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Abstract

IMPORTANCE—The hereditary progressive ataxias comprise genetic disorders that affect the
cerebellum and its connections. Even though these diseases historically have been among the first
familial disorders of the nervous system to have been recognized, progress in the field has been
challenging because of the large number of ataxic genetic syndromes, many of which overlap in
their clinical features.

OBSERVATIONS—We have taken a historical approach to demonstrate how our knowledge of
the genetic basis of ataxic disorders has come about by novel techniques in gene sequencing and
bioinformatics. Furthermore, we show that the genes implicated in ataxia, although seemingly
unrelated, appear to encode for proteins that interact with each other in connected functional
modules.

CONCLUSIONS AND RELEVANCE—It has taken approximately 150 years for neurologists to
comprehensively unravel the genetic diversity of ataxias. There has been an explosion in our
understanding of their molecular basis with the arrival of next-generation sequencing and
computer-driven bioinformatics; this in turn has made hereditary ataxias an especially well-
developed model group of diseases for gaining insights at a systems level into genes and cellular
pathways that result in neurodegeneration.
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The Hereditary Ataxias: A Historical Perspective

By the mid-19th century, physiologists working with experimental animals had
demonstrated that lesions of the cerebellum cause motor incoordination.! Practicing
physicians, however, were slow to link clumsiness in their patients to cerebellar dysfunction,
largely because incoordination can also result from a lack of position sense (proprioception).
The term ataxia was first used by the French neurologist Guillaume-Benjamin Duchenne? in
1858 to describe progressive sensory tabetic incoordination that affects the dorsal column. In
1899, the well-known Polish neurologist Joseph Babinski® described the clinical features
and signs of cerebellar ataxia.

Considering this delay, it is remarkable that familial ataxias were recognized almost at the
same time as the earliest descriptions of cerebellar ataxia. The German neurologist Nikolaus
Friedreich® was the first to describe patients with a familial ataxia that now bears his name
(1863). However, whether the ataxias he described were simply variants of acquired ataxias,
most notably tabes dorsalis, was subject to debate at that time because tertiary syphilis was
endemic. However, because more patients with hereditary ataxia were observed, the
existence of Friedreich hereditary ataxia became firmly established. With this debate settled,
another arose as to whether familial ataxias other than Friedreich ataxia existed. This idea
was initially raised by the Parisian neurologist Pierre Marie,® who compiled in 1893 a list of
hereditary ataxias that differed from Friedreich ataxia in their later age of onset,
abnormalities of eye movements, and brisk tendon reflexes. Around this time, the conceptual
advances in genetics along with the rediscovery of the mendelian theory of inheritance made
it clear that Friedreich had described the first recessive ataxia, whereas Marie had reported
the first autosomal dominant ataxias.

Further progress followed, particularly with respect to identifying novel recessive ataxias,
because many of these diseases have associated clinical features that make them relatively
easy to diagnose and differentiate. Key examples include Wilson disease,® ataxia
telangiectasia,’ ataxia with vitamin E deficiency,® and storage/metabolic disorders
(including Niemann-Pick disease,® metachromatic leukodystrophy,19 and cerebrotendinous
xanthomatosis?). The autosomal dominant ataxias, on the other hand, were more
problematic to characterize owing to their large phenotypic overlap. Initial classifications
were attempted based on postmortem histopathologic criteria.12:13 However, these attempts
did not help the practicing neurologist seeing the patient in the clinic. In the 1980s, the
British neurologist Anita Harding proposed a clinical classification for autosomal dominant
cerebellar ataxias by dividing them into 3 classes based on bedside examination results,
specifically, whether the patient displayed a pure ataxic syndrome or additional neurologic
features such as retinopathy or ophthalmoplegia, or extrapyramidal features.14 The real
breakthrough came from further conceptual advances pointing to different genetic causes,
specifically stemming from the concept of genetic linkage that demonstrated several loci
responsible for ataxia. The first spinocerebellar ataxia (SCA1) locus was mapped to
chromosome 6, benefiting from linkage to the HLA antigen complex.1® Other ataxias were
assigned to genomic loci using new molecular tools to map the genome. Initially these tools
included restriction fragment length polymorphisms,16 followed by simple sequence length
polymorphisms, sequence-tagged sites, and single-nucleotide polymorphisms.17-19 At
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present, 43 numbered SCA types are based on the temporal order of establishing linkage,
with variable prevalence of these subtypes in different populations.2° This classification
scheme has largely replaced the Harding classification, and the final diagnosis is now a
genetic test that can be performed using DNA extracted from blood.

In addition to these progressive ataxic syndromes, some ataxias occur episodically and are
therefore called episodic ataxias (EAS). These ataxias are also inherited in an autosomal
dominant fashion. Patients with EAs experience recurrent episodes of poor coordination and
balance, coupled with progressive interattack weakness, dystonia, and ataxia. First described
by VanDyke and colleagues?! in 1975, the known EA subtypes have been numbered, like the
SCAs, from EA1 through EA7.22 The same numbered nomenclature has more recently been
adapted for the autosomal recessive ataxias in the genetic era.

In addition to the autosomal disorders, a few ataxias are X-linked and a few are
mitochondrially inherited. The most common X-linked ataxia is the fragile X—associated
tremor ataxia syndrome.2324 Mitochondrial ataxias include the syndrome of neuropathy,
ataxia, and retinitis pigmentosa?® and others. A comprehensive list of all known hereditary
ataxias is reported in eTablel in the Supplement, and more information can be found on the
web portal of the Neuromuscular Disease Center at Washington University, St Louis (http://
neuromuscular.wustl.edu/ataxia/aindex.html). However, these classifications do not include
several genetic diseases (dominant or recessive) in which ataxia is a prominent
accompanying feature to other neurological symptoms.

From Genetic Loci to Genes: The Impact of Advances in DNA Sequencing

and Bioinformatics

Until recently, the identification of the specific genetic mutation was a slow and laborious
process. It required time-consuming methods that involved sequencing candidate genes in
the area of linkage or screening large genomic libraries and looking for partially overlapping
DNA segments to “walk” along the chromosome until the mutation was found, a procedure
termed positional cloning. This process clearly benefited from newer techniques in
compilation of genomic libraries and automation of dideoxy sequencing techniques that was
first used by Sanger et al28 in 1977.

Major advances in sequencing came about with newer technologies inspired by the Human
Genome Project (1998). The principle conceptual advance was that computers could be used
to reconstruct a full genome after it was sequenced in randomly fragmented bits, taking
advantage of their partial overlap (shotgun sequencing). This concept was later adapted to
newer sequencing chemistries with the capability to generate millions of short reads in a
single run. This way a whole genome could be sequenced in parallel and then reconstructed
in silico.2” This approach, now termed next-generation sequencing (NGS), has made
positional cloning virtually unnecessary. Indeed, the entire genome from a single affected
individual can simply be interrogated and the culprit gene can be identified through
comparison with unaffected control individuals. Since NGS technologies entered the market
for the first time in 2007, they have gradually replaced Sanger-derived methods and changed
the way we identify genes underlying genetic syndromes. Next-generation sequencing has
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resulted in a dramatic increase in our knowledge of new ataxic genes; the effect of this
technology on ataxia genetics has exceeded the contribution of any other milestone
discovery in molecular biology (Figure 1).

Three main NGS-based applications currently exist:

1

Whole-genome sequencing allows detection of possible disease-causing variants
along the entire genome, including those variants with regulatory functions
located within intergenic and intronic regions. In addition to single-nucleotide
variants, whole-genome sequencing also can characterize structural variants such
as copy number variations and complex chromosomal rearrangements.
Conversely, whole-genome sequencing is the most expensive application.

Whole-exome sequencing can detect disease-causing variants only in the protein-
coding regions (1%-2% of the genome) but reaches higher coverage at lower
sequencing costs, resulting in superior pick-up performances for rare variants.

Gene-panel sequencing is the most cost-effective application because it targets a
roster of selected genes but requires prior knowledge (for instance deriving from
preclinical studies) to include the right genes in the panel.

Based on sequence analysis and subsequent studies in cell and model organisms (mainly
Drosophila and mice), a few general principles about their molecular basis can now be

outlined:

1

Several of the ataxic syndromes are caused by repeat expansions. The most
common expansions are trinucleotide repeats (CAG, CGG, GAA, and CTG), but
pentanucleotide or hexanucleotide repeats have been described as well 14:28-30
They can occur in the coding and noncoding regions of the genome. Many
translated repeats encode for glutamine residues; thus, culprit proteins generally
contain expanded polyglutamine stretches that dramatically alter protein
function. However, in some cases, non-canonical translation takes place where
multiple toxic products are generated.31:32 With regard to noncoding repeats,
several molecular mechanisms have been proposed to explain how these affect
gene function. They include heterochromatin induction at the genetic locus33 and
pathogenic RNA or protein species production.34

Repeat expansions can be structurally unstable, resulting in longer repeats
through generations. Such a phenomenon is termed genetic anticipation and is
usually associated with a more severe clinical phenotype in the offspring.3®

Mutations in the same gene can produce different diseases, a phenomenon
known as genetic plefotropy. For instance, mutations in the inositol 1,4,5-
trisphosphate receptor type 1 (/7PR1 [NCBI Entrez Gene 3708]) gene cause
SCA15 and SCAZ29, whereas mutations in the calcium voltage-gated channel
subunit al A (CACNAIA [NCBI Entrez Gene 773]) gene cause SCA6 and
EA2.36-40 plejotropy is even extended beyond ataxias because senataxin (SET.X
[NCBI Entrez Gene 23064]), the causative gene for ataxia with oculomotor
apraxia type 2, is also involved in amyotrophic lateral sclerosis.*!
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4, In general, the recessive ataxias are caused by loss of function of mutated genes,
whereas the dominant ataxias are caused by a combination of gain and/or loss of
function.

Next-generation sequencing technologies, despite their advantages, are still not perfect in
terms of their ability to sequence the genome. Not all the regions of the genome are read
with the same coverage as specific genomic portions, such as GC-rich sequences, which can
be refractory to polymerase chain reaction amplification. Second, not all the sequenced
regions can be mapped with the same accuracy. Indeed, low-complexity sequences (eg,
repetitive regions) are difficult to align to the reference genome because the maximum read
length of the most common NGS platforms is shorter than the repeated DNA units. Last,
NGS data analysis and interpretation can be cumbersome. In fact, typically when the
genome of any individual is sequenced, one finds approximately 150 to 500 private
mutations (such as nonsynonymous, truncating, or splicing variants).#2 Although they affect
protein function, these variants— named variants of uncertain significance—are not
correlated with any clinical phenotype, further complicating the identification of the real
causative mutations. A combination of /n silico screenings on large databases of controls and
additional sequencing of unaffected parents and/or siblings is necessary to discern whether
they are truly causative.*344 However, the final assessment of the pathogenicity of variants
of uncertain significance typically requires wet laboratory follow-up with experiments in
cells or model organisms.

Cellular Pathways and Protein Interaction Networks in Ataxias

In the years ahead, we will continue to increase our knowledge of the genetic causes of
increasingly rare genetic ataxic syndromes, especially from more experimental work in
model organisms. However, we have already reached a point where we can begin to ask
some targeted questions that can be addressed by bioinformatics from our knowledge of the
genes identified.

Do the Gene Products Define Specific Molecular Pathways?

To gain insight into possible common pathways affected by disease, we have performed a
connotation analysis using the molecular function and biological process branches of gene
ontology on all the known ataxia genes. We were able to identify a significant enrichment
(Bonferroni-corrected £ < .05) in genes related to gated ion channels and transmembrane
transporters for dominant and X-linked ataxias. The recessive ataxias, on the other hand, are
enriched for genes in lipid metabolism and DNA repair. Mitochondrial ataxia genes did not
show any particular enrichment, most likely owing to the small sample size (the full gene
ontology analysis is included in eTable 2 in the Supplement).

Do the Proteins Mutated in Ataxia Interact With Each Other?

The accumulation of data coming from large-scale proteomic screenings (yeast 2-hybrid
coimmunoprecipitation) has recently allowed the creation of interaction networks that have
been critical to understand protein functions at the global level.> Following this systemic
approach, Lim et al*6 have shown that cerebellar ataxias not only share clinical and
pathologic characteristics but also have proteins and pathways in common.
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Here we have extended these initial studies that were conducted on 23 inherited ataxias to all
the genetically characterized ataxia syndromes. Instead of using just the yeast 2-hybrid
system, we opted for a pure /n silico approach based on the STRING prediction server—a
resource that quantitatively integrates interaction data (physical or functional) for almost 10
million proteins from more than 2000 organisms.#” We built the local protein interaction
networks using ataxia genes as seeds, and we could identify 6 main clusters associated to
specific cellular functions (Figure 2 and eTable 3 in the Supplement). The first cluster (in
blue) is centered on ubiquitin, suggesting the involvement of the ubiquitin-proteasome
system in ataxia pathogenesis. Defects in protein degradation are shared by a large group of
neuropathologic conditions that are characterized by aggregates of abnormally folded
proteins in affected cells.® These aggregation-prone proteins escape the quality control of
the ubiquitin-proteasome system and accumulate within the cytosolic or the nuclear
compartments, eventually disrupting cellular homeostasis.

The second cluster (in red) is enriched in ribosomal proteins, whereas the third (in yellow)
and the fourth (in green) clusters involve TATA-binding protein—associated factors and
RNA-polymerase subunits, respectively. All of them pinpoint regulation of gene expression
as another commonly affected cellular process of disease. Notably, a growing body of
experimental evidence has recently pointed out transcriptional dysregulation as an important
contributing factor to several neurodegenerative disorders such as Huntington and Alzheimer
diseases.9:50

The fifth cluster (in brown) is enriched in enzymes involved in DNA repair and maintenance.
Defects in these pathways are commonly associated with aging. Moreover, aging itself is a
risk factor for several neurodegenerative diseases.?! Indeed, postmitotic neurons are
particularly vulnerable to certain types of DNA damage, and the age-dependent decline in
DNA repair mechanism efficiency leads to their accumulation within the neuronal genome,
contributing to neurodegeneration.>?

The last cluster (in orange) is composed of several subunits of the enzyme complexes in the
electron transport chain located in the inner mitochondrial membrane. Thus, the failure in
cellular energy production could also be a cause of an ataxic phenotype. In fact, an
insufficient production of adenosine triphosphate may impair neuronal functions, such as
synaptic transmission, and eventually trigger active forms of cell death. This process could
be driven by direct dysfunctions in the respiratory chain—as suggested by our protein
networks—or by defective mitochondrial dynamics, as demonstrated in the case of
Alzheimer, Parkinson, and Huntington diseases.53-55

In subgroup analyses, dominant ataxias contributed the subnetworks related to protein
translation, protein degradation, and TATA-binding protein—associated factors. Recessive
ataxias instead contributed the subnetworks associated to RNA-polymerase complex, protein
degradation, DNA repair, and energy production. Mitochondrially inherited and X-linked
ataxias failed to produce any significant network, possibly owing to the small sample size
and the stringent threshold criteria adopted.
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Are the Ataxia Interactors Associated With Other Diseases?

To check whether any novel binding partners in the ataxia network are associated with other
human disorders, we searched each protein in the Online Mendelian Inheritance in Man
(OMIM) database. Remarkably, 67 of 226 proteins are associated with 1 or more human
diseases (eTable 4 in the Supplement). The most represented are hematologic syndromes
(causing anemia) and different types of cancer, followed by several neurologic disorders.
Within the last group, amyloid-p precursor protein and microtubule-associated protein tau
are part of the network—the former involved in familial Alzheimer disease and the latter in
frontotemporal dementia, Pick disease, and progressive supranuclear palsy. We also
identified in the network the androgen receptor that causes spinal and bulbar muscular
atrophy, another polyglutamine disease.

Conclusions

The last few years have seen a clear acceleration in our knowledge of ataxic syndromes,
principally driven by our advances in genetic tools and computing power. In 2012, as many
as 40% of clinically defined ataxia subtypes were estimated to be still genetically
uncharacterized.>® Since then, more than 20 novel ataxia genes have been characterized, and
we are now identifying rarer genetic syndromes. Following this trend, future NGS will
reasonably become more of a diagnostic tool based on a well-defined panel of genes. The
implications and pitfalls of NGS-based diagnostics in routine clinical practice have been
recently reviewed elsewhere.>” Once all the ataxia genes are characterized, the next big
challenge will be to identify the possible disease modifiers of clinical phenotypes and
responsiveness to treatments. Genome-wide association studies ideally should be used to
discover all the genetic interactions underlying a particular ataxia phenotype. However,
considering that the statistical power of a genome-wide association study depends on the
sample size of available cases and controls, multicentric and collaborative studies will be
essential to collect an adequate number of patients for these relatively rare disorders.

The volume of data generated by NGS also represents an important resource to gain insight
into the molecular basis of neurodegeneration. In this review, with ataxias used as a
paradigm, we have shown that almost half of the known ataxia genes that are apparently
unrelated belong instead to a large protein interaction network. This evidence has allowed
the definition of common cellular processes possibly affected by disease and novel
interacting genes that might act as disease modifiers or be involved in those ataxia
syndromes still uncharacterized. A functional follow-up in model organisms will help to
elucidate the possible role of the most promising candidate genes. More recently, the use of
human induced pluripotent cells to generate neurons in a dish is allowing exciting
mechanistic studies relevant to the human situation, especially as we move into translational
studies geared toward personalized medicine. Cell- and model organism-based studies will
also have a broader impact because they are likely to shed insight into the pathophysiologic
features of sporadic and acquired ataxias and even other neurodegenerative diseases, given
that pathogenic pathways are beginning to overlap. In a way, advances in ataxia research
over the years demonstrate vividly that humans are the ultimate model organism for studying
human disease from bedside to bench and back again. Just as molecular biology has
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dominated the world scientific scene in the past 150 years, we anticipate that newer
technologies such as genome editing and connectomics will gain center stage for
understanding pathophysiologic features and illuminating avenues for therapy.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Next-Generation Sequencing (NGS) Technologies and the Discovery Rate for Ataxia

Genes

The graph shows the cumulative number of genes involved in ataxia syndromes that have
been identified every year. Milestones in genome research and nucleic acid sequencing are
highlighted. Since the introduction of NGS in 2004, the number of genetically characterized
ataxias has exponentially grown every year. Before NGS, 27 genes had been identified for
autosomal dominant ataxias, 35 genes for recessive ataxias, 4 genes for X-linked ataxias,
and 3 genes for mitochondrial ataxias. Since then, NGS has led to the identification of 13
autosomal dominant ataxias, 36 recessive ataxias, and 2 X-linked ataxias.
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Figure 2. Protein Interaction Network for Human Ataxia Genes
The STRING prediction server (version 9.1) was used to generate the protein network using

all the known genes involved in human ataxia syndromes as seeds. The maximum number of
predicted neighbors was set to 1000; experiment was selected as search criteria (to include
only the experimentally validated physical interactions), and the maximum stringency was
chosen (highest confidence score = 0.900). The following 6 subnetworks can be appreciated,
each highlighting a specific cellular process: protein translation (red), ubiquitination (blue),
transcription regulation (yellow and green), DNA repair (brown), and energy production
(orange). TBP indicates TATA-binding protein. A complete list of protein names and
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symbols is given in eTable 3 in the Supplement. SCA41 and SCA43 were not included
because they were published after the manuscript was accepted.
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