
ropinirole are recommended
(Level U)

(continued)
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Table 17.3 (continued)

Symptomatic Intervention studied Recommendation

Dysarthria and
dysphagia

Expert opinion No drug treatment is
recommended
Speech and swallowing therapy
are recommended (Level U)
SARA scale should be routinely
assessed in SCA3/MJD patients
and, when scores are >15,
videofluoroscopy of swallowing
should be ordered to orientate
therapy (Level U)

Oculomotor features Expert opinion Prismatic lenses and/or orthoptic
exercises are recommended for
diplopia treatment (Level U)
Botulinum toxin injections or
strabismus surgery should only
be indicated by
neuro-ophtalmologists in
reference centers, with
experience on the treatment of
ataxic patients (Level U) [79]

Depressive symptoms Improvements in depressive
symptoms were obtained in
open-labeled trials with
Fluoxetine [80] and with
occupational therapy [81]
Efficacy proved
Expert Opinion

Depressive manifestations
should be actively searched
during clinical assessments,
preferentially using validated
instruments for its diagnosis and
screening when performed by
non-specialists (Level U)
Treatment should follow
guidelines for depressive
disorders in the general
population (Level U)

Cramps Series reports on carbamazepine
[82] and mexiletine
hydrochloride [83]
Suggestion of efficacy

Carbamazepine 200 mg b.i.d or
mexiletine 150–300 mg q.i.d are
recommended for the treatments
of cramps that did not improve
with physical therapy
management alone (Level C)

Pain Case series on nonsteroidal
anti-inflammatory drugs and
opiates. Case reports on
botulinum toxin injections [84]

Chronic pain should be treated
according to its characteristics,
similar to the general population
(Level U)

Fatigue Observational studies of
predisposing factors [85]
Expert Opinion

Predisposing factors should be
addressed first, especially
depression, visual symptoms
and sleeping disorders (Level
U). After that, amantadine and
modafinil can be considered for
use (Level U)

(continued)
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In this case, an objective surrogate marker evaluated by blinded evaluators (like
MRI volumetric analysis), could ensure greater reliability of results.

17.3.2.3 High Risk Procedure

Treatments such as intrathecal infusions or hematopoietic stem cell transplantations
are related to high risk of adverse events related to the procedure per se. Morbidity
and mortality rates might turn a sham group unacceptable. In this scenario, open
label trials have been done for neurodegenerative disorders other than SCA3/MJD.
If disease progression is not slowed or interrupted, the approach can be abandoned
without considering a RCT. If some positive result was obtained, then comparisons
with historical cohorts might be useful. Of course, placebo effects are not avoided
with this design.

17.3.3 Designing a Clinical Trial for SCA3/MJD When
an Effective Intervention Already Exists

17.3.3.1 When the Effective Intervention Was not Clearly Established
for SCA3/MJD

As said before, riluzole showed efficacy against ataxia in two independent RCT for
cerebellar ataxias. Although its recommendation is debatable, riluzole’s case can be
the prototype to exemplify an effective intervention against a symptom in general
but still not tested for SCA3/MJD. Short (4–12 weeks) and long-term efficacy
(12 months) of riluzole were shown [10, 11]. A wise strategy to get evidence for
SCA3/MJD would be to design a short-term RCT, where riluzole effect would be
tested after 8–12 weeks. If a positive effect occurs, an open label phase would start,
assuming long-term efficacy by analogy with results obtained after 12 months in the
double-blind study for other ataxic disorders. The required sample size per study
arm in this case would be larger than a longer study (see Sample Size Estimation

Table 17.3 (continued)

Symptomatic Intervention studied Recommendation

Sleep disorders Expert Opinion Sleep disorders should be
treated as in the general
population, following specific
guidelines
(Level U)

Adapted from Saute and Jardim [3]
RCT randomized clinical trial. Treatment recommendation according to the American Academy of
Neurology classification of evidence
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section); however it would turn possible to raise convincing evidence of efficacy in
a very short period. In addition, an open label phase would be of great utility,
considering the potential clarification about symptomatic versus disease-modifying
effect of this drug (Fig. 17.1) [86].

17.3.3.2 Once an Effective Intervention Is Established, How New
Candidates Will Be Tested for SCA3/MJD

This is a utopic but not so far away possibility for SCA3/MJD. There is consid-
erable hope that in a medium run, evidence on efficacy will be obtained for some/
any of the candidate managements proposed from bench studies. With this hope in
mind, we will briefly summarize the recommendations once this state of art is
achieved for SCA3/MJD.

Because SCA3/MJD is an orphan disease, a therapy must be considered as
effective after a single Class I, phase 3 trial (Fig. 17.2), or even Class II trial
accompanied by registry data in order to get conditional or definite recommenda-
tions by regulatory agencies (Level A recommendation) [87]. After this point

Fig. 17.2 Basic trial designs models
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achievement, further RCTs might aim to determine if a new therapy is superior,
equivalent or non-inferior to this standard treatment. Comparisons against placebo
will not be accepted anymore.

Researchers might propose that the new treatment is similar or even superior to
the established therapy in terms of safety and efficacy. If a superiority RCT fails to
show a difference between a new treatment and the older one, this result does not
mean they are equivalent. A new trial will be needed, with additional costs, and
such a failure might improperly shut down a drug pipeline. In order to avoid it,
equivalence trials have been proposed: they aim to determine if one intervention is
therapeutically similar to another. Investigators then define equivalent results as
being those obtained into a pre-select D. At the end of the trial, a CI is computed
around the difference between two test statistics. If the CI lies strictly within [−D,
+D] the two treatments are considered equivalent [88, 89].

Noninferiority trials comprise a third category of RCT against active controls.
They seek to determine if a new treatment is not worse than a reference treatment
[90]. Although the CI around the difference in the effect size between the new and
existing treatments is calculated as the former one, the question of interest is now
asymmetric. The new treatment will be non-inferior to existing treatment if the
lower bound of CI does not extend beyond the predefined window. In other words,
only lower bound for this non-inferiority comparison is under study (one-tailed
test). Although non-inferiority trials seem to have statistical advantages when
compared to equivalence trials, they should not be used indiscriminately. New
treatments tested by non-inferiority trials must have some other advantage, such as
greater availability, reduced cost, less invasiveness, fewer adverse effects, or greater
ease of administration [88, 89].

17.4 Final Remarks

In the last years, we witnessed a series of discoveries on bench research in SCA3/
MJD. Evidence obtained from preclinical studies on transgenic animal and cell
models, and on neurons derived from iPS cells will allow new phase 1 and 2 trials
in a near future. Observational and RCT raised robust evidences about how to
measure efficacy in future trials, and provided very useful clues to future designs.
Our final remarks stress four lines of conclusion.

First, there is no therapy established as effective, in SCA3/MJD, and RCT are
needed for a number of aims (Table 17.3). Lithium carbonate might be at best
judged as possibly effective and the phase 2 study results must be confirmed or
refuted in a future phase 3 trial prior to its use. Several other therapies proposed as
disease-modifying or symptomatic might enter phase 2 trials for safety and efficacy.
RCT designed for symptomatic candidate treatments will be adequately powered by
observing around 65 or 25 patients per arm during 3 or 12 months, respectively,
whereas trials designed for disease-modifying therapies will need substantially
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larger sample sizes. For each specific scenario, sizes and study duration are esti-
mated and proposed in Table 17.1 and Fig. 17.2.

Second, SCA3/MJD is a rare disease: RCT for disease-modifying therapies will
only recruit the sample size needed in multicenter enterprises. Costs are very high,
adding difficulty to academic initiatives. Since clinical trials sponsored by industry
test new drugs and devices, academic researchers interested in repurposing already
approved drugs for other conditions must find new forms of funding.

Third, RCT to come need to describe treatment effects on candidate biomarkers.
There is an urge need for surrogate markers validated for several drug classes and
also surrogate biomarkers that can be used as evidence of efficacy in presymp-
tomatic individuals. They might help defining the best managements in a medium
future. And, while there is no proven effective treatment for SCA3/MJD, an effort
should be done to collect all placebo groups data in public or shared databases,
trying to provide even more accurate and valid data for designing the trials to come.

Finally, some words must be addressed to at-risk individuals. Drug discovery for
disease-modifying and potentially curative treatment is a very hard and long pro-
cess that might take several years before the observation of any positive results.
Therefore, genetic counseling that includes information and availability of the many
different reproductive options, will remain the central core in SCA3/MJD care in
the years to come. Besides that, at-risk or presymptomatic individuals will soon be
the subjects of clinical studies, and their participation will be paramount for the
future of research in SCA3/MJD.
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Chapter 18
Molecular Mechanisms and Cellular
Pathways Implicated in Machado-Joseph
Disease Pathogenesis

Clévio Nóbrega, Ana Teresa Simões, Joana Duarte-Neves,
Sónia Duarte, Ana Vasconcelos-Ferreira, Janete Cunha-Santos,
Dina Pereira, Magda Santana, Cláudia Cavadas
and Luís Pereira de Almeida

Abstract Machado-Joseph disease (MJD) is a dominantly inherited disorder
originally described in people of Portuguese descent, and associated with the
expansion of a CAG tract in the coding region of the causative gene MJD1/ATX3.
The CAG repeats range from 10 to 51 in the normal population and from 55 to 87 in
SCA3/MJD patients. MJD1 encodes ataxin-3, a protein whose physiological
function has been linked to ubiquitin-mediated proteolysis. Despite the identifica-
tion of the causative mutation, the pathogenic process leading to the neurodegen-
eration observed in the disease is not yet completely understood. In the past years,
several studies identified different molecular mechanisms and cellular pathways as
being impaired or deregulated in MJD. Autophagy, proteolysis or post-translational
modifications, among other processes, were implicated in MJD pathogenesis. From
these studies it was possible to identify new targets for therapeutic intervention,
which in some cases proved successful in models of disease.
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In this chapter we review the current knowledge on the different molecular
mechanisms and cellular pathways that are implicated in MJD pathogenesis.

The genetic basis of Machado-Joseph disease (MJD) is well defined and
understood, nevertheless only now we start to understand the complexity of the
molecular mechanisms implicated in the pathogenesis. In this chapter we describe
several molecular mechanisms and cellular pathways, which were identified as
being implicated in the MJD pathogenesis (Fig. 18.1).

18.1 Toxicity of the Ataxin-3 Polyglutamine Stretch

A common feature of Polyglutamine (polyQ) diseases is the deposition of insoluble
intracellular ubiquitinated inclusions containing the misfolded disease protein
within the neurons in the affected regions.

Fig. 18.1 Molecular mechanisms and cellular pathways implicated in MJD pathogenesis.
The polyQ expansion in mutant ataxin-3 proteins leads to a cascade of events, including the
impairment and dysfunction of different pathways that culminate in the neuronal death
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Ataxin-3 is preferentially a cytoplasmic protein expressed throughout the brain
[1, 2]. However, the expanded polyQ stretch leads to conformational alterations,
which disable the proper folding of the protein [3, 4]. These changes cause the
aggregation of the mutated protein and its nuclear accumulation in specific neuronal
regions that are undergoing degeneration [5]. In fact, the presence of the mutant
ataxin-3 intranuclear inclusions in MJD-affected brain regions is considered a
hallmark of the disease. Moreover, in vitro and in vivo studies suggest that ag-
gregation is required to the establishment of the disease-associated dysfunction and
degeneration [6, 7]. However, there is no clear correlation between the presence of
aggregates and neurodegeneration. Indeed, evidence seem to point that aggregation
is not needed or sufficient to cause cell degeneration [8–11].

Although ataxin-3 functions have not been fully elucidated, it seems to be
involved in the regulation of protein degradation, in the cellular response to heat
stress, in transcriptional regulation, and it is also important to cytoskeletal orga-
nization (reviewed in [12–14]). Considering these cellular functions and the fact
that homozygous MJD patients have an earlier onset of disease and a more severe
phenotype than heterozygous patients [15], it was speculated that the loss of normal
ataxin-3 contributes to MJD pathology. However, animals that do not express
ataxin-3 are mostly normal [16, 17]. Thus, it is generally accepted that MJD
pathology is mainly due to a toxic gain of function of the expanded ataxin-3.
Indeed, mutant ataxin-3 inclusions recruit many other proteins, including chaper-
ones [18] and transcriptional co-activators [19, 20], affecting several cellular
pathways and mechanisms and thus causing cellular toxicity. Along with the polyQ
tract toxicity, recent evidence suggest that the expanded CAG repetition can also
lead to the formation of an elongated CAG repeat mRNA, which can by itself cause
toxicity (reviewed in [14]).

18.2 Proteolytic Cleavage of Mutant Ataxin-3

It has become increasingly evident that proteolytic cleavage of polyQ proteins is a
biologically relevant phenomenon in the context of the disease pathogenesis.

In MJD, previous work using cell and animal models demonstrated that
expression of polyQ expanded ataxin-3 fragments resulted in increased aggregation
and toxicity as compared to the full-length protein [1, 11, 21, 22], leading to the
idea referred to as the toxic fragment hypothesis.

In fact, an ataxin-3 fragment was detected in Q71-MJD transgenic mice and post
mortem brain tissue of MJD patients, whose levels increased with disease severity,
supporting a relation between ataxin-3 proteolysis and disease progression [23].
Additionally, Ikeda and collaborators [21] found no pathology upon expression of
full-length ataxin-3, while truncated protein produced a strong phenotype [21].
Furthermore, not only the ataxin-3 C-terminal fragment is cytotoxic [5, 21, 23], but
the non-polyQ N-terminal fragment may also contribute to pathology through an
impaired unfolded protein response [24]. Overall, proteolysis of the host protein to
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liberate a toxic fragment would be required for pathology and would be the trigger
of the aggregation process, a hallmark of the disease [25–27]. However, while the
N-terminal fragment promotes the formation of cytoplasmic aggregates [24], the
C-terminal fragment bearing the polyQ stretch leads to the formation of intranuclear
inclusions [25, 27], being the nucleus considered a more important subcellular
localization site than the cytoplasm for polyQ pathogenesis [7]. Therefore, despite
the toxicity of the cytoplasmatic N-terminal ataxin-3, a more pronounced phenotype
is observed upon ataxin-3 nuclear localization [6], suggesting a determinant con-
tribution of the nuclear-localized C-terminal fragment of mutant ataxin-3.

In this sense, identifying protease(s) responsible for human mutant ataxin-3
processing and its cleavage site(s) could contribute to understand the mechanism of
proteolysis involved and reveal potential candidates for therapy. Accordingly,
mutant ataxin-3 has been shown to be a substrate for caspases [25, 28, 29, 30] and
calpains [31–35], though without consensual results.

On one hand, either caspase-3 or caspase-1 generated ataxin-3 cleavage products
in vitro. Interestingly, neither the reversible competitive tetrapeptide aldeyde inhi-
bitor Ac-DEVD-CHO nor Ac-YVAD-CHO, which inhibit the effector and
interleukin-1-b converting enzyme (ICE/caspase-1)-like caspases, respectively,
were able to inhibit the fragments formation, suggesting that other enzymes could
generate those products [30]. However, in cells undergoing apoptosis, proteolysis
was mediated predominantly by caspase-1. Site-directed mutagenesis experiments
narrowed the major cleavage event to a cluster of aspartate residues within the
UIM2 near the polyQ tract [25, 29]. In a MJD Drosophila model, results suggested
that ataxin-3 cleavage is conserved in the fly and that the process may also be
caspase-dependent. Nevertheless, even though neuronal loss was aggravated, no
significant modifications in nuclear inclusion formation were observed [28].

On the other hand, the role of calpains in ataxin-3 proteolysis was first reported
by Haacke and collaborators in 2007 in mouse neuroblastoma N2a cells [31] and
then further confirmed in L-glutamate-induced excitation of patient-specific
induced pluripotent stem cell (iPSC)-derived neurons [33]. In both models,
calcium-dependent proteolysis of ataxin-3 was followed by the formation of
SDS-insoluble aggregates, a process abolished by calpain inhibition [31, 33].
Simões and collaborators [34] demonstrated for the first time in vivo, without
external protease activation, that calpain-mediated proteolysis has a determinant
role not only in ataxin-3 toxic fragments formation, but also in ataxin-3 translo-
cation to the nucleus and MJD pathogenesis [34]. Furthermore, calpain inhibition
mediated by its endogenous specific inhibitor calpastatin and by the synthetic
compound BDA-410, through either in situ viral transduction in the brain or oral
administration, respectively, decreased neurotoxicity and neurodegeneration
in vivo. Calpain activation could come about by: (a) deranged calcium signalling
reported in MJD transgenic mice [36] and (b) calpastatin depletion, observed in the
post mortem dentate nucleus of MJD patients and in MJD mouse models [34].
Accordingly, knocking out calpastatin in a MJD transgenic mouse model leads to
an aggravated neurological phenotype with an increased number of nuclear ag-
gregates and accelerated neurodegeneration in the cerebellum [32].
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The above divergent results concerning the proteases involved in ataxin-3 pro-
teolysis might be explained by variations in experimental design and methods,
which lead to different protein cellular contexts. Additionally, one cannot exclude
that ataxin-3 cleavage may be a multi-step process, similarly to what has been
reported for huntingtin [37].

In summary, mutant ataxin-3 has been proposed to have proteolytic sites at
amino acids 145, 171, 225, 228 [30]; 241, 244, 248 [25, 29]; 286 [22]; 257 [27];
within the N-terminus of amino acid 190 [23, 38]; 60, 200 [31]; and 260 [24, 31,
35] (Fig. 18.2). Nevertheless, independently of the protease involved or the specific
cleavage site, proteolysis of mutant ataxin-3 between the nuclear export signal
(NES) sites and the nuclear localization signal (NLS) site would promote the
C-terminus translocation to the nucleus and consequent aggregation and neuro-
toxicity [39].

18.3 Altered Protein Interactions

Several studies have revealed the importance of protein-protein interactions in
understanding the normal function of the polyQ disease-causing protein [40–44].

As mentioned above, the toxicity of the expanded ataxin-3 or even its fragments
does not fully explain the selective neuronal degeneration observed. One idea is that
the normal function of ataxin-3 or its interactions with other proteins in each
neuronal subpopulation might contribute to explain its selective toxicity [45].
Interestingly, normal ataxin-3 is found in nuclear inclusions of SCA2 patients,
whereas normal ataxin-2 is found in the inclusions of MJD patients [46]. It was
suggested that mutant ataxin-3 drives a reduction of ataxin-2 levels (and its sub-
cellular localization), which contributes decisively to the disease pathogenesis [47].
Other studies showed that ataxin-3 interacts with several proteins linked to ubiq-
uitination, sumoylation, phosphorylation, or calcium homeostasis, which might turn
relevant in a context of disease (see next sections in this chapter for these topics).

Josephin domain UIM1 UIM2 UIM3Qn N C 

26060 200

NES NES NLS

Fig. 18.2 Proteolytic cleavage of mutant ataxin-3. Mutant ataxin-3 might be cleaved by
calpains at amino acids 60, 200 [31] and 260 [24, 31, 35]
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18.4 Ubiquitin-Proteasome System Dysfunction

The ubiquitin-proteasome system (UPS) is the main regulated pathway for the
clearance of damaged and misfolded intracellular proteins, with a central role in
maintenance of cellular homeostasis [48–51].

First evidence pointing out a dysfunction of UPS in neurodegenerative diseases
is from 1987, when Mori et al. described the presence of ubiquitin in inclusion
bodies of Alzheimer’s disease brain patients [52]. The presence of ubiquitin,
chaperones and others UPS components in neuronal inclusions was later described
for polyQ disorders, including MJD [5, 18, 53, 54, 55, 56, 57].

Ataxin-3 is a deubiquitinating enzyme directly involved in UPS. Ataxin-3 has an
ubiquitin hydrolase activity within the N-terminal of the Josephin-domain [53, 58, 59,
60], it binds to ubiquitin, polyUb chains and ubiquitylated proteins through the
ubiquitin-interactingmotifs (UIM) located at the C-terminal region [53, 58, 59, 60, 61,
62, 63] and directly interacts with proteasome subunits and other proteasome com-
ponents, regulating proteosomal degradation of protein substrates [59, 60, 61, 64, 65,
66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76]. The alteration of normal ataxin-3 function by
the presence of the polyQ tract may compromise UPS activity, resulting in deficient
degradation of misfolded proteins. Though mutant ataxin-3 has similar DUB activity
to normal ataxin-3 [58, 61], it can differently interact with components of UPS system
and interfere with the degradation of proteolytic substrates [61, 63, 64, 66, 67, 70, 72,
74, 77]. Accumulation of misfolded proteins can directly inhibit proteasome activity
[78] andmay overload an already impaired UPS system, exacerbating the toxic effects
and resulting into cellular dysfunction and death.

Moreover, ataxin-3 has been demonstrated to have affinity to Lys63-linked
chains [63]. Lys63-linked chains can regulate endocytosis, DNA repair, transla-
tional control and protein kinase activation, which suggests that the deubiquiti-
nating activity of ataxin-3 might play a role in a variety of cellular processes [79]. In
agreement, loss of ataxin-3 DUB activity in neuronal cells showed to affect dif-
ferentiation and cytoskeleton organization [80], which may contribute to
neurodegeneration.

18.5 Autophagy Impairment

In polyQ disorders there are strong evidences that mutant proteins might be
degraded by macroautophagy, a mechanism with a crucial role in degradation of
insoluble aggregate-prone proteins and essential for neuronal survival [81–83].

In MJD, mutant ataxin-3, similarly to other polyQ diseases proteins have shown
to be cleared by autophagy [84, 85]. Furthermore, autophagy activation mediated
by temsirolimus in mouse brains led to reduced number of aggregates, as well as,
reduced levels of soluble mutant-ataxin-3 in the cytoplasm [86]. No alterations were
reported in the levels of endogenous wild-type ataxin-3 in nucleus and cytoplasm,
suggesting that mutant ataxin-3 is more prone to autophagic degradation than
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wild-type ataxin-3 [86]. Reduction of Atg5 autophagy gene in a Drosophila model
of degeneration-dependent on polyQ ataxin-3 enhanced retinal toxicity; protein
aggregation and protein accumulation in the cytoplasm of photoreceptor axons, thus
indicating that autophagy can have a protective role in MJD [87]. A comparative
analysis of MJD patients’ putamen and controls revealed a pronounced
immunoreactivity for autophagic markers such as p62, Atg16L and LC3 in MJD
patients [88]. In a late stage MJD transgenic mice-expressing ataxin-3-71Q, an
increase in the amount of p62-positive aggregates and LC3-II was also reported.
Moreover, in a rat lentiviral model of MJD expressing human full-length
mutant-ataxin-3 with 72 glutamines, p62 started to co-localize with ubiquitinated
mutant-ataxin-3 aggregates in the nucleus at an early stage of the disease and
autophagosomes accumulated in the cytoplasm at late stages of disease progression
[88]. Assessment of endogenous beclin-1 levels revealed significant decreases in
both fibroblasts from MJD patients and in the striatum of MJD transgenic mice
[88]. Beclin-1 was also shown to co-localize with mutant-ataxin-3 aggregates in the
nucleus in a more advanced stage of disease progression in rat lentiviral model [88].
Very recently, it was also shown that wild-type ataxin-3 deubiquitinates beclin-1,
protecting it from proteasome-mediated degradation and thereby enabling au-
tophagy. Such interaction involves the normal length polyQ tract of ataxin-3 but is
abrogated in the presence of a competing longer polyQ mutation in a disease
protein, such as mutant ataxin-3 or mutant huntingtin [89].

18.6 Mitochondrial Impairments and Oxidative Stress

Mitochondrial dysfunction has been associated with aging and age-related diseases,
particularly with neurodegenerative diseases [90]. In polyQ diseases, mitochondrial
dysfunction was first described in Huntington’s disease (HD; [91–94], but it has
also been reported in spinal and bulbar muscular atrophy (SBMA; [95],
dentatorubral-pallidoluysian atrophy (DRPLA; [96], spinocerebellar ataxia type 1
(SCA1; [97]) and in MJD.

In 1996, Matsuishi and colleagues described a metabolic disruption in the
cerebrospinal fluid of MJD patients, suggesting that mitochondrial function could
be affected [98]. In fact, later on, in vitro studies, using cellular models of MJD,
showed that the expression of mutant ataxin-3 promotes mitochondrial-mediated
cell death, increases oxidative stress and reduces mitochondrial DNA copy number,
suggesting an alteration on mitochondrial function [99–101]. Moreover, wild-type
and mutant ataxin-3 were found in mitochondria, but fragments of ataxin-3
resulting from proteolysis were found in mitochondria only for mutant ataxin-3,
suggesting a potential mitochondrial damage role for these fragments [102]. More
recently, mitochondria from a MJD mouse model were found dysfunctional, par-
ticularly on complex II of the respiratory chain [76]. Lately, it was also reported that
mtDNA is damaged in blood and brain samples from a transgenic MJD mouse
model further suggesting a compromised of mitochondrial function [103, 104].
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18.7 Impairment of Axonal Transport

As it was already mentioned, the presence of intranuclear aggregates of mutant
ataxin-3 in the neurons of the affected brain regions is a hallmark of MJD.
Interestingly, ataxin-3 was also found in the axons of neurons [2]. This data might
be important in the light that the function and survival of neurons demands con-
tinuous axonal transport of mRNA and proteins. Moreover, several studies suggest
that axonal transport disturbance is an attractive hypothesis that could explain the
vulnerability of neurons [105–107]. In 2010, Seidel and collaborators reported the
presence of mutant ataxin-3 aggregates in axons of several brain regions of MJD
patients affected by neurodegeneration. The authors hypothesized that the presence
of these aggregates in axons might be detrimental to axonal transport mechanisms
and thereby contribute to neuronal degeneration in MJD. This finding is in line with
the description that MJD patients revealed some phenotype symptoms linked to
axonal neuropathy [108]. Also, some metabolic abnormalities observed in the deep
white matter in MJD patients suggest extensive neuronal and axonal dysfunction
[109]. Despite all these evidence suggesting that aggregates may impair axonal
transport the consequences for the pathogenesis remain to be elucidated.

18.8 Deregulation of Intracellular Ca2+ Homeostasis

Calcium is a signaling ion involved in many cellular processes. In neurons, calcium
homeostasis is essential to key processes such as neurite outgrowth, neurotrans-
mitter release and synaptic plasticity. Abnormal neuronal calcium signaling may
disrupt key cellular pathways contributing to neurodegeneration [110–113]. In the
context of MJD, and in opposition to wild type, mutant ataxin-3 specifically binds
to InsP3R1 intracellular calcium channel present in endoplasmatic reticulum,
increasing its sensibility to activation by InsP3 and potentiating Ca2+ release from
ER storages [36]. In cerebellar granule cells, ataxin-3 oligomers showed to interact
with the lipid raft ganglioside GM1, glutamatergic receptors and voltage dependent
calcium channels, inducing an influx of free intracellular Ca2+ [114]. Intracellular
calcium overload can cause cell death by activation of several cytotoxic mecha-
nisms, such as mitochondria permabilization, oxidative stress, cytoskeletal orga-
nization disruption and activation of calcium dependent proteins such as the
previously mentioned calpains [113]. Administration of Dantrolene, an inhibitor of
Ca2+ release, significantly improved motor coordination and gait deficits and pre-
vented neuronal death in YAC84Q MJD transgenic mice [36], suggesting that Ca2+

signaling has indeed a role in the pathology of MJD.

356 C. Nóbrega et al.



18.9 Transcriptional Deregulation

Expanded polyQ proteins tend to accumulate in the nucleus, where the high protein
concentration creates favourable conditions for interaction with transcriptional
factors or cofactors [115, 116].

In MJD, mutant ataxin-3 has been shown to be involved in transcriptional
deregulation, contributing to the disease pathogenesis [20, 117, 118]. Ataxin-3 can
act by recruiting specific transcription factors to polyQ rich nuclear inclusions, as
TATA-binding protein (TBP) and cAMP response element-binding protein-binding
protein (CBP), suggesting an altered transcription mediated by these transcription
factors that may contribute to the neurotoxicity [19, 118].

Furthermore, the normal function of ataxin-3 in the regulation of transcription
can be modified in pathological conditions [119, 120]. Both normal and expanded
ataxin-3 are able to interact with the cAMP response-element binding protein
(CREB)-binding protein, p300, and p300/CREB-binding protein-associated factor
(PCAF), leading to inhibition of transcription. However, the C-terminus containing
the pathological polyQ stretch is able to bind more efficiently the coactivators than
the normal polyQ, suggesting a possible pathological function of ataxin-3 [120]. In
addition, ataxin-3 represses transcription by binding specific regions of MMP-2
gene promoter and interacting with histone deacetylase 3 (HDAC3) and nuclear
receptor co-repressor (NCor). When mutated, ataxin-3 displays altered DNA and
chromatin binding which reduces its histone deacetylase activity and repressor
function [119]. Furthermore, when compared with normal ataxin-3, mutant ataxin-3
exhibited a reduced capability to activate the FOXO4-mediated SOD2 expression
during the oxidative stress, promoting cytotoxicity [121].

Therefore, considering the abnormal interaction of the expanded ataxin-3 with
the transcription regulators and the defect on the transcription regulation activity of
normal ataxin-3, a deregulation of some biological processes is expectable. In fact,
genes involved in inflammation, cell-surface associated processes and cell sig-
nalling have been shown to exhibit an altered expression in MJD models [122–
124]. In a MJD transgenic model, the cerebellar dysfunction and ataxia were cor-
related with the disruption of the normal pattern of transcription. The contribution
of the transcription deregulation for the initiation of the pathogenesis is supported
by the observation of downregulated mRNA levels of genes involved in gluta-
matergic signalling and signal transduction in animals without neurological phe-
notype [122].

Furthermore, evidence of downregulation of the miRNA biogenesis and of
miRNA machinery has recently been shown in different MJD models. Given that
3’UTR of the human ATXN3 mRNA is targeted by miRNAs, which mediate
post-transcriptional negative regulation of ATXN3 itself, this further reinforces the
relevance of transcriptional dysregulation contribution to MJD disease pathogenesis
[125].
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18.10 Post-translational Modifications Alterations

Different post-translational modifications of ataxin-3 have been identified as key
steps in MJD pathogenic cascade. The importance of ataxin-3 phosphorylation to
MJD pathogenesis was first shown by Fei et al. [126]. This study showed that
conversion of serine 256 to alanine in ataxin-3 prevented phosphorylation mediated
by glycogen synthase kinase 3 and resulted in protein aggregation of expanded
ataxin-3 [126]. In another study, casein kinase 2 (CK2) -dependent phosphorylation
of serines 340 and 352 in ataxin-3 was shown to modulate ataxin-3 stability and
determine a nuclear distribution of both normal and expanded ataxin-3 [127]. On
the contrary, mutation of these sites, pharmacological inhibition of CK2 and the
association of CK2a with ataxin-3 decreased nuclear localization of ataxin-3 and
nuclear inclusions formation [127]. More recently, a novel phosphorylation site at
serine 12 (S12) was described for ataxin-3 [128]. Simulating constitutive phos-
phorylation on this residue reverted the dendrite and synapse loss caused by
expanded ataxin-3 in cortical neurons. Furthermore, in vivo modification of
ataxin-3 S12 reduced aggregation, neuronal degeneration and synapse loss in the
striatum of an MJD lentiviral rat model [128]. Ataxin-3, being a deubiquitinating
enzyme (DUb), can also be modified by ubiquitination [129]. Ubiquitination of
ataxin-3 was shown to directly enhance ataxin-3 enzymatic capacity [129]. In vitro,
both expanded and wild-type ataxin-3 were similarly activated by ubiquitination
[129]. In a mouse model of MJD, an increased ubiquitination of expanded ataxin-3
was obtained in the brain lysates soluble fraction compared to normal ataxin-3
[129]. Ubiquitination at lysine 117 residue was identified as the main ubiquitination
site in ataxin-3 and was shown to improve ataxin-3 functions comprising the
increase in aggresome formation and reduction of ubiquitinated aggregates in
cultured mammalian cells [130]. In a Drosophila model, ubiquitin-dependent
activation of ataxin-3 improved its protective capacity at later stages and more
severe forms of polyQ-dependent degeneration [131]. In this case, ubiquitinatable
ataxin-3 was able to suppress eye degeneration by reducing protein aggregation,
contrary to what was observed in cultured cells, and without changing the overall
levels of the toxic protein [131]. Ataxin-3 can also undergo SUMOylation [132,
133]. SUMO-1 modification of ataxin-3 at lysine 166 led to an increase of mutant
ataxin-3 stability and cytotoxicity in HEK293T cells [133]. Subcellular distribution,
ubiquitination and formation of aggregates were not altered upon SUMOylation
[133]. In another study, covalent bonding of SUMO at lysine 356 in the ataxin-3
isoform predominantly expressed in the brain induced differences in ataxin-3
self-assembly, while thermal stability, enzymatic activity and overall secondary
structure of ataxin-3 did not suffer alterations [132]. Furthermore, it was shown that
SUMOylation of ataxin-3 resulted in a decreased percentage of cortical neurons
exhibiting ataxin-3 inclusions and increased the affinity of ataxin-3 for its inter-
acting partner p97 [132].
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18.11 Aging-Related Dysfunction

Aging can be defined as a natural time-dependent process, characterized by the
progressive decline of biological functions, after the organism has achieved its
maximal reproductive capability, towards mortality [134]. During this process,
changes derived from the formation of subsidiary products of metabolism and the
accumulation of cellular damage, can lead to disease formation or induce a faster
progression of already established diseases. These changes can be defined as
hallmarks of aging. Until now at least nine cellular and molecular hallmarks of
aging were proposed, meaning that they manifest during normal aging, its exper-
imental aggravation should accelerate aging, and its experimental amelioration
should retard the normal aging process and therefore increase healthy lifespan
(Reviewed in [135]).

In MJD and during aging, quality-control pathways, namely, ubiquitin-proteo-
some system and autophagy, are dysfunctional [136–138] and thus, aging can
contribute to the decline of the cell’s ability to remove misfolded proteins accu-
mulated with the disease. Moreover, as previously referred in this chapter, one of
the pathogenic mechanisms behind MJD is the mitochondrial dysfunction being
also a hallmark of aging (reviewed in [139]). On the other hand, aging is associated
with an increase in transcriptional noise. Microarray-based studies comparing
young and old tissues from numerous species have identified changes in genes
encoding key components of mitochondrial, inflammatory, and lysosomal degra-
dation components, as well as apoptosis, cell cycle and cellular senescence
biomarkers (Reviewed in [135]). Some strong evidence also relate neuronal death
and transcriptional abnormalities seen in neurodegenerative disorders [122, 140,
141, 142] as well as in MJD as described in this chapter.

The evolutionary theories of aging predict as well that many genes potentially
influence-ageing rate, among them are the ones included in the Sirtuin family of
protein deacetylases [143, 144]. Sirtuins are highly sensitive nutrient-sensors and
are intrinsically related with aging. Since the beginning of the millennium it is
known that the increase in the expression or activity of sirtuin 1 leads to an increase
in longevity, improving some pathways that usually are disrupted with aging [145].
Interestingly the same was observed in a transgenic mouse model of MJD. The
molecular or pharmacological increase of sirtuin 1 levels and activity led to a
significant amelioration of the disease phenotype [146].

18.12 Concluding Remarks

MJD belongs to the group of Polyglutamine disorders sharing a common cause,
which is an abnormal repetition of a CAG motif within the ORF of the causative
genes. In MJD, this mutation is then translated in the ataxin-3 protein leading to
the neurodegenerative process observed in the disease. Despite this known cause,
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it is controversial whether the disease pathogenesis results from a protein gain of
toxic function or rather results from a loss of the normal protein function. On the
other hand, it is more consensual that several molecular mechanisms account for the
disease pathogenesis, and in the past years several cellular pathways were shown to
be impaired or deregulated in the disease. In this chapter we review the molecular
mechanisms implicated in MJD pathogenesis (Fig. 18.1), which might be tested as
targets for therapeutic interventions. In fact, several studies showed that targeting
some of these deregulated pathways are beneficial in the mitigation of MJD-related
abnormalities (see Chaps. 20 and 21 on advanced therapies for polyQ disorders).
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Chapter 19
Pharmacological Therapies
for Machado-Joseph Disease

Sara Duarte-Silva and Patrícia Maciel

Abstract Machado-Joseph disease (MJD), also known as Spinocerebellar Ataxia
type 3 (SCA3), is the most common autosomal dominant ataxia worldwide. MJD
integrates a large group of disorders known as polyglutamine diseases (polyQ). To
date, no effective treatment exists for MJD and other polyQ diseases. Nevertheless,
researchers are making efforts to find treatment possibilities that modify the disease
course or alleviate disease symptoms. Since neuroimaging studies in mutation car-
rying individuals suggest that in nervous system dysfunction begins many years before
the onset of any detectable symptoms, the development of therapeutic interventions
becomes of great importance, not only to slow progression of manifest disease but also
to delay, or ideally prevent, its onset. Potential therapeutic targets for MJD and polyQ
diseases can be divided into (i) those that are aimed at the polyQ proteins themselves,
namely gene silencing, attempts to enhance mutant protein degradation or inhibition/
prevention of aggregation; and (ii) those that intercept the toxic downstream effects of
the polyQ proteins, such as mitochondrial dysfunction and oxidative stress, tran-
scriptional abnormalities, UPS impairment, excitotoxicity, or activation of cell death.
The existence of relevant animal models and the recent contributions towards the
identification of putative molecular mechanisms underlyingMJD are impacting on the
development of new drugs. To date only a few preclinical trials were conducted,
nevertheless some had very promising results and some candidate drugs are close to
being tested in humans. Clinical trials for MJD are also very few to date and their
results not very promising, mostly due to trial design constraints. Here, we provide an
overview of the pharmacological therapeutic strategies for MJD studied in animal
models and patients, and of their possible translation into the clinical practice.
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19.1 Machado-Joseph Disease or Spinocerebellar
Ataxia Type 3

Machado-Joseph disease (MJD), also known as spinocerebellar ataxia type 3
(SCA3), is known to exist worldwide [1], representing the most common domi-
nantly inherited ataxia (Reviewed in [1–3]) and the second most common polyQ
disease [4]. In the last years a large effort has been put forward towards the
understanding of the pathologic mechanism(s) underlying polyQ diseases, however,
and unfortunately, the therapeutic approaches and drug development did not reach
the desirable outcomes yet. Despite the increasing number of therapeutic strategies
assessed in mouse models of polyQ diseases (around 250 preclinical therapeutic
trials have already been described) [5], there are no effective treatments for these
disorders, including MJD, and currently available therapeutic approaches are only
able to provide limited symptomatic relief (Reviewed in [6, 7]).

The core clinical feature in MJD is a slowly progressive ataxia starting in
adulthood, being the average age at onset of 40 years and the mean survival time of
21 years [8]. Numerous other clinical symptoms, including weight loss, dystonia,
dysarthria, spasticity, rigidity, fasciculations, postural instability, proprioceptive
loss, dysphagia, amyotrophy, corticospinal and autonomic nervous system dys-
functions and neuropathy, are also frequently observed in MJD patients [9–11].
Non-motor symptoms are also present, such as cramps, fatigue, sleep disturbances,
mild cognitive affection and mood-related diseases [12–16]. Neuropathologically,
MJD is characterized by neuronal loss in the cerebellum, substantia nigra, striatum,
thalamus, pontine nuclei, spinal cord and cranial nerves, precerebellar brainstem
nuclei, cholinergic and dopaminergic midbrain, as well as visual, auditory,
vestibular, somatosensory, and ingestion and urination-related systems (Reviewed
in [11]). Retained integrity of the cortical and subcortical regions of the limbic
system and mild degeneration of cerebral and cerebellar cortices, white matter of
cerebellum, inferior olive and Purkinje cells, are also characteristic of MJD [11].
The ataxin-3 protein (the MJD disease protein) is expressed ubiquitously and when
it bears the expanded allele it tends to aggregate forming neuronal nuclear inclusion
bodies (NNIs) in the brain [17, 18]. These NNIs are present in functionally affected
and non-affected brain regions, indicating that there is no direct correlation between
the occurrence of these protein aggregates and neuronal dysfunction [11, 19, 20].
Axonal aggregates have also been found in human patients and, as the intranuclear
aggregates, they were immunopositive for ubiquitin and p62; one can hypothesize
that axonal inclusions might be detrimental to axonal transport mechanisms, con-
tributing to degeneration of nerve cells in MJD [21].

The clinical presentation of MJD is highly pleomorphic and led to the definition
of four clinical sub-phenotypes: type I, characterised by the predominance of
pyramidal and extrapyramidal anomalies, in addition to ataxia and other signs, with
an early age-at-onset and fast progression; type II, with typical cerebellar ataxia,
progressive external ophthalmoplegia and pyramidal signs appearing at an inter-
mediate age; type III, with late onset and slow progression of peripheral signs,
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such as loss of proprioception and muscle atrophies; and type IV, the rarest,
characterised by the presence of Parkinsonic signs, associated to the core clinical
features [10, 22, 23].

Here, we provide an overview of the current situation concerning small molecule
therapeutics for MJD, including a brief description of the symptomatic therapies
used in the clinics to improve patients’ daily life, followed by a section on the
recent drug discovery and development efforts, outlining the disease-modifying
therapies tested so far in animal models of this disorder. In the end, we also provide
a summary of the clinical trials performed to date in MJD patients.

19.2 Symptomatic Therapies for Machado-Joseph Disease

Despite the lack of efficacious disease-modifying therapies for MJD to date, several
treatments, including specific drugs and multi-professional supportive approaches,
are used to ameliorate neurological symptoms and increase the quality of life of the
patients (Reviewed in [24], updated in 2015).

Non-pharmacological therapies include genetic counselling [25, 26], speech
therapy, exercise/physiotherapy [27, 28], and occupational therapy [29]. The
occupational therapy combined with antidepressants is thought to be helpful to fight
the depression symptoms reported in MJD [30].

The pharmacological therapies prescribed by the physicians are mainly based on
the knowledge of other related diseases or based on the patient’s needs. Yet, the
efficacy of those therapies has not been proven scientifically in MJD patients.
Importantly, none of the clinical trials performed to date in MJD patients were based
on data obtained in animal models of the disease. Nowadays, and with available
animal models that closely mimic the human condition, the connection between
preclinical and clinical studies should be strengthened. Pharmacological therapy
includes levodopa or dopamine agonists for the restless leg syndrome as well as for
the parkinsonism-like symptoms [31]. Adverse events may occur with levodopa
treatment, namely worsening of the motor symptoms as shown for Parkinson’s
disease patients [32]. Modafinil, a psychostimulant, can be used to improve daytime
fatigue, which is very frequent in MJD, and mexiletine or carbamazepine for cramps
[33]. Together, these examples show that symptomatic MJD patients may benefit
from available pharmacological approaches, which provide an important combina-
tion for the quality of life and the patients’ feeling of independence.

19.3 Disease-Modifying Therapies for Machado-Joseph
Disease: Lessons from Preclinical Trials

Despite the existence of a variety of MJD rodent models ([34] reviewed in [35]) and
their potentialities, only a few preclinical trials have been performed until now
using these models (see Table 19.1), and even less have then been translated to
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clinical trials. Those studies were performed considering different approaches:
(i) more directly targeting mutant ataxin-3 synthesis, folding and degradation and
(ii) reducing the downstream deleterious effects of mutant ataxin-3 accumulation.
The hypothesized pathogenic mechanism(s) involved in MJD and discussed
throughout this chapter are represented in Fig. 19.1, as well as the possible thera-
peutic targets.

19.3.1 Mutant Ataxin-3 Refolding and Degradation:
Autophagy and Proteasome Inducers

Restoration of global protein homeostasis, or proteostasis, is a promising approach
to reduce the toxicity of mutant ATXN3 in MJD. Several studies in rodent models
demonstrated the efficacy of activating the cellular machinery involved in main-
taining adequate conformation and solubility of proteins or, in case this fails, send
them for degradation, such as molecular chaperones, the ubiquitin-proteasome
system (UPS) and autophagy, which will be discussed hereafter.

For instance, Hsp90 inhibitors are known to possess the unique pharmacological
effect of inducing a heat stress response and, in addition to their use as anticancer
agents, have also been developed as pharmacological HSP inducers for application
in protein folding disorders [36, 37]. Several studies demonstrated the positive
effects of 17-AAG and its analogues (including 17-DMAG, which is less toxic) as
Hsp90 inhibitors in models of polyQ diseases [38–41]. The efficacy of 17-DMAG
in improving the behavioral deficits was tested in the CMVMJD135 mice [42]. In
this study it was shown that the behavioral deficits were transiently improved by
17-DMAG administration and neuropathologic features were ameliorated.
Surprisingly, 17-DMAG did not induce the HSR in the brain of CMVMJD135
animals as expected. However, the protein levels of mutant ataxin-3 as well as the
aggregate load were diminished after 17-DMAG treatment suggesting that other
mechanism(s) would be occurring in the cells. Indeed, it was proposed that
17-DMAG was inducing autophagy and therefore probably the degradation of
mutant ataxin-3 through this mechanism (not excluding others, as the UPS). In spite
of the promising results in mouse models, establishing proof of concept, 17-DMAG
is known to exert several important adverse effects in humans [43], which must be
taken in consideration given the expected need for chronic treatment of MJD
patients. Chemical modifications should be conducted in 17-DMAG to decrease its
toxicity while keeping its beneficial effects; only after that should such an approach
be considered for clinical trials in MJD.

Autophagy induction seems to be a promising target to modulate protein ag-
gregation in polyQ diseases and, in addition to the abovementioned results, there is
an extensive body of literature demonstrating its beneficial effects in polyQ diseases
[43–56]. In order to verify the therapeutic efficacy of autophagy induction in MJD,
Menzies and colleagues used the mouse model generated by Bichelmeier et al. [57]
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which they chronically treated with an autophagy inducer—temsirolimus (code-
named CCI-779), a rapamycin analog. Although the authors were not able to
reproduce the phenotype previously described for this model [57], at the end of a
two months preclinical trial they report that treated-MJD animals performed better
in the accelerating rod when compared to placebo-treated mice, and that this
compound had no effect in wild-type (WT) animals in the rotarod. Also, tem-
sirolimus was able to reduce mutant ataxin-3 aggregates in the motor cortex and the
soluble cytoplasmic, but not nuclear, mutant ataxin-3 in total brain extracts. Finally,
the authors performed a microarray study at basal conditions and after temsirolimus
treatment. Overall, the transcriptional alterations found were very small, probably
correlating to the absence of a clear phenotype in this cohort of MJD mice. Yet, it
was possible to identify genes with decreased expression in MJD-vehicle mice,
which was increased after temsirolimus treatment; the opposite effect was not found
[48]. The potential beneficial effects of autophagy induction were further reinforced
in studies using beclin-1 overexpression in rodent models of MJD [58]. Thus, and
also considering the beneficial effects of 17-DMAG, other autophagy inducers were
tested in the CMVMJD135 mice: lithium chloride and CCI-779. Unexpectedly, the
use of lithium chloride had no overall effect on the behavioral deficits of
CMVMJD135 mice, in spite of activating autophagy as expected [59]. Accordingly,

Fig. 19.1 Schematic representation of the potential pathogenic mechanisms underlying MJD and
possible therapeutic targets. Intracellular candidate pathogenesis pathways in MJD are represented
in red. These include the formation of cytoplasmic and nuclear aggregates/inclusions, transcrip-
tional deregulation, mitochondrial dysfunction, impairment of degradation mechanisms (au-
tophagy/proteasome) and activation of caspases/calpains. Possible intracellular therapeutic targets
are represented in blue
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a human clinical trial using lithium carbonate was performed in the same year,
demonstrating that albeit well tolerated, lithium had no major impact on disease
progression in MJD patients [60] (see Sect. 19.4 in the present chapter). In another
attempt to increase autophagy, a combination of two autophagy inducers acting
independently and dependently of mTOR—lithium and CCI-779, respectively—
was tested in the CMVMJD135 mouse model. This combinatory therapy showed
no beneficial effects and even proved to be deleterious to both transgenic and
wild-type mice, affecting neurological function and general health [61], at doses
shown to be safe in mice when administered alone [48, 59]. These results suggest
that overactivation of autophagy could also be dangerous, however, other effects of
the drug combination cannot be excluded.

Using the mouse model developed by their team [62], Wang and colleagues
developed a preclinical trial using H1152, a Rho-kinase (ROCK) inhibitor [63].
ROCK is a kinase and acts as the downstream effector of small GTP-binding
proteins of the Rho subfamily, and its abnormal activation has been implicated in
several neurodegenerative diseases [64]. Also, ROCK inhibitors were shown to
decrease the levels of mutant huntingtin in brain as well as improve motor function
in a mouse model of Huntington’s disease (HD) [65]. This study confirmed that
H1152 could also decrease the brain level of pathogenic ataxin-3 and exert a
therapeutic effect on the MJD mouse model. The authors tested several ROCK
inhibitors in vitro and showed that H1152 was the most potent in reducing ataxin-3
protein levels, and that acted by increasing proteasome activity. Daily intraperi-
toneal injections of H1152 in the MJD mice improved motor coordination and
locomotor activity deficits. H1152 administration significantly decreased mutant
ataxin-3 levels in the cerebellum, cerebral cortex, pontine nuclei and spinal cord
and decreased the cell death (reduction in NeuN positive cells) observed in the
pontine nuclei of vehicle-treated transgenic animals [63]. Fasudil, a first-generation
ROCK inhibitor, has been studied widely in clinical trials for the treatment of
pulmonary arterial hypertension as well as for subarachnoid hemorrhage [66],
constituting a safe drug in humans. A phase II clinical trial is ongoing for the study
of its safety and efficacy in amyotrophic lateral sclerosis patients (NCT01935518).
Indeed, its protective effects were recently shown in a model of HD [67]. In this
sense, the inhibition of ROCK can be regarded as a promising avenue for thera-
peutic intervention in various neurological disorders, including MJD and other
polyQ diseases.

19.3.2 Therapies Targeting Downstream Molecular Events

19.3.2.1 Transcriptional Regulation

Transcriptional deregulation is a unifying feature of polyQ disorders [68–73];
however, the relationship between polyQ-induced deregulation of gene expression
and the ongoing degenerative processes remains unclear.
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More than 20 nuclear proteins relevant for transcription are known to interact
with polyQ disease associated-proteins [69, 74]. Mutant ataxin-3 has been shown to
interact abnormally with several proteins involved in the transcription machinery,
namely CREB-binding protein (CBP) and p300/CREBBP associated factor (PCAF),
suppressing their histone acetyltransferase activity [72, 75]. Overexpression of some
of these transcription regulators was shown to overcome polyQ toxicity, both in
cellular models for MJD, Spinal and Bulbar Muscular Atrophy (SBMA), and HD
[70, 76] as well as in vivo, in a polyQ model in Drosophila [71]. This suggests that
expanded polyQ proteins may contribute for the depletion of key transcriptional
regulators with toxic effects to the cell and reinforces the idea of an important role for
transcription deregulation in polyQ pathogenesis. Acetylation of histones relaxes the
DNA structure, promoting transcription, whereas hypoacetylation represses gene
activity [77]. The equilibrium of histone acetylation/deacetylation is controlled by
histone acetyltransferases (HATs) and deacetylases (HDACs).

Previously, based on expression data, Chou and collaborators suggested that a
global transcriptional deregulation was occurring in the cerebellum of a MJD
transgenic model [62]. More specifically, they have shown a generalized
hypoacetylation of H3 and H4. In order to modulate these alterations in the tran-
scriptome, the same authors treated their mouse model with sodium butyrate (SB),
an HDAC inhibitor. They observed that daily administration of SB was able to
revert histone hypoacetylation as well as the transcription downregulation in the
cerebellum. Importantly, SB treatment improved motor performance of transgenic
animals in the rotarod, an effect that was less evident in later stages. The gait-related
symptoms, quantified through the footprint pattern, were also ameliorated with SB,
as well as the spontaneous locomotor activity, body weight loss and survival [78].

In contrast, Esteves S and colleagues, demonstrated that chronic treatment of the
CMVMJD135 mice with valproic acid (VPA), also known to act as an HDAC
inhibitor led to limited effects concerning the improvement of motor deficits and
had no effect on mutant ataxin-3 aggregation in the brain. Nevertheless, VPA
treatment increased the levels of GRP78, an endoplasmic reticulum chaperone
involved in the folding of newly synthetized proteins and in the translocation of
aberrant proteins for degradation by the proteasome, which might explain the small
improvement in motor coordination seen after a long treatment duration [79]. These
results contrast with the findings of a study in human patients, in which a beneficial
effect was observed (see Sect. 19.4 in the present chapter).

19.3.2.2 Calcium Signaling Stabilizers

Calcium signaling is thought to play an important role in polyQ pathogenesis. This
hypothesis is based on previous studies demonstrating that mutant huntingtin can
bind and activate specifically type 1 inositol 1,4,5-triphosphate receptors (InsP3R1,
an intracellular calcium release channel), influencing calcium signaling [80].
Deranged calcium signaling was also observed in neuronal primary cultures from
the YAC128 HD mouse model [81, 82]. Later on, mutant ATXN3 was also proven
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to bind to InsP3R1 and to perturb calcium signaling. Taking advantage of the YAC
transgenic model of MJD generated by Cemal et al. in [83], Chen and collaborators
performed a chronic treatment to these mice, using food supplemented with
dantrolene. This compound is a ryanodine antagonist and a clinically relevant Ca2+

signaling stabilizer, being commonly used as a skeletal muscle relaxant to treat
hyperthermia and muscle spasticity [84]. Dantrolene-treated MJD mice showed an
improved performance in the balance beam test (taking less time to traverse the
different beams, with a number of foot slips identical to WT), reduction of the
crawling behavior seen in the MJD-vehicle group, and a significant improvement in
the footprinting pattern. To evaluate the neuroprotective effect of dantrolene, the
brains of the four groups used were weighed, however there was no improvement in
this parameter. Dantrolene food supplementation did, nevertheless, diminish the
loss of NeuN positive cells in the pontine nuclei and of TH-positive cells in the
substantia nigra of MJD mice [85]. In spite of its beneficial effects, no further
studies with this compound were performed in MJD patients. The known side
effects of dantrolene originate in the central nervous system, and include drowsi-
ness, lightheadedness, headaches, anorexia, diarrhea, nausea, and vomiting [86]. To
our knowledge, no clinical trials with dantrolene have been performed in neu-
rodegenerative diseases, suggesting that this compound might not be a good can-
didate for MJD treatment.

19.3.2.3 Neuroprotection

Neuronal dysfunction and synaptotoxicity are thought to play a major role in polyQ
disease pathogenesis. Indeed, it was previously suggested that neuronal dysfunction
may precede neurodegeneration and clinical symptoms in HD [87, 88]. In MJD,
loss of synaptic markers was proposed to be an early feature in a lentiviral-based
disease model, suggesting a putative role for ataxin-3 in the control of synapse
function [89]. Furthermore, Silva-Fernandes and colleagues have shown the pres-
ence of a clear motor phenotype in the CMVMJD135 mouse model of MJD,
without major early neuronal loss, suggesting once again, that neuronal dysfunction
may precede neurodegeneration [42]. These hypotheses were not deeply explored,
so far, in MJD; nevertheless, some compounds known to have neuroprotective
effects have been tested in MJD models.

Treatment with caffeine (a non-selective adenosine receptor antagonist) as well
as with selective blockers of the adenosine A2A receptor (A2AR) have been shown
to be neuroprotective in several brain diseases, including HD [90–92]. In a study by
Gonçalves et al., caffeine was administered to a lentiviral model of MJD (over-
expression of human wild-type—atx3-27Q—or mutant ataxin-3-atx3-72Q) in the
drinking water for 3 months (maximum), in a 1 g/L dose, corresponding to a
human daily consumption of 5 cups of coffee. Chronic caffeine treatment rescued
the striatal shrinkage observed in the mutant ATXN3 transduced animals and
slightly reduced the number of pycnotic cells. Also, caffeine was able to avoid the
loss of NeuN positive cells observed in the atx3-72Q animals. These data suggest
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that chronic caffeine treatment is neuroprotective towards ataxin-3 overexpression
in the striatum. Furthermore, loss of DARPP-32 staining volume, astrogliosis and
putative microgliosis were improved in the treated group. Nevertheless, the bene-
ficial effects of caffeine were shown to be transient. Finally, and intriguingly,
caffeine-treated mice showed an increase in the number of nuclear inclusions when
compared to water-drinking animals. These observations might indicate that the
final stages of aggregation, visible neuronal inclusions, are protective rather than
toxic [89], but this was not explored further. Several studies support the use of
caffeine for different neurodegenerative diseases (reviewed in [93]). The neuro-
protective effects of caffeine observed in the lentiviral-mediated model of MJD, and
considering the well-define and side-effect profile, being in general well tolerated
comparing to other drugs, support the use of antagonists of adenosine receptors as
potential therapeutic tools to treat MJD and other polyQ diseases. Further studies in
MJD patients should be performed to prove the clinical utility of this approach.

Recently, Cunha-Santos and colleagues tested the potential of resveratrol, a
Sirtuin-1 (SIRT1) activator, as potential therapeutic strategy for MJD [94]. SIRT1
belongs to the group of the histone deacetylase enzymes being a NAD+-dependent
histone and protein deacetylase that plays an important role in several cellular and
physiological processes, including an important involvement in neurodegeneration
[95]. Indeed, induction of SIRT1 was shown to have a protective role in HD and
SBMA models [96–98]. Resveratrol treatment in the MJD mouse model [99] was
shown to improve motor and balance deficits after disease onset. This study pointed
SIRT1 activation as a potential therapeutic target for MJD 94]. Resveratrol, being a
multitarget compound with several neuroprotective roles, represents an interesting
candidate for the treatment of MJD. Nevertheless, it is important to remember
resveratrol solubility and bioavailability limitations [100], which can be solved by
appropriate chemical modifications. Resveratrol was already tested in a phase 2
clinical trial in Alzheimer’s disease patients and showed to be safe and well tol-
erated; nevertheless, the small number of participants did not allow researchers to
determine whether resveratrol may be beneficial or not.

It was also stated that “More potent and bioavailable SIRT1 activators are also in
development” (see Study Results of the NCT01504854 clinical trial), which could
be useful for this and other neurodegenerative diseases.

19.3.2.4 Modulators of the Serotonergic and Glutamatergic Systems

Recently, and departing from an unbiased screening of FDA-approved small
molecules, Teixeira-Castro and collaborators identified Citalopram (Selective
Serotonin Reuptake Inhibitor—SSRI) as a hit compound able to modify the neu-
rotoxic effect of mutant ATXN3 in the nematode C. elegans, but also its aggre-
gation. The effect required early treatment initiation and a minimum duration. The
compound was further tested in a mouse model of the disease (CMVMJD135) and
shown to delay disease progression, decrease mutant ATXN3 aggregation and
neuropathology. This work also demonstrated, using pharmacogenetic approaches,
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that activation of the serotonergic signaling was beneficial in both animal models of
MJD [101]. Intriguingly, improvement in the mouse model happened in spite of
normal neurotransmitter levels at the basal state. This intriguing link between
serotonin signaling and protein homeostasis has been recognized by the work of
Prahlad and colleagues [102], and may imply a new perspective for usage of these
established compounds in neurodegenerative diseases, including other
polyQ-associated SCAs.

Although evidence for excitotoxicity is not as strong as for HD, perturbed
glutamate transmission has also been proposed to play a role in MJD [62, 103, 104],
namely through very intriguing links to mutant protein cleavage and aggregation.
Interestingly, clinical trials using the antiglutamatergic drug riluzole demonstrated a
beneficial effect in patients with different ataxias [105, 106]. Unfortunately, MJD
patients were not included in these clinical trials. Considering this, and also the fact
that riluzole was shown to have protective effects in cellular models of HD [107,
108], Schmidt and colleagues have studied the potential beneficial effects of riluzole
in a conditional MJD mouse model [109]. Post-symptomatic chronic treatment with
riluzole had no effect on motor deficits of the mouse despite the observed reduction
of soluble mutant ataxin-3 protein levels. Furthermore, riluzole increased the levels
of ataxin-3 aggregation. Also, and very importantly, the authors showed that
treatment with riluzole decreased the Calbindin expression in Purkinje cells of the
cerebellum, suggestive of possible toxicity, which might indicate that this com-
pound might not be commendable to test in humans with MJD, or, at least, that it
should be tested with caution [110].

19.4 Clinical Trials in MJD Patients

Currently, no disease modifying treatment exists for MJD. Yet, some symptomatic
treatment is available, including genetic counseling, physical therapy programs, and
speech and swallowing training as discussed above. The translation of findings from
model systems to human patients is an important and urgent issue. Considering the
lack of information on the key aspects of the pathogenic mechanism(s), the clinical
and molecular heterogeneity of MJD patients and the scarcity of human biological
tissues available for research, the development of translational approaches is very
difficult. Still, some clinical trials have been performed for MJD (see Table 19.2).
The detection of undesired side effects is also of major importance in clinical trials
and must be taken in consideration. Most of the MJD clinical trials to date were
performed using very few patients (less than 10) and only short-term effects were
investigated, thus their outcome assessment might be compromised.

The combination of sulphamethoxazole and trimethoprim (Bactrim, a
broad-spectrum antibiotic used in ear and urinary infections) was suggested to
reduce disease symptoms in a small double-blind clinical trial using 8 MJD patients.
The authors observed mild improvements in some of the parameters evaluated, such
as hyperreflexia of knee jerks and rigospasticity of the legs in the patients treated
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with Bactrim. It was also shown that the levels of biopterins and homovanillic acid
were reduced in the cerebrospinal fluid (CSF) of MJD patients when compared with
controls with other neurodegenerative diseases, and that the short-term treatment
with Bactrim increased these levels [111]. In the same year, another double-blind
clinical trial was performed using Bactrim in 8 additional patients. In this study,
three parameters were evaluated: subjective performance, neurological examination
and timed tests. The treatment with Bactrim again demonstrated an improvement on
gait and coordination. The authors suggested that further clinical trials using
Bactrim should be performed due to the promising results obtained with this small
number of patients [112]. Indeed, in 2001, a third double-blind clinical trial using
Bactrim was performed in 22 MJD patients. In this trial, and in contrast to previous
observations, chronic treatment with Bactrim had no effect in the parameters
evaluated, such as ataxia ranking scale, self-assessment score, posturography and
computer assisted motor performance test of Schoppe. The visual system function
and mental health were also evaluated, but no effect was observed with Bactrim
treatment [113].

The progression of MJD usually confines the patients to a wheelchair and
ultimately the patients will be bedridden. In this condition, and in contrast to
cognitive preservation, the patients might suffer depressive symptoms. Furthermore,
the serotoninergic system in the cerebellum seems to play a role in motor output,
such as locomotion. Serotonergic system impairment in the cerebellum was
demonstrated to induce cerebellar ataxia [114]. The selective serotonin reuptake
inhibitors (SSRIs), such as fluoxetine, are commonly used in the treatment of
depression and present few side-effects [115]. In fact, as discussed above, citalo-
pram (a commonly used antidepressant) proved to ameliorate the phenotype and
neuropathology of the CMVMJD135 mouse model of MJD, suggesting that sero-
tonergic system modulation might have an important role in MJD counteracting
pathogenesis. Indeed, and long before this preclinical evidence emerged, some
clinical trials using antidepressants have been performed in MJD patients, however
the trial design was often less than optimal for detection of an effect. Monte et al.
performed an open-label trial in 13 molecularly confirmed MJD patients, and saw
that after 6 weeks of treatment, fluoxetine had no overall effect on motor abilities
measured by functional scales and had no beneficial effect on the other neu-
ropsychological tests [116]. Again, the outcome of the study may have been
compromised by the small number of patients and particularly by the short duration
of the study.

The use of 5-HT1A agonists has been controversial for the treatment of cere-
bellar ataxia, but several reports have suggested the efficacy of these agonists for the
treatment of MJD [117–120]. Indeed, Friedman and collaborators have shown mild
effects of buspirone in one MJD patient [121]. Later, Takei et al., reported the
positive effects of tandospirone, another 5-HT1A agonist, in one MJD patient, that
showed improvement in ataxia, depression, insomnia, anorexia and leg pain [122].
These positive effects led the authors to pursue a larger clinical trial using 10 MJD
patients. In this trial, the patients started tandospirone treatment at an initial dose of
15 mg/kg (as the previous case study) that was further increased to 30 mg/kg for
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7 weeks. The patients were examined using the international cooperative ataxia
ranking scale (ICARS), the total length traveled (TLT) by stabolimetry test and the
self-rating depression scale (SDS). All these parameters were alleviated with tan-
dospirone treatment. Interestingly, all the symptoms were aggravated after a tran-
sient stop of tandospirone, and improved when the therapy was restarted [123].
These results suggested that 5-HT1A agonists could be effective in MJD, although
more studies need to be performed to confirm these assumptions. Interestingly, it
was suggested that the effects of 5-HT1A agonists might be potentiated by the
concomitant use of SSRI’s (e.g. citalopram) and vice versa [124, 125], which could
be an interesting approach considering the results of these human trials and the
promising data resultant of the study showing the beneficial effects of citalopram
(but also of 5-HT receptor agonists) in MJD animal models [101]

The involvement of excessive N-methyl-d-aspartate (NMDA)-mediated signal-
ing in the mechanism of neuronal inclusion formation has been proposed [126]. It
was recently shown that L-glutamate-induced excitation of iPSC cells of MJD
patients leads to Ca2+-dependent proteolysis of ATXN3 followed by the formation
of insoluble aggregates. The formation of those aggregates was also dependent on
Na+ and K+ channels as well as on voltage-gated Ca2+ channels [103]. These very
intriguing observations could provide a link between excitotoxicity and ATXN3
aggregation. A pilot study was performed in 6 MJD patients using Lamotrigine
(25 mg twice a day during 9 weeks), a commonly used antiepileptic drug acting as
a sodium channel-blocking agent that might be related to the reduction of
NMDA-induced toxicity. In this trial, the patients were evaluated in the one leg
standing test (OLST) and tandem gait index (TGI). Both OLST and TGI were
improved during Lamotrigine treatment, comparing the values obtained with the
normal values for Chinese population. Furthermore, and given these positive
results, the authors cultured lymphoblastoid cells of one MJD patient and treated
those cells with Lamotrigine. Mutant, but not normal ataxin-3, was reduced with
Lamotrigine at concentrations within the therapeutic range in humans. The mech-
anism underlying the reduction in mutant ataxin-3 levels was not investigated in
this work and this effect was not confirmed in the trial subjects [127].

Recently, Zesiewicz and collaborators carried out a short-term clinical trial in 20
MJD patients using Varenicline (Chantix, 1 mg twice a day for 9 weeks) [128].
Chantix (partial agonist of the a4b2 neuronal nicotinic acetylcholine receptors) is
used for smoking cessation. The rationale for this study was the fact that, although
the major components of the cholinergic system seem to be spared in MJD, which
may be reflected by the absence of dementia in MJD patients, the midbrain
cholinergic pars compacta of the pedunculopontine nucleus suffers cell loss during
disease progression [11], contributing for example to REM sleep disturbances,
hence targeting the cholinergic neurotransmission could be a good approach.
Chantix was also shown to be beneficial in SCA patients in previous case studies
[129, 130]. In this trial, patients were evaluated at baseline and at the end of the
treatment (after 8 weeks) primarily using the Scale for the Assessment and Rating
of Ataxia (SARA scale). Secondary measurements consisted of a timed 25-foot
walk, a 9-hole peg test, Beck depression inventory (BDI), Beck anxiety inventory
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(BAI), clinical global impression (CGI), patient global impression (PGI) and the
Short-Form 36 (SF36) to evaluate daily living. Chantix was able to significantly
improve some subscores of the SARA scale, such as gait and rapid alternating
movements. Also, the timed 25-foot walk was ameliorated by Chantix treatment, as
well as the BDI score. The BDI score improved in both groups (Chantix and
placebo) probably because the patients that were enrolled in the trial became
hopeful regarding new treatment possibilities. A problem concerning this study was
a high rate of dropout in the placebo group (4 out of 10 patients), interpreted as
probably reflecting the difficulty of patients to reach the academic center. Regarding
adverse events, it is possible to observe that Chantix caused, to a higher extent,
gastrointestinal effects when compared to placebo. The mechanism by which
Chantix improves ataxic symptoms was not evaluated in this study or elsewhere
[131]. No follow up studies with larger groups of patients have been undertaken
after this first promising result.

More recently, Saute and colleagues conducted a phase II clinical trial in 62
MJD patients using Lithium Carbonate. Lithium is commonly used to treat bipolar
disorder, and is also used adjunctively with mood stabilizers and antidepressants to
enhance, prolong and facilitate treatment response and remission of mood disorders
[132, 133]. Lithium treatment was shown to have beneficial effects in several
models of different neurodegenerative diseases [134–138], by the inhibition of
glycogen synthase kinase-3b (GSK-3b) and autophagy activation. Importantly,
however, irreversible cerebellar toxicity, leading to ataxia, nystagmus and dysar-
thria has also been observed due to lithium intoxication (reviewed in [139]). In this
long-term clinical trial, Lithium (at therapeutic dosages of 0.5–0.8 mEq/L) was well
tolerated by patients. After 48 weeks of follow-up, patients treated with Lithium did
not show significant differences in disease progression, given by the results by
Neurological Examination Score for the Assessment of Spinocerebellar Ataxia
(NESSCA) and SARA scale. Nevertheless, the authors were able to observe that
Lithium-treated MJD patients had a slower progression concerning the PATA test
(word speed) and the Click test (finger-pointing coordination) as well as in the
SCAFI (spinocerebellar ataxia functional index) and CCFS (composite cerebellar
functional score), when compared to patients receiving placebo [133]. They sug-
gested that larger clinical trials should be performed in order to understand the value
of Lithium in the treatment of MJD.

The vast literature regarding transcription deregulation involvement in polyQ
pathogenesis, led some researchers to conduct a clinical trial in MJD patients using
Valproic Acid (VPA). VPA is commonly used as an anticonvulsant drug in the
treatment of bipolar disorder. It has several known functions, including the increase
in GABA neurotransmission, inhibition of voltage-gated sodium channels, T-type
sodium channels and HDAC. In the preclinical trial field, the literature is contro-
versial, since it was shown to be neuroprotective in a DrosophilaMJD model [141],
but showing limited therapeutic effects in a transgenic mouse model of the disease
[79], as discussed above. Nevertheless, a clinical trial was recently performed in
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MJD patients using VPA. In this study, Lei and collaborators used two different
study designs. In the first, a randomized, open-label, dose-escalation study was
performed to evaluate safety of VPA administration. In this first part of the study, it
was possible to observe that VPA was safe in all the dosages tested (400, 600 and
800 mg/twice a day). In the second approach, 36 MJD patients were enrolled and
randomly allocated to placebo, 800 and 1200 mg/day VPA dosing. After 12 weeks
of treatment, the patients were evaluated using the SARA scale, and it was possible
to observe a decrease in the total SARA score in both VPA dosages, indicating a
significant improvement of the patients’ motor coordination [142].

There are many concerns regarding the clinical trials performed to date in MJD:
(i) the small cohorts of patients, which might be difficult to overcome due to the fact
that this is a rare disorder and also the collaboration of patients might represent a
problem; (ii) the clinical heterogeneity of the patients; (iii) the short-term obser-
vation of the patients, that contrasts with the slow progression of the disease (except
for the Lithium Carbonate trial, which had a duration of 48 weeks); (iv) the out-
comes used for ataxia measurement, which might be difficult to analyze due to the
multisystem involvement in this disease; (v) the design of the studies, as ran-
domized double-blinded trials with quantifiable ataxia scales and non-ataxia mea-
surements should be used, which was not often the case, and (vi) the lack of useful
biomarkers. Despite the existence of several scales to measure ataxia (reviewed in
[143]), other non-ataxia scores should be applied to MJD patients since these
patients also present non-ataxia symptoms, such as pyramidal and extrapyramidal
signs, as well as peripheral findings [144].

19.5 Concluding Remarks

The search for disease-modifying therapeutic approaches for most neurodegener-
ative diseases has not been very productive to date; in the specific case of MJD, an
important link between preclinical and clinical studies is still lacking. It is important
to pursue well-designed clinical trials based on robust preclinical studies. Certainly,
efforts are being made to perform good preclinical trials, and the scientific com-
munity is nowadays conducting better clinical studies with promising results for
MJD. Other, non-pharmacological, disease-modifying therapeutic strategies may
also be very promising.

Despite being rare diseases, MJD and other SCAs affect a large number of
people worldwide. Given our current efficacy measures, large clinical trials,
involving multiple centers and of long duration, are necessary which, in turn,
implies high costs. Pharmaceutical companies are increasingly aware of the rele-
vance of studying diseases of well-defined etiology, such as MJD, and their con-
tribution could help to speed this process in a significant manner.
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Chapter 20
Gene Therapies for Polyglutamine
Diseases

Carlos A. Matos, Vítor Carmona, Udaya-Geetha Vijayakumar,
Sara Lopes, Patrícia Albuquerque, Mariana Conceição,
Rui Jorge Nobre, Clévio Nóbrega and Luís Pereira de Almeida

Abstract Polyglutamine diseases are hereditary degenerative disorders of the
nervous system that have remained, to this date, untreatable. Promisingly, inves-
tigation into their molecular etiology and the development of increasingly perfected
tools have contributed to the design of novel strategies with therapeutic potential.
Encouraging studies have explored gene therapy as a means to counteract cell
demise and loss in this context. The current chapter addresses the two main focuses
of research in the area: the characteristics of the systems used to deliver nucleic
acids to cells and the molecular and cellular actions of the therapeutic agents.
Vectors used in gene therapy have to satisfyingly reach the tissues and cell types of
interest, while eliciting the lowest toxicity possible. Both viral and non-viral sys-
tems have been developed for the delivery of nucleic acids to the central nervous
system, each with its respective advantages and shortcomings. Since each polyg-
lutamine disease is caused by mutation of a single gene, many gene therapy
strategies have tried to halt degeneration by silencing the corresponding protein
products, usually recurring to RNA interference. The potential of small interfering
RNAs, short hairpin RNAs and microRNAs has been investigated. Overexpression
of protective genes has also been evaluated as a means of decreasing mutant protein
toxicity and operate beneficial alterations. Recent gene editing tools promise yet
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other ways of interfering with the disease-causing genes, at the most upstream
points possible. Results obtained in both cell and animal models encourage further
delving into this type of therapeutic strategies and support the future use of gene
therapy in the treatment of polyglutamine diseases.

Keywords Polyglutamine diseases � Gene therapy � Gene silencing
RNA interference � Viral and non-viral vectors

20.1 Introduction

Cumulative advances in the fields of molecular cell biology, genetics and
biotechnology allow promising new views on the treatment of genetic diseases. The
rational design of strategies that have a basis on the molecular events underlying
pathogenesis offers exciting, and oftentimes unprecedented, prospects. This is
particularly true when the disease cause is a known, discrete, genetic factor, as is the
case of polyglutamine (polyQ) diseases. Many of these promising approaches fall
under the category of what is commonly designated as gene therapy, since they rely
on the delivery of external genetic material (nucleic acids) to cells [1, 2].

The therapeutic action of the genetic material used in gene therapy (or of the
molecular products it originates) can be mediated by diverse cell mechanisms.
Primarily, these molecular tools may be used to regulate the expression of a gene
and thus be employed in directly silencing pathogenic proteins. This strategy is
certainly appealing in the case of polyQ diseases, where toxicity is regarded as
resulting from a toxic gain-of-function on the part of the expanded protein [3]. On
the other hand, it is also possible to supplement cells with beneficial genes. While
simple administration of a non-expanded form of a polyQ disease-causing gene
may not be applicable to this type of disorders, overexpression of proteins that
counter disease-related events or increase degradation of the pathogenic protein
presents promising prospects. Finally, novel gene editing tools offer the encour-
aging possibility of utterly deleting, replacing or even repairing CAG-expanded
genes, countering disease at the most upstream point of the pathogenic cascade [4].

Implementation of gene therapy strategies in the treatment of human patients
requires not only that their molecular action is proven efficacious, but also that the
nucleic acids are properly and safely delivered to the target tissue [1, 5]. In the case
of polyQ disease patients, the central nervous system (CNS) is the main region that
undergoes cell dysfunction and loss [6] and is thus regarded as the main target for
intervention. Vectors including the therapeutic nucleic acid sequences may be
delivered directly at a particular brain region such as the striatum or the cerebellum,
or be systemically administered into the bloodstream. However, in this last case, the
vectors have to be engineered so as to be able to cross the blood-brain barrier
(BBB) and also to modify only the target cell populations.

Though everyday usage of gene therapy-based procedures in the treatment of
polyQ disease patients is still not a reality, their clinical potential is supported by an
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increasing number of studies in cellular and animal models. The current chapter
reviews the available literature describing the advances on gene therapy strategies
for polyQ diseases.

20.2 Vectors for Gene Therapy

There are two types of delivery systems that have been explored in their capacity to
mediate the transfer of exogenous nucleic acid tools—DNA, messenger RNA
(mRNA), small interfering RNA (siRNA), short hairpin RNA (shRNA), microRNA
(miRNA) or antisense oligonucleotides (ASOs)—into a target tissue: viral and
non-viral vectors. Regardless of its origin, a successful vector must be able to
deliver the gene therapy molecules to the right cells, at the same time avoiding
immune response and toxicity.

20.2.1 Non-viral Vectors

When compared to viral vectors, even though they are often considered less effi-
cient, non-viral vectors are recognized to be safer and are typically easier and less
expensive to produce, facilitating industrial scale-up [7]. Furthermore, they involve
minimal safety risks, as their transient nature of expression allows an interruption of
administration. Additionally, while viral vectors are limited to the delivery of
nucleic acids, non-viral vectors can lodge a wider variety of cargoes.

20.2.1.1 Naked Nucleic Acids

Nucleic acids may be administered in an unconjugated, naked, form. However,
since naked nucleic acids per se do not have the ability to cross the BBB and access
the CNS, they have to be administered intracranially—either by direct intra-
parenchymal, intracerebroventricular or intrathecal injection. While using naked
nucleic acids requires administration by an invasive route, promising results have
been obtained with animal models of Huntington’s disease (HD). An alleviation of
the neurological phenotype was achieved upon direct administration of siRNAs or
ASOs in the CNS parenchyma or in the cerebrospinal fluid [8–12].

20.2.1.2 Nanoparticles

Despite the success of the aforementioned studies, the use of nanoparticles presents
additional prospects, in that it is expected to overcome the major challenges faced
by the non-invasive delivery of nucleic acids to the CNS. Nanoparticles are
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expected to be able to promote: (a) biocompatibility and biodistribution; (b) BBB
crossing; (c) targeted delivery; and (d) appropriate intracellular delivery.

The strategies discussed below rely on the formation of complexes between
nucleic acids and other molecules. The vectors, based on biological molecules such
as peptides and/or synthetic materials such as polymers or lipids, are considered
nanoparticles as their diameter falls in the nanometer range.

Neuronal-Targeting Peptides

Conjugation of gene therapeutics with ligands that promote receptor-mediated
transcytosis is one promising way of delivering gene therapy tools across the BBB.
These ligands can be used per se or be further associated with synthetic materials.

One of the peptides employed is derived from the rabies virus glycoprotein
(RVG). This 29 amino acid peptide has the ability to bind to the nicotinic acetyl-
choline receptors present on brain capillary endothelial cells (BCECs) and on
neurons and thus promote endothelial permeation and neuronal uptake. When
conjugated with nine-arginine residues (RGV-9r), the peptide was able to associate
with siRNAs, cross the BBB and promote reduction of a target gene within the
brain [13]. Its ability to condense plasmid DNA and induce exogenous gene
expression in the brain after intravenous (IV) administration has been demonstrated
([14]; Fig. 20.1a).

Several other ligands and cell-penetrating peptides (CPPs) like Penetratin and
TAT are known to elicit increased brain uptake after IV administration [15, 16], but
their applicability for the systemic delivery of gene therapeutics is yet to be
explored.

Polymer-Derived Nanoparticles

Polyethylenimine (PEI) derivatives and dendrimers are among the most common
polymeric nanoparticles used in the delivery of nucleic acids to the brain, after
systemic administration.

Branched PEI is able to efficiently condense nucleic acids, deliver gene therapies
intracellularly (escaping endosomes), and it is associated with a low immune
response [17, 18]. PEI is non-biodegradable and, consequently, dose-dependent
cytotoxicity may arise from its use. Nonetheless, this limitation has been overcome
through the introduction of a disulfide linkage (SSPEI) that allows the polymer to
be degraded [19]. Importantly, SSPEI covalently linked to the RVG peptide enables
brain delivery of plasmid DNA [19] and miRNAs [20] after IV administration
(Fig. 20.1b). Another derivative from branched PEI—poly(mannitol-co-PEI)—is
also efficient in delivering siRNAs to the brain when associated to the RVG peptide
and promote gene silencing [21, 22].

Dendrimers are highly organized polymers composed by a central core, branches
emanating from the core and terminal functional groups [23]. Associating targeting
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ligands to the periphery masks the high number of amino groups and thereby
circumvents their cytotoxicity [24]. Polyamidoamine (PAMAM) dendrimers are the
most widely used due to their ability to efficiently encapsulate plasmid DNA.
Coupling different brain-targeting ligands such as RVG [25], transferrin [26],
lactoferrin [27] or angiopep [28] to the surface enabled the delivery of plasmid
DNA to the brain, resulting in widespread expression of exogenous genes upon IV
administration (Fig. 20.1c).

Fig. 20.1 Non-viral systems for systemic delivery of gene therapies to the brain. a A short peptide
derived from the rabies virus glycoprotein with 29 amino acids (RVG) and 9-arginin residues
(RVG-9r), delivers gene therapies across the blood-brain barrier. b Branched polyethyleneimine
linked to the RVG peptide enables brain delivery of siRNAs, pDNA and miRNAs.
c Polyamidoamine (PAMAM) dendrimers coupled to specific ligands (RVG, transferrin,
lactoferrin or angiopep) enable the delivery of plasmid DNA into the brain. d Brain-targeted
stable nucleic acid lipid particles (SNALPs) increase the accumulation of siRNAs in the brain after
intravenous administration. e RVG-targeted exosomes deliver siRNAs to the brain after
non-invasive administration
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Lipid-Based Nanoparticles

Liposomes, the best characterized lipid nanoparticles, have important characteristics
for the delivery of nucleic acids: (a) they possess an aqueous core that can
encapsulate hydrophilic molecules such as nucleic acids, protecting them from
degradation; (b) their surface is easy to modify, allowing conjugation of
brain-targeting ligands; (c) they have a good biocompatibility profile; and (d) they
elicit low toxicity in comparison with inorganic nanoparticles and viral vectors [29].

The first effective studies that enabled the delivery of gene therapeutics to the
brain after IV administration used liposomes conjugated with monoclonal anti-
bodies directed against the transferrin receptor and/or the insulin receptor present in
BCECs of the BBB, resulting in receptor-mediated transcytosis of the nanoparticles
[30]. The polyethylene glycol-grafted immunoliposomes (PILs) that were employed
displayed therapeutic potential in animal models of brain cancer [31–33] and
Parkinson’s disease [34]. Chronic IV administration of PILs encapsulating plasmid
DNA was reported to cause no detectable toxic side effects in rats [35].

Stable nucleic acid lipid particles (SNALPs) are in clinical development for
different conditions and represent a promising non-viral approach for the in vivo
delivery of siRNAs [36–43]. It has recently been shown that IV administration of
brain-targeted SNALPs using the RVG-9r peptide (Fig. 20.1d) is able to alleviate the
neurological phenotype of Machado-Joseph disease/spinocerebellar ataxia type 3
(MJD/SCA3) mouse models [36].

Exosomes

Exosomes are small (40–120 nm in diameter) extracellular vesicles that are released
by different cell types and mediate intercellular communication [44]. They can
transport bioactive lipids, mRNA, miRNAs, proteins and DNA between cells,
presenting, beyond their essential role in physiologic activities and pathology, an
enormous potential as delivery vehicles for therapeutics [44, 45]. Several features
make exosomes attractive over other delivery systems, including: (a) their
non-immunogenic properties; (b) their high rates of cellular uptake; (c) the versa-
tility to engineer brain-targeting ligands onto their surface; (d) their ability to
simultaneously transport diverse biomolecules; and (e) their inherent
anti-inflammatory and tissue regenerative properties, when derived from an ade-
quate cell source.

Systemic administration of exosomes is able to promote delivery of siRNAs into
the mouse brain and mediate gene knockdown when their surface is engineered to
express the brain-targeting RVG peptide [46, 47]; Fig. 20.1e). Notably, IV
administration of siRNA-RVG exosomes was reported to cause no change in
cytokine levels, confirming their non-immunogenic profile [46].
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20.2.2 Viral Vectors

Although non-viral vectors are relatively safer and their production easier and less
expensive, virus-based vectors are, in general, much more efficient at gene delivery
in vivo [7]. Over millions of years, many viruses have evolved naturally to
efficiently deliver their genomes intomammalian cells [48]. So far, several viral vector
systems have been explored and modified for biotechnological purposes, including
adenovirus, herpes simplex virus, retrovirus, lentivirus and adeno-associated virus
(see Table 20.1). After years of research, the efficacy and safety of viral vectors has
been definitely demonstrated in recent clinical trials of inherited diseases of the blood,
as well as of the immune and nervous systems [49, 50].

This section focuses on the groups of viral vectors commonly used in preclinical
and clinical trials for neurological disorders, which thus are of particular relevance
for polyQ disorders.

20.2.2.1 Adenoviral Vectors

Adenoviruses (Ad) are medium-sized (70–100 nm), non-enveloped,
double-stranded DNA viruses that belong to the Adenoviridae family. Ads infect
both dividing and non-dividing cells, remaining in an extrachromosomal form [51].

There are two main categories of adenoviral vectors. The first-generation of Ads
had a packaging capacity of 8 kb and was able to produce high levels of the
intended transgene. Upon intraparenchymal injection to the brain they transduce a
large number of cells, including neurons, astrocytes and microglial cells [52].
However, Ads, particularly the vectors derived from the human type 5 (HAdV-C5),
are highly immunogenic, especially in the presence of active peripheral immu-
nization, leading to long-term inflammation and subsequent clearance of transduced
cells [53]. The second generation of adenoviral vectors, named high-capacity
“gutless” adenoviral vectors (HC-Ad), contain no viral genes, have an increased
insert size and have been demonstrated to produce long-term gene expression in the
brain, with low toxicity [54]. Nevertheless, it has been difficult to generate high
titers of HC-Ads and it has not been possible to eliminate the innate immune
response against the viral shell of the commonly used human type 5 virus
(HAdV-C5). High doses of HC-Ads can also result in severe inflammation and
death, in humans [55]. For these reasons, no clinical trials for neurological disorders
have been recently performed using adenoviral vectors, with the exception of brain
tumors (Table 20.1). In the last years, non-human Ads, particularly canine aden-
ovirus type 2 (CAV-2) have been engineered and tested with promising reports of
low immunogenicity, preferential transduction of neurons, widespread distribution
via retrograde axonal transport, and duration of expression in the mammalian brain
(see [56] for review).
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In the context of polyQ diseases, one preclinical study conducted in two distinct
HD mouse models showed that HC-Ads are effective in delivering shRNAs into the
brain upon intrastriatal injection [57].

20.2.2.2 Herpes Simplex Viral Vectors

Herpes simplex viruses are enveloped, double-stranded DNA viruses, ranging from
120 to 300 nm in diameter. They belong to the Herpesviridae family and infect a
wide variety of cells, including mitotic and post-mitotic cells, with a low rate of
genomic integration [58].

In particular, herpes simplex virus type 1 (HSV1) is highly neurotropic and
capable of retrograde and anterograde transport, which makes it a natural candidate
for gene delivery to the CNS [59, 60]. The packaging capacity of HSV1-derived
vectors is also large, ranging from 30 kb, in “recombinant” HSV1 vectors, to
150 kb in the HSV1 “amplicon” vectors [61, 62]. However, both types of
HSV1-derived vectors present important limitations: “recombinant” vectors induce
a strong immune response and “amplicon” vectors, though not containing any viral
gene, generate limited viral titers that are insufficient for clinical trials [62].
Similarly to Ads, CNS clinical trials with HSV1-derived vectors have been limited
to the treatment of brain tumors.

20.2.2.3 Lentiviral and Adeno-Associated Viral Vectors

Lentiviral and adeno-associated viral vectors are described as the vectors of choice
for in vivo CNS gene therapy, in particular for non-oncologic treatments [63].
Although they have a lower gene packaging capacity than Ads and HSV1-derived
vectors, both are easier to produce and safer, mediating efficient and long-lasting
gene expression in the brain, without toxicity.

Lentiviral and Retroviral Vectors

Lentiviral (LV) and retroviral vectors based on the Moloney murine leukemia virus
(MLV) are derived from retroviruses (Retroviridae family). Both are enveloped
single-stranded RNA vectors with a size of approximately 100 nm and a packing
capacity of 8.5 kb [64]. They integrate DNA into the host cell genome; however,
while MLV vectors only infect dividing cells, LVs also infect non-dividing cells.
As a consequence, the use of MLV vectors has been limited to ex vivo gene therapy
[65, 66], whereas LVs can be used in both ex vivo and in vivo approaches
(Table 20.1). MLVs are being used to introduce a corrected gene in hematopoietic
stem cells, within the first approved ex vivo gene therapy product (Strimvelis), to
treat patients with severe combined immunodeficiency due to adenosine deaminase
deficiency (ADA-SCID).
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LVs have been shown to be particularly efficient for the in vivo transduction of
the CNS, providing a stable and long-lasting transduction of neurons with minimal
immune response [67–69]. Moreover, LV vectors can be pseudotyped with the
vesicular stomatitis virus G envelope protein to increase host-cell range and
structural stability, which allows higher viral titers [68, 70]. Some safety issues
have been raised, since LVs integrate the host cell genome and derive from the
human immunodeficiency virus type 1. However, different strategies have been
developed to increase safety, such as the use of non-replicating and self-inactivating
vectors [71] or the use of non-integrating variants [72].

LVs have already been used in four CNS clinical trials for neurological disor-
ders. Three involved the successful transplantation of autologous cells, previously
transduced ex vivo using LVs carrying functional genes [73–75]; another one was
based on the in vivo administration of a LV-mediated gene therapy for Parkinson’s
disease (Clinical trial nº NCT00627588/NCT01856439).

In the context of polyQ disorders, several in vivo LV-based gene therapies have
been successfully tested for HD [76–80] and MJD/SCA3 [81–88].

Adeno-Associated Viral Vectors

Adeno-associated viruses (AAVs) are non-enveloped double-stranded DNA viruses
of approximately 25 nm that belong to the Parvoviridae family [89]. Like LVs,
AAV-derived vectors have the ability to infect both mitotic and post-mitotic cells,
but tend to persist in an episomal form and rarely integrate the host genome [90].

AAVs have important advantages over all other viral vectors regarding human
CNS gene therapy. Firstly, they are safer, due to the low immunogenicity and
non-pathogenic nature; AAVs naturally infect humans but are not associated with
disease [91]. They are able to transduce neurons in a stable and long-lasting way
without the activation of the immune system [92–94]. In the human brain, for
instance, AAV-mediated transgene expression is stable and safe at least for
10 years [95]. Secondly, they induce higher transgene expression and present larger
volumetric spread following direct intraparenchymal injection [69, 96]. This is very
useful, especially when the target disease affects several brain regions, as is the case
of polyQ disorders. Finally, large-scale AAV production protocols result in larger
titers and higher purity levels.

Twelve natural AAV serotypes and hundreds of variants have been isolated or
engineered so far, each presenting distinct cell and tissue tropisms, as well as
different transduction efficiencies [97, 98]. For example, vectors based on AAV
serotypes 2, 7, 8 and 9 preferentially infect neurons, while AAV4 transduces
ependymal cells and AAV5 targets both neurons and astrocytes [99, 100].
Interestingly, AAV9 shows the highest distribution throughout the brain upon
intraparenchymal injection and is also able to cross the BBB, transducing both
neurons and astrocytes when systemically administered to rodents or non-human
primates [99, 101, 102]. For this reason, AAV9 has become the best candidate
vector for non-invasive CNS delivery.
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Even though the packaging capacity of AAVs is limited to 5 kb [103], the
aforementioned advantageous features make these vectors the most frequently used
viral system for in vivo gene transfer to the CNS, including in clinical trials
(Table 20.1). At least 20 trials for neurological disorders have been completed or
initiated (reviewed in [50]), including trials for neurodegenerative diseases:
Alzheimer’s and Parkinson’s disease.

In the context of polyQ disorders, recombinant AAV vectors have been suc-
cessfully used as gene delivery vectors in preclinical studies for HD [104–120],
spinocerebellar ataxia type 1 (SCA1) [121–127], MJD/SCA3 [128–132], SCA6
[133] and SCA7 [134, 135].

20.3 Gene Therapy Strategies for Polyglutamine Diseases

20.3.1 RNA Interference-Based Approaches

PolyQ diseases are caused by genetic mutations on the codifying region of par-
ticular genes. It is thus logical to assume that inhibiting expression of the genes
containing the pathogenic mutation—a CAG trinucleotide repeat expansion—hin-
ders disease onset or progression. PolyQ diseases in fact constitute ideal targets for
gene silencing strategies, since they are monogenic [136].

RNA interference (RNAi) is an evolutionarily-conserved sequence-specific
post-transcriptional gene silencing mechanism that uses non-coding
double-stranded RNA (dsRNA) sequences to inhibit mRNA translation [137].
The mechanism of RNAi can be triggered by distinct RNA molecules, including
physiological inhibitory microRNAs (miRNAs) or exogenously-introduced small
interfering RNAs (siRNAs), short hairpin RNAs (shRNAs) or artificial miRNAs.

Endogenous RNAi mainly occurs via miRNAs encoded in the genome.
MiRNAs are small non-coding RNA molecules composed of 18–22 nucleotides
that, in a cellular context, act as post-transcriptional regulators of gene expression.
MiRNAs are processed in the nucleus from primary-miRNA (pri-miRNAs) tran-
scripts which contain hairpin structures [5]. Upon expression, pri-miRNAs are
cleaved by the nuclear endoribonuclease Drosha, originating precursor-miRNAs
(pre-miRNAs) [138], which are then translocated to the cytoplasm by exportin-5,
where they are further processed by Dicer (another endoribonuclease), giving rise to
the mature miRNA duplex [139]. The miRNA antisense strand is then loaded onto
the RNA-induced silencing complex (RISC) and recognizes its target mRNA
transcript, while the sense strand undergoes degradation [140]. The antisense strand
binds mostly to the 3′-untranslated region (3′UTR) of target mRNA molecules, but
in some cases also to the coding sequences or the 5′-untranslated region (5′UTR); if
there is a perfect complementarity between the miRNA and its target, the transcript
is cleaved, consequently inhibiting translation [141, 142]. When it is not the case,
imperfect binding leads to translation repression [143].
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The RNAi pathway can be artificially harnessed to induce specific gene
knockdown. This is commonly achieved using synthetic siRNAs, for instance in
combination with non-viral delivery systems, but also through shRNAs, commonly
taking advantage of viral delivery systems [144, 145]. Synthetic siRNAs are
dsRNA molecules of approximately 19–21 nucleotides with overhanging 3′ ends
[137, 146]. They are designed to mimic mature miRNA duplexes entering the
RNAi pathway upon Dicer processing. Once in the cytoplasm, the siRNA sense
strand is degraded, whereas the antisense strand is loaded into RISC.
Activated RISC searches for specific complementary mRNAs, targeting them for
degradation [147, 148].

SiRNAs may also be incorporated in expression-based systems that codify the
RNA molecules instead of directly delivering them. This is achieved through the
inclusion of the sequences into stem-loop structures designed to mimic pri-miRNAs
—giving rise to artificial miRNAs (discussed in Sect. 20.3.1.2.)—or pre-miRNAs
—originating shRNAs [149]. Once in the cell, shRNAs are expressed within the
nucleus and are translocated to the cytoplasm by exportin-5, whereas synthetic
siRNAs circumvent this nuclear step. SiRNAs are transient and lasting gene target
suppression may require repeated administration. On the other hand, shRNAs and
artificial miRNAs typically introduced in cells with viral vectors are more long-
standing and, once delivered, are able to permanently silence a target gene after one
single administration [150].

20.3.1.1 Strategies Using Small Interfering or Short Hairpin RNAs

Over the last years, gene therapy strategies focused on dominantly-inherited
neurodegenerative diseases have experimented great advances. Using RNAi-based
approaches, researchers have successfully inhibited the expression of the causative
proteins of polyQ diseases in cell and animal models, ameliorating neuropatho-
logical features and behavioral phenotypes [151].

The most straightforward approach to RNA-based gene silencing therapy is
non-allele-specific silencing. It involves unselective silencing of both the wild-type
(WT) and mutant alleles of a gene, admitting that the WT gene is either non-essential
or functionally redundant [152]. On the other hand, allele-specific silencing needs to
be taken in consideration in the cases where WT protein expression is essential for
cellular function. In order to achieve this type of gene silencing, differences that
allow distinction between the different transcripts of a gene have to be present in the
targetable nucleotide sequence. These include single-nucleotide polymorphisms
(SNPs) and differences in the CAG repeat length [153].

Non-allele-Specific Silencing Strategies for Polyglutamine Disorders

In 2004, a pioneering report was published focusing on the therapeutic potential of
RNAi in a transgenic mouse model for SCA1. In this study, intracerebellar delivery
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of AAV1 encoding shRNA targeting the human mutant ATXN1 gene led to a
significant knockdown of ataxin-1 and to a marked improvement in motor coor-
dination, restoration of cerebellar morphology and reduction of ataxin-1 inclusions
in Purkinje cells [127]. It was later shown that delivery of this shRNA cloned into
an artificial miRNA expression vector to the deep cerebellar nuclei (DCN) is
preferable when compared to the delivery to the cerebellar cortex, mainly due to the
broader biodistribution provided by the retrograde trafficking of axons to the
Purkinje cell soma [123–125].

Studies on MJD/SCA3 suggested that strategies involving non-allele-specific
silencing may be safe and effective in this disease. Knockdown of endogenous
ATXN3 in MJD/SCA3 models did not exacerbate MJD pathology and, in fact,
non-allele-specific viral-mediated silencing of ATXN3 decreased expression of
mutant ATXN3 and substantially reduced signs of neuropathology and the number
of ataxin-3 inclusions [154].

AAV-mediated delivery of shRNAs targeting human HTT led to the reduction of
HTT transcript levels and huntingtin protein expression in HD mouse models
brains, along with a decrease in the size and number of neuronal intranuclear
inclusions. Importantly, motor and neuropathological HD manifestations were
improved, halting disease progression [107, 113, 118]. A LV-expressed shRNA
was also shown to reduce both human mutant HTT and the endogenous HTT gene
expression in a rat model of HD, decreasing aggregate formation and preventing
motor deficits. Though a disruption in several cellular pathways associated with
huntingtin function was detected in WT mice when endogenous HTT was silenced,
a partial knockdown of both mutant and WT transcripts seemed to be well-tolerated,
with no apparent toxic effects [76].

Transient human mutant HTT silencing using siRNAs produced beneficial
effects in HD model mice, regarding both motor dysfunction and inclusions for-
mation, and prolonged mice longevity [9, 155]. Intrastriatal injection of
hydrophobically-modified siRNA into the mouse brain silenced endogenous HTT
mRNA with residual neuronal toxicity [156]. Later, the infusion of siRNA-loaded
exosomes into the mouse striatum also resulted in a significant silencing of HTT
mRNA [157].

Pre-clinical safety and efficacy of the partial reduction of endogenous HTT has
also been evaluated in non-human primates. Sustained six-month partial suppres-
sion was well-tolerated in the rhesus monkey striatum [108]. The rapid onset and
durability of infused radiolabeled siRNA-mediated gene suppression of HTT in
rhesus putamen has also been validated [158, 159].

Allele-Specific Silencing Strategies for Polyglutamine Disorders

Many studies investigating the potential of gene silencing in the treatment of polyQ
diseases have exploited the less technically-challenging, non-allele-specific,
approach. Nonetheless, allele-specific approaches have also been described.
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Allele-specific strategies for MJD/SCA3 have focused on targeting a SNP linked
to the CAG repeat expansion occurring in specific patient groups. Specific targeting
of the CAG expansion itself is challenging due to the polymorphism and ubiquitous
presence of the repeat tract within the genome and the inability of the silencing
effectors (<25 nucleotides) to discriminate between WT and expanded CAG tracts
in ATXN3 [153]. Taking into consideration that 70% of mutant ATXN3 gene alleles
present a C/G SNP at position 987, immediately after the CAG repeat [160, 161], Li
and colleagues have designed a siRNA that successfully reduced the expression of
mutant ATXN3 in cell cultures, with residual decrease in the WT gene [162].

It was then demonstrated that efficient and selective silencing of mutant ATXN3
in rat and mouse models of MJD/SCA3 is possible employing locally-delivered
LVs encoding shRNAs targeting the same SNP. Silencing was accompanied by a
decrease in the severity of neuropathological deficits [81, 85]. The study in the rat
model represented the first proof-of-principle for allele-specific silencing in the
CNS. Nóbrega and colleagues later demonstrated the efficacy of gene silencing in
rescuing the MJD/SCA3-associated motor behavior deficits and neuropathological
features after disease onset in a severely-impaired transgenic mouse model of MJD
[86]. IV administration of SNALPs encapsulating siRNAs targeting mutant ATXN3
efficiently promoted silencing of the target gene, improving neuropathology and
motor behavior readouts in lentiviral and transgenic mouse models of MJD/SCA3
[36].

Primary dermal fibroblasts from SCA7 patients were used to evaluate the effi-
ciency of endogenous allele-specific silencing using siRNAs targeting a common
SNP (rs3774729) within the causative gene, ATXN7. The treatment promoted
selective knockdown of the mutant transcript and amelioration of a disease-relevant
phenotype [163].

Although knockdown of WT HTT has been proven to be well tolerated in vivo
[76, 104], huntingtin is known to play a pivotal functional role in the development
and maintenance of the CNS, thus demanding a search for allele-specific silencing
approaches for HD [109, 164]. Bilsen and colleagues have performed allele-specific
silencing of the mutant HTT allele in HD patient-derived fibroblasts [165]. The
engineered siRNA was able to selectively target the rs363125 SNP, in which the
C-allele was found to be linked to HTT expansion. This strategy led to a decrease in
mutant mRNA and protein levels, while WT levels were not substantially altered.

In a similar study, a reduction of mutant HTT expression was obtained with
siRNAs directed to a polymorphic site present in patient fibroblasts [166]. This
polymorphism corresponded to a D2642 deletion of one among four tandem GAG
repeats in exon 58 that was found in 38% of mutant HTT alleles and 7% of WT
ones [167]. Expression of the D2642-marked polyQ-expanded HTT was reduced
without compromising the expression of its WT counterpart, with improvements in
HD-related dysfunctions in donor fibroblasts [166].

Encouraging reports mentioned that as few as five allele-specific siRNAs, cor-
responding to three SNP sites, are sufficient to treat 75% of the United States and
European HD patient population [168]. In order to specifically target the
disease-related HTT allele, Drouet and colleagues have developed shRNAs directed
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at four heterozygous SNPs in the HTT exons which are among the most common in
the human population [77]. Lentiviral-mediated delivery of these shRNAs pro-
moted an efficient and selective silencing of the mutant HTT transcript and pre-
vented neuropathology readouts in HD model rat’s striatum expressing mutant HTT
containing the various SNPs. In transgenic BACHD mice, the mutant HTT allele
was also silenced by the same strategy.

Finally, Becanovic and collaborators have demonstrated that targeting a
non-coding SNP (rs13102260:G > A) in the HTT gene promoter that comprises a
NF-jB binding site led to an effective reduction of NF-jB binding and reduced
huntingtin protein expression in HD transgenic mouse striatum [169].

20.3.1.2 Strategies Using microRNAs

Substantial efforts have been made in order to build tools that control expression of
disease-causing genes via regulation of miRNAs. Taking into account that an
estimated one third of human genes are regulated by miRNAs and each miRNA can
target many transcripts [170, 171], delivering one miRNA may not only silence
disease-causing genes but also other genes that contribute to pathogenesis.
MiRNAs can be overexpressed as artificial miRNAs [172] or as synthetic
double-stranded miRNA mimics [173].

Artificial miRNAs targeting the genes causing HD, SCA1, MJD/SCA3 and
SCA7 have been demonstrated to reduce both mRNA and protein levels of hunt-
ingtin, ataxin-1, ataxin-3 and ataxin-7, respectively, in cell line cultures and/or
transgenic mouse models of disease (Table 20.2; [104, 106, 115, 120, 121, 123–
125, 128, 131, 134, 135, 172]).

Administration of a miR-196a mimic, which reduced the mRNA and the protein
levels of mutant huntingtin, also decreased huntingtin intranuclear aggregates in a
cell and in a mouse model of HD and ameliorated the behavioral phenotype in the
animal model, although while not acting on huntingtin directly [174].

In cellular models of SCA1, overexpression of miR-19, miR-101 and miR-130
resulted in a significant decrease on ataxin-1 levels [175, 176]. Delivery of a
miR-25 mimic to MJD/SCA3 cell models reduced the levels of ataxin-3, apoptosis,
ataxin-3 aggregate formation and increased cell viability [173]. Administration of a
miR-124 mimic decreased the expression of lnc-SCA7 and ataxin-7 in N2a cells
and in a SCA7 knock-in model [177].

In the case of spinal and bulbar muscular atrophy (SBMA), delivery of
miR-196a decreased the mRNA and the protein levels of the androgen receptor
(AR) in HEK 293 cells, in human fibroblasts and in SBMA transgenic mice, at the
same time reducing CUGBP Elav-like family member 2 (CELF2) mRNA and
protein levels. CELF2 siRNA treatment also resulted in similar effects on AR
mRNA and protein levels in SBMA patients fibroblasts, suggesting that the inter-
action between miR-196a and AR is indirect through CELF2 [178].

Regarding SCA6, mir-3191-5p was identified as a miRNA that targets
CACNA1A IRES inhibiting a1ACT translation. Moreover, viral delivery of

20 Gene Therapies for Polyglutamine Diseases 411



Table 20.2 MicroRNA-based approaches for polyglutamine disease treatment

PolyQ
diseases

microRNAs Target Experimental
systems

Delivery method References

HD Artificial
microRNA

HTT HEK 293 cells
and HD
transgenic mice

AAV-mediated
transduction

[104, 106,
115, 120,
172]

miR-196a
mimic

HTT HEK 293 cells,
N2a cells, HD
transgenic
mouse and
HD-iPSCs

Lentivirus-mediated
transduction

[174]

SCA1 Artificial
miRNA

ATXN1 C2C12 cells,
SCA1
transgenic
mouse and
non-human
primates

AAV-mediated
transduction

[121, 123–
125]

miR-19,
miR-101 and
miR-130
mimic

ATXN1 HEK 293,
HeLa, and
MCF7 cells

Transfection [175]

miR-144
mimic

ATXN1 HEK 293 cells Transfection [176]

SCA3 Artificial
miRNA

ATXN3 SCA3
transgenic
mouse

AAV-mediated
transduction

[128, 131,
282]

miR-25
mimic

ATXN3 HEK 293 and
SH-SY5Y cells

Transfection [173]

miR-9,
miR-181a
and miR-494
mimics

ATXN3 HEK 293 and
LV-induced
SCA3 mice

LV-mediated
transduction

[179]

SCA6 miR-3191-5p CACNA1A AAV-induced
SCA6 mice

AAV-mediated
transduction

[133]

SCA7 Artificial
miRNA

ATXN7 SCA7
transgenic
mouse

AAV-mediated
transduction

[134, 135]

miR-124
mimic

Long
non-coding
RNA
(lnc-SCA7)
and ataxin-7

N2a cells Transfection [177]

SBMA miR-196a
mimic

Androgen
receptor via
CELF2

SBMA
transgenic mice

AAV-mediated
transduction

[178]

Abbreviations: HD Huntington’s disease; SCA1,3,6,7 spinocerebellar ataxia type 1, 3, 6 and 7;
SBMA spinal and bulbar muscular atrophy; HEK human embryonic kidney; iPSCs induced
pluripotent stem cells; AAV adeno-associated virus
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mir-3191-5p reduced motor deficits and Purkinje cell degeneration in SCA6 mice
[133].

More recently, the dysregulation of the endogenous miRNA pathway was
identified as an important disease mechanism in MJD/SCA3. Accordingly, the
reestablishment of mir-9, mir-181a and mir-494, miRNAs which were found to be
downregulated in the context of the disease, resulted in a decrease of mutant
ataxin-3 levels and associated neuropathology in vivo [179].

MiRNAs offer several advantages as tools for silencing disease genes involved
in polyQ disorders, including: (a) their small sizes; (b) their known and conserved
sequences; (c) the putative targeting of several related targets, downstream or
upstream in the pathogenic cascade, with just one mRNA molecule. Still, the major
concerns for miRNA use in clinical trials are related to their possible off-target
effects, their safety and the decreased long-term efficiency of their action.

20.3.2 Antisense Oligonucleotide-Based Approaches

Antisense oligonucleotides (ASOs) are single-stranded DNA molecules that, upon
binding to target mRNA molecules, alter their function through multiple mecha-
nisms which can be harnessed in order to artificially modulate gene expression. In
general, they have between 8 and 50 nucleotides in length and hybridize to the
target mRNA through Watson-Crick base pairing [180].

The mechanisms by which ASOs interfere with RNA function (See Fig. 20.2)
can be divided into two groups: RNAse H-dependent mRNA degradation and
RNAse H-independent modulation. In the case of RNAse H-dependent mRNA
degradation, the ASO is required to have at least a portion of nucleotides that are
unmodified at the 2’ position of the riboside [181, 182]. Upon recognition of the
mRNA:DNA duplex, RNAse H cleaves the target mRNA while leaving the DNA
molecule intact. However, completely 2’-modified ASOs are still used for a wide,
RNAse H-independent, range of applications when mRNA degradation is not
required. For example, ASOs can be used to modulate mRNA splicing events [183].
This is particularly useful for neurodegenerative diseases such as polyQ disorders,
where exon skipping of mutated exons might prove beneficial [184]. Moreover,
ASOs can modulate mRNA maturation by interfering with 5′cap formation and
polyadenylation [185, 186]. Furthermore, ASOs can be designed to interfere with
mRNA translation by blocking the attachment of ribosomal subunits to mRNA
[187]. Recently, ASOs have been developed to inhibit miRNA function, thereby
increasing the levels of the mRNAs they target [188].

Unmodified short oligonucleotides have very low stability, being degraded by
intracellular endonucleases and exonucleases [189, 190]. Moreover, they possess
weak binding affinities to their target. In order to overcome these limitations and
improve the pharmaceutical properties of ASOs (increasing solubility, permeability
to the BBB and cellular uptake, as well as reducing toxicity and immune-stimulatory
properties) new chemically-modified types have been developed.
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Many studies have evaluated different types of chemically-modified ASOs for
the treatment of polyQ diseases. Among these, HD has been the one most fre-
quently targeted by antisense therapy and many promising results were obtained in
mouse models of the disorder (Table 20.3). Most of these preclinical studies used
technology capable of mediating RNAse-H mRNA selective degradation of mutant
huntingtin mRNA. In these cases, distinction between WT and expanded CAG
mRNA is performed by targeting SNPs existing only in the mutant transcript. Based
on these favorable studies, a phase 1/2 clinical trial for the treatment of HD that uses
ASOs administered intrathecally is currently underway (NCT02519036).

Regarding the application of ASO technology to other polyQ diseases, reports
have been more limited. Nevertheless, in vivo studies in mice have shown
promising results in SCA2 and SBMA after intracerebroventricular injection of
ASOs [191, 192]. Still regarding SBMA, the administration of ASOs seems to be
effective in improving the disease phenotype even when using the subcutaneous

Fig. 20.2 Schematic representation of antisense oligonucleotides mechanisms of action. a After
binding to their target RNA, ASOs can recruit RNAse-H leading to sequence-specific degradation
of target mRNA. b Moreover, ASOs designed for splicing junctions can interfere with the
endogenous splicing machinery controlling the inclusion or exclusion of interest exons. c ASOs
can also interfere with 5′ cap formation and d with polyadenylation. e In the cytoplasm ASOs can
block translational machinery reducing protein expression or f bind to target miRNAs blocking
their action on target mRNAs
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route of administration [193]. Concerning MJD/SCA3, one study has evaluated the
potential of ASOs to mediate exon skipping of the exon containing the polyQ tract.
Although exon skipping of human mutant ataxin-3 was only evaluated in cell
cultures, intracerebroventricular administration of ASOs targeting mouse ataxin-3
was capable of mediating exon skipping in vivo without any apparent toxic effect
[184]. Recently, more efforts have been made towards the development of an ASO
therapy for MJD/SCA3. One study has taken advantage of ASOs to reduce pro-
teolytic cleavage of ataxin-3 through the removal of exons 8 and 9 which contain
multiple predicted cleavage sites [194]. Another study has evaluated the potential of
multiple ASOs to reduce the levels of mutant ataxin-3 in vivo.
Intracerebroventricular administration resulted in widespread delivery to the brain
and reduced ataxin-3 levels in multiple brain regions affected by the disease.
Interestingly though, ASOs silencing properties were dependent on the transgenic
mice lines used in the study [195].

Table 20.3 Antisense oligonucleotide therapeutic approaches in animal models of polyglutamine
diseases

Disease Target Mechanism Administration References

HD Mutant
huntingtin

RNAse-H mediated
degradation

Intraparenchimal
injection

[8]

Mutant
huntingtin

RNAse-H mediated
degradation

ICV [10]

Mutant
huntingtin

RNAse-H mediated
degradation

ICV [11]

Mutant
huntingtin

RNAse-H mediated
degradation

ICV [283]

Mutant
huntingtin

RNAse-H mediated
degradation

ICV [284]

Mutant
huntingtin

Translation blockage ICV [285]

Huntingtin Exon-skipping Intraparenchimal
injection

[286]

SCA2 Ataxin-2 RNAse-H mediated
degradation

ICV [191]

SCA3 Ataxin-3 Exon-skipping ICV [184]

Ataxin-3 RNAse-H mediated
degradation

ICV [195]

Ataxin-3 Exon-skipping ICV [287]

SBMA Androgen
receptor

RNAse-H mediated
degradation

Subcutaneous [193]

Androgen
receptor

RNAse-H mediated
degradation

ICV [192]

Abbreviations: HD Huntington’s disease; SCA2, 3 spinocerebellar ataxia type 2 and 3; SBMA
spinal and bulbar muscular atrophy; ICV intracerebroventricular
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Another interesting approach that has been investigated in cell cultures is the use
of a single ASO to target multiple polyQ mRNAs. This strategy was effective in
reducing the levels of atrophin-1, ataxin-1, ataxin-3 and huntingtin. However, for
MJD/SCA3 and HD cell models, this strategy failed to demonstrate allele speci-
ficity [196].

Although many preclinical studies have shown the efficacy of ASOs in the
treatment of polyQ diseases, many questions still arise regarding delivery,
long-term efficacy and toxicity of these gene therapy tools.

20.3.3 Overexpression of Therapeutic Proteins

Gene therapy tools offer ways of manipulating the pathogenic cascade of polyQ
diseases that go beyond the direct silencing of the CAG-expanded genes. Since its
inception, gene therapy has been chiefly regarded as a way of introducing beneficial
genes in a cell. In fact, supplementing functional versions of genes that were
otherwise defective in patients was the aim of the first gene therapy clinical trials
[1]. However, in the case of polyQ diseases this strategy seems to be unviable,
considering that they are dominant disorders and pathology admittedly arises from a
toxic gain-of-function, even if it might have contribution from a loss-of-function
caused by expansion [197]. In a rodent model of MJD/SCA3, co-expression of
non-expanded and expanded forms of ataxin-3 has been shown to produce toxicity
comparable to what is obtained upon expression of the pathogenic form alone
[154].

Nevertheless, studies indicate that expression of certain proteins that counter
toxic events involved in polyQ disease pathogenesis may exert a therapeutic effect.
Manipulation of particular cell systems in order to correct deficiencies occurring in
cells carrying a polyQ expansion so as to operate alterations that decrease the toxic
properties of expanded proteins have been suggested to be beneficial. Design of
these strategies requires a deep understanding of the pathological mechanisms
taking place in affected cells, of the cellular pathways that are negatively affected,
and of the players that may produce amelioration. These approaches frequently act
downstream of polyQ protein production and target phenomena that are causatively
deleterious or that contribute to the persistence and/or increase of toxicity: prote-
olytic cleavage, aggregation and protein degradation impairment, among others.

20.3.3.1 Preventing Toxic Fragment Formation

Several reports suggest that proteolytic processing of polyQ proteins plays an
important part in disease pathogenesis. PolyQ sequence-containing fragments have
been described to display increased cytotoxic properties comparing to the corre-
spondent full-length proteins and are thus considered by many to be the actual toxic
species at the root of cell demise and loss [198–202].
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Along with other proteases, calpains have been suggested to promote the pro-
teolytic fragmentation of huntingtin [203–205] and ataxin-3 [132, 206]. It is pos-
sible to block the activity of these enzymes by overexpressing the endogenous
calpain inhibitor calpastatin; coexpression of this protein reduced the formation of
expanded ataxin-3 in transfected HEK 293 cells [206]. Importantly, AAV-mediated
delivery of calpastatin decreased the formation of inclusions and limited neurode-
generation in the brain of MJD model mice expressing expanded ataxin-3 [132],
attesting the therapeutic potential of gene therapy strategies aiming at proteolytic
cleavage blockade.

20.3.3.2 Reducing Protein Aggregation

The tendency that expanded polyQ tract-carrying proteins have to self-assemble has
been repeatedly related to their cell toxicity [207, 208]. Aggregation may generate
deleterious oligomeric species, disturb native biologic functions of the polyQ
proteins, disrupt important intermolecular interactions or sequester members of vital
cell systems [209]. Accordingly, proteins that contribute to proper polypeptide
folding and assembly—such as molecular chaperones—may counter aggregation
and its adverse effects [136, 198, 210, 211].

Heat shock proteins 40 (Hsp40) and Hsp70 are chaperones that assist the
refolding of denaturated proteins and, in vitro, they have been shown to inhibit
expanded huntingtin aggregation [212, 213]. In polyQ disease models and patients,
inclusions have been described to colocalize with molecular chaperones [214–221],
suggesting that these cellular components act in order to counter the toxic transi-
tions experimented by expanded polyQ proteins. Improving their activity, which
may be disturbed in a disease context due to redistribution or saturation, may be
beneficial.

Overexpression of several heat shock response-related proteins and other
chaperones reduced aggregation and/or toxicity in diverse cell models of polyQ
diseases, including HD [217–219, 222–227], MJD/SCA3 [214], SCA1 [215] and
SBMA [216, 221, 228–230]. In vivo, overexpression of chaperones suppressed
neurodegeneration in double-transgenic fly models of HD [231, 232], MJD/SCA3
[233, 234] and SCA1, and mitigated the phenotype of double-transgenic HD [235],
SCA1 [236] and SBMA [237] mouse models.

Prominently, lentiviral delivery of yeast Hsp104 and rat Hsp27 to the rat brain
was shown to decrease neurodegeneration caused by expanded huntingtin expres-
sion [219]. Lentiviral delivery of heat shock factor-1 (which contributes to heat
shock protein expression) reduced protein accumulation and neurodegeneration in a
transgenic SBMA mouse model [238]. It should be pointed out, however, that not
all molecular chaperones exert the same type of protection against every expanded
polyQ-containing protein [210, 211]. Selection of an individual chaperone for the
treatment of a polyQ disease shall address its efficacy and specify in targeting the
particular protein involved.
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The beneficial effect of chaperone expression not always correlates with
decreased aggregation [234, 236]. It has been suggested that chaperone overex-
pression favors not only aggregate disassembly, but also (or instead) boosts protein
degradation by the proteasome (see below) and rescues proper intermolecular
interactions [136, 198, 209, 228, 229]

20.3.3.3 Stimulating Protein Degradation

Another way of countering the cellular defects caused by polyQ-expanded proteins
is to decrease their levels by promoting their proteolytic clearance. The two main
cellular mechanisms of protein degradation are the ubiquitin-proteasome pathway
and autophagy [239–241]. One autophagic pathway—macroautophagy—is con-
sidered especially important when dealing with aggregate-prone species, since it
allows the bulk degradation of portions of the cytoplasm.

Diverse pharmacological strategies stimulating macroautophagy have been
shown to be protective in the context of polyQ protein toxicity [242–244].
Likewise, overexpression of proteins that contribute to the autophagic flux is yet
another approach at eliciting protection through this degradation pathway.
Macroautophagy stimulation through overexpression of Rab2, histone deacetylase
6 (HDAC6) and several lipocalins attenuated toxicity in fly models of HD [245],
SBMA [246] and SCA1 [247], respectively. In double transgenic SBMA mice, p62
reduced mutant AR levels, blocked neurodegeneration and ameliorated motor
disease-like phenotype [248]. Subcutaneous delivery of the autophagy-stimulating
cytokine granulocyte colony-stimulating factor reduced cell loss and improved
motor performance in SCA17 mice [249].

Expression of a fusion protein comprising polyQ-binding peptide 1 and heat
shock cognate protein 70 (HSC70)-binding motifs led to degradation of huntingtin
by chaperone-mediated autophagy, in cultured cells. Striatal deliver of this chimera
by AAVs reduced huntingtin aggregation and ameliorated the disease phenotype in
transgenic HD model mice [250].

In cellular models of HD, expression of beclin-1, a protein with a central role in
the formation of autophagosomes, has been shown to decrease huntingtin aggre-
gation [251]. Lentiviral delivery of beclin-1 to the striatum or the cerebellum of
diverse rodent models of MJD/SCA3 reduced the amount of ataxin-3 aggregates,
the extent of degeneration and rescued motor impairments [82, 83].
Lentiviral-mediated overexpression of sirtuin-1 was observed to produce similar
ameliorating effects in the neuropathological profile of striatal MJD model mice and
this effect was suggested to result from the activation of autophagy and the con-
sequent reduction of mutant ataxin-3 levels [252].

Since the autophagic pathway has been suggested to be disturbed in HD [242,
251], MJD/SCA3 [83] and SCA7 patients [253], as well as in SCA1 [254] and
SBMA model animals [246], stimulating this degradation pathway could be
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envisioned as a way of normalizing a cellular system that may be disturbed by
polyQ toxicity. Autophagy upregulation has also been proposed to protect cells
against apoptotic and necrotic cell-death mechanisms [243].

The beneficial effects of autophagy-mediated clearance may be limited to the
cytoplasmic population of a particular protein [240]. Potentiating proteasomal
degradation of polyQ proteins possibly avoids this constraint. One strategy to
upregulate proteasomal activity is to express endogenous proteasome activators; in
expanded huntingtin-expressing striatal neurons, lentiviral delivery of proteasome
activator PA28-gamma was shown to decrease huntingtin levels and increase cell
viability [255, 256]. Enhancing substrate ubiquitination may also potentiate
degradation through the ubiquitin-proteasome pathway. Concordantly,
co-expression of ataxin-3 and several E3 ubiquitin ligases (including C-terminus of
Hsp70-interacting protein—CHIP, E4B, MITOL and parkin) has been shown to
increase ataxin-3 ubiquitination and induce its degradation, at the same time
decreasing aggregation and toxicity in cell cultures [257–261].

20.3.3.4 Other Methods of Suppressing Toxicity and Increasing
Neuronal Survival

Other gene therapy routes for decreasing the toxicity of expanded polyQ proteins
may aim at modulating other mechanisms that are known to interfere with dele-
terious properties and toxic outcomes. Altered post-translational modifications and
aberrant intermolecular interactions have been related with the propensity of polyQ
proteins to aggregate and cause cell demise. Expressing particular proteins that
up-regulate protective alterations and/or down-regulate deleterious transitions
constitute promising therapeutic approaches. For example, Akt-mediated phos-
phorylation of AR reduces its aggregation and toxicity in cultured cells [262]. The
insulin-like growth factor 1 (IGF-1), which induces this modification, was shown to
ameliorate the disease phenotype when overexpressed in SBMA transgenic mice
[263]. Correcting putative effectors of toxicity such as transcriptional aberrations or
metabolic imbalances are also conceivably viable strategies.

Finally, available studies suggest that biochemical factors that contribute to cell
survival and function, and that are general agents of neuroprotection, produce
beneficial effects when delivered to affected brain regions [264, 265]. Molecules
such as neurotrophins pose as good candidates; viral delivery of the glial cell
line-derived neurotrophic factor (GDNF) and neurturin to the striatum of HD
transgenic mice has been shown to protect against cell loss and ameliorate the
disease presentation [116, 266]. Local administration of neuropeptide Y through
AAV injection was shown to counter neuropathological changes and motor
impairment in mouse models of MJD/SCA3 [129].
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20.3.4 Gene Editing-Based Approaches

One ideal approach to suppress polyQ pathologies would conceivably rely on the
correction of the causative mutation, i.e., the decrease of CAG repeat number in the
associated genes to non-pathological lengths. In fact, An and colleagues have
reported the generation of genetically-corrected HD patient-derived induced
pluripotent stem cells (iPSCs) using traditional homologous recombination
approaches. This proof-of-principle study demonstrated the capability of correcting
the expanded HTT allele to normal lengths, and resulted in the reversal of
HD-related phenotypes [267].

Although homologous recombination has been historically used for targeted
gene inactivation, replacement or addition, the low efficiency associated with this
approach has limited its utility. However, recent advances in genome editing
technologies have enormously improved the ability to make precise changes in the
genome of eukaryotic cells [4, 268]. These strategies for precise gene correction or
transcriptional inactivation rely on programmable nucleases that can be targeted to
specific DNA loci. There are mainly four groups of engineered nucleases used as
gene editing tools: meganucleases and their derivatives, zinc-finger nucleases
(ZFN), transcription activator-like effector nucleases (TALENs) and clustered
regularly-interspaced short palindromic repeat (CRISPR)/Cas9 systems [269].
Approaches based on these nucleases have been successfully applied to
repeat-containing gene loci. Independent studies have demonstrated that different
CAG-targeting nucleases are capable of shrinking expanded CAG/CTG repeats in
yeast [270, 271], mammalian cells [272] and also in zebrafish [273], as a natural
consequence of DNA break repair.

Meganucleases, also named homing endonucleases, are engineered versions of
naturally-occurring microbial DNA-cleaving enzymes that are able to recognize
long DNA sequences (typically 20 to 30 base pairs; [274]). As the engineering of
meganucleases is time-consuming and not sufficiently flexible, this genome editing
platform has not been widely used whatsoever [275].

The chimeric enzymes ZFN and TALENs are composed by a DNA-binding
domain, assembled in customizable combinations, that is then fused with a non-
specific nuclease domain from the Flavobacterium okeanokoites restriction enzyme
FokI. Two nucleases spaced by a few nucleotides have to be used in combination in
order to allow FokI dimerization and DNA double-strand break (DSB) induction
[269]. The DNA-binding domain of ZFN, based on eukaryotic transcription factors,
is typically composed by three binding arrays, which recognize three consecutive
nucleotides each [276]. The DNA-binding domain of TALENs is based on the plant
pathogen Xanthomonas and consists of tandemly repeated 34 amino acid modules,
each recognizing a single base in the target DNA.

In spite of the inherent differences of the described systems, meganucleases,
ZFN and TALENs all share the same mode of DNA recognition, which is achieved
via protein-DNA interactions [269]. On the other hand, the recently emerged Cas9
nuclease, from the bacterial adaptive immune system CRISPR type II, is recruited
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by short RNA guides that bind to a desired DNA sequence, via Watson-Crick base
pairing. The existence of a protospacer-adjacent motif (PAM) at the 3′ end of the
DNA target site prompts Cas9 to induce DSBs at specific genomic loci [4, 277].

Upon the introduction of targeted DSBs, genome editing is achieved through the
activation of endogenous DNA repair machinery: either non-homologous
end-joining (NHEJ) or homology-directed repair (HDR). Briefly, in the NHEJ
repair pathway the two broken ends are ligated together, leading typically to col-
lateral small insertions or deletions (indels) at the DSB site. As a result, frame-shift
mutations are often introduced, creating premature stop codons that suppress gene
function. HDR, on the other hand, is a template-dependent pathway of DSB repair.
In the presence of a donor template with homology to the break site, this pathway
enables the spatially-accurate insertion of transgenes, or nucleotide substitutions, at
the target locus [268, 269]. It has been determined that, compared to conventional
systems, introducing DSBs using designer nucleases increases the frequency of
HDR by several orders of magnitude [268].

Beyond the genome editing possibilities offered by these systems, they also have
the potential to regulate endogenous gene expression at specific genome loci in
living cells and organisms. This versatility arises from the ability of combining
DNA-binding modules with numerous effector domains, including transcriptional
activators and repressors, recombinases, transposases, DNA and histone methyl-
transferases, and histone acetyltransferases [268, 278].

A gene repressor strategy using engineered zinc-finger fusion proteins has been
developed for HD. Zinc-finger repressors, designed to recognize the CAG repeat of
the mutant HTT gene, showed the ability to effectively and selectively inhibit
transcription, without affecting WT gene expression, both in cell cultures and in
in vivo models [279]. After striatal delivery of zinc-finger repressors to the model
mouse brain, significant amelioration in HD-related neuropathology and motor
deficits was observed.

The most attractive options for gene therapy would rely on the decrease of
mutant allele expression levels, while preserving WT ones. Fink and colleagues
have described the construction of TALEs designed to cause mutant HTT gene
silencing through either SNP targeting or CAG collapse. To achieve allele-specific
transcriptional repression, TALEs were conceived to target a SNP in a region near
the promoter of the gene and fused with the transcriptional repressor KRAB
(Krüppel-associated box). For the gene correction approach, a pair of TALENs was
constructed in order to induce a DSB only in long CAG repeats (greater than 15).
These two approaches selectively reduced mutant HTT expression in
patient-derived fibroblasts without affecting the expression of the WT allele [280].

Also aiming at completely inactivating the mutant allele without impacting
non-pathogenic allele expression, CRISPR/Cas9 gene editing technology was used
to simultaneously target two patient-specific polymorphic sites at the HTT
mutant-bearing chromosome. Authors initially identified sequences that were pre-
sent on the mutant chromosome haplotype, but absent from the normal one, in a
given HD patient. After the transfection of primary HD fibroblasts with two
CRISPR/Cas9 guide RNAs, inactivation of the mutant allele was achieved through
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the excision of the promoter region, transcription start site and the CAG expansion
in the mutant copy [281].

The interest captured by gene editing and the advances this type of technology is
experimenting will surely translate into novel approaches for polyQ disease treat-
ment in the years to come. As with the other types of strategies discussed, the
development of increasingly improved nucleic acid delivery tools and the validation
of efficacious molecular effects pave the way for the arrival of gene therapy to the
clinic in an ever closer future.
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Chapter 21
Stem Cell-Based Therapies
for Polyglutamine Diseases

Liliana S. Mendonça, Isabel Onofre, Catarina Oliveira Miranda,
Rita Perfeito, Clévio Nóbrega and Luís Pereira de Almeida

Abstract Polyglutamine (polyQ) diseases are a family of neurodegenerative dis-
orders with very heterogeneous clinical presentations, although with common
features such as progressive neuronal death. Thus, at the time of diagnosis patients
might present an extensive and irreversible neuronal death demanding cell
replacement or support provided by cell-based therapies. For this purpose stem
cells, which include diverse populations ranging from embryonic stem cells (ESCs),
to fetal stem cells, mesenchymal stromal cells (MSCs) or induced pluripotent stem
cells (iPSCs) have remarkable potential to promote extensive brain regeneration and
recovery in neurodegenerative disorders. This regenerative potential has been
demonstrated in exciting pre and clinical assays. However, despite these promising
results, several drawbacks are hampering their successful clinical implementation.
Problems related to ethical issues, quality control of the cells used and the lack of
reliable models for the efficacy assessment of human stem cells. In this chapter the
main advantages and disadvantages of the available sources of stem cells as well as
their efficacy and potential to improve disease outcomes are discussed.
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21.1 Introduction

Polyglutamine (polyQ) diseases are progressive neurodegenerative diseases caused
by abnormal overexpression of the CAG triplet, which encodes the aminoacid
glutamine, in a specific gene to each disease. This results in a polyQ-expanded
protein that causes numerous neuropathological and motor impairments. To date, 9
polyglutamine diseases have been identified: Huntington’s disease, Spinobulbar
Muscular Atrophy (SBMA), Dentatorubral-Palidoluisiana Atrophy (DRPLA), and
the Spinocerebellar Ataxias (SCAs) type 1, 2, 3, 6, 7 and 17 [1, 2].

Stem cells comprise all the undifferentiated cells that have the capacity to
self-renew and differentiate into different cell lineages. Thus, through continuous
proliferation these cells maintain the pool of stem cells and undergo differentiation
originating mature functional cells upon stimulation [3]. Stem cells are distin-
guished by their origin and the variety of cell types in which they can differentiate
(Fig. 21.1). Thus, concerning to the variety of cells originated upon differentiation,
these cells can be classified as (i) totipotent stem cells, which give rise to all the
cells of the three germ layers (endoderm, ectoderm and mesoderm), as well as the
support structures needed for embryo/fetal development, such as the placenta;
(ii) pluripotent stem cells, which can also originate cells of the three germ layers,
are not able to form the support structures, and therefore, per se do not originate a
living being; (iii) multipotent stem cells, which are more compromised in a cellular
lineage and consequently can only give rise to cells of one germ layer; finally
(iv) unipotent cells, which differentiate into only one cell type [3, 4]. Relatively to
the origin, totipotent stem cells are formed after fertilization and can be obtained
from the morula. Pluripotent stem cells can be found in the inner cell mass of the
embryos’ blastocyst or can be obtained by cell reprogramming of differentiated
cells into induced pluripotent stem cells (iPSCs). Multipotent neural stem cells
(NSCs) can be obtained by neural induction of pluripotent cells and can also be
directly isolated from fetal or adult nervous system, however in adults the amount
of available stem cells is much smaller [3, 5, 6]. Thus, there are several sources of
stem cells available to be used in research and hopefully with potential to be used in
clinical practice in a near future.

In fact, stem cell-based therapies have been growing in the past years as one of
the most promising approaches for therapy of neurodegenerative diseases as a result
of significant accelerating factors, such as major studies on neurodevelopment and
adult neurogenesis conducted in mammals [7–11] and specially since the discovery
of the presence of neural stem cells in the human adult brain [12], and their role in
neural plasticity and patterning [13]. The implementation of sources of stem cells
capable of generating NSCs, such as human embryonic stem cells (ESCs) [14] and
more recently human iPSCs [15] has also increased the therapeutic potential.
Moreover, mesenchymal stromal cells application in neurodegenerative disorders in
the past ten years revealed promising effects, mainly through the secretion of
supportive factors [16].
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Fig. 21.1 Different sources of stem cells currently available. Totipotent stem cells can be
extracted from the morula; Embryonic stem cells (ESCs) are pluripotent stem cells found in the
inner cell mass of blastocysts; Induced pluripotent stem cells (iPSCs) are pluripotent stem cells
obtained by cell reprogramming of differentiated cells; Neural stem cells (NSCs) are multipotent
stem cells that can be obtained by neural induction of pluripotent stem cells or isolated from fetal
or adult nervous system; Mesenchymal stromal cells are multipotent adult stem cells of the
mesoderm lineage, present in several sources, such as adipose tissue (AD-MSCs), Bone marrow
(BM-MSCs) and umbilical cord (UC-MSCs)
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The first clinical trials using stem cells were performed in the mid-1980s and a
total of 300–400 Parkinson’s disease (PD) patients worldwide have now been
submitted to fetal cell transplantation, showing an improvement in symptoms after
the surgery, as well as increased dopaminergic neuronal function [17, 18]. The
success of these experiments greatly increased the hopes and expectations laid on
these cell-based strategies.

Therefore, in this chapter, different sources of stem cells, namely, embryonic,
fetal, mesenchymal and iPSCs are discussed in terms of their advantages and dis-
advantages as tools for stem-cell based approaches aiming at the development of
new disease models and therapeutic strategies for polyQ diseases. Moreover, sev-
eral pre-clinical and clinical studies conducted using stem cell-based approaches are
evaluated and the main outcomes and conclusions are highlighted, namely graft
survival and functional integration after transplantation, the impact of the trans-
plantation in the host neuropathology and motor impairments, as well as significant
secondary effects.

21.2 Neural Stem and Precursor Cells

Neural stem cells are multipotent stem cells committed to the neuro-ectoderme
lineage. Therefore, upon differentiation give rise to neural cells, such as neurons,
astrocytes and oligodendrocytes. These cells can be isolated from the nervous
system of fetuses and adults, namely from the canonical neural stem cell niches: the
subventricular zone (SVZ) [19], and the subgranular zone (SGZ) within the dentate
gyrus of the hippocampus or other regions, such as the hypothalamus [20] or the
cerebellum [21].

This source of stem cells has been used in several clinical and pre-clinical
assays. Chintawar and collaborators transplanted neural precursor cells isolated
from SVZ into SCA1 mice and observed an improvement of motor impairments as
well as reduction of Purkinje cells (PCs) loss and cellular layer thickness preser-
vation [22]. Mendonça and colleagues recently evaluated the effect of adult cere-
bellar NSCs transplantation into the cerebellum of Machado-Joseph disease
(MJD) transgenic mice. Significant and robust improvement of the MJD-associated
neuropathology, namely reduction of PCs loss, reduction of cellular layer shrinkage
and mutant ataxin-3 aggregates as well as alleviation of motor behaviour impair-
ments were observed. Moreover, a significant reduction of neuroinflammation and
an increase of neurotrophic factors levels were observed, indicating that trans-
plantation of cerebellar NSCs triggers important neuroprotective effects [21].

In clinical research the preferential source of neural stem cells used so far were
isolated from fetuses. In HD, for example, the main source region of the fetal brain
is the lateral ganglionic eminence, given the fact that these cells can spontaneously
differentiate into striatal medium spiny neurons MSNs, which suffer extensive
degeneration in HD [23]; reviewed in [24]. Indeed, a number of preclinical studies
initially reported the efficacy of human fetal striatal tissue to provide functional
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recovery in a variety of rodent and nonhuman primate models of striatal neuronal
loss [25–28]. The first report regarding fetal transplantation in HD, dates back from
1995 by Madrazo and colleagues, who performed fetal striatal transplantations in
two young HD patients [29]. Patients were implanted into the ventricular wall of the
right caudate nucleus with striata from human fetuses. The main reported outcome
of this study was a slower progression of disease in both patients comparing to their
preoperative state [29]. Later, other successive implants were carried out in three
moderately advanced HD patients, who received striatal tissue of 8–10 week old
human fetuses, selectively obtained from the lateral ganglionic eminence [30, 31].
Each patient was transplanted with bilateral grafts from 5 to 8 donors, placed into
the caudate nucleus and the putamen. One year after transplantation, graft survival
and growth within the striatum was observed by magnetic resonance imaging
(MRI) in all the three patients. Furthermore, none of the patients showed major side
effects. The patients died 74, 79 and 121 months after transplantation and their
autopsies showed that the grafts survived well in two patients, with evidence of
mature donor-derived neuronal differentiation and no signs of intranuclear inclu-
sions in grafted neurons, although with little integration into the host striatum and a
limited descriptive assessment of clinical outcomes [30, 32, 33].

Bachoud-Lévi and colleagues undertook a remarkable clinical trial in this field in
2000. This study was the first to follow the CAPIT-HD (the Core Assessment
Protocol for Intracerebral Transplantation in HD), which defines a standardized set
of neurological, neuropsychiatric and imaging assessments at defined intervals over
a minimum of 1 year pre-operatively and 2 years post-operatively [34]. Five HD
patients were transplanted with grafts composed of whole ganglionic eminence
dissections from 1 to 2 human fetuses with 7.5–9.5 week-old, implanted bilaterally
as tissue fragments into multiple caudate and putamen sites. Approximately 1-year
interval separated the surgeries on the two sides [35]. Three of the five tested HD
patients revealed an effective improvement on motor and cognitive functions and a
clinical stabilization two years after the last transplantation, associated with a
positive graft signal detected by MRI and fluorodeoxyglucose positron emission
tomography (FDG-PET) and restoration of lost sensory-evoked potentials in elec-
trophysiological tests [36]. A fourth patient exhibited no positive response and
showed no signs of graft survival in the physiological and imaging tests. The fifth
patient initially showed signs of recovery, however suffered a complete relapse
immediately after an acute fever, followed by loss of MRI signal in the grafted
region and loss of physiological signs of graft survival, raising the possibility of its
rejection. In the case of these patients, PET imaging of glucose has given important
clinical information, revealing a reduction on striatal and cortical hypometabolism
in the three patients that showed functional stabilization, while in the other two,
who did not respond to graft transplantation, there was a progression of the
metabolic abnormalities [36]. Nevertheless, 4–6 years after neural grafting, the
early benefits from the treatment had largely been lost [37].

Less positive results have been reported in another trial involving seven
symptomatic advanced HD patients, who were bilaterally transplanted with
micro-dissected lateral ganglionic eminence from 8 to 12 human fetal brains into
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the posterior putamen [38]. From these seven HD transplanted patients, six-showed
moderate improvement in Unified Huntington’s Disease Rating Scale (UHDRS)
scores, while one patient presented the characteristic decline associated to the
disease. Three patients developed subdural hematomas after the surgery, which may
be correlated with the advanced stage of the disease in comparison to other studies.
This suggested that the implantation of tissue into the already extensively degen-
erated basal ganglia might increase the risk of severe side effects compared to
surgeries in patients at an earlier stage of the disease [35]. One of the patients died
after 18 months of causes unrelated to the surgery. This allowed a detailed
anatomical analysis of the post-mortem brain, which revealed healthy bilaterally
surviving grafts, with differentiation of the grafted cells into a mature striatal-like
tissue mass containing all striatal cell phenotypes examined. However, despite the
use of multiple donors, only 8–10% of the striatal region transplanted was engrafted
[38, 39]. Moreover, in general no clinical improvements suggestive of a functional
integration of the graft within the host striatum were observed in the transplanted
patients [40]. A decade after the neural transplants, the brains of three subjects with
HD were evaluated at autopsy by immunohistochemistry and electron microscopy
for markers of projection neurons, inflammatory cells, abnormal huntingtin protein
and host-derived connectivity [41]. In brief, surviving grafts were identified in two
of the patients and presented classic striatal projection neurons and interneurons,
with no genetic markers of HD being detected withing the graft. However, the
authors reported that: (i) long-term graft survival was decreased; (ii) grafts under-
went disease-like neuronal loss with a preferential degeneration of projection
neurons; (iii) immunologically unrelated cells died faster comparing to the patient’s
neurons subtype and (iv) microglial inflammatory in the grafts specifically targeted
the neuronal components of the grafts. The combination of these observations
raised important challenges about the potential therapeutic of this approach for the
treatment of HD [41].

The European Network for Striatal Transplantation in HD accomplished a
clinical safety study in a United Kingdom-based multicenter trial [42]. This study
aimed to evaluate the safety of unilateral intrastriatal dissociated cell suspension of
whole human fetal ganglionic eminence in the caudate and the putamen of four
patients with mild to moderate HD. Six months after transplantation, MRI did not
show any feature of uncontrolled or invasive growth of the implanted cells in any of
the grafted patients. Moreover, no major adverse effects related to cell transplan-
tation were observed [42]. The long-term follow up over 3–10 years after the
surgery, showed that there were no differences found over time between the grafted
and non-grafted patients in any sub score of the UHDRS, although a tendency to a
slower progression on some motor tasks in transplanted patients was observed. The
main conclusion of this study was that fetal striatal allografting in HD is safe,
however, without observable functional gains to the patients [43].

A pilot study was also undertaken to address the utility of fetal cell grafts
involving two patients with moderate HD [44]. Both patients were transplanted
with bilateral fetal striatal allografts of 2–3 ganglionic eminences. One of the
patients showed prolonged clinical motor amelioration during a 5-year period and
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increased striatal D2 receptor binding, evident with raclopride (RAC-) PET, sug-
gesting long term survival and efficacy of the graft. However, the other patient did
not demonstrate evidence of either clinical improvement or functional grafting, with
a similar decline in motor function to that of 6 untreated controls [44].

More recently, Gallina and colleagues reported the results of a clinical study
involving four patients with moderate to highly advanced HD that were bilaterally
transplanted with human fetal striatal tissues (9–12 weeks gestation) [45]. Small
blocks of whole ganglionic eminencies were dissected to obtain a cell suspension
that was stereotaxicly grafted into the caudate head and the putamen of these
patients. The follow-up period allowed concluding that all patients showed stabi-
lization or improvement in some neurological indices, as well as neo-generation of
metabolically active tissue with striatal-like MRI features in 6 out of 8 grafts. In
addition, the increase in D2 receptor binding was suggestive of striatal differenti-
ation of the newly-generated tissue in 3 patients. Remarkably, new tissue con-
necting the developing grafts with the frontal cortex and, in one case, with the
ventral striatum, was also detected. No clinical and imaging signs indicating
uncontrolled graft growth were observed [45]. This study provided some reliable
results supporting both the reconstructive potential of fetal tissue and the capacity of
the adult brain to retain plasticity.

Overall, transplantation of fetal stem cells triggers several beneficial mechanisms
such as the upregulation of intrinsic mechanisms of cell proliferation and neuro-
protection. Furthermore, through the integration into the endogenous host network
these cells can replace or repair the lost/damaged neurons. Nevertheless, the use of
fetal tissue has raised ethical concerns with respect to the donor and the recipient
[46], as well as safety issues based on adverse effects of neurografting [47], namely
grafting overgrowth, cyst development and the occurrence of subdural hematomas
[32, 38]. In addition, the limited number of HD patients that have been treated with
fetal neural tissue transplantation and particularly, the differences in the employed
protocols, brought even more difficulties to make a definitive conclusion about the
value and long-term safety of these procedures for HD [24]. Moreover, there is a
considerable heterogeneity on the obtained outcomes and the benefits from these
implants seem to be temporary [32, 37, 41]. As a result, there is a need for larger
clinical trials in these patients and urgent efforts on the standardization of tech-
niques regarding isolation, handling and transplantation of the intended cell type
[48].

21.3 Embryonic Stem Cells

Problems such as the insufficient availability of fetal donor cells and their hetero-
geneity have been hindering the progression of cell replacement therapies for
neurodegenerative diseases. This led to the use of alternative stem cell sources.
For that reason, human ESCs have been considered a renewable potential source for
these neurons and their progenitors.
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ESCs are pluripotent stem cells derived and expanded from the inner cell mass
of the blastocyst stage embryo and have the potential to proliferate extensively
in vitro and differentiate into any cell type of the human body, including neurons
[49–51].

Aubry and colleagues performed the first studies in the transplantation of human
neural cells differentiated from ESCs in animal models of HD, aiming at disclosing
the best cellular differentiation stage for grafting [52]. To achieve this goal, the
authors transplanted ESC-derived neural cells at different phases, ranging from
neural precursor rosettes to differentiated striatal MSNs, into a quinolinic acid
(QA)-induced HD rat model. The main outcome of this study was the development
and validation of a protocol to direct the differentiation of human ESCs into neurons
that exhibited phenotypic features of MSNs, both in vitro and in vivo following
xenografting. Despite the huge amount of interesting data, the authors showed that
cells transplanted at the early stages of the differentiation protocol presented a
strong tendency to originate teratoma-like masses, while differentiated cells showed
a reduced survival [52].

In 2012, Ma and co-workers conducted a notable study, where human
ESCs-derived GABAergic neuronal progenitors were transplanted into the
QA-induced HD mice. Four months later, the authors observed that approximately
60% of the total grafted cells were positive for the neuronal marker DARPP32.
Remarkably, the transplanted cells received dopaminergic and glutamatergic inputs
and projected correctly to the substantia nigra, which was associated with an
improvement in the motor performance of these animals [53].

Kaemmerer and colleagues assessed ESCs therapeutic potential in heterozygous
SCA-1 transgenic mice that received bilateral cerebellar transplants of dissociated
cerebellar cells from E13 to E15 WT embryos of a syngeneic mouse brain. Results
showed that engrafted Purkinje cells were identified in 9 of the 12 transplanted
animals for as long as 20 weeks, which targeted the deep cerebellar nuclei, even
though with a variable localization between them. Interestingly, data from beha-
vioural tests showed that the cerebellar grafts provided a beneficial outcome in
motor performance of the animals where the engraftment occurred for 20 weeks
[54].

Carri and collaborators have undertaken a study where human ESC-derived
striatal precursors exposed to sonic hedgehog (SHH) and dickkopf-1 (DKK-1; a
WNT signaling pathway inhibitor) were grafted into the QA-induced HD rats. The
authors confirmed the differentiation of the transplanted cells into DARPP32-
positive neurons and observed temporary improvements in apomorphine-induced
rotational behaviour, concomitant with the presence of the human cells at 9 weeks
post-transplantation [55].

Recently, Arber et al. [56] showed in the QA-induced HD rat model that neu-
ronal progenitors derived from human ESCs exposed to activin-A [a multifunc-
tional TGFb family protein that has been shown to induce forebrain neurogenesis
[57, 58], readily differentiated into postmitotic neurons expressing DARPP32,
both in culture and following transplantation. Furthermore, 16 weeks
post-transplantation, immunoreactivity for human DARPP32 and GABBA was still
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observed, as well as dopaminergic and glutamatergic fibres surrounding the grafted
cells. Small amounts of human neural cell adhesion molecule (hNCAM) positive
fibers in the globus pallidus and midbrain were also found [56]. Despite the
encouraging pre-clinical results obtained with ESCs, to the best of our knowledge,
no clinical trials were or are being performed with ESCs or ESC-derived cells for
polyQ diseases.

In summary, ESCs allow adequate cell expansion, and upon transplantation
trigger mechanisms of neuroprotection as well as cell-replacement, allowing the
change or repair of lost/damaged neurons. However, several issues need to be
addressed that may hinder the clinical use of human ESC-derived cells at this
current level of technology. This is mainly related to the formation of teratomas or
neuroepithelial tumours induced by ESC-derived grafts, which seems to be
dependent on cell’s differentiation degree prior to transplantation [52]. Several
questions remain open, such as the maximum acceptable number of pluripotent
cells in the graft to reach a negligible probability of tumor formation. Furthermore,
we should take into account that these studies were conducted in rodents and did
not include long survival periods necessary to rigorously assess tumorigenic
potential. Thus, a detailed characterization and comparison of graft behaviour
according to the differentiation level of transplants should also be included in future
studies. Finally, the functional effect of the grafts needs to be carefully explored in
order to evaluate the therapeutic potential of the transplants and future applications
in neurodegenerative disorders.

21.4 Induced Pluripotent Stem Cells

In 2006 Takashi and Yamanaka [6] tested 24 genes, selected for their pivotal roles
in the maintenance of ESCs identity, and found that the overexpression of a
combination of 4 reprogramming factors (RF) was sufficient to trigger a cascade of
events that gave rise to pluripotent stem cells, the so-called iPSCs. This successful
derivation of iPSCs from adult mouse fibroblasts through the ectopic co-expression
of only 4 reprogramming factors (OCT4/Pou5f1, SOX2, KLF4 and c-MYC) rev-
olutionized the field of pluripotent stem cells. For this discovery Shinya Yamanaka
has been awarded, in 2012, with the Nobel Prize in physiology or medicine jointly
with John Gurdon. Cell reprogramming was quickly applied to human cells and, in
2007, human iPSCs were generated by the same group [15] through transducing
human dermal fibroblasts with retroviral vectors carrying the same reprogramming
factors. In the same year, Yu and colleagues [59] also generated human iPSCs by
transducing human fibroblasts with lentiviral vectors encoding the factors OCT4,
SOX2, NANOG and LIN28. The generated iPSCs shared the main properties of
hESCs, including the unlimited self-renewal and the potential to differentiate into
cells of the three germ layers, being molecularly and functionally very similar
[6, 59].
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Many iPSCs-derived neuronal models have been developed to study and char-
acterize monogenic neurodegenerative diseases in the last years. The first
iPSCs-based disease models for neurodegenerative disorders were generated for
amyotrophic lateral sclerosis (ALS) [60] and spinal muscular atrophy (SMA) [61]
and since then many other models of neurodegenerative disorders, particularly of
the PolyQ diseases, have been produced, as presented in Table 21.1.

Neuronal models of PolyQ diseases obtained from differentiation of patients’
iPSCs prove to be accurate human in vitro models if the expression of the mutant
protein associated with the genetic mutation linked to the disease pathogenesis is
conserved. Most of the disease phenotypes reported for the obtained neuronal
models were early phenotypes, associated with increased neuronal sensitivity to
cellular stress, failure of survival pathways as autophagy and apoptosis and
impaired maturation and complexity of neuronal processes. Drug screening, eval-
uation of molecular therapy approaches involving gene silencing, overexpression or
correction along with disease modeling are the most immediate applications of
these models as they prove to be valuable human in vitro predictive tools to
elucidate disease mechanisms and to obtain therapeutic tools efficacy and toxicity

Table 21.1 iPSCs-derived in vitro neuronal models

Neurodegenerative
disease

Reprogramming
method

iPSC-
derived
cell
subtype

Reported phenotype References

Huntington’s
disease

RV: OSKM
SF
Episomal
OSKML siRNA
p53
SF

NPCs,
neurons,
Striatal
neurons

Increased lysosomal
activity and
susceptibility to
stress and toxicity
Huntingtin
aggregates upon
proteasome
inhibition

[68, 73,
76, 81,
140, 141,
145]

SBMA/DRPLA LV: OSKM
SF

Motor
neurons

Increased
acetylated a-tubulin
AR aggregation

[65, 66]

SCA2 RV: OSKM
SF

Neurons Decreased survival
of neurons

[142, 143]

(SCA3/MJD) RV: OSKM
SF
LV: OSKM

Neurons Insoluble ataxin-3
aggregates upon
glutamate excitation
Autophagy
impairment
microRNA
dysregulation

[67, 78,
79]

SCA7 RV: OSKM
SF

Neurons NA [144]

Legend: RV retrovirus; OSKM Oct4, Sox2, Klf4, c-Myc; SF skin fibroblasts; LV lentivirus; AR
androgen receptor; NA not applicable
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data in preclinical testing of candidate therapies [62–64]. Several compounds have
been tested in iPSCs-derived neuronal models, as in the cases of SBMA [65, 66]
and MJD [67].

Neurons derived from patients with late onset disorders can reveal early
mechanisms prior to the development of “downstream” phenotypes, such as the
altered gene expression and protein processing/aggregation that may only be
observed in fully mature and aged neurons. Several methods are employed to
accelerate the maturation and aging of human iPSCs-derived neurons enabling the
study of disease phenotypes in manageable time frames. The use of stressors [68],
the overexpression of proteins implicated in cellular aging regulation [69] and the
induction of excitotoxicity [67] are the most common techniques that have been
successfully used in several studies [70].

Ageing is associated with increased oxidative stress [71] and therefore in an
effort to mimic stress-induced changes that occur during normal aging, oxidative
stressors were used in iPSCs-derived neuronal models of late-onset diseases to
produce the ageing effect in vitro and to induce age-dependent phenotypes.
Hydrogen peroxide and sodium arsenite have been used to induce the production of
reactive oxygen species in HD [68] iPSCs-derived neuronal models. In these
studies, disease-related susceptibility phenotypes were uncovered, where
patient-specific neurons were more susceptible to stress-induced death than control
neurons. Other classes of stressors used to unveil late-onset neuronal phenotypes
are the proteasome inhibitors such as MG132 [72–75] and autophagy inhibitors
such as 3-methyladenine [68], chloroquine [76] and ammonium chloride [77] that
contribute to protein aggregation and proteotoxicity, hallmarks of neurodegenera-
tion in the established neuronal models.

Our group has shown that early cultures of MJD iPSCs-derived neurons reveal
autophagy impairment, upon treatment with the autophagy inhibitor chloroquine
[78]. We found increased levels of p62 and LC3 for both control and MJD cultures,
being this accumulation more pronounced and significative in MJD cultures, sug-
gesting failure in clearance mechanism as reported for other neurodegenerative in
iPSCs-derived in vitro models [77]. The same cultures also presented a dysfunc-
tional phenotype, regarding microRNA dysregulation (downregulation of mir-181a
and mir-494) [79].

Excitotoxicity is another pathological hallmark of neurodegenerative diseases
and neurotoxicity can be induced by excessive concentrations of glutamate, the
major excitatory neurotransmitter in the central nervous system [80]. Therefore,
another method to mimic in vivo ageing in vitro is the exposure of iPSCs-derived
neurons to high extracellular concentrations of glutamate, as demonstrated using
iPSCs derived from HD [68, 81] and MJD patients [67, 82]. The neurons derived
from patients’ iPSCs presented higher sensitivity and cell death dependent on
glutamate treatment as compared to controls. In the MJD model, it was demon-
strated that glutamate-induced excitotoxicity mediated by increased levels of Ca2+

activated proteolysis and aggregation of the ataxin-3 protein, reinforcing the role of
aggregation in MJD pathogenesis [67, 82].
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For future research, it is important to improve the assessment of the in vitro
maturation and aging of neurons to further define the disease-specific molecular
signature and correlate it with emerging disease phenotypes. The improved pre-
dictability of these iPSCs-derived neuronal models is an essential requirement and
will help to support these models as essential tools to provide significant under-
standing of disease mechanisms and to identify new therapies for patients.

Cellular therapy based on the transplantation of iPSCs or their neuronal
derivatives is still on early stages, with few published works on polyQ diseases.
Some studies on HD indicate that the transplantation of iPSCs [83, 84] was suc-
cessful in the recovery of striatal lesions caused by 3-NP and QA in rat models.
Moreover, the intrastriatal transplantation of rat iPSCs in the 3-NP Huntington’s rat
model [83] led to preservation of the neuronal population and motor and metabolic
functions. Similar results were found for the QA-induced HD rat model [84], where
it was demonstrated that mouse iPSCs could survive, migrate and differentiate into
neurons and glia after transplantation alleviating striatal atrophy and improving
functional recovery.

There is some controversy surrounding the transplantation of iPSCs due to the
propensity to form teratomas or the emergence of other tumors [85, 86] and some
common strategies are used to prevent this safety issue as the use of compounds
that inhibit teratoma formation or the transplantation of no pluripotent
iPSCs-derived cells as NSCs. Some small compounds such as quercetin and
YM155 proved to be efficient for inhibiting teratoma formation after transplantation
of human pluripotent stem cells (PSCs) and PSCs-derived cells without compro-
mising the differentiation capability [85]. The most used strategy to overcome this
issue and also direct the differentiation process towards the neuronal fate is the use
of NSCs or NPCs taking inspiration from works in PD [87–89]. Also, the genetic
stability of human iPSCs and derived cells is a major concern in the cell therapy
application. Most of the aneuploidies found are associated to long-term cultures
[90, 91] and karyotypes should be analyzed as close as possible to the actual
differentiation/transplantation to avoid compromising the capability of differentia-
tion or engraftment.

Taken together, the role of iPSCs and its neuronal derivatives in cellular therapy
of neurodegenerative diseases presents itself as an opportunity, overcoming
pressing issues as the immunological rejection and opening the possibility of
autologous transplantation but with some challenges, mainly regarding the potential
tumorigenicity and genetic stability of the transplants. Currently, the most imme-
diate use of those cells is the creation of disease model platforms. In fact, there is an
ongoing clinical trial (NCT00874783), focused on the development of iPSCs lines
for several neurodegenerative diseases, including PolyQ diseases as HD and MJD,
which highlights the importance of iPSCs and their neuronal derivatives as reliable
in vitro models and source of stem cells for cell-based therapies.
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21.5 Mesenchymal Stromal Cells

Mesenchymal stromal cells (MSCs) are adult multipotent cells that were initially
identified in the bone marrow as a heterogeneous and small non-hematopoietic
population of cells, which gives structural and physiological support for hemato-
poiesis [92]. They derive from the mesenchyme, the connective tissue that is
originated from the mesoderm, and can then differentiated into tissues of mesoderm
origin, such as bone, cartilage, tendon, adipose tissue, and muscle [93].

MSCs can in theory be isolated from almost all adult connective tissues that
derive from the mesenchyme, but the most frequently used sources for MSCs
isolation are the bone marrow (BM-MSCs), the adipose tissue (AD-MSCs) and the
umbilical cord blood (UC-MSCs) [94]. The designation “mesenchymal stem cells”
is also commonly used in the literature, but in 2005 the committee of the
International Society for Cytotherapy suggested “mesenchymal stromal cells” as the
most appropriate designation for these cells [95]. MSCs have no major ethical
concerns regarding their use in clinics and are considered safe, given that they have
low immunogenicity, due to low expression of major histocompatibility complex
antigens [96], and are not prone to form tumors upon transplantation [97]. Their
boundless therapeutic potential comes essentially from their strong paracrine
effects, as MSCs can secrete factors capable of helping injured tissue to recover or
otherwise to protect neuronal cells from death and damage. Among other features,
MSCs can provide trophic support, control immunological processes, thereby
decreasing neuroinflammation [98], and secrete extracellular vesicles such as
exosomes, that are thought to carry miRNAs and other molecules from MSCs to
neuronal cells, thus controlling important cellular processes such as growth, death,
transcription or synaptogenesis [99].

21.5.1 AD-MSCs

The therapeutic potential of AD-MSCs in polyQ diseases, has been reported in
three studies using HD models. Lee and collaborators [100] observed that human
AD-MSCs could slow striatal degeneration and alleviate behavioral impairments in
the QA-induced rat model and R6/2 transgenic mice. Additionally, multiple growth
factors such as brain-derived neurotrophic factor (BDNF), nerve growth factor
(NGF), insulin-like growth factor 1 (IGF-1), epidermal growth factor (EGF), and
ciliary neurotrophic factor (CNTF) were increased. In order to evaluate AD-MSCs
transplantation effect in long-lived HD mice the same group used the YAC128
transgenic model [101]. Comparison of the efficacy of AD-MSCs isolated from the
subcutaneous adipose tissue of an HD patient and a healthy donor showed reduction
of striatal atrophy and motor improvements for the latter, but not upon transplan-
tation of HD AD-MSCs. Hosseini and collaborators used AD-MSCs purified from
liposuction of healthy donors that were injected 7 days post lesion into the lesioned
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striatum of QA-induced HD rats [102]. A significant decrease of motor impairments
and anxiety levels was observed in treated rats.

Thus, these studies demonstrated that AD-MSCs transplantation triggers pro-
moted both neuropathological and phenotypic alleviation in different HD models.
Nevertheless, their potential is dependent on the time window of administration
[100, 101]. Moreover, AD-MSCs isolated from HD patients may not be as effective
as AD-MSCs isolated from healthy donors, probably due to a lower paracrine effect
in vivo in the case of HD AD-MSCs [101].

21.5.2 BM-MSCs

The potential of BM-MSCs has also been assessed by Edalatmanesh and colleagues
in a QA-induced lesion in the cerebellum (folia VI) of rats [103]. Transplantation of
rat BM-MSCs was performed directly into the lesion site, 48 h after QA injection.
Deficits in motor and cognitive functions were diminished in BM-MSCs treated
rats, from two to six weeks after transplantation. Transplantation of human
BM-MSCs from healthy donors in the right side of the striatum of 2-months old
transgenic N171-82Q HD mice [104] mediated preservation of the volume of the
striatum and increased expression of the neurotrophic factors (fibroblast growth
factor (FGF); CNTF; vascular endothelial growth factor (VEGF) and NGF).
Moreover, induced neurogenesis and neural differentiation of the host endogenous
NSC was also observed.

Ex vivo gene therapy approaches have also been explored by engineering
BM-MSCs to overexpress BDNF and glial cell line-derived neurotrophic factor
(GDNF) (NTF+ cells) [105, 106], which promoted improvement of both neu-
ropathological and behavioral impairments [16]. Identical results were obtained
with human BM-MSCs isolated from healthy donors and from HD patients, in
opposition to what was shown for AD-MSCs [101]. Additionally, NTF+ MSCs
were more effective in preserving striatal volume, as compared to naïve MSCs,
and in decreasing apomorphine induced rotational behavior. Using a similar
approach, Dey and collaborators engineered BM-MSCs to overexpress BDNF
(BDNF-BM-MSCs) or NGF (NGF-BM-MSCs) and each of these cell types or a
mix of both, were injected into the striatum of 4-month old YAC128 transgenic and
wild type mice [107]. Nine months after transplantation, mice treated with
BDNF-BM-MSCs showed less neuronal loss and better motor performance.

Lin and collaborators investigated the potential alleviation of HD by human
BM-MSCs immortalized by retrovirus-mediated gene transfer of human telomerase
reverse transcriptase (hTERT) combined with human papillomavirus E6 and E7
[108]. Two different HD mouse models, the QA-induced model and the R6/2
transgenic mice, were used. In the QA-induced model, BM-MSCs injection in the
lesioned striatum, mediated alleviation on motor impairments, induction of neural
proliferation and differentiation, as well as recruitment of microglia, neuroblasts and
bone marrow-derived cells to the lesion site. Furthermore, a partial recovery of the
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striatum volume, decrease in apoptosis and increased life-span was observed. In the
R6/2-J2 mice, BM-MSCs were transplanted in the striatum at 12 weeks of age. The
observed effects were very similar to the effects observed in the QA-induced model,
except for the motor performance, which did not present any significant
improvement.

A second chemically-induced HD model—the 3NP rat model was also used to
evaluate the therapeutic potential of BM-MScs [109]. BM-MSCs were isolated
from adult non-syngeneic Sprague–Dawley rat bone marrow and transplanted into
the striatum, 28 days after the first administration of 3NP. The treatment with low
(3NP + TPlow, 200,000 MSCs) or high number of BM-MSCs (3NP + TPhigh,
400,000 MSCs) was compared. All treated groups had the lateral ventricles less
enlarged than 3NP rats. The 3NP + TPlow group showed improved motor per-
formance. Surprisingly, the 3NP + TPhigh group did not achieve any improve-
ments in the motor performance. The authors explain this result suggesting that
above an optimal number of BM-MSCs, the striatal cytoarchitecture might be
disrupted and cause additional neuronal injury, thus diminishing the beneficial net
effects of BM-MSCs. No neuronal differentiation was observed, in opposition to
previous reports [108]. Furthermore, BM-MSCs transplantation promoted
over-expression of BDNF, collagen type-I and fibronectin. Thus, the improvements
achieved in this HD rat model seem to be due to paracrine factors secretion.
Therefore, BDNF appears to be a common potential neurotrophic factor behind the
action of both BM-MSCs and AD-MSCs in HD models [16, 100, 107].

Recently, the same authors investigated the role of passage number on treatment
efficacy. MSCs isolated from mice bone marrow were grown for low (3 to 8) or
high (40 to 50) number of passages and transplanted into the striatum of 5-week-old
R6/2 mice. As previously reported [109], no neuronal or glial differentiation was
observed. Higher mRNA levels of BDNF were present in the striatum of trans-
planted BM-MSCs mice. However, no difference in the mRNA BDNF levels was
observed between mice transplanted with low or high number of passages.
Nevertheless, improved striatal metabolic activity and behavioral performance were
observed for the mice transplanted with the cells at higher of passage number.
Therefore, this report demonstrates that the time that BM-MSCs are kept in culture
before transplantation can alter their efficacy [110].

The relevance of the administration pathway has also been investigated by
transplanting human BM-MSCs intravenously or intracranially in SCA-2 transgenic
mice [111]. Several intravenous infusions of human BM-MSCs alleviated motor
impairments, while intracranial administration of these cells failed to produce
beneficial effects. Moreover, intravenous treatment was more effective in inducing
PCs survival than intracranial transplantations. To assess the potential of BM-MSCs
in treating SCA-1 a single intrathecal injection of BM-MSCs derived from C57/Bl6
was performed into SCA-1 transgenic mice [112]. The results showed that this
approach could alleviate motor phenotype and neuropathology, namely by partially
restoring the PCs layer organization, 15 weeks after the treatment.
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21.5.3 UC-MSCs

UC-MSCs application to polyQ diseases have been assessed, to best of our
knowledge, in a single study, in which UC-MSCs of C57/BL6 mice pups with low-
(3 to 8) or high-passage (40 to 50) MSCs were transplanted into 5-week-old R6/2
HD mice [113]. Six weeks after transplantation, a higher amount of transplanted
cells were detected in R6/2 mice transplanted with high-passage UC-MSCs than in
the group that received low-passage UC-MSCs. Thus, the augmentation of culture
time increases the UC-MSCs survival rate. Moreover, in opposition to the previ-
ously described work of Rossignol and colleagues [109], both low- or high-passage
UC-MSCs transplantation triggered less brain damage, as well as increased striatum
metabolic activity. Nevertheless, no motor coordination improvements were
observed, indicating that UC-MSCs might not be as effective as BM-MSCs in
treating this HD model.

21.5.4 Clinical Trials with MSCs

Considering the promising pre-clinical results with MSCs in several polyQ dis-
eases, clinical trials using MSCs have been performed to assess the safety and the
efficacy of these cells transplantation. Most of the clinical trials already completed
or that are running used UC-MSCs (Table 21.2).

One of the completed studies enrolled 14 SCA patients and 10 multiple system
atrophy-cerebellar type patients (MSA-C). The UC-MSCs were weekly adminis-
tered during 4 weeks via intrathecal injection [114]. Motor skills and daily life
quality were assessed during 6–15 months and compared with the initial scores.
The results showed that 1 month after, symptoms were alleviated in all patients,
except for one case, in which no response was observed. A follow-up evaluation
reported that 10 patients’ improved conditions persisted for half a year or more,
nevertheless in 14 cases patients’ conditions returned to the initial status.

In a Phase I/II clinical trial (NCT01360164), 16 patients with SCA1, SCA2, or
SCA3 received UC-MSCs, first by intravenous injection, followed by 3 consecutive
intravenous and intrathecal simultaneous injections at 1-week intervals [115].
A follow-up of 12 months proved the safety of this therapeutic approach.
Moreover, 7 patients showed continuous improvement of motor deficits for at least
6 months after receiving the therapy, although 5 patients suffered from disease
aggravation.

Another clinical trial, enrolled patients from several neurodegenerative disor-
ders, including 8 SCA patients, and aimed at testing the safety and feasibility of
intrathecal UC-MSCs injection via lumbar puncture [116]. Four to 6 administra-
tions of UC-MSCs were made between the L4 and L5 interspace within an interval
of 5–7 days. All patients were followed-up for more than 1 year and no significant

454 L. S. Mendonça et al.



side effects were reported. Moreover, 3 of the 8 patients showed motor function
improvement with the treatment.

Other clinical trials are running or have already finished, but no results have been
reported so far (NCT01489267, NCT01958177, NCT01649687, NCT02540655).
The therapeutic effect of AD-MSCs in SCAs will be evaluated in a phase II clinical
trial (NCT02540655), which will test the safety and efficacy of Stemchymal®
(allogeneic AD-MSCs). In HD, a dose escalation, non-randomized, phase I clinical
trial will evaluate the safety of Cellavita (mesenchymal stem cells isolated from the
dental pulp). Six participants with HD will receive 3 intravenous injections of one
of three doses of the cells, one every month for three months and will be followed
by 5 years (NCT02728115).

Table 21.2 Clinical trials with MSCs in PolyQ diseases

Disease Title Trial ID Sponsor Phase

SCA and multiple
system
atrophy-cerebellar
type patients
(MSA-C)

Intrathecal injection of
UC-MSC is safe and can
delay the progression of
neurologic deficits for
SCA and MSA-C patients

Unknown [114] Unknown I/II

SCA1, SCA2 and
SCA3

Safety and efficacy of
umbilical cord
mesenchymal stem cell
therapy for patients with
Hereditary Ataxia

NCT01360164
[115]

Shenzhen Beike
Bio-Technology
Co., Ltd.

I/II

Several
neurodegenerative
disorders,
including SCAs

Umbilical cord
mesenchymal stem cells in
neurological disorders: a
clinical study

Unknown [116] Unknown I/II

SCA1 A new method to treat
Hereditary Cerebellar
Ataxia—Umbilical cord
mesenchymal stem cells
transplantation (SCA)

NCT01489267 General Hospital
of Chinese
Armed Police
Forces

II

SCA3 or MSA-C Treatment of Cerebellar
Ataxia with Mesenchymal
stem cells

NCT01649687 National Yang
Ming University

I/II

Cerebellar Ataxias Efficacy and safety study
of Mesenchymal stem
cells (Stemchymal®) in
Polyglutamine
Spinocerebellar Ataxia

NCT02540655 Steminent
Biotherapeutics
Inc.

II

HD Safety evaluation of
Cellavita HD administered
intravenously in
participants with
Huntington’s disease
(SAVE-DH)

NCT02728115 Azidus Brasil I
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In conclusion, clinical trials have been showing that MSCs are safe and can
delay disease progression in some patients. Nevertheless, the beneficial effect
promoted by MSCs treatment seems not to be transversal to all the patients, given
that, a considerable percentage of the patients returned to the disease stage on which
they were before the treatment had started. Another important issue is the survival
of MSCs upon transplantation. The majority of the studies herein discussed gen-
erally refer that MSCs can survive for a relatively short time after transplantation,
ranging from a couple of weeks [104] up to 10 weeks after transplantation [109].
The studies that tracked MSCs for longer periods of time have not found the cells at
the lesion sites [107, 111]. Moreover, a very low percentage of the injected cells can
usually be found engrafted in the lesion tissues [16, 100, 107]. Therefore, several
issues in the application of MSCs to clinical practice need a deeper investigation,
such as the appropriate cell source, timing, dosage, method of injection and the
feasibility of a continued treatment to obtain more sustained benefits. Moreover, the
need for standardization of the protocols used by different institutions, as well as
performing longer follow-ups of the patients to evaluate treatment efficacy and
safety are also important issues [117, 118].

21.6 Strengths, Obstacles and Future Perspectives

The use of stem cells for therapeutic and research purposes deals with several
issues, namely the ethical controversies associated to some of the most promising
sources of stem cells. Particularly, the use of human fetal tissues derived from
abortion and the use of human stem cell lines derived from human embryos gen-
erated during in vitro fertilization programs has raised ethical concerns in the field.
The major ethical problem is related to the way these cells are derived, given that to
establish the ESCs lines, the embryos have to be destroyed. Therefore, moral and
scientific discussion has been debating the point in the developing human embryo
or fetuses in which humanness start [119, 120]. Despite this debate, the use of
human stem cells for research and therapeutic applications has been regulated and
legislated and is conducted under the rules and guidelines of several ethical com-
mittee and legal entities, such as the International Society for Stem Cell Research,
that in 2006 and 2016 established the Guidelines for Stem Cell Research and
Clinical Translation. Nevertheless, there are some countries where the use of human
fetal tissues and embryonic stem cells remains illegal, which constrained research in
this field, increasing, consequently, the research efforts made with other sources of
cells such as adult stem cells and iPSCs, the latter is potentially an unlimited source
of cells without major ethical problems.

Another challenge for stem cell-based therapies is the guarantee of viability,
purity, reproducibility and safety of the different batches of cells. Therefore, the
standardization of production procedures and the control of cell viability and purity
are mandatory for the successful use of stem cells and to reduce the heterogeneity of
the results obtained both in pre- and clinical studies. In fact, the clinical translation
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process of cell-based therapies have specific requirements for characterization,
manufacturing, and safety assessments, namely contamination with infectious dis-
ease agents, instability due to extensive expansion and tumorigenicity testing [120–
122].

The lack of reliable in vivo models is another important limitation in human
stem cells transplantation research. In fact, most of the used and available in vivo
models for neurodegenerative diseases are rodent models. The use of rodents to
study human neural stem cells transplantation have several drawbacks, namely, the
central nervous system of primates is much more complex, neural circuitry is
different from rodents, and the human stem cells have different developmental
programs [123]. Thus, it is inevitable to question if rodent brains contain the
instructive cues necessary to truly assess the engraftment potential of human cells.
Additionally, long term studies of the transplanted cells (>3 years), namely studies
to assess the genetic stability of the cells upon transplantation are not possible in
rodents [123]. Moreover, the need to administrate immunosuppressive drugs to
avoid immune rejection of the transplanted human cells interferes with the study
outcomes because these drugs are known to activate neurogenesis [124, 125].
Furthermore, there is an important interplay between the immune system and NSCs
[126–128], which can be imbalanced by the immunosuppressors use.

Therefore, new cellular models based on the use of patients cells’ obtained
through the iPSCs technology have been developed aiming at creating more reliable
models [123, 129] that will enable to improve the understanding of the pathologies
and to better evaluate the outcomes of new therapeutic approaches. Some of these
very promising models and technologies are the organoids, microfluidic systems
and 3D bioprinting. Organoids are 3D-organ resembling structures derived from
stem or progenitors cells that undergo in vitro self-organization and differentiation
into different functional cell types replicating the complexity of organs like the
brain in several aspects, such as the cell types present and the 3D structural tissue
organization [130–132]. This research field is in the early beginning. Therefore,
important limitations still have to be solved, such as the poor maturation of these
systems, a consequence of the lack of vascularization and absence of essential
developmental and patterning cues, during the in vitro culturing, which are fun-
damental for the development of mature organs. Thus, these very promising sys-
tems recapitulate the early brain development but fail to originate a proper circuitry
recapitulating more mature stages [131].

Microfluidic devices also named “organs in chip” are automated 3D culture
systems that mimic tissues and organs, comprising either single or multiple organs,
which are integrated in a single chip. In multiple organ systems, different cell types
representing different organs are cultured in separated chambers communicating
through microfluidic networks, which transport fluids and soluble factors between
the different chambers. This automated technique integrates biosensors with
microscopy-based read-outs allowing a real time follow-up and control of the
cellular microenvironment and processes [133–135]. This automated microscale
cell culture systems are much more cost-effective reducing cell culturing expenses.
Moreover, automation increases reproducibility and quality control, which is a
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central requirement of regulating agencies for cell manufacturing and, presently, is
an important problem of the conventional in vitro stem cell culturing. Thus, in a
near future, these microfluidic devices might play a decisive role in the imple-
mentation of personalized stem-cell therapies, enabling the expansion of
patient-derived stem cells in vitro [123] in an automated, reproducible and
cost-effective manner. Finally, the 3D bioprinting is a powerful technique that
allows building tissues through embedding cells into biomaterials [136] and
printing them in 3D tissue-like structures increasing this way cell survival,
migration and differentiation [137–139]. This technique has been used in neural
tissue engineering to develop biological substitutes enabling functional engraftment
and neural repair [138].

21.7 Conclusion

The human adult brain has a small cell turnover and regeneration, and, conse-
quently a poor self-repairing ability. Thus, the use of stem cell-based therapies in
neurodegenerative diseases such as the polyQ diseases holds the promise to pro-
mote the brain regeneration that an adult brain can no longer activate. The golden
goal of cell-based therapies is the replacement of dead or damaged cells and the
integration of new cells in the affected tissues and organs restoring the impaired
structures and functions. An efficient brain repair process has two distinct, but
interdependent, processes. First, the cells to be integrated in the brain have to be
generated in the tissue or transplanted, and then these cells must migrate, differ-
entiate and integrate into the host neural network, becoming functional in the
complex cellular network that constitute the brain. However, the integration of new
mature, functional neurons into the adult host neuronal network is very demanding
and in fact, in most of the cases, only a very small number of the transplanted cells
become functionally integrated. Therefore, most of the beneficial outcomes trig-
gered by stem and neuroprogenitor cells transplantation are driven by neuropro-
tective effects such as production of neurotransmitters, trophic factors or
neuroprotective agents, rather than actual cell-replacement of the loss neural cells.

Currently, there are different types of stem cells available for cell-replacement
and/or neuroprotection strategies, such as the iPSCs, ESCs, MSCs, fetal and pro-
genitors neural stem cells. These different sources of stem cells have different
advantages and disadvantages. IPSCs can originate patient-specific neural cells
overcoming ethical and immunological rejection issues but are associated to genetic
instability, triggered by the cell reprogramming, and consequently to tumor for-
mation. MSCs can be easily isolated, when transplanted migrate to the injured
tissue secreting neuroprotective factors but, preclinical and clinical trials show a
limited time window of action of these cells upon transplantation. Transplantation
of neural stem cells isolated from fetus led to very encouraging results with graft
functional integration and motor improvements observed for long times upon
transplantation. However, there is a big heterogeneity of the outcomes obtained for
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different patients and the use of NSCs obtained from human fetus are associated to
ethical controversies. Moreover, these cells need to be pooled from several fetuses,
raising immunological problems, and cells preparation has to be synchronized with
surgery in a very narrow time window.

Overall, we can conclude that important issues remain unsolved to achieve
functional long-lasting and safe integration of the grafted stem cells. Nevertheless,
the unmet need of effective therapies for neurodegenerative disorders and the
promising results obtained so far reinforce our confidence and need to further
investigate stem-cell-based therapies for polyglutamine disorders.
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In the original version of the book, the term “spinocerebellum ataxia” has been
changed to read as “spinocerebellar ataxia” in Chapter 7. The erratum chapter and
the book have been updated with the change.
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