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Abstract

More than 40 diseases, most of which primarily affect the nervous system, are caused by
expansions of simple sequence repeats dispersed throughout the human genome. Expanded
trinucleotide repeat diseases were discovered first and remain the most frequent. More recently
tetra-, penta-, hexa- and even dodeca-nucleotide repeat expansions have been identified as the
cause of human disease, including some of the most common genetic disorders seen by
neurologists. Repeat expansion diseases include both causes of myotonic dystrophy (DM1 and
DM2), the most common genetic cause of amyotrophic lateral sclerosis/frontotemporal dementia
(CIORF72), Huntington disease and eight other polyglutamine disorders including the most
common forms of dominantly inherited ataxia, the most common recessive ataxia (Friedreich
ataxia), and the most common heritable mental retardation (Fragile X Syndrome). Here | review
distinctive features of this group of diseases that stem from the unusual, dynamic nature of the
underlying mutations. These features include marked clinical heterogeneity and the phenomenon
of clinical anticipation. | then discuss the diverse molecular mechanisms driving disease
pathogenesis, which vary depending on the repeat sequence, size and location within the disease
gene, and whether the repeat is translated into protein. | conclude with a brief clinical and genetic
description of individual repeat expansion diseases that are most relevant to neurologists.
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Introduction

Microsatellites, also known as simple sequence repeats or tandem repeats, are normally
polymorphic nucleotide sequences scattered throughout the human genome. Although such
repeats have long been used in linkage studies to define the genetic basis of human diseases,
it only became clear over the past several decades that expansions of simple sequence
repeats directly cause many human diseases. The vast majority of so-called repeat expansion
diseases primarily affect the nervous system. Here I discuss general features of the repeat
expansion diseases most relevant to neurologists, emphasizing their distinctive features that
stem from the dynamic nature of the underlying mutations. Because there are more than two
dozen such diseases, they cannot all be discussed in detail. For more information on specific
repeat expansion diseases, | refer the reader to definitive chapters in this volume on Fragile
X Syndrome and Fragile X Tremor Ataxia Syndrome (FXS/FXTAS; chapter 25), the CAG/
polyglutamine diseases (chapter 11), spinal and bulbar muscular atrophy (SBMA,; chapter
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38), Huntington disease (HD; chapter 17), the dominantly inherited ataxias known as the
spinocerebellar ataxias (SCAs; chapter 12), the recessive disorder Friedreich ataxia (chapter
13 on recessive ataxias), C9ORF 72 frontotemporal dementia/amyotrophic lateral sclerosis
(chapter 27 on ALS), and Unverricht-Lundborg myoclonic epilepsy (EPM1; chapter 30 on
genetic epilepsies). This review does not cover the class of congenital neurocognitive
disorders caused by polyalanine-encoding expansions (125), but does discuss
oculopharyngeal muscular dystrophy (OPMD), an adult onset neuromuscular disorder
caused by polyalanine expansion.

The discovery of dynamic repeat expansions shattered the conventional rules of Mendelian
inheritance. These rules posit fixed (static) mutations that cause disease through an
autosomal dominant, autosomal recessive, or X-linked mechanism, yielding a similar
phenotype within families and across generations. In contrast, expanded repeats are unstable
(dynamic) mutations that often change size in successive generations. Moreover, depending
on the size of the mutation, repeat expansion diseases can manifest with markedly varied
phenotypes. Nearly all are primarily neurological diseases and some are among the most
common genetic disorders seen by a neurologist. Thus, this category of diseases, unheard of
30 years ago, is now well known to neurologists.

The first nine repeat expansions discovered were all trinucleotide repeats, suggesting that
this repeat unit might be a constant feature of this new class of diseases (107). As Table 1
shows, however, new genetic discoveries revealed that the size of repeats ranges from
trinucleotides (the vast majority) to tetranucleotides (DM2), pentanucleotides (SCA10,
SCA31), hexanucleotides (CIORF72FTDIALS, SCA36) and even dodecanucleotides
(EPM1). Additional repeat expansion diseases likely will be discovered that further widen
the range of sequence repeats underlying human disease.

General Features

Despite their diversity, repeat expansion diseases share numerous features that stem from the
underlying genetics (Table 2). All repeat expansions, for example, arise from normally
polymorphic repeats in the population. The degree of polymorphism among normal repeats
ranges from disease to disease. But in general, repeats at the high end of the normal range
(“mutable normal” repeats) have an increased propensity to further expand upon
transmission, moving into the pathogenic range. This means that de novo mutations can
occur in previously unaffected families. A small percentage of HD, for example, is sporadic
(e.g. 98), and the same is true for numerous autosomal dominant repeat expansion diseases.
An important implication of this fact is that a patient showing features consistent with a
certain repeat expansion disease, yet lacking a family history of similar disease, may still
harbor the mutation. Thus, in the right clinical setting the absence of a documented family
history should not dissuade the physician from performing a genetic test to confirm or
exclude the suspected diagnosis.

Repeat expansions are inherently dynamic, often changing size when transmitted to the next
generation. As a result, even in the same family, the phenotypic range of disease in affected
individuals can vary remarkably. The degree of within-generation and across-generation
change varies among the disorders, in part because the size of expansions varies from less
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than 30 repeats (e.g. OPMD, SCA®B) to upwards of one or several thousand repeats (e.g.
DM1, DM2, FXS, SCA10, SCA36). Figure 1 shows a schematic of a gene into which
various repeat sequences underlying repeat expansion diseases have been placed according
to their known location in their respective disease genes. Some reside in the 5’ or 3’
untranslated regions (UTR), others in protein-coding exons, and still others in introns. In
figure 1, the markedly different sizes of pathogenic expansions are suggested by the varying
sized triangles associated with each identified disease.

The diseases tend to show a striking genotype-phenotype correlation between repeat length
and disease severity. The longer the repeat, the more severe the disease and the earlier the
onset of symptoms. This is particularly well illustrated for the CAG/polyglutamine diseases,
nine disorders in which relatively modest CAG repeat expansions encode abnormally long
stretches of glutamine in the respective disease proteins. In all nine CAG/polyglutamine
diseases, there is a strong inverse correlation between repeat length and age of symptom
onset: longer repeats cause earlier disease that usually has more profound signs and
symptoms (3,36,40,59,62,66,70,75,108,115,122,126,129). The size of the expanded CAG
repeat is itself the key determinant for age of onset, accounting for 45% to 70% of the effect,
depending on the specific disease. The remaining contribution to age of onset comes from
other, minor genetic modifiers and environmental factors that remain under investigation.
The relationship between repeat size and age of onset/disease severity is also robust for
DML, Friedreich ataxia, FXS/FXTAS, and several of the non-polyQ SCAs caused by
expanded repeats. In contrast, the correlation between repeat length and disease severity in
SCAB8 is much less robust, and in DM2 and C9ORF72-mediated ALS/FTD is weak if
present at all. Intriguingly, all three of these latter diseases are caused by often quite large
and complex repeats, suggesting that still unidentified molecular features at these loci
influence the behavior of the pathogenic repeats.

Repeat expansion diseases typically show clinical anticipation— that is, the tendency for
disease severity to increase in successive generations of a family. This phenomenon had
been noted by astute physicians long before the mutational basis was discovered but had
been dismissed as biologically implausible; perhaps, doubters argued, the apparent
worsening of disease across generations was merely the byproduct of detection bias. The
discovery of expanded repeat mutations, and the recognition that expanded repeats are
inherently dynamic with longer repeats tending to be increasingly unstable, shed new light
on the phenomenon. We now understand that anticipation is explained by the tendency for
expanded repeats to further enlarge upon transmission to the next generation, coupled with
the fact that longer expansions tend to cause earlier onset, more severe disease.

The extent of anticipation and the degree to which there are parent-of-origin effects
influencing anticipation vary across the diseases. For example, several CAG/polyglutamine
diseases show a marked paternal effect. Children born to fathers harboring a mutation in HD,
SCA2 or SCA7, for example, may develop disease much earlier than their father, in some
cases even before the father has developed symptoms (e.g. 138,140). In contrast, the most
severe form of myotonic dystrophy type | (DM1), congenital myotonic dystrophy, is almost
always transmitted from the mother (6,141). Not all repeat expansions diseases show
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significant anticipation or a clear parent of origin effect. OPMD, for example, does not show
anticipation, which may reflect the exceptionally small expansion size in this disease.

The mode of inheritance varies among the repeat expansion diseases. While the majority are
inherited in an autosomal dominant manner, at least two are autosomal recessive
(Friedreich’s ataxia and EPM1), two are X-linked recessive (FXS, FRAXE mental
retardation) and two are X-linked yet have a dominant toxic mechanism of action (FXTAS
and SBMA). The differing modes of inheritance reflect different molecular mechanisms of
disease, discussed in the next section.

Arguably, the most striking feature about repeat expansion diseases is the markedly diverse
phenotypes manifested for a given disease. This varied phenotype principally reflects
differences in repeat size. In HD, for example, whereas most affected individuals develop
midlife chorea with cognitive and psychiatric symptoms, individuals with the longest repeats
can manifest in their teens or even earlier with bradykinesia and dystonia rather than chorea
(so called Westphal or juvenile onset variant of HD). Likewise, another CAG/polyglutamine
disorder, dentatorubral-pallidoluysian atrophy (DRPLA), can manifest early in life with
dystonia, epilepsy and cognitive impairment or later with chorea and ataxia, again primarily
reflecting differences in the size of the expansion. Originally described in Japan, the DRPLA
mutation was soon also discovered to be the cause of Haw-River syndrome in the United
States, which had been thought to be a distinct disorder because it is characterized by
seizures, brain calcifications and ataxia (18,75,90). In DM1, the shortest pathogenic repeats
can manifest simply with cataracts and late-life myotonia whereas the longest repeats cause
congenital myotonic dystrophy with profound weakness and cognitive impairment. In
Friedreich ataxia, the “classic” form of disease typically begins before age 25 with the
hallmark features of progressive ataxia, sensory loss and areflexia, but individuals with the
smallest expansions may not develop symptoms until quite late in life and can even manifest
with spasticity and hyperreflexia rather than areflexia (37a).

In SCA3, also known as Machado Joseph disease, disease features vary so much that
clinicians have even categorized the disease into subtypes: Type |, early onset with dystonia;
Type 1, midlife onset with progressive ataxia and brainstem signs; and Type Ill, late life
onset with distal leg weakness caused by motor neuronopathy and milder ataxia (37b).
Figure 2 shows the range of disease repeats in SCA3, mapped onto these distinct subtypes,
as well as a possible fourth phenotype: restless leg syndrome in individuals with
intermediate expansions (a rare occurrence). The key determinant driving these distinct
subtypes in SCAS3 is disease repeat length, with the aging process itself likely being an
additional superimposed factor in this, and other, CAG/polyglutamine diseases (e.g. 115).
Similar graphs that map disease features and severity across the disease repeat range can be
drawn for all of the CAG/polyglutamine diseases, as well as for most other repeat expansion
diseases.

Genetic Testing

The fact that these diseases are due to a single, specific expanded repeat simplifies genetic
testing. For many repeat expansion diseases, directed PCR-based screening of repeat length
is straightforward, sensitive, specific, and inexpensive. In the right clinical setting, specific
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candidate gene testing is readily available and cost effective. For some repeat expansion
diseases, however, particularly those diseases with very large and complicated expansions or
with the possible interruption of pure repeats in some individuals, testing may require other
screening methods (e.g. Southern blot hybridization) and the interpretation of results can be
more complicated. For nearly all repeat expansion diseases, GeneReviews at the NCBI
bookshelf provides expert reports with detailed, up-to-date descriptions of molecular genetic
screening and analysis for a given disease (https://www.ncbi.nlm.nih.gov/books/NBK1116/).
This author considers GeneReviews a go-to place to understand the nuances of genetic
screening and the interpretation of test results for individual repeat expansion diseases.

Directed screening for specific repeat expansions has greatly aided neurologists in
diagnosing patients with unexplained disease. But expanded repeats are not well captured by
current next generation sequencing (NGS) techniques. Thus, as medical practice moves
increasingly to exomic or full genomic sequencing of patients with undefined (presumably
genetic) diseases, we must keep in mind that current NGS may miss repeat expansion
diseases. Additional directed screening for specific expansions may still be required.

Diverse Molecular Mechanisms

The pathogenic mechanism for a given repeat expansion disease is determined by a variety
of factors. Simplistically, the primary mechanism can be divided into toxic gain of function
or deleterious loss of gene function, as outlined in Table 3. Predictably, the relatively few
diseases with a loss of function mechanism are inherited in an autosomal recessive manner
(Friedreich ataxia, EPM1) or an X-linked recessive manner (FXS). By contrast, those due to
a toxic gain of function mechanism are inherited in an autosomal dominant manner (the
overwhelming majority of diseases) or display X-linked dominant effects (SBMA, FXTAS).
OPMD is a special case that normally shows autosomal dominant inheritance, but can, in
individuals homozygous for the largest normal-sized repeat, follow an autosomal recessive
pattern.

Table 4 lists six factors that contribute to the pathogenic mechanisms underlying repeat
expansion diseases. For example, the sequence of the repeated unit (e.g. CAG vs. CTG vs.
GAA, etc.) influences the intramolecular structures that can be adopted by the repeat (e.g.
22), which in turn can influence transcription, translation, and binding to various RNA
binding proteins. GC-rich sequences are more prone to adopt highly stable intramolecular
folds that bind RNA-binding proteins (eg. DM1, FXTAS, CO9ORF72, SCA36) in ways that
disrupt splicing of essential genes. GC-rich sequences also are prone to hyper-methylation
that can silence the gene (e.g. FXS, FRAXE). In contrast, the GAA repeat of Friedreich
ataxia is prone to form DNA-RNA triplex structures that impede transcription, leading to
marked reduction in expression of the encoded protein, frataxin. For repeats within protein-
coding regions, the precise nucleotide sequence specifies the amino acid produced in the
protein, with profound implications for the cause of disease. For CAG, it is glutamine, hence
the name polyglutamine diseases, and for GCG, it is alanine which affects the behavior of
the encoded protein in OPMD.

As already discussed, in nearly all cases the size of the expansion in a given disease is the
major driver of disease features and severity. But across the various diseases, the size of
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disease-causing expansions ranges from as small as 8-18 repeats in OPMD and only ~35-80
in most CAG/polyglutamine diseases, to as large as more than a thousand repeats in DM1,
DM2, SCA10 and SCA36. The smallest disease-causing repeats are probably constrained
because they reside in protein-coding regions of the gene. Even rather small changes to the
amino acid repeat (e.g. polyglutamine, polyalanine) in the encoded disease protein will
greatly affect the way it behaves (e.g. 124,147). The largest disease-causing repeats, in
contrast, are found in introns or untranslated regions; in these regions there may be less
constraint on the permissable size and a less clear-cut correlation between repeat length and
disease correlation.

A fascinating example of the importance of repeat size is provided by FXS and FXTAS --
two distinct diseases that occur at the same repeat, either with a very large expansion (FXS)
or a much smaller expansion (FXTAS). The CGG repeat that underlies both diseases resides
in the promoter of the FMRI gene. Males with FXS, the most common inherited form of
mental retardation, have very large CGG expansions that become hypermethylated,
effectively silencing FMRI expression (12,103,130). Because the FMR1 protein is important
for brain development and regulates synaptic activity, its absence leads to mental retardation,
among other features of FXS. The full-blown CGG expansion in a FXS male is inherited
from the mother, who in turn inherited a smaller repeat from her father (i.e., the maternal
grandfather of FXS males). The grandfather’s much smaller CGG repeat is not
hypermethylated and does not silence expression of the gene; in fact, it drives even stronger
transcription at the FMR1 locus. The resultant CGG-containing RNA transcript is neurotoxic
in two ways: 1) it forms RNA foci that sequester critical RNA splicing factors; and 2) it
drives the aberrant production of aggregation-prone proteins across the CGG repeat through
the recently discovered process of Repeat Associated Non-methionine translation, or RAN
translation (26,50,137). As a result, maternal grandfathers in families with FXS frequently
develop a late-life neurodegenerative syndrome characterized by tremor, ataxia and cognitive
impairment, known as FXTAS (53). In short, differing sizes of the very same repeat
fundamentally alter the way the sequence behaves and affects the brain in FXS versus
FXTAS. The story of FXTAS and FXS is also a compelling illustration of clinical
anticipation: A repeat that further enlarges across three generations of a family, going from
causing a late-life neurodegenerative disease in the first generation to an early life
neurodevelopmental syndrome in the third generation.

Precisely where an expanded repeat lies in a gene also influences how it affects the gene and
thereby the molecular mechanism of disease. Large repeats in or near a promaoter can
profoundly influence expression of the gene as illustrated with FXS above. Repeats within
introns can influence alternative splicing of the disease gene, globally perturb splicing by
sequestering splicing factors, or perturb transcription (13,148,151). Repeats within the
3’UTR likewise can have a toxic RNA effect by disrupting RNA homeostasis (151). Finally,
repeats within the protein-coding region of the gene are directly translated into protein,
leading to altered properties of the encoded disease protein, with deleterious consequences
for the nervous system.

The formally clean separation (107) of expanded repeats into those that are translated into
protein and are exclusively neurodegenerative (“type I” repeat expansion diseases) versus
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those that are not translated to protein and are multisystem disorders (“type I1” repeat
expansion diseases), has broken down recently with the discovery of RAN translation. We
now recognize that repeats in traditionally non-translated regions of the transcript (5’UTR,
introns) can be subjected to RAN translation, resulting in the production of toxic protein
species (26,152). Adding to this complexity is the discovery that many genes are transcribed
in both the sense and antisense directions. As a result, a CAG repeat in one direction
becomes CTG in the other (and vice versa), and GGGGCC becomes GGCCCC. These are
not hypothetical examples, as there is emerging evidence for bidirectional expression in
CAG/polyglutamine repeat diseases, the CTG repeat disease SCA8, and CIORF72-mediated
FTD/ALS (e.g. 51,52). In general, less antisense transcript is produced than sense transcript,
but even a small amount of the alternative transcript could have profound effects. Some
evidence suggests antisense transcript production may even increase in the disease state,
aggravating the problem (e.g. 51).

For a given repeat expansion disease, the function of the gene product and how repeat
expansion influences it expression are critically important in disease pathogenesis. In the
case of Friedreich ataxia (20), the GAA expansion reduces expression of frataxin, a protein
implicated in mitochondrial function. Individuals homozygous for the expansion have
markedly reduced levels of frataxin, resulting in impaired mitochondrial function, oxidative
stress in the nervous system and heart, and the symptoms of ataxia, sensory loss and
cardiomyopathy that are so characteristic of the disorder. A small fraction of Friedreich
ataxia patients are compound heterozygotes, having a single GAA expansion with an
inactivating mutation or deletion in the second allele (4,45,55). This point underscores the
fact that Friedreich ataxia is, without question, a loss of function disorder due to deficiency
of frataxin, a protein critically important for mitochondrial function in neurons and
cardiomyocytes. In contrast, in DM1 the expanded repeat does not greatly alter expression of
the encoded protein known as DM protein kinase. It does, however, profoundly perturb
normal RNA splicing in skeletal and cardiac muscle and, to a lesser extent, in the brain. The
expanded repeat-containing DM transcript sequesters vital splicing factors in muscle,
including muscleblind (69,110), and the resultant failure to generate appropriately spliced
muscle gene products causes the myotonia so characteristic of the disease. A third
illustration of the importance of the affected gene product is the entire class of CAG/
polyglutamine disorders; as discussed further below, the clinical and pathological differences
across this class of disorders reflect the specific protein context in which the expanded
polyglutamine tract occurs in each disease.

The extent of meiotic instability for a given repeat determines the extent of anticipation for a
repeat expansion disorder. The degree of meiotic instability depends on numerous factors
including the size of the repeat (38,44), whether the repeat is pure or interrupted (24), the
sequence of the repeat, and the positioning of the repeat relative to nucleosomes and other
chromosomal factors. Compared to meiotic instability, it has been more difficult to gauge the
role of somatic instability in repeat expansion diseases, though it clearly occurs in numerous
disorders including HD and DML1 (e.g. 5,134). Emerging evidence in the CAG/
polyglutamine diseases supports the view that somatic instability within the nervous system
contributes significantly to disease severity (131). Moreover, the longer the repeat, the
greater the likelihood of somatic instability (145). DNA repair factors have been implicated
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as potential genetic modifiers of age of onset in Huntington’s disease (49) and possibly other
CAG/polyglutamine diseases (67). Perhaps polymorphisms in specific DNA repair factors
modulate the degree of somatic instability and thereby influence disease severity (91,120).

In SCA2, individuals in whom the CAG repeat contains CAA interruptions can manifest
with dominantly inherited parkinsonism rather than disabling ataxia; this clinical difference
may reflect a differing degree of somatic instability with pure versus interrupted CAG
repeats.

The Diseases

Here | briefly describe individual diseases or groups of related repeat expansion diseases,
presented roughly in the chronological order of their discovery. | remind the reader that this
neurogenetics volume includes definitive chapters that provide much more information on
specific diseases. | also refer the reader to GeneReviews for up-to-date reports on nearly all
repeat expansion diseases.

Fragile X syndrome (FXS), fragile X tremor ataxia syndrome (FXTAS), and
other fragile X sites—FXS is named after the folate-sensitive fragile site at the FRAXA
locus on the X chromosome. The most common cause of inherited mental retardation, FXS
typically affects males, varies greatly in severity, and is associated with dysmorphic features
including enlarged head, ears and testicles (see chapter 25 in this volume for a more
thorough description). Scientists were puzzled for years that the risk of FXS increased from
one generation to the next. Indeed, this particular example of anticipation carried its own
name, the Sherman paradox. The discovery in 1991 that FXS and its underlying fragile site
are caused by an expanded CGG repeat that changes size over generations explained the
paradox. Normal-sized repeats are polymorphic, ranging from 6 to 52, with repeats at the
high end of this range being increasingly prone to further expand (“mutable normal’). In
FXS families the repeat sizes span a wide range, from “premutations” of ~60-200 repeats
(typically found in maternal grandfathers) to full mutations of several thousand repeats
(found in affected FXS males). The mothers of affected FXS males have variably sized
expansions and are prone to premature ovarian failure.

As described earlier, the molecular mechanism of FXS is a loss of expression of the
developmentally important nervous system protein, FMRP. Full expansions promote
hypermethylation of the FAMR1 promoter and reduce translation of the transcript, effectively
silencing expression the gene (12,39,103,130). Further supporting a loss of function as the
basis of disease is the fact that some FXS is caused by inactivating mutations rather than a
CGG expansion (33,47).

Maternal grandfathers of affected FXS males, who typically harbor a premutation allele, are
at risk for developing FXTAS (53). This late-life neurodegenerative disorder is characterized
by progressive ataxia, essential-type tremor, cognitive impairment and occasionally
parkinsonism. Brain imaging often shows T2-weighted signal abnormalities in the middle
cerebellar peduncles as well as more generalized brain atrophy. In males with late-life,
progressive cognitive impairment, imbalance and incoordination who have a grandson with
mental retardation, screening for the FXS/FXTAS repeat expansion should be considered.
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In FXTAS, the premutation does not silence the gene but instead permits continued
expression of the FMRP transcript. The transcript may even accumulate to higher levels than
normal, and is thought to cause disease through a combination of toxic RNA and toxic
protein effects linked to RAN translation (137), as discussed earlier.

Numerous other fragile sites are caused by GC-rich trinucleotide expansions, in some cases
associated with mental retardation. These include FRAXE mental retardation (GCC), as well
as the FRAXE (GCC) and FRA16A (CCG) fragile sites (e.g. 72, 106).

Myotonic dystrophy types 1 and 2 (DM1, DM2)—Myotonic dystrophy is an
autosomal dominant multi-system disease characterized principally by myotonic myopathy.
There are two major forms of myotonic dystrophy, both caused by repeat expansions. DM1,
also known as Steinert disease, is caused by a CTG expansion in the 3’UTR of the DMPK
gene (7,16,43,54). DM2, which is much less common than DM1 and was previously known
as proximal myotonic myopathy, is caused by a CCTG repeat in intron 1 of the CNBP gene
(formerly named Z/NF9)(84). Despite their similarities, DM1 and DM2 differ in important
molecular and clinical respects. Most importantly, DM1 shows robust repeat length/disease
severity correlation as well as significant anticipation, whereas DM2 does not.

DML is characterized by progressive weakness and myotonia, often associated with
cataracts, cardiac arrhythmias, endocrinopathy and cognitive impairment (32). The range of
severity is broad, with differences in repeat length being the key driver of disease severity.
Table 5 depicts the relationship between CTG repeat length, age of onset and disease
severity, including mild, classic and congenital forms of disease. “Mild” disease may
manifest simply with premature cataracts and baldness, with electromyographically
detectable myotonia. “Classic” disease typically manifests in young adulthood and includes
distal weakness, symptomatically and often disabling myotonia, as well as significant
cardiac conduction defects in addition to cataracts and baldness. Classic disease, when
presenting in teen years, is also known as “juvenile” disease. “Congenital” DM1, in which
the affected parent is nearly always the mother, is present at birth. The infant is floppy, facial
and jaw muscles are weak resulting in failure to thrive, and mental retardation and
development delay are common. Rather than displaying myotonia, congenital DM muscles
display features of arrested fiber development. Table 5 highlights that that some unaffected
individuals have repeats in the “mutable normal” range of 35-49 repeats. Such metastable
alleles are prone to expand when transmitted to the next generation; new mutations in
families arise through this process. Table 5 also illustrates overlap in the range of repeat
lengths across these various classes. An important, life-threatening feature of DML1 is cardiac
involvement which can lead to sudden cardiac death. Repeat length and cardiac
abnormalities also are correlated in DM1 (95). Genetic testing for the CTG expansion in
DML is relatively straightforward. In less than 5% of DM1 patients, the CTG repeat is
interrupted by other trinucleotides but the clinical and genetic significance since of these
interruptions is unknown (68).

DM2 commonly presents as proximal muscle weakness with variable myotonia, hence its
former name proximal myotonic myopathy (121). Like DM1, it too shows marked clinical
heterogeneity ranging from mild forms of disease that may be difficult to detect, to profound
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and disabling proximal muscle weakness. There is no congenital form of disease nor is there
apparent anticipation. Cardiac involvement is less common in DM2 than in DM1 (118), but
still requires careful monitoring. Whereas in DM1 cognitive impairment is well described
(19,46), DM2 shows much less cognitive involvement (109). The CCTG repeat expansion in
DM2 is complex, including repeat elements in addition to the CCTG repeat, and is prone to
an extreme range of pathogenic expansions, from 75 units to as many as 11,000 units (mean
of roughly 5000 repeats) (68). Despite this broad range, there is little evidence for
correlation between repeat length and disease severity; reasons for this lack of relationship
are currently unknown.

The molecular mechanism of disease may be as well worked out for DM1 as it is for any
repeat expansion disease. The CTG expansion resides in the 3’UTR of the DMPK transcript,
where it does not alter expression of the disease protein, but does form RNA foci and bind to
and sequester essential splicing factors (69,110). This toxic RNA effect leads to a failure to
generate appropriately spliced isoforms of key muscle genes, leading to myotonia and other
symptoms of disease. Loss of DMPK function is well tolerated in mouse models (21) and
thus nucleotide-based gene-silencing approaches as potential disease-modifying therapy
represent an attractive strategy for this disabling disorder (136). The pathogenic basis of
DM2 is less clear, but leading candidates include a toxic RNA effect (e.g. 89).

CAG/polyglutamine diseases—At least nine diseases belong to the CAG/polyglutamine
group (11,58,70,74,77,99,105,114,122). These diseases are thoroughly described in four
chapters in this volume: the polyglutamine diseases as a whole (chapter 11); SBMA (chapter
38); HD (chapter 17); and the SCAs (chapter 12). Here, | focus on shared features across the
class as well as distinctive findings in specific disorders that shed light on disease
mechanisms.

All nine are dominantly inherited disorders except for SBMA which is an X-linked disorder
with dominant toxic features. All are classified as rare diseases. HD, the best known among
them, is also the most common, with SCA3 next in line. Six are dominantly inherited ataxias
(also known as SCAs) including the four most common SCAs among the 40 discovered thus
far (SCAs 1,2,3,6). A seventh disorder, DRPLA, can be thought of as a hybrid between SCA
and HD. In all nine, the primary pathogenic mechanism is believed to be proteotoxicity
emanating from the encoded disease protein (see Table 6). Other than sharing a common
glutamine repeat, the various disease proteins are entirely unrelated and serve very different
cellular functions. The distinctive clinical and pathological features of individual CAG/
polyglutamine diseases are believed to stem primarily from this differing protein context. At
least two other repeat expansion diseases may share elements with the polyglutamine
diseases: In SCAB, the antisense transcript can encode a polyglutamine protein through
RAN translation, and the CAG repeat in SCA12 theoretically could encode polyglutamine
though evidence supporting this is less clear.

Figure 3 compares the normal and disease repeat lengths for the CAG/polyglutamine
diseases. Several important features can be gleaned from the comparison. First, a repeat
length of roughly 35-40 is a common disease threshold across polyglutamine disorders. This
repeat size conforms to in vitro biochemical studies showing that polyglutamine proteins
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begin to aggregate at roughly the same threshold. This is a relevant point because
aggregation of the disease protein, particularly in neurons, is a common pathological
hallmark of the polyglutamine disorders. There are, however, important exceptions to this
repeat length threshold. For example, SCAG is caused by an expansion well below this
threshold; it is also, however, the only CAG/polyglutamine disease in which the encoded
protein is a trans-membrane protein, a calcium channel subunit. Tethered close to the
membrane, the glutamine repeat in SCA6 may be particularly sensitive to small changes in
length. Recently, a second polyglutamine-containing protein was discovered to be expressed
from the SCAG6 locus, a transcription factor known a1ACT, raising another possibility for
the basis of a shorter disease threshold: potentially profound effects of modest repeat
expansions on transcription function.In contrast, for SCA3 and SCAL17, normal repeats exist
that are even larger than the putative threshold of 35. The respective disease proteins in
SCA3 and SCAL7 are a deubiquitinase implicated in protein quality control (ATXN3) and
an essential general transcription factor (TATA binding protein). Whether these proteins
possess special properties that would permit a larger normal polyglutamine tract remains to
be determined.

A second feature for many CAG/polyglutamine diseases is a narrow range of modestly
expanded repeats for which disease is incompletely penetrant (colored yellow in figure 3).
Clearly, factors other than the repeat length itself influence whether disease will become
manifest. A particularly telling example is SCA1, where perfect CAG repeats begin to cause
disease at approximately 40 repeats, whereas CAG repeats interrupted by a histidine-coding
CAT can extend several repeats further before causing disease. The simplest hypothesis (not
proven) is that the disease protein is stabilized when histidine interrupts the polyglutamine
tract. For all polyglutamine diseases, in the fully penetrant repeat range, the smaller the
expansion the wider the predicted potential age of symptom onset. In HD, for example,
individuals with 40 repeats may experience their first disease symptoms in the 30s or 70s,
whereas individuals with repeat length of 80 would always show signs of disease before age
30. Careful genetic analysis of HD individuals whose repeat lengths are near the lower end
of the pathogenic range has identified additional genetic modifiers that influences age of
onset (49).

Understandably, the study of polyglutamine disorders has focused on the expanded repeat,
but insights have also been gained from studying the normal repeat. In both SCA6 and
SCAL, the size of the normal repeat contributes modestly to age of onset (135a and b), and
the size of the normal SCA®G repeat may be a modifier of disease onset in SCA2 (111).
Moreover, at the SCA2 locus, repeats at the high end of the normal range are an important
genetic risk factor for ALS. Intriguingly, some SCA2 expansions can manifest with ALS
(116,143) and SCA2 itself is characterized by motor neuropathy in addition to progressive
ataxia. The SCA2 protein, ATXN2, is an RNA binding protein implicated in stress granule
dynamics and RNA/protein homeostasis, which are critically important pathways in ALS
and presumably also in SCA2. This discovery underscores the point that, even in the normal
range, repeat length variation influences the behavior of polyglutamine disease proteins.

Other repeat expansion SCAs—At least four other SCAs are caused by repeat
expansions. One of these, SCA12, is caused by a CAG expansion that may or may not
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encode polyglutamine, and at least one other, SCAS8, can generate polyglutamine from the
antisense strand.

Spinocerebellar ataxia type 8 (SCA8)—Accounting for approximately 2-5% of all
dominant ataxia, SCAS8 typically manifests as a relatively mild cerebellar ataxia that is
compatible with a normal life span, though the phenotype varies considerably (31,60). The
disease-associated CTG repeat (76) resides in a highly polymorphic locus transcribed in
both directions, and the complexity at this locus may help explain why the SCA8 repeat
expansion is not fully penetrant. The CTG repeat is flanked by a polymorphic CTA repeat
and the combined CTG/CTA length is usually reported in genetic test results. The normal
repeat length is 15-50 triplets, with pathogenic expansions typically in the range of 80-250
triplets, though affected individuals have been described with repeats spanning from 71 to
over 1300. Because repeat expansions across this broad range are incompletely penetrant,
physicians should exercise caution in concluding that an expansion at the SCA locus is
necessarily the cause of a patient’s ataxia. This incomplete penetrance also means that most
ataxic individuals identified to have the SCA8 expansion are sporadic cases without a family
history of dominant ataxia. Although the basis of the incomplete penetrance remains
uncertain, scientific investigations of the SCA8 locus have shed important light on
mechanisms of repeat expansion disease. Evidence exists at this locus for both toxic RNA
and toxic protein effects as disease mechanisms (30, 152). The locus is transcribed in both
directions (97), and RAN translation can generate multiple homopolymeric proteins,
including an expanded polyglutamine protein from the antisense (CAG) strand (152).

Spinocerebellar ataxia type 10 (SCA10)—SCA 10 is a slowly progressive, relatively
pure cerebellar ataxia that is often accompanied by generalized seizures (132, 133). The
mutation is a pentanucleotide ATTCT expansion (93) residing in an intron of the ATXN10
gene. SCA10 is particularly prevalent among individuals of Amerindian origin in Mexico
and Brazil. Intriguingly, the frequency of seizures, which usually manifest after ataxia has
begun, is much greater among Mexicans (~60% with seizures) than Brazilians (less than 5%
with seizures). This phenotypic difference may reflect population differences in the extent of
interruptions in the highly complex disease repeat (94). The ATTCT repeat normally is 10—
32 units in length, whereas fully penetrant alleles are between ~ 800 and 4,500 repeats in
length. Incompletely penetrant repeats of 282 to ~ 800 have also been reported. The massive
size of the repeat requires southern blot analysis to determine repeat length. There is a
modest inverse correlation of repeat length to age of onset, accounting for approximately
one third of the variation in age of onset, and anticipation has been described with paternal
transmission (92). The primary disease mechanism is still under investigation but may be a
toxic RNA effect (151).

Spinocerebellar ataxia type 12 (SCA12)—SCA12 is a rare, dominantly inherited form
of ataxia that often begins with an action tremor of the arms resembling essential tremor
(56,104). Disease typically begins in adulthood and slowly progresses to involve mild ataxia
and spasticity. SCA12 is most common in persons of Indian descent but has also been
described in persons of European descent (10,17,128). The CAG repeat expansion occurs
within or just upstream of an exon in the PPP2R2B gene which encodes a phosphatase
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important in the nervous system. Normal repeats are between 4 and 32 triplets, whereas fully
penetrant disease-causing expansions are 66 triplets or longer. Several individuals have been
reported with expansions between ~40 and 66 suggesting that alleles in this range have
reduced penetrance and may cause disease. Whether the CAG repeat encodes polyglutamine
or instead effects expression of specific splice variants of the encoded phosphatase, remains
uncertain.

Spinocerebellar ataxia type 31 (SCA31)—SCA 31 is a relatively pure cerebellar ataxia
with a mean onset at approximately 60 years of age and compatible with a normal life span
(100). Originally described in Japan, where it is the third most common form of SCA,
SCA31 has since been discovered in other ethnic populations (64,119). It is associated with
a complex, large insertion that contains multiple repeated nucleotide sequences, most
notably a pentanucleotide TGGAA. A 1.5-2 kilobase insertion lacking the TGGAA
pentanucleotide repeat is occasionally seen in control individuals, but insertions that include
the pentanucleotide repeat are found in individuals with disease. The insertion lies within an
intron found in two genes encoded in opposite directions, the 7KZ (thymidine kinase 2) and
BEAN (brain expressed, associated with NEDD4) genes. Thus, the encoded pentanucleotide
can be either TGGAA or UUCCA. Emerging evidence supports a dominant toxic gain of
function mechanism that may include both RNA toxicity and the production of RAN
peptides (63,101). Cerebellar Purkinje cells are selectively vulnerable and show distinctive
pathological features including changes in nuclear morphology and the accumulation of
halo-like amorphous material in Purkinje cells (150).

Spinocerebellar ataxia type 36 (SCA36)—This slowly progressive cerebellar ataxia
typically begins in mid-life, involving balance problems followed later by dysarthria and
limb ataxia (61). Sensorineural hearing loss usually occurs and less often motor neuropathy
can be a disabling feature. Cerebellar symptoms are initially midline, affecting gait and
balance. Consistent with this, initial brain atrophy occurs in the superior vermis of the
cerebellum, but as disease progresses atrophy extends throughout the cerebellum and into
the brainstem. The disease is caused by a large hexanucleotide (GGCCTG) repeat expansion
in the first intron of the NOP56 gene (73). Normal repeats are usually between 3 and 14,
whereas in individuals with disease the expansion is at least 650 repeats extending to more
than 2000 repeats. A few individuals have also been described with small expansions (only
20-35 units), though the molecular basis for this is uncertain (102). The pathogenic
mechanism is also uncertain but RNA foci containing the repeat have been described,
suggesting a toxic RNA effect (85).

Huntington disease-like 2 (HDL2)—Families with a dominantly inherited disease
resembling HD (chorea, cognitive impairment and psychiatric disturbance) may instead have
HDLZ2 (2). This rare phenocopy of HD is caused by a CTG repeat expansion in the
Junctophilin-3 (JPH3) gene (57). Normal repeats are between 6 and 28, whereas expanded
repeats are between ~41 and 58 repeats. Disease typically occurs in midlife and recapitulates
many features of HD, with weight loss being a frequent finding. Similar to HD, some
individuals with HDL2 can present with juvenile onset disease resembling the Westphal
variant of HD (rigidity, parkinsonism, dystonia). The brain MRI often resembles that of HD,
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showing selective atrophy of the basal ganglia and cortex with relative sparing of the
brainstem and cerebellum. The diagnosis of HDL2 cannot be established without molecular
genetic testing for the repeat expansion. The pathogenic mechanism remains uncertain and,
as with other repeat expansion diseases, may have multiple components. Located in an
alternatively spliced exon of the JPH3 gene, the repeat can be transcribed in both directions,
leading to CUG (more common) or CAG (less common) repeat-containing transcripts.
While a dominant RNA toxic effect may occur, the repeat expansion also reduces levels of
the Junctophilin-3 protein (123), which could prove deleterious to neurons.

Friedreich ataxia—Friedreich ataxia is the most common autosomal recessive ataxia,
present primarily in Indian and European populations. Before the disease mutation was
discovered, Friedreich ataxia was defined as a young onset progressive ataxia with sensory
loss, scoliosis, areflexia and cardiomyopathy occurring before age 25. Other disabling
features of disease include hearing loss, motor weakness, and diabetes. The discovery of a
GAA repeat expansion in the FRDA gene (20) soon led to the recognition that the classic
definition of disease, requiring onset before age 25, was incorrect. While most Friedreich
ataxia meets this classic definition, roughly a quarter of individuals develop signs of disease
after age 25 (e.g. 37a). Moreover, late onset Friedreich ataxia may not show the classically
described areflexia and is less likely to have significant cardiac involvement. Most affected
individuals are homozygous for the expansion but a small percentage are compound
heterozygotes who have an inactivating or deletion mutation in one allele and an expansion
in the other allele (4,45,55). There is robust repeat length-disease correlation, with the size
of the smaller of the two expansions showing inverse correlation with age of symptom onset
and a direct correlation with the probability of significant cardiac dysfunction (37a,41,96).
Occasionally, however, disease features can vary widely within a family despite similar sized
expansions (9) indicating that other factors influence disease severity beyond the mutation.

The basis of disease is impairment in mitochondrial function due to loss of frataxin, a
protein required for the assembly of iron-sulfur cluster enzymes in the mitochondria.
Frataxin fails to be expressed principally because the GAA expansion directly impedes
transcription, although a contributing factor is expansion-induced epigenetic silencing of the
upstream promotor (13,25,82). Aggressive, ongoing efforts to develop preventive therapies
include gene replacement strategies, compounds to boost frataxin expression and anti-
oxidant approaches, although no compound has yet been proven to slow the disease (71).
Friedreich ataxia can be viewed as a mitochondrial disorder with all the attendant neurologic
problems seen in mitochondrionopathies. Aggressive clinical management (28) should
include close attention to cardiac status, as cardiac abnormalities are the most common
cause of death. Annual evaluations should include an EKG and echocardiogram, with
referral to cardiology for patients showing abnormalities (87).

Unverricht-Lundborg myoclonic epilepsy (EPM1)—EPM1 is the most common
cause of myoclonic epilepsy in North America, typically beginning between 6 and 15 years
of age and progressing over time (29). The initial symptom can be either action- or stimulus-
induced myoclonus or generalized tonic-clonic seizures, but eventually both are present in
affected persons. Ataxia also is a common feature. The EEG shows photosensitive spike and
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wave abnormalities and the background can be slowed. While cognition is generally normal,
mild intellectual deficits may develop over time. The myoclonus is progressive and can be
very disabling, leading to wheelchair use for approximately one third of affected individuals.

This autosomal recessive disease is caused by expansion of a dodecamer repeat in the CS7B
gene which encodes the lysosomal protein cystatin B (8,65,78, 146). Normal repeats are 2—3
units in length and expansios srange from 30 to ~125 repeats. Most persons with EPM1 will
be homozygous for expansions though a small percentage will have an activating mutation
on one allele and an expansion on the other. While some evidence supports a correlation
between repeat length and disease severity, this correlation is less robust than in many other
repeat expansion diseases (e.g. 79).

Oculopharyngeal muscular dystrophy (OPMD)—OPMD is a dominantly inherited
neuromuscular disorder characterized by adult onset progressive weakness, ptosis,
ophthalmoparesis and dysphagia (86,139). The cause is a small GC(N) expansion in the
polyadenylate binding protein 2 (PABP2) gene that modestly enlarges a polyalanine tract in
the protein (15). OPMD is one of at least nine polyalanine diseases (125), the remainder of
which are congenital neurocognitive disorders in which the expansions occur in transcription
factors. In contrast, OPMD is an adult onset, progressive, degenerative disease. Reminiscent
of the CAG/polyglutamine diseases, OPMD is a proteinopathy: the enlarged alanine tract
promotes aggregation of the disease protein, resulting in the formation of intranuclear
inclusions in skeletal muscle (124).

The normal GC(N) repeat length is typically 6 units and expansions are between 8 and 18 in
disease. The GC(N) expansions can be either GCG or a mixture of GCG and GCA, both of
which encode alanine. A distinctive feature of OPMD is that while most individuals possess
a single expanded allele, some affected persons are compound heterozygotes with one allele
containing 7 repeats and other 9 repeats. Remarkably, a small percentage of OPMD presents
in an autosomal recessive manner wherein affected individuals are homozygous for alleles of
7 repeats. Evidence does not support anticipation in OPMD, but there is some support for a
correlation between repeat length and disease severity (113).

As in the CAG/polyglutamine diseases, subtle changes in the size of the repeated amino acid
tract can have major consequences for the polyalanine-containing disease protein (e.g. 81).
PABP?2 is a multifunctional protein implicated in transcriptional regulation, polyadenylation
of mRNA, and nucleocytoplasmic transport. Its sequestration into inclusions in skeletal
muscle likely both depletes the cell of an important nuclear factor and sequesters other vital
proteins. As in other repeat expansion diseases, several molecular mechanisms could
simultaneously contribute to the disease process.

Fuchs endothelial corneal dystrophy (FECD)—FECD is included here among the
neurological repeat expansion diseases because it affects vision, is relatively common, and is
one of the most recently described repeat expansion diseases. FECD is a degenerative
condition characterized by progressive loss of corneal endothelium, thickening of the
Descemet’s membrane and deposition of extracellular matrix in the cornea. This process
results in progressive corneal edema and visual loss, typically after age 60. At least five
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other genes or genetic loci are associated with FECD (1), but the most common form - a late
onset form — is associated with modest expansion of an intronic CTG repeat in the
transcription factor four (7CF4) gene (83,127,149). Normal CTG repeats are between 10
and 37, and pathogenic repeats are greater than 50. Little is known about how the expansion
contributes to disease, but the current leading hypothesis is a toxic RNA effect (148).

C90RF72 FTD/ALS—In the 6 years since a GGGGCC (or G4C2) hexanucleotide
expansion in the CIORF72 gene was discovered to cause familial ALS and FTD (112), our
understanding of the ALS/FTD disease spectrum has advanced tremendously (27,42,48).
The “C9 story” is one of rapid discoveries and unexpected biological convergences.
Advances that have been made possible by the discovery of the G4C2 expansion have led to
emerging view that perturbation of RNA homeostasis in neurons is a major cause of
neurodegenerative disease, whether ALS or FTD.

An autosomal dominant disease, CIORF72-mediated neurodegeneration can present as ALS
or FTD even in the same family (23, 88,142,144). It is by far the most common form of
familial ALS, accounting for about a third of ALS families and 5-10% of sporadic cases in
an ALS clinic. It is also a common cause of FTD, explaining about one fourth of familial
FTD. Age of symptom onset ranges from 30 to 70 years of age with a mean onset in the late
50s. C9-mediated ALS most often resembles typical ALS, can be bulbar or limb onset, can
progress rapidly (though not always) and can be associated with later cognitive symptoms.
Thus, C9-mediated ALS should be evaluated and treated just as in any ALS patient. The
pattern of C9-mediated FTD most commonly is behavioral variant FTD, with the full range
of behavioral and cognitive symptoms including disinhibition, apathy and executive
dysfunction. Less commonly, C9-mediated FTD presents semantic variant primary
progressive aphasia (PPA) or nonfluent variant PPA, and, very rarely, can resemble
corticobasal syndrome, progressive supranuclear palsy or an HD-like syndrome.
Occasionally parkinsonian features are seen in C9-mediated ALS or FTD.

Normal G4C2 repeats are ~25 units or less, and high penetrance disease alleles are typically
greater than ~60 repeat units, ranging up to more than 4,000 units; rarely, repeats between 47
and 60 segregate with disease in families. This pure GC repeat poses technical challenges for
genetic screening especially as a larger expansion (144). A repeat-primed PCR assay is
typically used to detect smaller expansions (<80), but accurately sizing larger repeats
requires other techniques (e.g. Southern blot hybridization) that only provides a rough
estimate of length. Even then, extensive somatic mosaicism at the locus means that repeat
lengths estimated from blood may not accurately reflect repeats in vulnerable brain tissue.

Perhaps in part because of difficulties in accurately defining disease repeat length, C9-
mediated disease differs from most other repeat expansion diseases in that scientists have not
established a clear correlation between repeat length and disease severity (e.g. 142, 144).
There are, however, potential biological explanations for this lack of correlation, including
the fact that the expansion is prone to variable hypermethylation which will affect expression
of the gene and presumably disease expression (117). Epigenetic effects also may explain
why some individuals with C9 expansions remain asymptomatic until very late in life.
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The RNA binding protein TDP43 accumulates in neuronal aggregates in C9-mediated FTD
and ALS, placing C9-mediated neurodegeneration into the class of TDP43 proteinopathies.
A wealth of genetic, animal modeling and biochemical studies have rapidly shed light on the
molecular mechanism of this disease. Though initial studies revealed modest reduction in
expression of the COORF72 gene product (a protein of still uncertain function), it now seems
clear that a partial loss of gene function, or haploinsufficiency, is not a major component of
disease pathogenesis. Instead, compelling cases have been made both for RNA toxicity (the
formation of RNA foci, sequestration of critical RNA-binding proteins and aberrant
splicing) and proteotoxicity (RAN translation from both the sense and antisense transcripts,
generating five distinct dipeptide proteins that vary in toxicity and propensity to aggregate)
(14,34,35,42,48,80). Very likely, both pathways contribute to disease though many questions
remain unanswered. For example, if dipeptide species are an important toxic element, why
do they tend to accumulate in certain brain regions that are not particularly vulnerable to
disease? The remarkably fast progress in this repeat expansion disease gives one confidence
that answers will be found. In any case, enough is already known to justify aggressive
ongoing efforts to use nucleotide-based or pharmacological strategies to reduce levels of the
expanded repeat-containing transcripts as potential disease-modifying therapy.
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Figure 1. Schematic of gene showing repeat expansionsthat cause neurological diseases
Repeat sequences linked to the indicated diseases are placed schematically into the

appropriate gene locations. The differing sizes of the associated triangles roughly reflect the
range of repeat expansion sizes in each disease. *SCA12 repeat is actually in an intron that
also has promoter elements.
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Figure 2. Relationship of repeat length to disease featuresin spinocerebellar ataxia type 3
(SCA3)
Normal CAG repeat length in SCA3 is 12 to ~44, with disease repeats ranging from ~60-87.

Clinical subtypes 1 (dystonia), 2 (ataxia), and 3 (weakness) tend to be associated with the
range of indicated repeat lengths. Rare intermediate repeat lengths may be associated with
restless legs syndrome.
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Figure 3. Normal and disease repeat lengths for the CAG/polyglutamine diseases
Normal (green), incompletely penetrant (yellow) and fully penetrant (red) repeat lengths are

shown for each disease. Deepening color of red illustrates increased disease severity and
earlier age of onset with longer repeat lengths. Arrows illustrate that the longest disease
repeats in spinocerebellar ataxia type 2 (SCA2), SCA7 and Huntington disease are >100
repeats. Gray regions represent size range of intermediate length repeats that may be prone
to further expansion. High normal SCAZ2 alleles (orange) are a risk factor for ALS. At SCA1
locus, normal repeats can be longer when they are interrupted by CAT residues. DRPLA,
dentatorubral-palliodoluysian atrophy; SBMA, spinobulbar muscular atrophy

* Normal repeat length in SCAL and SCAG are modifiers of age of onset, and SCA6 normal
repeat length is also a modifier of age of onset in SCA2.

# In SCA2 disease repeats interrupted by CAA can be associated with dominantly inherited
Parkinson disease rather than ataxia.

~ Normal repeat in SCA17 is an imperfect CAG repeat interrupted with CAA residues.
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CTG repeat length/phenotype correlation in myotonic dystrophy type 1

Table 5.

Respiratory deficits
Intellectual disability

Classic signs develop later

Phenotype Clinical Features Repeat Size | Ageof Onset
Mutable normal | None 35-49 NA
Mild Cataracts 50-~150 20-70 years
Mild myotonia
Classic Weakness ~100-~1000 | 10-30 years
Myotonia
Cataracts
Balding
Cardiac arrhythmia
Congenital Infantile hypotonia ~700- >1000 | Birth to 10 years
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