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Abstract

Among the age-dependent protein aggregation disorders, nine neurodegenerative diseases are
caused by expansions of CAG repeats encoding polyglutamine (polyQ) tracts. We review the
clinical, pathological, and biological features of these inherited disorders. We discuss insights into
pathogenesis gleaned from studies of model systems and patients, highlighting work that informs
efforts to develop effective therapies. An important conclusion from these analyses is that
expanded CAG/polyQ domains are the primary drivers of neurodegeneration, with the biology of
carrier proteins influencing disease-specific manifestations. Additionally, it has become apparent
that CAG/polyQ repeat expansions produce neurodegeneration via multiple downstream
mechanisms, involving both gain- and loss-of-function effects. This conclusion indicates that the
likelihood of developing effective therapies targeting single nodes is reduced. The evaluation of
treatments for premanifest disease will likely require new investigational approaches. We highlight
the opportunities and challenges underlying ongoing work and provide recommendations related
to the development of symptomatic and disease-modifying therapies and biomarkers that could
inform future research.
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INTRODUCTION

Repeat Expansion Diseases

Microsatellites are repetitive DNA tracts that occur thousands of times throughout the
human genome. The reiterated sequences making up these microsatellites vary in length
from single nucleotides up to dodecamers or longer. These elements vary in length within
the population, and expansions of microsatellites are known to cause a number of human
diseases (Figure 1). The disease-causing repeat expansions may fall within noncoding
sequences of genes, such as introns or untranslated regulatory regions flanking coding
sequences (1). In such instances, the expanded microsatellite can become quite long,
encoding thousands of repeated units. These elements induce cytotoxicity through diverse
mechanisms. These include loss-of-function (LOF) effects via gene silencing and gain of
function (GOF) via diverse mechanisms. The latter include the production of toxic RNAs
from either sense or antisense strands that sequester critical factors involved in mRNA
processing and the generation of potentially toxic aberrant polypeptides containing stretches
of repetitive amino acids.

Microsatellite expansions that fall within coding sequences are limited to trinucleotide
repeats and tend to be modest in length compared with those occurring within noncoding
regions. Almost all disease-causing coding region expansions consist of CAG repeats
encoding glutamine. The exception is the GCG/polyalanine repeat expansion in the gene
encoding polyA-binding protein-2, which is the cause of oculopharyngeal muscular
dystrophy. We focus on the nine neurodegenerative disorders caused by expansions of
polyglutamine (polyQ) tracts, including spinal and bulbar muscular atrophy (SBMA),
Huntington’s disease (HD), dentatorubropallidoluysian atrophy (DRPLA), and six
autosomal dominant forms of spinocerebellar ataxia (SCA1, 2, 3, 6, 7, and 17). As a
mechanism of disease, polyQ repeat expansion appears to be unique to humans.

PolyQ disorders share several important clinical and pathological characteristics despite the
fact that their only common genetic feature is the pathogenic repeat expansion; the affected
genes are otherwise unrelated (Table 1) (2). All are neurodegenerative disorders, with
disease onset typical in midlife and slowly progressive phenotypes. All polyQ diseases
exhibit threshold phenomena with very high or complete penetrance occurring once repeat
numbers exceed disease-specific limits. While the mutant genes are widely expressed by
many cells and tissues, these diseases exhibit preferential degeneration of distinct cell types.
In each case, the expanded repeat is unstable and may increase in length as it is passed from
one generation to the next, particularly with male transmission. Intergenerational repeat
expansion underlies genetic anticipation, wherein disease manifestations occur at earlier
ages in subsequent generations. The age of onset is inversely correlated with CAG tract
length, but this relationship is complex and is more pronounced in some noncoding repeat
disorders, notably myotonic dystrophy type 1. Less common cases of childhood-onset
disease occur in children with very long repeats. Expanded polyQ mutations are thought to
lead to cellular toxicity as a result of aberrantly conformed mutant proteins. Based on the
dominant pattern of inheritance and other data, proteotoxicity unrelated to the normal
function of the mutant protein (toxic GOF) is thought to be common to all of these disorders
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and a significant contributor to cellular dysfunction and death. Eight of the polyQ diseases
are inherited in an autosomal dominant manner, with the penetrance of SBMA, caused by a
CAG repeat expansion in the X-linked androgen receptor (AF) gene, depending upon male
levels of circulating androgens. This aspect of SBMA pathogenesis leads to the disease
occurring only in men.

Several salient clinical and pathological aspects of polyQ disorders are summarized in Table
2. Despite the commonalities noted above, each disorder is distinguished by the preferential
vulnerability of specific cell populations, a feature that underlies distinctive clinical
manifestations. In the central nervous system (CNS), neurons are key target cells, and
cytotoxicity is manifested by synaptic loss, atrophy of dendritic arborizations, abnormal
axonal swellings, and irregularities of nuclear contours. Intranuclear and cytoplasmic protein
aggregates are often present and contain all or part of the disease-causing proteins, including
the polyQ tract. Additional proteins may localize to these aggregates, including ubiquitin
and ubiquitin-binding proteins, molecular chaperones, proteasome components, and, in the
case of intranuclear inclusions, transcriptional coregulators. Frank neuron loss is associated
with evidence of neuroinflammation, including the activation of microglia and astrocytes.

In addition to GOF proteotoxicity, polyQ tract expansions likely alter the normal function of
the mutant proteins, possibly contributing to disease-specific manifestations. One striking
example is the effect of CAG repeat length on AR function as a ligand-activated
transcription factor (3). Variations in repeat length, even within the nonpathogenic range,
influence the activity of the AR, with shorter repeats associated with more transcriptionally
active receptors. This phenomenon is associated with a variety of phenotypic outcomes in
men, including modifying risk for the development or progression of prostate cancer. As the
CAG repeat increases in length, AR activity diminishes, with pathological expansions in
people with SBMA associated with signs of partial androgen insensitivity, such as
gynecomastia, testicular atrophy, and diminished fertility.

Some polyQ domains may have pathogenic effects via interactions with other genes, even
when repeat numbers are below pathological thresholds. Elden and colleagues (4)
discovered that yeast and Drosophila orthologs of ataxin-2 (ATXNZ; the protein causing
SCA2) modified the toxicity of TAR DNA binding protein 43 (TDP-43), an RNA binding
protein mutated in familial amyotrophic lateral sclerosis that accumulates in both sporadic
and familial disease. An association between intermediate-length A7XA2alleles (=27 Q)
and amyotrophic lateral sclerosis was demonstrated in several North American and
European cohorts (4-6). The mechanism underlying this effect remains unclear, although
both proteins are implicated in RNA processing.

Disease Epidemiology and Costs

PolyQ diseases are rare disorders whose impact is disproportionate to their prevalence.
Among polyQ diseases, the epidemiology of HD is the best studied. In the best-ascertained
populations, in Western Europe and North America, prevalence estimates approximate 5—
6/100,000 population, with considerable variation among studies (7, 8). Likely reflecting the
availability of definitive genetic testing, a greater awareness of HD, and possibly longer
survival of people with HD, recent prevalence estimates have tended to be higher. In limited
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studies, prevalence estimates in non-European populations are significantly lower. In some
studies of Asian populations, prevalence estimates are an order of magnitude lower than
estimates in populations of European descent. Fragmentary data suggest that the same is true
for African populations. Relatively careful studies in the United Kingdom and Canada
suggest prevalence rates of 12—-15/100,000 among individuals of European descent. In a
study based on the United Kingdom’s General Practice Research Database, prevalence
approximates 12/100,000 (9). In British Columbia, the overall prevalence is estimated at
approximately 13/100,000, with an estimated prevalence among those of European descent
of approximately 17/100,000 and much lower estimated prevalence rates among individuals
of Asian or First Nations descent (10).

Prevalence estimates for other polyQ diseases are sketchy. In a systematic review of
prevalence studies, Ruano et al. (11) estimated that the worldwide average prevalence of
dominantly inherited cerebellar ataxias is approximately 3/100,000. In their compilation,
which was highly biased toward studies in industrialized nations, SCA3 was the most
common diagnosis, followed by SCA2 and SCAG6. Presumably reflecting founder effects,
there are regional and national differences in the proportions of polyQ SCAs. In Japan, for
example, the data of Maruyama et al. (12) suggest that SCA3 is the most common
dominantly inherited SCA (~27%), followed by SCA6 (~21%), and DRPLA (~10%).
Leaving aside HD and SCAZ, it is likely that the prevalence rates of individual polyQ
diseases are very low. One estimate for SBMA is that its prevalence in the United States is
approximately 1-2/100,000, although a higher rate was suggested to occur in Japan due to
the founder effect (13).

In the case of HD, prevalence is maintained partly by new mutations. The de novo mutation
rate may be in the range of 5-10% of patients presenting for diagnosis (8, 14-16). Apparent
de novo mutations have two sources: repeat expansion from a parent with a reduced
penetrance allele (36—39 repeats) and repeat expansion from a male parent with an
intermediate-length allele (1A; 27-35 repeats). The latter are likely particularly important in
generating de novo mutations. IAs are relatively common in populations of European
descent, occurring in approximately 6% of individuals. The larger the repeat within an 1A,
the more likely it is that an expansion into the pathological range will occur. European-
descended populations have an increased likelihood of repeat expansions above the normal
range, higher average repeat numbers, and a higher prevalence of haplotypes with
predispositions for repeat expansions. These types of phenomena may occur with other
repeat expansion diseases.

Despite their rarity, polyQ disorders have considerable social impact. Again, HD is the best-
documented example. Divino et al. (17) used administrative data to estimate the direct
medical costs of HD. A crude summary of their analysis is that the annual per capita direct
medical costs are ~$30,000 per year. There is no estimate of indirect costs due to HD, but an
older estimate of annual income lost in working-age patients with Parkinson’s disease is
$39,000 (in 1994 dollars) per patient per year (18). Indirect costs related to informal
caregiving and earning losses of family members are likely to be substantial. As most people
with polyQ diseases experience disease onset in middle age, the cumulative social costs are
likely to be in the range of billions of dollars per year. These dominant disorders likely cause
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substantial intergenerational negative effects in unaffected family members. The general
clinical impression is that these diseases push affected families toward the bottom of the
social ladder.

INSIGHTS INTO DISEASE MECHANISMS

A number of excellent reviews over the last decade highlight what we have come to
understand about individual polyQ disorders. Rather than focus on each disease separately,
we instead emphasize important concepts that have emerged from the study of this group of
disorders. For each concept highlighted below, we discuss critical investigations that brought
these ideas to the attention of the field.

The CAG/PolyQ Tract Is Sufficient to Cause Neurological Dysfunction but not to Cause
Preferential Neuronal Vulnerability

The lack of sequence similarity, excluding the polyQ domain, among genes causing HD,
SBMA, DRPLA, and SCAs 1, 2, 3, 6, 7, and 17; the existence of polyQ repeat-length
thresholds for disease penetrance; and the positive correlation between the age of disease
onset and repeat number all point to the conclusion that expanded repeat polyQ domains are
the primary driver of neurodegeneration in this disease family. Experimental confirmation of
this inference came from several murine model experiments. Transgenic mice expressing a
fragment of expanded repeat exon 1 huntingtin (H77) exhibited an aggressive phenotype,
with some lines developing marked motor dysfunction and premature death within weeks to
months of birth (19, 20). These lines exhibit widely distributed neuronal inclusion pathology
and, in the most aggressive lines, significant neuronal loss (21). In a particularly informative
experiment, Ordway et al. (22) created a novel polyQ disease model by inserting a long
CAG repeat into the gene encoding hypoxanthine phosphoribosy! transferase (Hpr?), which
does not contain a polyQ domain. In mice, inactivation of the X-linked Hprt gene does not
produce a phenotype. Mice heterozygous and hemizygous for expanded polyQ repeat Hprt
develop a phenotype strongly reminiscent of A7 7 expanded repeat exon 1-fragment mice,
with marked decline of motor function, seizures, early mortality, and widespread neuronal
inclusion pathology. In a complementary analysis, Yamamoto et al. (23) used an inducible
system to control the expression of a transgenic expanded repeat /77 exon 1 fragment.
Stopping transgenic fragment expression after the development of motor and histological
abnormalities resulted in phenotypic remission, including clearance of neuronal inclusion
pathology. Analyses of these mice, as well as models of SCA1 (24) and SBMA (25),
provided important evidence that expanded polyQ tracts induced CNS pathology not only
through neuronal loss but also as a consequence of reversible dysfunction.

While the human genetic data and these mouse model experiments point to the determinate
role of expanded polyQ domains as the primary pathological driver in this disease family,
the nature of human pathologies and aspects of these murine model experiments indicate
that other important factors influence disease-specific features. Each one of these diseases
has a characteristic and relatively unique regional pattern of neurodegeneration. HD is
characterized by early, prominent striatal degeneration; SBMA exhibits motor neuron
degeneration and skeletal muscle pathology; and SCA7 is distinguished by retinal
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photoreceptor degeneration. This is unlike the expanded repeat exon 1 fragment 77
transgenic models, which exhibit diffuse pathology. These facts suggest that the mutant
proteins are not passive carriers of neurotoxic expanded polyQ domains. Rather, features of
the host protein likely influence regional and subregional patterns of neurodegeneration.
Differential gene expression patterns likely contribute to differences in patterns of
neurodegeneration. AR, for example, is expressed at relatively high levels in motor neurons
and muscle, cell types that are significantly affected in SBMA (26). Expression patterns,
however, cannot be the whole answer as there is discordance between gene expression and
patterns of pathology in most polyQ disorders. For example, HTT apparently is expressed in
all neurons, including neuronal populations resistant or relatively resistant to
neurodegeneration (27, 28). It is likely that other features of carrier proteins influence
pathogenesis. For example, several of these proteins function via participation in
multiprotein complexes, and expanded polyQ domains likely alter the composition and
function of these complexes. Experiments with SCAZ transgenic models indicate that
impacts on these multiprotein complexes modulate neurodegeneration in a cell type—specific
manner (29). In the polyQ SCAs, the vulnerability of cerebellar Purkinje neurons may be
related to their unique metabolic and electrophysiogical properties and the high intrinsic
excitability of these neurons (30). Another possible contributing factor to differing regional
patterns of neurodegeneration could be combinations of GOF and LOF effects. While GOF
effects are generally considered to be the most important general aspect of the neurotoxicity
of expanded polyQ domains, LOF effects may also contribute to neurodegeneration.
Because each gene causing polyQ disease has unique normal functions, a combination of
LOF and GOF effects could contribute to pathological heterogeneity. In summary, the basic
concept is that expanded polyQ domains drive neurodegeneration, but the specific features
of each polyQ disorder are a function of the biology of the carrier protein.

PolyQ Aggregates Sequester Toxic Species but Also Exhibit Neurotoxic Properties

PolyQ disorders were discovered to exhibit characteristic intraneuronal inclusions as a result
of efforts to develop murine genetic HD models. In 1997, Davies et al. (31) described
huntingtin immunoreactive neuronal intranuclear inclusions (NI1Is) in the R6 expanded
repeat exon 1 model of HD. The subsequent evaluation of HD postmortem material with
appropriate antisera disclosed both NlIs and neuronal cytoplasmic inclusions (32). Similar
observations were made in other polyQ diseases (33). In retrospect, NIIs were present in
electron micrographs of cortical biopsy specimens obtained from HD patients more than 20
years earlier (34).

The discovery of polyQ inclusions triggered a persistent debate over the pathogenic
significance of inclusion pathology in these disorders. One hypothesis is that polyQ
inclusions are important mediators of neuronal dysfunction and death (31). One suggested
mechanism of neuronal dysfunction that may be mediated by NlIs is the sequestration of
proteins, particularly transcription factors, that are important for nuclear function (see
below). Both Nlls and cytoplasmic polyQ inclusions might have other pathogenic effects,
for example, the physical disruption of normal cellular functions. An alternative hypothesis
is that polyQ inclusions themselves are nonpathogenic and exert a protective role by
sequestering smaller, toxic polyQ protein species (35). It was suggested also that both of
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these hypotheses could be correct: PolyQ inclusions might be protective in early disease
phases but pathogenic in later phases (36). Finally, intracellular neuronal polyQ inclusions
might simply be epiphenomena.

An influential experiment by Arrasate et al. (37) addressed some of these hypotheses. These
researchers used an automated microscopy system to longitudinally evaluate the survival of
large numbers of cultured striatal neurons transiently transfected with constructs containing
expanded repeat exon 1 H7T fused with green fluorescent protein. The formation of
neuronal inclusions was correlated with improved neuronal survival and reduced diffuse
expression of mutant HTT, results consistent with the protective sequestration hypothesis.
Complementary data also supported the protective sequestration hypothesis. Gutekunst et al.
(38) described a poor correlation between the distribution of HTT immunoreactive neuronal
inclusions and the regional pattern of pathology in HD. Kuemmerle et al. (39) examined
inclusion formation in HD postmortem striatal specimens. Inclusions were sparse in the
striatal medium spiny neurons that are most affected in HD. Both cytoplasmic inclusions and
NIIs were abundant in a striatal interneuron population spared in HD. Mastroberardino et al.
(40) crossed transgenic HTT expanded repeat exon 1 (R6/1) mice with tissue
transglutaminase (TG2) knockout mice. The resulting £6/297G2”~ mice exhibited longer
survival, less neuronal degeneration, and a higher percentage of neurons containing NlIs.

As a result of these experiments and other work, the pendulum of opinion swung toward the
protective sequestration hypothesis. More recent experiments conducted over the last 5
years, however, have breathed new life into the toxic inclusions hypothesis. Liu et al. (41)
presented data suggesting that perinuclear inclusions containing mutant HTT disrupt the
nuclear membrane and act as a trigger for neuronal death. In both transgenic A7 7 expanded
repeat exon 1 (R6/2) mice and primary neuronal cultures, perinuclear inclusions were
associated with cell cycle re-entry and neuronal death. Woerner et al. (42) presented data
suggesting that cytoplasmic mutant HTT aggregates interfere with nucleocytoplasmic
transport both of proteins and of RNAs. Bauerlein et al. (43) reported that HTT expanded
polyQ exon 1 cytoplasmic aggregates cause endoplasmic reticulum (ER) dysfunction by
disrupting ER membranes. These studies describe the deleterious effects of cytoplasmic
aggregates, but other data support the concept of pathogenic Nlls in HD. Using sophisticated
cell imaging methods, Li et al. (44) reported that NllIs distort chromatin and, via sticky
interactions with key proteins, interfere with transcriptional regulation. Finally, the concept
of both protective and pathogenic effects of inclusions received support from the work of
Ramdzan et al. (45). Using a system analogous to that of Arrasate et al. (37), although not
with neurons in primary culture but mainly AD293 cells, Ramdzan et al. presented data
showing that an early effect of mutant HTT inclusions is to sequester smaller toxic species
and mitigate apoptotic cell death, while a longer-term effect is to sequester other proteins,
leading to a slower process of delayed necrotic cell death.

Despite more than two decades of work, much of it performed by highly accomplished
investigators, the potential pathogenic role or roles of expanded polyQ inclusions is
uncertain. As with other aspects of the polyQ field, the interpretation of experiments is
clouded by the use of multiple differing systems, including both in vitro and in vivo models
based on the overexpression of fragment constructs, and the frequent use of nonneuronal
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systems. As suggested originally by Tallaksen-Greene et al. and supported by the recent
experiments by Ramdzan et al. (45), it is plausible that inclusions containing expanded
polyQ HTT exhibit both pathogenic and protective qualities. There might also be multiple
pathogenic mechanisms that are secondary to inclusions containing expanded polyQ. This
concept is consistent with the general idea that expanded polyQ proteins injure neurons via
pleiotropic effects on cell functions (see below).

The Nucleus Is an Important Site of PolyQ Toxicity

Despite robust evidence for the disruption of key cytoplasmic processes in polyQ disease,
data from multiple diseases indicate that the nucleus is a critical site of toxicity. This notion
was first established experimentally for SCA1. Building upon the observation that polyQ
ataxin-1 (ATXNL1) alters nuclear matrix structures (46), Klement et al. (47) characterized
transgenic mouse lines expressing polyQ ATXN1, one of which contained an intact nuclear
localization sequence (NLS) and the other with a disrupted NLS. NLS-mutant mice failed to
develop the age-dependent Purkinje cell dendritic atrophy and ataxia that occurred in mice
expressing polyQ ATXNL1 with an intact NLS. Similar data demonstrating the importance of
nuclear localization of the mutant protein subsequently emerged from the study of other
polyQ disorders. In SBMA mouse and Drosophilia models, the presence of androgen is
required to induce nuclear translocation of the polyQ AR and trigger cytotoxicity (48, 49).
These observations were reproduced in cultured motor neurons, enabling genetic analyses
that demonstrated both nuclear localization and ligand-dependent protein misfolding are
required for neuronal toxicity (50). Further data supporting the importance of nuclear
localization were generated from studies in a mouse model of polyQ toxicity in which gene
targeting was used to insert a long CAG repeat into the mouse Hprt protein (51). The
addition of an NLS hastened the occurrence of neuropathology and behavioral abnormalities
in these mice, whereas the addition of a nuclear export sequence delayed these features.
Collectively, these data indicate the importance of the nucleus as a site of toxicity mediated
by polyQ proteins.

Posttranslational Modifications and Interacting Proteins Influence the Toxicity of PolyQ

Proteins

Corroborating the notion that the biology of the carrier protein underlies specific features of
each polyQ disorder are data indicating that posttranslational modifications of mutant
proteins potently modulate toxicity. These posttranslational modifications occur on amino
acids outside the polyQ tract and often influence protein—protein interactions or function.
The first example of these modulatory effects was provided for ATXNL1 (52), in which the
phosphorylation of serine 776 of ATXN1 was critical for polyQ-induced toxicity in
transgenic mice. Mice expressing polyQ ATXN1 with serine 776 mutated to alanine
displayed substantially reduced Purkinje cell degeneration. Conversely, a phosphomimetic
serine to aspartic acid mutation in wild-type ATXN1 induced motor dysfunction and
Purkinje neuron degeneration in transgenic mice (53). Phosphorylation of ATXNL1 at serine
776 facilitates the dissociation of ATXN1 from 14-3-3 in the cytosol, enabling the nuclear
translocation of polyQ ATXNL1 to mediate toxicity (54). Another important association of
ATXNL1 is with capicua (CIC), a protein that binds DNA and represses the expression of
target genes. The importance of the association of ATXN1 with CIC in SCAL was
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highlighted by the fact that reducing CIC levels in SCAL knockin mice, either genetically or
by exercise, improved survival and Purkinje neuron loss (55). Toxicity, stabilization, and the
seeding of oligomers formed by polyQ ATXN1 also require interaction with CIC,
demonstrating an important role for this protein complex in SCA1 toxicity. Notably, both
LOF and toxic GOF with CIC coexist to trigger polyQ ATXN1-mediated toxicity (55). This
is indicated by a study showing that disruption of the ATXN1-CIC complex during
development is detrimental, resulting in a spectrum of neurobehavioral phenotypes both in
mice and in humans that are a consequence of LOF (56).

Subsequent work has demonstrated that posttranslational modifications of disease-causing
proteins modulate phenotypes in other polyQ disorders. In cellular models of SBMA, the
phosphorylation of polyQ AR at serine residues 215 and 792 by Akt diminished ligand
binding and reduced toxicity (57). Akt-mediated phosphorylation of polyQ AR was
promoted by insulin-like growth factor-1 (IGF-1), and in mice, disease phenotypes were
partially rescued either by transgenic overexpression of IGF-1 in muscle or the peripheral
administration of IGF-1 (58, 59). Phosphorylation of polyQ AR at alternative sites also
impacted protein stability and toxicity in models of disease (60), suggesting that several
kinase pathways may offer therapeutic targets. Moreover, the transcriptional regulatory
activity of ligand-bound polyQ AR was modulated by the covalent attachment of small
ubiquitin-like modifier (SUMO) to lysine residues 385 and 518 (61, 62). In mice, the
disruption of this modification recovered the partial LOF conferred by polyQ tract expansion
and diminished disease phenotypes (62). Ligand-triggered conformational changes also
modulated polyQ AR toxicity, as genetic disruption of the AR’s N-terminal and C-terminal
interactions delayed disease onset in transgenic mice (63).

SUMOylation was first implicated as a disease-modifying posttranslational modification by
Steffan et al. (64) in the study of HD models. Using exon 1 fragment models, they showed
that SUMOylation stabilized the toxic HTT protein, promoted transcriptional repression, and
exacerbated neurodegeneration in Drosophila. SUMOylation of HTT was mediated by the
E3 SUMO ligase protein inhibitor of activated STAT 1 (PIAS1), the knockdown of which
reduced mutant HTT accumulation and behavioral phenotypes in fragment R6/2 mice (65).
That the N terminus of polyQ HTT modifies toxicity in a complex manner was further
supported by characterization of bacterial artificial chromosome (BAC) transgenic mice in
which the N-terminal 17 amino acids were deleted, resulting in more overt disease (66).
Moreover, similar to polyQ AR, mutant HTT toxicity was modulated by phosphorylation at
consensus Akt sites. Phosphorylation at serine 421 mitigated neurodegeneration in mice and
neuronal cultures by increasing proteasome-dependent turnover of the mutant protein (67).
As with the polyQ AR, it is likely that phosphorylation at additional residues by alternative
kinases impacts toxicity and may thereby present further targets for therapeutic
interventions.

Non-Cell Autonomous Mechanisms Contribute to Disease Phenotypes

The preferential vulnerability of distinct neuronal populations results partly from cell
autonomous toxicity that is triggered by the expression of the mutant protein. Additionally,
the toxic effects of polyQ proteins expressed in closely connected cells also contribute to
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disease pathogenesis. These non—cell autonomous contributions may arise either from glial
cells or functionally associated target cells that are coupled by synaptic connections. Glial
involvement in the pathogenesis of SCA7 was implicated through studies in which
transgenic overexpression of polyQ ataxin-7 (ATXN7) in Bergmann glia was shown to
disrupt glutamate transport and trigger behavioral impairment (68). Conversely, genetic
deletion of polyQ ATXN?7 in Bergmann glia partially rescued the behavior of SCA7
transgenic mice (69). Similarly, transgenic expression of an amino-terminal fragment of
polyQ HTT in astrocytes diminished mouse motor performance, body weight, and survival
(70). The notion that glia contribute to HD pathogenesis was further supported by studies in
which human glial progenitor cells (hGPCs) were grafted into the brains of immunodeficient
mice (71). When hGPCs expressing mutant HTT were grafted into wild-type mice, the
animals developed progressive motor deficits. In contrast, the grafting of normal hGPCs into
the brains of R6/2 fragment mice ameliorated behavioral phenotypes.

Non-—cell autonomous mechanisms have been observed in SBMA as well, where the polyQ
AR leads to progressive degeneration both of lower motor neurons and their synaptic target,
skeletal muscle. Transgenic overexpression of wild-type or polyQ AR only in muscle was
sufficient to cause muscle atrophy, diminished motor performance, and motor axon loss (72,
73). Moreover, the diminished expression of polyQ AR in peripheral tissues, but not in the
spinal cord, following the administration of antisense oligonucleotides (ASOs) or genetic
deletion of polyQ AR only from muscle rescued animals from disease (74, 75). Collectively,
these studies have established the important contribution of skeletal muscle to SBMA
pathogenesis and identified this peripheral site as a potential target for therapies. Similarly, it
is likely that synaptically connected neurons contribute to non—cell autonomous toxicity in
other polyQ diseases through transneuronal mechanisms. In support of this conclusion, the
conditional deletion of mutant HTT in a BAC transgenic model of HD demonstrated that the
reduced expression of mutant protein in cortical neurons improved postsynaptic marker
protein expression and synaptic neurotransmission within medium spiny neurons (76).

Multiple Downstream Pathways Are Disrupted by Mutant Proteins

During the prior three decades, researchers studied polyQ diseases with a host of genetic
models in organisms ranging from yeast to nonhuman primates, in patient-derived cells and
tissues, and in living participants. This body of data demonstrates that polyQ mutations
disrupt a large number of downstream pathways. For the most intensely studied polyQ
disease, HD, more than a dozen proximate mechanisms of neurodegeneration receive
support in the literature (Table 3), and analogous studies of other polyQ disorders are
consistent with the pleiotropic pathogenic effects of expanded CAG/polyQ repeats in all
polyQ diseases. Both GOF and LOF mechanisms are implicated.

A detailed review of all of these potential mechanisms is beyond the scope of this overview;
instead, we focus on some of the best-supported proximate disease mechanisms. These
alterations target nuclear processes that regulate gene expression at transcriptional or
posttranscriptional steps, as well as pathways that are critical to maintaining cellular
homeostasis, including the regulation of energy metabolism and ions, protein quality-control
pathways, and intracellular trafficking.
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Gene expression.

Nuclear processes that contribute to disease pathogenesis have attracted considerable
attention, spurred in part by the observation that NlIs are frequently pathological hallmarks
of polyQ diseases. Several genes affected in polyQ disorders are regulators of gene
expression (Table 1). PolyQ domains are common among transcriptionally active proteins,
and expanded polyQ domains could plausibly promote abnormal interactions among
transcriptional regulators and disease-causing mutant proteins. The observation that
transcriptional coregulators—many of which are present in limiting quantities within the
nucleus—are sequestered in NlIs led to the notion that their impaired function underlies
transcriptional dysregulation in disease. Among the factors implicated in pathogenesis are
the cAMP response element-binding (CREB) protein, specific protein-1 (Spl), and
TAFI1130 (77-81), all of which are components of the transcriptional regulatory apparatus
and impact histone acetylation. Attempts to compensate for the diminished function of these
and related factors using histone deacetylase (HDAC) inhibitors abrogated disease
phenotypes in models of SBMA and HD (82, 83); subsequent work in models of other
polyQ disorders showed similar beneficial effects. Translating this approach to patients
proved challenging, in part because of the broad effects of HDAC inhibitors on gene
expression that can lead to toxicity with the long-term administration required to treat these
chronic disorders.

Other fundamental aspects of gene expression are also disrupted in polyQ disease at the
RNA level. In vitro studies suggest that CAG repeat RNAs induce splicing changes by
sequestering the muscleblind-like-1 (Mbnl1) splicing factor through a mechanism analogous
to that implicated in the myotonic dystrophies (84). Similarly, in yeast, the expression of
mutant HTT protein disrupts preRNA splicing (85). The generation of an exon 1 protein
fragment in HD mice by aberrant /77 gene splicing suggests that these mechanisms may
contribute to aberrant gene regulation in mammals (86). In addition to splicing
dysregulation, evidence suggests that long CAG-containing RNAs may trigger the
occurrence of repeat-associated non-ATG (RAN) translation, a process wherein aberrant
RNA structures, such as hairpins, trigger the production of neurotoxic polypeptides through
noncanonical translation (87). Homopolymeric proteins generated by bidirectional RAN
translation have been shown to occur in HD brain tissue (88). These alterations in gene
expression are associated with abnormalities in nuclear envelope integrity, the disruption of
nucleocytoplasmic transport (42, 89), and evidence implicating DNA damage and repair
(90), further indications that nuclear functions are disrupted in polyQ diseases.

Axonal transport.

In addition to effects on critical nuclear processes, substantial data indicate that polyQ
disorders are associated with significant disruptions of cytoplasmic processes that are
essential for neuronal homeostasis. Abnormalities of fast axonal transport (FAT), which may
contribute to neurodegeneration in numerous genetic disorders (91), have been demonstrated
in several polyQ disorders, including HD and SBMA (92-94). These abnormalities are good
examples of the pleiotropic effects of expanded polyQ HTT and perhaps serve as examples
of LOF effects. HTT normally functions, at least partly, as a scaffold protein in several
multiprotein complexes (95). HTT interacts with molecular motor machinery, probably
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directly with dynein and indirectly via other members of this complex (96, 97). The reduced
expression of wild-type HTT slows FAT, while the overexpression of wild-type HTT
enhances FAT. The expansion of HTT’s polyQ tract appears to have some of the same
effects on FAT as reducing expression of the wild-type protein. Zala et al. (98) suggested a
particularly interesting role for huntingtin in FAT. They demonstrated that wild-type HTT
ties important glycolytic enzymes, such as GAPDH, to fast-moving vesicles, with these
enzymes being responsible for local production of the ATP needed to fuel FAT.

Reduced FAT is likely to have multiple consequences. One specific consequence in HD that
has attracted interest is the reduced trophic support of striatal neurons. Medium spiny
projection neurons depend on brain-derived neurotrophic factor (BDNF) secreted by
corticostriate neurons for normal function and integrity. Postmortem analyses indicate
reduced striatal BDNF levels in HD, and experimentally induced BDNF deficiency in mice
reproduces some of the features of HD striatal pathology (99-101). Reduced corticostriate
transport of BDNF due to defects in FAT induced by mutant huntingtin is a plausible
mechanism of BDNF deficiency and non—cell autonomous toxicity in HD. In addition, there
are also suggestions that altered FAT reduces tropomyosin receptor kinase B (TrkB; a BDNF
receptor) transport in striatal neuron dendrites, further impairing trophic support (102).

Mitochondrial function.

Additional evidence indicates that the expression of mitochondrial proteins involved in
oxidative phosphorylation is altered in polyQ disorders. A potential role for mitochondrial
dysfunction in HD was suspected because subacute systemic inhibition of oxidative
phosphorylation with 3-nitropropionic acid in nonhuman primates reproduced the striatal
neuropathological changes of HD (103). Spectrophotometric assays in postmortem brain
tissue demonstrated that impaired oxidative phosphorylation was restricted to the basal
ganglia in HD brain tissue (104). Other data—such as magnetic resonance spectroscopy
(MRS) evidence of increased lactate production in the brains of HD patients and MRS
studies of muscle bioenergetics in HD patients—also suggest mitochondrial dysfunction in
HD (105, 106). Transcriptional dysregulation by mutant HTT could explain mitochondrial
dysfunction in HD (107). However, a methodologically sophisticated effort to assess
regional brain respiratory quotients in HD patients produced results inconsistent with
oxidative phosphorylation deficits (108). Similarly, normal levels of jugular bulb lactate are
reported in HD patients, and recent measurements of muscle respiratory activity were
normal in biopsy specimens from premanifest carriers of HD mutant alleles (109, 110).
These results are inconsistent with major mitochondrial defects occurring in HD. Although
not a feature of early disease in SCA1, studies in a mouse model demonstrated reduced
mitochondrial transcripts and protein during the course of disease (111). In transgenic mouse
models of SCA3, mitochondrial DNA depletion is seen in affected neuronal regions (112).
There is no clear evidence for mitochondrial dysfunction in relevant neurons in SCA2 and
SCAT. In contrast, alterations in mitochondrial membrane potential, mitochondrial number,
and gene expression occur in skeletal muscle of knockin SBMA mice (113, 114).
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Excitotoxicity and ion homeostasis.

Excitotoxicity is a well-established mechanism of neuronal death in acute neurological
disorders, such as hypoxia—ischemia, hypoglycemia, and status epilepticus. Excitotoxicity
may also be involved in neurodegenerative disorders, particularly HD. Approximately 30
years ago, several groups identified that acute intrastriatal administration of Amethyl-p-
aspartate (NMDA\) glutamate receptor agonists produced neuronal death with
histopathological features resembling HD pathology (115). Partly because neurotransmitter
receptors were regarded as promising targets for small molecule drug development, the
investigation of potential excitotoxic mechanisms was pursued vigorously. Thorough work
by Raymond (116) in transgenic murine models strongly supported the concept of
excitotoxic injury in HD. Raymond demonstrated that expanded polyQ HTT preferentially
enhanced the activity of the NR2B subtype of NMDA receptors (116). Enhanced ion flux,
particularly Ca2* flux, through this receptor was associated with neuronal dysfunction and
death. These results were supported by experiments in a well-characterized knockin line in
which double mutant mice were bred expressing both the expanded polyQ repeat murine
homolog of huntingtin (Ha#h) and an NR2B NMDA receptor transgene causing elevated
NR2B NMDA receptor activity (117). The transgene had no deleterious effects. The double
mutant mice exhibited marked potentiation of striatal neuron dysfunction and degeneration.
Unfortunately, despite strong evidence for excitotoxicity as an important mechanism of
neurodegeneration in HD, this approach turned out to be therapeutically barren. NMDA
receptors were a logical target and like other heteromeric, ionotropic neurotransmitter
receptors, have a rich pharmacology. NMDA receptors, however, also mediate trophic effects
on neurons. While overactivation of these receptors produces neuronal death, inadequate
activation also results in neuronal death, and there is no clear way to determine the
appropriate therapeutic index for treatment with an NMDA receptor antagonist (118, 119).

Other aspects of neuronal calcium homeostasis are affected by expanded polyQ HTT (116).
In addition to providing evidence for direct interactions between expanded polyQ HTT and
NMDA receptors, Bezprozvanny’s group (120, 121) presented evidence that expanded
polyQ HTT enhances the interactions of inositol triphosphate and its receptor. This
apparently lowers the threshold for Ca2* release from ER stores, potentially compromising
the many cellular processes influenced by cytosolic Ca2* levels.

Altered membrane excitability in polyQ ataxia.

Changes in Purkinje neuron membrane excitability tied to altered ion channel expression or
function, or both, are widespread in models of polyQ ataxia. These changes are important
because they are likely the proximate cause of motor dysfunction at stages of disease
preceding overt neurodegeneration (30, 122-125). Altered membrane excitability in
cerebellar Purkinje neurons manifests as alterations in spiking. Purkinje neurons normally
exhibit autonomous spiking, even in the absence of synaptic input. In mouse models at early
stages of SCA1, SCA2, and SCA3, increased membrane excitability results in membrane
depolarization and a lack of spiking (30, 122, 123), which is attributed to depolarization
block. At different disease stages, a reduction in the frequency of Purkinje neuron firing is
consistently seen in models of SCA1 (126), SCA2 (123, 124), and SCA6 (125, 127). In
some other mouse models or at other stages of disease, irregular spiking is present (125,
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127, 128). Notably, improving Purkinje neuron membrane excitability through activating K*
channels in models of SCA1 (30) and SCA2 (128) improves motor dysfunction and slows
degeneration. Currently approved K* channel activators are tolerated in patients with SCAs
and may provide symptomatic benefits (129). Interestingly, other pathways, such as protein
kinase C signaling, also appear to converge on these alterations in intrinsic membrane
excitability to modify neurodegeneration (130).

Consequences for therapy development.

From a therapeutic standpoint, the collective impact of work on polyQ disease pathogenesis
led to a disappointing conclusion: There is no one single pathway disrupted by polyQ
proteins in any of these disorders that is both necessary and sufficient to cause disease
pathogenesis. The existence of multiple downstream pathways that are dysfunctional
suggests that therapeutically targeting any one of them will lead to inadequate responses.
This notion has guided more recent attempts to target the ultimate mediator of pathogenesis,
the mutant protein or gene, for therapeutic benefit. These approaches have shown promise in
experimental models of disease, and several are advancing toward pivotal clinical trials.

TRANSLATIONAL ADVANCES

Biomarkers

Leveraging scientific advances for the benefit of patients suffering from polyQ disorders has
proven to be a significant challenge. Much current effort is focused on discovering disease
biomarkers to facilitate clinical trials and on to evaluating therapeutic strategies in
preclinical models and patients with these diseases.

Evaluating potential therapies for polyQ disorders presents interesting opportunities but also
challenges beyond the usual difficulties of therapeutic clinical research for
neurodegeneration. Unlike many neurodegenerative disorders, which are clinically or
pathologically defined syndromes, or both, and likely of heterogeneous origin, polyQ
disorders are monogenic, highly penetrant illnesses. Even though there is phenotypic
variation within each polyQ disorder, straightforward genetic testing identifies carriers of
mutant alleles with virtually perfect accuracy. The relative rarity of these disorders, however,
is an obstacle to efficient clinical research, particularly trials. The most prevalent polyQ
disorder in developed nations, HD, is rare, and the other polyQ disorders are generally less
prevalent (see above). For most polyQ disorders, even small trials require multicenter,
frequently international, collaborations, with the attendant regulatory, administrative, and
data gathering and storage complications. Collaborative groups have arisen to address these
obstacles, including the North America—based Huntington Study Group, the European
Huntington’s Disease Network, the European Integrated Project on Spinocerebellar Ataxias,
and the Clinical Research Consortium for Spinocerebellar Ataxia.

Clinical trials for polyQ disorders also suffer from the absence of easily obtained and
interpreted outcome measures, which is common in neurodegenerative disorder research.
Typical outcome measures are clinical rating scales based on functional performance, such
as the HD Total Functional Capacity scale, and examination-based scales, such as the
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Unified Huntington’s Disease Rating Scale, the Scale for Assessment and Rating of Ataxia,
and the Adult Myopathy Assessment Tool. Such scales provide neither clear end points nor
truly continuously varying measures, can be confounded by placebo effects and other forms
of bias, and exhibit nonlinearity over the total course of disease. The ultimate goal of clinical
research into polyQ disease is to develop therapies that delay or prevent the onset of
manifest disease. At this point, there are no clear clinical standards for assessing transitions
from premanifest to manifest disease. In particular, longitudinal studies of premanifest HD
populations have documented a long prodromal phase of insidious alterations in behavior,
cognitive functions, and motor function, but did not identify any overt milestones suitable
for assessing phenotypic conversion (131, 132). The declaration of manifest disease remains
a clinical judgment with a significant subjective component.

Biomarkers are proposed to be the solution to these and other problems in clinical research
into polyQ disease and other neurodegeneration disorders. Biomarker is a much-used
(perhaps abused) term that can refer to different entities. Potentially useful biomarkers
include measurements that provide objective evidence of disease activity and might be
suitable as surrogate end points in trials. Other biomarkers might reflect intervention activity
(target engagement) without necessarily reflecting disease activity. A useful example of the
potential impact of biomarkers comes from multiple sclerosis research. Biomarkers
identified by magnetic resonance imaging (MRI) of intermittent disease activity and
cumulative brain injury were crucial to demonstrating the relevant effects of
immunomodulatory therapies in early-phase trials. These findings set the stage for pivotal
Phase I11 trials using conventional clinical end points. Imaging biomarkers have drawn the
most attention in HD in the context of interventions in premanifest carriers of mutant alleles.
Longitudinal MRI studies indicate that changes in striatal volumes are an early and
quantifiable abnormality in premanifest carriers of mutant alleles (133). Striatal volume
changes are inferred to occur many years, perhaps decades, prior to the obvious onset of
manifest HD. These studies indicate that striatal volume changes have the statistical
properties suitable to be used as a biomarker of disease activity and could plausibly serve as
a rational surrogate end point. An example of a potentially useful target engagement
biomarker comes from a recent trial of an antisense oligonucleotide (ASO) for treating HD.
This ASO was administered intrathecally, allowing analysis of HTT levels in participants’
cerebrospinal fluid (CSF). Target engagement was demonstrated, with ASO dose-related
reductions in CSF HTT concentrations. As shown by these examples, the development and
application of biomarkers should be guided by clear, specifically defined concepts of their
use.

Therapeutics

The goal of delaying or preventing the onset of manifest disease poses additional problems
in developing therapies for polyQ diseases. As suggested by research with premanifest
carriers of HD mutant alleles, neurodegeneration may begin many years prior to the onset of
manifest disease. One possible implication is that early, prolonged treatment may be needed
to delay or prevent disease onset. Prior to manifest disease, however it is defined, carriers of
mutant alleles are clinically normal. Successful preventive therapies will require a high
therapeutic index. Side effects producing significant impairments in daily function
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undermine the goal of maintaining normalcy. In addition, even minor or cosmetic side
effects tend to reduce compliance significantly. Individuals taking antihypertensive agents,
for example, discontinue treatment at the rate of approximately 10% per year. Successful
treatments may need to be both highly efficacious and largely free of side effects, a very
demanding standard.

Another potential problem with preventive treatment is that partially effective treatments that
delay the onset of manifest disease may also slow disease progression. As disease prevalence
is a function of disease duration, this would have the superficially paradoxical consequence
of effective therapies increasing disease prevalence. The specific consequences of slowing
disease progression would likely vary between specific polyQ diseases. SBMA and SCAG,
for example, are distinguished by relatively selective motor deficits. Slowing the progression
of SBMA or SCA6 might prolong independent ambulation in manifest patients, and even a
modest extension of the period of independent ambulation would have significant benefits.
Treating more diffuse polyQ neurodegenerations, such as HD, might be more problematic. A
significant fraction of early HD patients have psychiatric problems. These patients can be
extremely difficult to manage for their families and physicians. A recent modeling study
suggested that gains in delaying the onset of HD would be largely offset by extensions in the
duration of manifest disease (134). It is not clear that families of HD patients would regard a
treatment that extended the duration of manifest HD as a positive development. It is also
plausible that prolonging the duration of polyQ diseases will result in the emergence of
previously undocumented disease features. While it is recognized that clinical disease
features are largely restricted to the CNS (with the exception of muscle involvement in
SBMA), disease-causing genes are expressed in other tissues. In Parkinson’s disease
dopamine replacement therapy has altered the natural history of the disease, with significant
life extension and the consequent emergence and recognition of important disease features,
such as dementia, that were not appreciated in historic descriptions.

The possibility of developing partially effective treatments points to a need for therapies that
target important symptomatic disease features. Barring the unlikely event of the
development of highly effective treatments that completely prevent manifest disease, the
development of disease-modifying therapies may actually increase the need for therapies
targeting particularly problematic symptoms. Given the complexity of many clinical features
of polyQ diseases, this is arguably as great a challenge as developing disease-modifying
therapies.

Given the likely pleiotropic effects of expanded repeat polyQ-containing proteins or
mMRNAS, or both, strategies to target the mutant protein or gene have garnered increased
attention. Three general strategies to accomplish this have emerged. The first is to harness
endogenous pathways that degrade the misfolded mutant proteins and aggregates to clear
cells of toxic species. These efforts have focused on activating either macroautophagy or
chaperone-dependent pathways to enhance cell-clearance mechanisms. Robust evidence
indicates that macroautophagy clears both cytosolic protein aggregates and dysfunctional
mitochondria, and it is essential for maintaining neuronal homeostasis. The induction of this
pathway was first shown to occur in models of HD (135), followed by evidence that
autophagy degrades aggregate-prone polyQ proteins (136). Subsequent work showed that
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the activation of autophagy ameliorates disease in models of HD and other polyQ disorders
(137). Efforts are underway to identify small molecules that stimulate this clearance
mechanism in neurons and are safe for chronic administration.

Chaperone-targeted approaches have focused partly on heat shock protein 90 (Hsp90) and
Hsp70, which function together in a multiprotein complex to regulate the proteostasis of
client proteins (138). Notably, this machinery regulates both HTT and AR. Interaction with
Hsp90 stabilizes client proteins, and small-molecule inhibitors of Hsp90 promote polyQ
HTT and AR degradation to ameliorate phenotypes in disease models. Interaction with
Hsp90 is lost as client proteins misfold or following treatment with an Hsp90 inhibitor.
Client-bound Hsp70 then recruits chaperone-dependent E3 ubiquitin ligases, such as C
terminus of HSC70-interacting protein (CHIP), to ubiquitinate target proteins and facilitate
their degradation. There are several significant challenges to targeting this machinery for
therapeutic benefit. Hundreds of proteins are clients of the Hsp90 chaperone machinery,
including critical regulators of signal transduction and gene expression: Treatment with
Hsp90 inhibitors leads to the degradation of many of these substrates, not simply those that
are misfolded. An alternative approach to more selectively target misfolded clients is to
activate Hsp70-dependent ubiquitination, a strategy that has been shown to work in disease
models, but for which small molecules that are safe and active in humans are lacking (139).
Additionally, because the overexpression of Hsp70 is beneficial in several models, efforts to
target its transcriptional regulator, heat shock factor protein-1 (HSF-1), have garnered
attention (140). These efforts complement evidence of a diminished HSF-1-dependent stress
response in HD models (141), and thereby may address the impaired activity of protein
quality control in disease. One related point is noteworthy. The chaperone machinery
regulates client proteins by interacting with them at hydrophobic clefts, sites of inherent
instability that include sites of ligand binding (138). Truncated fragments of polyQ proteins
may lack the binding sites present in full-length proteins and, therefore, exhibit a differential
response to proteostasis manipulation. Such is the case for the polyQ AR, where the ligand-
binding domain is at the C terminus and the polyQ tract is at the N terminus. After cells are
treated with an Hsp70 inhibitor, truncated N-terminal fragments of the polyQ AR respond
differently from how the full-length protein does(142).

A second approach, along the general lines of enhancing cellular capacity to deal with the
stress of polyQ mutations, is to modulate the critical pathways implicated in aging. This
concept gained traction as a one-size-fits-all approach to treatments for neurodegeneration.
While polyQ disorders exhibit an earlier age of onset than common neurodegenerations,
such as Alzheimer’s and Parkinson’s diseases, disease expression is age related. Several
groups applied interventions that retard aging in rodents, such as caloric restriction, to HD
genetic models in the hope of producing therapeutic effects. Results have been equivocal
(143).

A third emerging therapeutic strategy is to employ approaches to suppress the expression of
the mutant gene or to correct the mutation by genome editing. Two technologies that
suppress gene expression are being actively pursued in preclinical and early-phase clinical
studies: ASOs and adeno-associated viral vector delivery of small-interfering RNAs (AAV-
siRNAS). Both approaches reduce translation via the induction of mMRNA degradation.
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Expression suppression approaches have the major theoretical advantage of apparently
striking at the root cause of neurodegeneration, thereby sidestepping the difficulties of
targeting what are likely to be multiple proximate causes of neuronal dysfunction and death.
ASOs containing chemically modified backbones that enhance their stability and tolerability
have been used successfully to ameliorate aspects of the disease phenotype in models of
several polyQ disorders, including HD, SBMA, and SCA3 (74, 144, 145), and an ongoing
Phase I-lla trial of this approach is being conducted in early-stage HD patients. Similarly,
AAV-siRNAs have shown benefit in animal models of several polyQ disorders (146, 147). In
the last 2-3 years, efforts have also explored the use of CRISPR/Cas9 genome editing to
delete the mutant gene in HD mice (148). Although all of these approaches show promise in
rodent models of disease, the extent to which they will sufficiently target cells in the much
larger human CNS is an important unresolved question. Moreover, there are both theoretical
and practical obstacles to ASO and AAV-siRNA treatments for polyQ diseases.

The theoretical concern is based on the possibility that haploinsufficiency contributes to
neurodegeneration in polyQ diseases. Existing technologies do not permit mutation-specific
knockdowns, although there has been some work with haplotype-related expression
suppression. In this scenario, expression reductions may actually exacerbate disease
progression. The prevailing impression is that GOF effects dominate pathogenesis in polyQ
diseases, but judging the balance of GOF versus LOF effects in preclinical experiments is
often quite difficult. In several cases, we do not possess complete information about the
normal function of these proteins. Murine knockouts of target genes are used to assess
haploinsufficiency effects. The absence of an overt phenotype in heterozygous animals
provides some reassurance that LOF effects are not important. Among other issues, the
relatively short life span and limited behavioral repertoire of mice confounds the use of these
genetic models to definitively assess mutation-nonspecific expression suppression
interventions. Reassuring AAV-siRNA experiments for HTT suppression were performed in
nonhuman primates, but these experiments are necessarily limited by the small number of
animals and short follow-up periods (149). Complete LOF mutations in AR cause testicular
feminization and not neuromuscular disease, providing strong support that a GOF
mechanism predominates in SBMA. However, even in this case, the loss of anabolic support
conferred by the polyQ expansion potentially contributes to the neuromuscular phenotype of
SBMA patients and may confound the effects of expression suppression in them.

Major practical obstacles are related to ASO and AAV delivery to the CNS. ASOs do not
pass the blood-brain barrier. This approach requires intrathecal or intracisternal delivery.
Repeated lumbar puncture for intrathecal delivery is the approach used in an early-phase
trial of HTT ASOs. Mitigating this problem somewhat is the fact that ASOs appear to have
relatively durable effects, reducing HTT expression significantly for periods of weeks and
raising the possibility that infrequent but regular treatment might be adequate. Intrathecal
delivery, however, has other drawbacks. The normal pattern of CSF flow is from the
ventricles to the subarachnoid space and up over the hemispheres. Intrathecal administration
primarily delivers ASOs to the cortex, with relatively little penetration into subcortical
structures. For HD, which exhibits prominent subcortical and cortical pathology, treatment
effects may be only partial. This may be less of an issue for other polyQ disorders,
particularly SCAs with their prominent brainstem and cerebellar pathology, as these
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structures are bathed in CSF, and SBMA, in which skeletal muscle is a potentially important
peripheral target.

Present AAV approaches involve a different set of challenges. AAV administration is
necessarily highly invasive and its effects are limited by the regional and subregional spread
of virus. For a disease such as HD, which causes widespread neurodegeneration, treating the
large human brain is a major challenge. Other polyQ disorders, such as SCAB6, exhibit more
restricted pathology, and focused AAV injection may be more efficacious. AAV strains that
exhibit CNS penetration and neuronal transfection after intravenous administration may
obviate these delivery problems (150). Regardless of the delivery issues, another potential
drawback of AAV-mediated treatments is irreversibility. While the persistence of effects is
attractive from the perspective of producing durable treatment effects, it also means that
significant side effects are likely to be permanent.

As with any clinical trial, participants” safety will be a paramount concern. Because of
potential haploinsufficiency effects and the functionally irreversible consequences of AAV-
mediated treatments, long-term follow-up will be particularly important in trials of gene
expression suppression for polyQ diseases.

RECOMMENDATIONS

Symptomatic Therapies

Two particularly salient features have emerged from research on polyQ diseases: the
pleiotropic pathogenic effects of mutated genes and proteins and the difficulty in identifying
transitions to manifest disease. As discussed above, several factors favor expression
suppression approaches as emerging therapies, but there are both practical challenges and
theoretical obstacles that raise concern that suppression may be only partially successful.
These factors emphasize the importance of developing therapies for symptomatic features of
polyQ diseases. It makes little sense to improve disease survival without concomitantly
improving the quality of life. Developing useful symptomatic therapies will likely require
different research approaches. The complex features of major disease symptoms reflect
circuit-level dysfunctions that are secondary consequences of primary neuronal dysfunction
and neurodegeneration. Understanding how neuronal dysfunction, including alterations in
neuronal spiking and synaptic signaling, contributes to circuit dysfunctions requires
investigations of pathological neurobiology that are different from the molecular- and
cellular-based approaches used to understand pathogenesis that dominate the field.

Rigorous and Conceptually Clear Biomarker Studies

The lack of clear milestones identifying manifest disease emphasizes the need for
appropriate biomarkers to delineate intervention trial outcomes in premanifest carriers of
mutations. Such biomarker work has to be conceptually and technically rigorous. Careful
attention has to be paid to the utility of the proposed biomarkers. Are they aimed at
demonstrating target engagement? Are they surrogate markers for disease activity? Do they
reflect basic pathogenic features or useful epiphenomena? Do they monitor intervention
activity? The criteria for developing and evaluating these distinct types of biomarkers are
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different. All biomarkers must be statistically robust and ultimately validated against
relevant clinical outcomes.

Developing a Standard for What Constitutes a Successful Therapy

The possibilities of partially effective therapies and trade-offs between delaying the onset of
manifest disease versus extending the duration of manifest disease raise the issue of what
constitutes a successful therapy. Although it is informed by data, this is not a scientific issue.
The preferences of patients, at-risk individuals, and family members are essential in
exploring this difficult issue. The criteria for what constitutes an acceptable therapy should
be decided in advance of major intervention trials. Efforts should be made to clarify
patients’, at-risk individuals’, and family members’ understandings of and preferences about
potential therapies. This information should be the basis for formulating criteria to evaluate
an intervention’s success.

Despite encouraging results using expression suppression in preclinical models and an early-
phase trial in HD, we are clearly a long way away from having successful therapies for
polyQ diseases. The only existing effective intervention is genetic screening and embryo
selection. This intervention is complex because almost all polyQ diseases are dominant. The
experience with HD indicates that at-risk individuals are generally not interested in knowing
whether they carry the mutation. Ethical genetic screening in this context requires blinded in
vitro fertilization and preimplantation genetic diagnosis. This approach is technically
demanding and relatively expensive but could be made widely available as it presently
represents a viable option for mitigating the considerable burden of polyQ diseases.
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Huntington’s disease

Spinobulbar muscular atrophy
Dentatorubro-pallidoluysian atrophy
Spinocerebellar ataxia types 1, 2, 3, 6,7, 17
Oculopharyngeal muscular dystrophy

Exon Intron Exon 3-UTR

Spinocerebellar ataxia types 8, 10, 12 Friedeich’s ataxia Myotonic dystrophy 1
Fragile X syndrome/FXTAS Myotonic dystrophy 2
Huntington disease-like 2 C9orf72

Jacobsen’s syndrome
Progressive myoclonic epilepsy type |

Microsatellite repeat expansion diseases.

Microsatellite expansions of reiterated sequences of varying length occur in coding and non-
coding regions of genes to cause human disease. Non-coding repeat expansions occur in 5’
or 3" UTRs or introns and may encode thousands of repeated units. Coding region
microsatellite expansions are restricted to trinucleotide repeats and tend to be more modest
in length compared with non-coding region expansions. (Adapted from ref 150a).
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Table 1
Polyglutamine (polyQ) repeat expansion diseases
Disease | Locus; gene Protein Normal | Pathogenic polyQ tract | Normal function Additional notes
longth
SBMA Xq11-912; AR Androgen receptor 6-36 38-<70 Transcription factor Hormone-dependent phenotype
HD 4p16.3; HTT Huntingtin 6-35 36-121 Likely scaffold protein geduced penetrance with <38
S

DRPLA | 12p13; ATNI Atrophin-1 3-38 49-88 Transcriptional corepressor

SCA1l 6p23; ATXNI Ataxin-1 6-34 39-88 Likely gene expression Histidine interruptions in Q
tracts 220

SCA2 12q24; ATXNZ Ataxin-2 14-31 32-77 RNA metabolism Most common normal allele
contains interrupted
CAG/CAA

SCA3 14924-931; ATXN3 | Ataxin-3 12-40 55-86 Deubiquitinase

SCAG6 19p13; CACNAIA | Cav2.l 4-18 21-33 Calcium channel Bicistronic RNA generates
transcription factor a 1ACT

SCA7 3p21-pl2; ATXN7 | Ataxin-7 7-18 38-200 SAGA complex

SCA17 6p27; TBP TATA-binding protein | 25-43 45-63 Transcription factor

Abbreviations: DRPLA, dentatorubropallidoluysian atrophy; HD, Huntington’s disease; SBMA, spinal and bulbar muscular atrophy; SCA,

spinocerebellar ataxia.

Annu Rev Pathol. Author manuscript; available in PMC 2020 January 24.




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lieberman et al.

Table 2

Page 31

Clinical and pathological features of polyglutamine (polyQ) diseases

cerebellar peduncles, cerebellar white matter and folia, and inferior
olives

SCAB: pontine atrophy, degeneration of dentate nucleus and substantia
nigra; sparing of cerebellar cortex and olive

SCAs 6 and 17: cerebellar cortical atrophy, especially anterior—superior
vermis

SCAL7 pathological analysis more limited, with cortical, striatal, and
thalamic involvement reported

Spinal cord posterior columns and spinocerebellar tract show varying
degrees of degeneration (especially in SCAs 1, 2, 7, and 17)

Neuronal nuclear or cytoplasmic inclusions stain for disease-causing
protein, polyQ, and ubiquitin

Disease | Neuropathology Clinical features
SBMA Preferential site of vulnerability: lower motor neurons, skeletal muscle Males affected; females clinically asymptomatic
Loss of motor neurons of spinal cord and brainstem cranial nerve motor Weakness, atrophy, and fasciculations of bulbar, facial,
nuclei, except CNs 11, IV, and VI and limb muscles, with prominent facial fasciculations
Less severe involvement of dorsal root ganglia Progressive dsyphagia
Skeletal muscle shows neurogenic and myopathic features Deep tendon reflexes diminished; no pathological
Nuclear inclusions stain for androgen receptor and ubiquitin reflexes
Diminished vibration sensation in legs
Gynecomastia and testicular atrophy may be present
HD Preferential site of vulnerability: striatum Personality changes and mood disorders
Disease progresses to involve entire brain, with significant gross atrophy | Progressive cognitive impairment
(Vonsattel Grade 4) Chorea
Striatal medium spiny neurons most affected; gliosis Speech difficulties and dysphagia
Neuronal nuclear and cytoplasmic aggregates that stain for huntingtin, Impaired gait, balance, and coordination
polyQ, and ubiquitin Epilepsy (in juvenile HD)
DRPLA | Preferential site of vulnerability: dentatorubral and pallidoluysian Clinical heterogeneity
systems Onset age <20 years: epilepsy, myoclonus, progressive
Neuron loss; gliosis in globus pallidus (especially lateral), dentate intellectual deterioration
nucleus, and subthalamic nucleus Onset age >20 years: cerebellar ataxia, choreoathetosis
Neuronal intranuclear inclusions that stain for atrophin-1, polyQ, and and dementia; clinically resembles HD or SCAs
ubiquitin; diffuse staining for polyQ; cytoplasmic polyQ aggregates
SCAs SCAs 1, 2, and 7: atrophy of basis pontis (pontine gray matter), middle All show ataxia of the trunk and extremities, gaze

nystagmus, cerebellar dysarthria, ataxic speech
specific features of specific disease types.** okay]
SCAL: pyramidal tract signs, dysphagia, amyotrophy
SCAZ2: slow eye movements, hyporeflexia, postural
tremor, chorea

SCAB: clinical heterogeneity, with weakness and
spasticity, sensory loss, amyotrophy, ataxia,
parkinsonism

SCAG: pure cerebellar signs

SCAT: retinal degeneration, oculomotor signs,
extrapyramidal signs

SCAL7: dementia, parkinsonism, involuntary
movements, hyperreflexia

Abbreviations: CN, cranial nerve; DRPLA, dentatorubropallidoluysian atrophy; HD, Huntington’s disease; SBMA, spinal and bulbar muscular
atrophy; SCA, spinocerebellar ataxia.
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Table 3

Proximate mechanisms of neurodegeneration implicated in Huntington’s disease
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Processes

Mechanisms

Nucleus and gene expression

Transcriptional dysregulation

DNA damage and repair

Toxic RNAs

RAN translation

Impaired nucleocytoplasmic transport

Cytoplasmic processes

Excitotoxicity

Abnormal intracellular Ca2* buffering

Altered axonal transport

Neurotrophic factor dysregulation

Mitochondrial dysfunction

Altered neuronal cholesterol metabolism

Autophagy dysregulation

Defective ciliogenesis

Astrocyte dysfunction

Abbreviation: RAN, repeat-associated non-ATG.
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