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The pathological expansion of unstable trinucleotide repeats currently is known to cause 14 neurological dis-
eases. Over the past several years, researchers have concentrated on the challenging task of identifying the
mechanism by which the expanded trinucleotide repeat leads to abnormal cellular function. As a conse-
quence, the trinucleotide repeat field has grown dramatically since the initial discovery of dynamic mutations
less than a decade ago. Trinucleotide repeat expansions may prove to cause pathology through a variety of
mechanisms including interference with DNA structure, transcription, RNA—protein interaction and altered
protein conformations/interactions. The goal of this review is to provide a brief description of the genes har-
boring expanded repeats, coupled with new insights into the molecular pathways most likely to be disrupted
by these expansions. Data from studies of patient material, cell culture and animal models demonstrate the
complexity of the pathogenic mechanisms in each of the diseases.

INTRODUCTION

Trinucleotide repeats were once thought to be commonplace
iterations in the genome, but the 1990s taught us differently.
These apparently ‘benign’ stretches of DNA can sometimes
expand and cause disease. Several defining features are shared
amongst disorders caused by trinucleotide repeat expansions.
First, the mutant repeats show both somatic and germline insta-
bility and, more frequently, they expand rather than contract in
successive transmissions. Secondly, an earlier age of onset and
increasing severity of phenotype in subsequent generations
(anticipation) generally are correlated with larger repeat length.
Finally, the parental origin of the disease allele can often influ-
ence anticipation, with paternal transmissions carrying a greater
risk of expansion for many of these disorders.

Trinucleotide repeat diseases can be categorized into two
subclasses based on the relative location of the trinucleotide
repeat to a gene. The first subclass, presently accounting for six
diseases, has its repeats in non-coding sequences (Table 1),
whereas the second subclass is characterized by exonic
(CAG), repeats that code for polyglutamine tracts. The latter
group is referred to collectively as ‘polyglutamine diseases’
(Table 2). This review summarizes the most recent develop-
ments in understanding the molecular mechanisms at work in
these two subclasses of diseases.

NON-CODING TRINUCLEOTIDE REPEAT
DISORDERS

The non-coding trinucleotide repeat diseases typically are
characterized by large and variable repeat expansions that

result in multiple tissue dysfunction or degeneration. Pheno-
typic manifestations within a disease are variable, perhaps
owing to a pronounced degree of somatic heterogeneity. The
larger mutations often are transmitted from a small pool of
clinically silent intermediate size expansions, termed pre-
mutations. Despite these similarities, the trinucleotide repeat
sequences vary in this subclass (CGG, GCC, GAA, CTG and
CAG), and it is clear that the particular trinucleotide sequence,
as well as its location with respect to a gene, are important
defining factors in dictating the unique mechanism of patho-
genesis for each disease. The pathogenic mechanism will also
vary from disease to disease, depending on the consequences
of the lost function of the respective proteins or, in some cases,
acquired function of a toxic transcript. As each of these
diseases may have unique pathophysiologies they will be
discussed individually in the following sections.

Fragile X syndrome (FRAXA)

Fragile X syndrome is characterized primarily by mental retar-
dation, macroorchidism, some dysmorphic features and hyper-
activity. The disease is caused by expansion of a polymorphic
(CGQG), repeat in the 5’-untranslated region (UTR) of the
fragile X mental retardation gene (FMRI) (1,2). Expansion of
the CGG repeat beyond 230 trinucleotides results in its hyper-
methylation together with a CpG island within the FMRI
promoter region (3). This hypermethylation recruits transcrip-
tional silencing machinery to the FMRI gene, followed by
reduced FMRI transcription and loss of gene product (FMRP)
(4-7). The mutation in fragile X syndrome is therefore a loss of
the normal function of FMRP. With two K homology domains
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Table 1. Diseases caused by expansion of non-coding trinucleotide repeats

Disease

Gene /Locus

Protein

Schematic representation (not to scale)

Proposed Mechanism of Disease

Fragile X syndrome

Fraglle XE syndrome

Friedreich ataxia

Myotonic Dystrophy

Spinocerebellar ataxla type 8

Spinocerebellar ataxia type 12

FMR1 (FRAXA)
Xq27.3

FMR2 (FRAXE)
Xq28

X25
9q13-21.1

DMPK
19q13

ScCAs
13g21

SCA12
5q31-33

FMR-1 protein (FMRP)

FMR-2 protein

Frataxin

Myotonic dystrophy
protein kinase (DMPK)

PP2A-PR55B

[
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FMR1

Loss of function:
Loss of FMR1: abnorma! RNA metabolism

Loss of function:
Loss of FMR2: disruption of neuronal gene regufation?

Reduced frataxin in mitochondrla causing altered iron
and

Reduced DMPK: disruption In kinase activity
ng (CUG-binding proteins}

FMR2 >
GAA
v Loss of function:
5 X25 X25 3
intron 1
CTG
“ Loss and/or gain of function:
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polyA signal Dominant effects on RNA processi
CTG
W o Loss of function?
- — l “ 3 Ab 1 RNA
polyA signal
CAG
w 2
5 SCA12 2 Loss of Vunicnﬂon,

activity?

Upper and lower repeat sizes represent the disease and normal allele sizes, respectively (disease repeats given for FRAXA, FRAXE, X25 and DMPK are the full mutation).

Table 2. Diseases caused by expanded glutamine tracts

Disease Gene Locus Protein CAG repeat size
Normal Disease

Spinobulbar muscular atrophy AR Xql3-21 Androgen receptor (AR) 9-36 38-62

(Kennedy disease)

Huntington’s disease HD 4pl6.3 Huntingtin 6-35 36-121

Dentatorubral-pallidoluysian atrophy DRPLA 12p13.31 Atrophin-1 6-35 49-88

(Haw—River syndrome)

Spinocerebellar ataxia type 1 SCAI 6p23 Ataxin-1 6-442 39-82

Spinocerebellar ataxia type 2 SCA2 12q24.1 Ataxin-2 15-31 36-63

Spinocerebellar ataxia type 3 SCA3 (MJDI) 14q32.1 Ataxin-3 12-40 55-84

(Machado—Joseph disease)

Spinocerebellar ataxia type 6 SCA6 19p13 o 5-voltage-dependent calcium channel subunit  4-18 21-33

Spinocerebellar ataxia type 7 SCA7 13p12-13 Ataxin-7 4-35 37-306

aAlleles with 21 or more repeats are interrupted by 1-3 CAT units; disease alleles contain pure CAG tracts.



and an RGG box, FMRP is an RN A-binding protein that shut-
tles between the nucleus and the cytoplasm (3). In the cyto-
plasm, FMRP forms messenger ribonucleoprotein (mRNP)
complexes and associates with ribosomes. FMRI has highest
expression in the brain. In neurons, FMRP’s association with
the translational machinery in the dendritic spines suggests that
it may play a role in modulating the localization and/or transla-
tion of specific target mRNAs. Therefore, mental retardation in
FRAXA may result from improper protein translation during
synaptic development or maintenance. The other phenotypes
associated with fragile X syndrome may stem from the poten-
tial pleiotropic effects caused by abnormal RNA regulation.
FMRP and two related proteins, FXR1P and FXR2P, show
significant homology (60%) including conservation of the
RNA-binding domains (8,9). These proteins are capable of
interacting as homodimers and heterodimers and can be co-
immunoprecipitated as a complex, suggesting a functional role
as a ribonucleoprotein complex (10,11). Nucleolin and NUFIP
(nuclear FMRP-interacting protein) are two other FMRP-
associated proteins recently identified (12,13). The physiolog-
ical significance of these new interactors is not yet known, but
they may function as part of the FMRP-RNP complex that
regulates specific RNA metabolism.

Fragile XE MR (FRAXE)

FRAXE patients have mild mental retardation and variable
behavior abnormalities. FRAXE is caused by an expansion of a
polymorphic (GCC), repeat in the promoter region of the FMR2
gene (14,15). As with FRAXA, the expanded repeats are hyper-
methylated, leading to transcriptional silencing of FMR2 and
subsequent loss of gene product (FMR2). Two other proteins,
AF4 and LAF-4, share motifs with FMR2, and all three proteins
exhibit nuclear localization, DNA-binding capacity and tran-
scription transactivation potential (15). The putative role of
FMR2 as a transcriptional activator together with its high
expression levels in the hippocampus and the amygdala suggest
that the cognitive and behavioral deficits in FRAXE are due to
alterations in neuronal gene regulation (16—18).

Friedreich ataxia (FRDA)

Friedreich ataxia is autosomal recessive and is therefore the
only triplet repeat disorder that does not show anticipation.
FRDA is characterized by ataxia, dysarthria, diminished
reflexes, cardiomyopathy and diabetes. Degeneration is
evident in the spinal cord, dorsal root ganglia and several
peripheral sensory systems. FRDA is caused by a large intronic
GAA repeat expansion in the X25 gene (or frataxin) which
leads to reduced X25 expression (19,20). The expanded AT-
rich sequence most probably causes transcriptional interfer-
ence via a self-association of the GAA/TTC tract, which stabi-
lizes the DNA in a triplex structure (21). Reduced X25 mRNA
decreases frataxin levels, suggesting that FRDA results from a
partial loss of frataxin function (20,22-25). Disruption of the
yeast X25 homolog (YFH1) causes abnormal accumulation of
mitochondrial iron, loss of mtDNA, respiratory dysfunction,
multiple iron—sulfur-dependent enzyme deficiencies and
increased sensitivity to oxidative stress (22,26-29). These
findings, together with highly conserved mitochondrial
targeting signal sequences and mitochondrial membrane local-
ization in yeast and human, suggest that frataxin is involved in
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iron homeostasis and respiratory function (22,26-29). In
FRDA samples, studies have shown increased iron content,
deficient activities of proteins involved in iron—sulfur homeo-
stasis and hypersensitivity to iron and H,0, stress (30-32).
Therefore, frataxin insufficiency may result in abnormal iron—
sulfur homeostasis and, in turn, mitochondrial dysfunction,
free radical production, oxidative stress and cellular degenera-
tion.

Myotonic dystrophy (DM)

DM is a multisystem disorder with highly variable phenotypes
and anticipation. Myotonia, muscle weakness and progressive
muscle wasting characterize adult-onset DM. Developmental
abnormalities, mental handicap, hypotonia and respiratory
distress are often evident in the more severe congenital
myotonic dystrophy (CDM). DM is caused by an expanded
CTG trinucleotide repeat tract in the 3’-UTR of the protein
kinase gene, DMPK (33-36). The pathophysiology of DM is
complex and may involve a combination of molecular defects
that have varying consequences for different tissues during
development. The CTG repeat may alter DMPK levels indi-
rectly by interfering with DMPK transcription, RNA
processing and/or translation. The result would be abnormal
phosphorylation of downstream substrates. Studies from a
mouse model lacking DMPK, however, argue that loss of
DMPK function is not sufficient to cause the phenotypic spec-
trum of DM (37,38). The identification of two other genes
flanking DM PK raised the possibility that CTG expansion may
have cis-chromatin effects that could alter neighboring gene
expression (39). The CTG repeat is located within the
promoter of a downstream homeobox gene, termed DM locus-
associated homeodomain protein (DMAHP), and immediately
upstream of DMPK is gene 59 (also known as DMWD). Loss
of function of either or both of these proteins could contribute
to some of the features in DM. Another proposed mechanism
of pathogenesis is based on a gain of function or trans-domi-
nant effect of the CTG-expanded transcript, which could inter-
fere with the normal processing and/or metabolism of various
RNAs. Altered metabolism of tissue-specific RNAs could
account for the various symptoms seen in DM patients. The
expanded CUG repeat may sequester RNA-binding proteins,
such as the CUG-binding protein (CUG-BP or hNab50),
thereby interfering with their normal role in regulating RNA
processing (40-45).

Spinocerebellar ataxia type 8 (SCAS)

SCA8 is a progressive ataxia with cerebellar atrophy,
decreased vibration sense and brisk reflexes. Correlating with
the phenotype, SCAS8 is expressed primarily in the brain, and
disease is caused by an expanded CTG repeat in its 3’-terminal
exon (46-48). Interestingly, SCA8 may have a CTG repeat
range that is pathogenic (~110-250 repeats), with shorter and
larger repeats not resulting in disease (49). Also uniquely
amongst triplet repeat disorders, the SCAS8 transcript does not
code for a protein and may be an endogenous antisense RNA
that regulates the expression of another gene(s). A second
mRNA, transcribed in an orientation opposite to that of the
SCAS8 transcript, contains a common region of overlap. This
‘sense’ transcript encodes a protein that shares homology with
the Drosophila KELCH gene (KLHLI) (50). Although the
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normal function of KLLHL1 in the brain is not understood, it has
a conserved Kelch actin-binding domain and POZ/BTB
protein—protein domains.

Spinocerebellar ataxia type 12 (SCA12)

SCA12 is a rare disease caused by a non-coding CAG
trinucleotide repeat expansion in the 5’-UTR of the PPP2R2B
gene (or PP2A-PR550) (51). PPP2R2B encodes a brain-
specific regulatory subunit of protein phosphatase 2A (PP2A).
Although the CAG repeat is located near conserved promoter
elements and transcriptional start sites, repeat-mediated tran-
scriptional interference of PPP2R2B has not yet been shown.
Future expression and function analysis of PP2A-PR55 will
provide essential clues toward understanding the pathophysi-
ology of SCAI12.

POLYGLUTAMINE DISEASES

In comparison with the non-coding disorders, polyglutamine
diseases have repeat expansions that are much smaller in size
and variation. Although the mutant proteins do not share any
homology outside the polyglutamine tract, the polyglutamine
diseases have several similar features and probably share
common mechanisms of pathogenesis. All eight known poly-
glutamine disorders are characterized by progressive neuronal
dysfunction that typically begins in mid-life and results in
severe neurodegeneration. Despite the ubiquitous expression
of all eight genes, only a certain subset of neurons is vulnerable
to degeneration. Studies of animal models and tissue culture
systems have clearly demonstrated that these diseases are
caused by a gain-of-function mechanism and that the expanded
polyglutamine tracts are at the core of pathogenesis (52,53).
Although expanded glutamine tracts in isolation are extremely
toxic to cells, the selective neuronal loss particular to each
disease occurs only when the full-length protein harboring an
expanded glutamine tract is expressed. This idea is well
supported by several recent studies of mice that were engi-
neered to express either full-length HD or DRPLA with an
expanded number of CAG repeats, and indicates that protein
context helps to mediate the selective neuronal vulnerability
(54-59).

Two early models were proposed to explain how long poly-
glutamine tracts might be toxic to neurons. Green (60)
proposed that the extended polyglutamine tract is a trans-
glutaminase substrate that can become cross-linked via isopep-
tide bonds. This event may enhance polyglutamine-mediated
aggregation and toxicity in affected neurons (61-63). Perutz et
al. (64) suggested that the expanded polyglutamine repeats
organize into polar zippers and then aggregate. The idea that
the glutamine expansion destabilizes the native conformations
of the mutant proteins is extended by numerous studies of cell
culture systems, animal models and patient tissues that show
mutant polyglutamine protein aggregates (52,53,65).
Ubiquitin-positive protein aggregates, primarily found in the
nucleus, have now been reported for seven of these diseases,
the exception being SCA6 where aggregates are cytoplasmic
and ubiquitin negative (53,66,67). Additionally, protein aggre-
gates with similar structure to nuclear inclusions (NIs) have
been reported in the neuropil of Huntington’s disease (HD)
brains and transgenic mice (68,69). Occurring in dendrites and

dendritic spines, neuropil aggregates are far more common in
HD brains than NIs, and their appearance is well correlated
with neurological findings in patients and HD mice (68,69).

Initially, the discovery of the NI was exciting as it suggested
a common pathogenic mechanism for all polyglutamine disor-
ders; namely, aggregates cause aberrant protein—protein inter-
actions that affect either nuclear architecture and function and/
or the function of interacting proteins. Recent findings,
however, strongly indicate that NIs are neither necessary nor
sufficient to initiate polyglutamine-mediated disease. First, the
regional distribution of the NIs in tissue from spinal and bulbar
muscular atrophy (SBMA), HD, SCA2 and SCA7 patients
does not always correspond to the selective pathology
(67,68,70-74). In animal models for HD, NIs were either:
(i) detected in large quantities in cells that show no signs of
degeneration; or (ii) detected with a very low frequency (<1%)
in the striatum where the neuronal loss was prominent
(54,55,75,76). Moreover, SCAI transgenic mice expressing
mutant ataxin-1 lacking the self-association region—which is
essential for ataxin-1 dimerization—develop ataxia and
Purkinje cell pathology but without apparent ataxin-1 aggrega-
tion (77).

Protein misfolding and the ubiquitin—proteasome pathway

Despite evidence that indicates that NIs are dissociated from
polyglutamine-induced toxicity, it is striking that expanded
protein aggregates are found in all polyglutamine diseases.
Even though the NIs are not the initial cause of disease,
unraveling the process by which they originate may provide
insight into the pathogenesis of polyglutamine disorders. A
model would be that the expansion of the glutamine tract
results in a misfolded protein that gains a toxic function.
Expanded polyglutamine proteins may adopt energetically
stable structures, which resist unfolding and therefore impede
clearance by the proteasome. For example, polyglutamine-
expanded ataxin-1 (92Q) is considerably more resistant to
ubiquitin-mediated degradation in vitro compared with wild-
type ataxin-1 (2Q) (78). Misfolded and potentially with
extended half-lives, these proteins may interact with other
proteins in an aberrant fashion and thereby trigger selective
degeneration. If the capacity of the intracellular system
handling these proteins is exceeded, then the NIs may develop
and a cellular response to the extended presence of the mutant
protein may eventuate. This concept is supported by the obser-
vation that proteasome inhibition promotes aggregation of
mutant ataxin-1 and ataxin-3 in cell culture (78,79) and, in
patient tissue, animal models and tissue culture systems, the
proteasome and several molecular chaperones redistribute to
the sites of protein aggregation (79-84). By overexpressing a
dominant-negative ubiquitin-conjugating enzyme (UBC) and
presumably altering the ubiquitination and clearance of mutant
huntingtin in cell culture, Saudou et al. (85) were able to
inhibit NI formation while accelerating cell death. Similarly,
when crossing the SCAI transgenic mice with mice that lack
Ube3A, an E3 ubiquitin—protein ligase, we discovered that
Purkinje cells from the SCAI/Ube3a mice had significantly
fewer NIs than SCAI littermates but markedly worse SCA1
pathology (Fig. 1A-D) (78). Together, these data suggest that
impaired proteasomal degradation of mutant polyglutamine
proteins may contribute to pathogenesis but, more importantly,



Figure 1. (A-D) SCAI mice lacking expression of Ube3a, E3—ubiquitin
ligase, have a more diffuse nuclear distribution of ataxin-1 yet the cerebellar
pathology is markedly worse compared with that of SCAI littermates.
(A) Purkinje cells from SCA I mice have a sparse nuclear distribution of ataxin-
1 with a concentration of the protein to the NIs. In contrast, ataxin-1 immuno-
reactivity is much more diffuse throughout the nucleus in Purkinje cells in the
SCA1 animals lacking Ube3a (B). A cerebellar section from an SCA/ mouse in
(C) shows early alterations in Purkinje cell morphology, including thinning of
the dendritic arborization. A cerebellar section from an SCA1/Ube3a mouse in
(D), however, has extensive loss of Purkinje cell dendritic arborization, a
shrinkage of the molecular layer, disorganization of the Purkinje cell layer and
numerous heterotopic Purkinje cells (arrowheads). The scale bar is in micro-
meters. Reproduced with permission from Neuron, Cell Press (78). (E—H) The
molecular chaperone Hsp70 suppresses polyglutamine-induced neurodegener-
ation in vivo (fly eyes). (E) Control fly eye. (F) Flies expressing Hsp70 have
grossly normal eye structure. (G) Flies expressing the expanded polyglutamine
protein (MJD-Q78) have degenerate eyes that lack pigment and show severe
loss of retinal structure. (H) Co-expression of Hsp70 ameliorates the degener-
ative effects of MJDtr-Q78 and the eye appears normal externally. Reproduced
with permission from Nature Genetics (88).

the mutant proteins may be more toxic if not properly ubiquiti-
nated, turned-over or possibly sequestered to an NI.

That molecular chaperones redistribute to NIs suggests that a
chaperone stress response is being mounted to cope potentially
with the toxic presence of misfolded polyglutamine proteins.
Since molecular chaperones are known to be instrumental in
proper protein folding, ubiquitin-dependent degradation and
suppression of protein aggregation, we might infer that the
cellular levels of a chaperone could directly mediate the aggre-
gation and/or turnover of a mutant polyglutamine protein.
Support for this inference comes from the fact that molecular
chaperones, when overexpressed in cell culture, can decrease
both the size and frequency of nuclear aggregates (80,81,84)
and this decrease can be correlated with a decrease in toxicity
(81). Will the chaperone-mediated benefits seen in cell culture
occur, without any adverse effects, in patients? Recent data
from studies of Drosophila models of polyglutamine disease
are encouraging (86,87). In two independent studies, neurons
expressing peptides with expanded glutamine repeats degener-

Human Molecular Genetics, 2000, Vol. 9, No. 6 Review 913

ated and showed numerous nuclear aggregates. Warrick et al.
(88) further showed that a dominant-negative form of a fly
Hsp70 enhances degeneration in the flies expressing an MJD
peptide (78Q). More exciting was the observation that over-
expression of Hsp70 suppresses polyglutamine-induced neuro-
degeneration in this animal model (Fig. 1E-H). Importantly,
this suppression occurred without any effect on NI formation,
arguing further against a correlation between polyglutamine-
induced toxicity and NI formation.

Nuclear localization and gene expression

For most of the polyglutamine diseases, the protein aggregates
are found predominantly in the nucleus, which is interesting
given the varying subcellular localization of the soluble forms
of these proteins. Is nuclear localization of the mutant proteins
a critical event in polyglutamine disease and if so how do the
mutant proteins affect nuclear function? The importance of
nuclear localization of mutant ataxin-1 is evident from studies
of SCAI transgenic mice that overexpress expanded ataxin-1
(82Q) with a mutated nuclear localization signal (NLS) (77).
These mice had abundant levels of cytoplasmic mutant ataxin-
1, but they never developed ataxia or pathology. Similarly, in
cell culture models of HD, the addition of a nuclear export
signal to mutant huntingtin drives it to the cytoplasm, and
thereby suppresses aggregation and cell death; the opposite
effect is seen with the addition of an NLS (85,89).

Once inside the nucleus, several recent reports suggest that
mutant polyglutamine proteins may affect gene expression.
For example, N-terminal huntingtin interacts in a repeat-
dependent manner with the nuclear receptor co-repressor
(N-CoR), which is known to repress transcription from ligand-
activated receptors (90). Subcellular localization studies
demonstrated that N-CoR and other associated co-repressors
are redistributed by mutant huntingtin, suggesting that altered
transcriptional regulation may be involved in HD. In cell
culture, overexpression of full-length ataxin-1 and ataxin-7
causes these proteins to localize to the nucleus and form
nuclear matrix-associated aggregates that may affect the
promyelocytic oncogenic domains (PODs; also thought to be
important in transcriptional regulation) (91,92). Full-length
mutant AR accumulates in both cytoplasmic and nuclear
matrix-associated aggregates when overexpressed in tissue
culture cells, and these aggregates caused redistribution of the
steroid receptor coactivator (SRC1), suggesting that SRC1-
mediated transcription pathways might be affected in SBMA
(84). NIs are known to sequester other polyglutamine-
containing proteins, such as the TATA-binding protein (TBP)
(93). Interestingly, expansion of the CAG repeat in the TBP
gene may also be responsible for neurodegenerative disease
(94). Analogously to the gain-of-function mechanisms in DM,
but at the protein level, mutant polyglutamine repeat proteins
may sequester poly(Q)-binding proteins important in transcrip-
tional regulation. Waragai et al. (95) demonstrated that a poly-
glutamine tract-binding domain protein (PQBP-1) interacts
with the glutamine tract in transcription factors and poly-
glutamine repeat disease proteins. This interaction is strength-
ened in a length-dependent manner and may affect cell
survival in vitro. Also in vivo, several neuronal genes involved
in calcium homeostasis and signal transduction are down-
regulated specifically by the expression of expanded ataxin-1
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in SCA1 transgenic mice. It is noteworthy that these alterations
required nuclear localization of mutant ataxin-1 and occurred
prior to any detectable pathology or visible NIs (96). Together,
these results suggest that regulation of gene expression may be
an important and early molecular player in the pathogenesis of
polyglutamine disease.

Cleavage, caspase activity and apoptosis

Numerous studies indicate that many of the polyglutamine
proteins must first be proteolytically cleaved in order to trans-
locate to the nucleus and exert their toxic effect (53). The
search for proteases that mediate this processing event has
revealed that huntingtin, AR, atrophin-1 and ataxin-3 are all
substrates for one or more caspases (cysteine proteases
involved in apoptosis) (97,98). Sanchez et al. (99) proposed
that aggregates of polyglutamine repeat proteins can sequester
one or more procaspases, which become activated and set off
the apoptotic pathway. These authors found activated caspase-
8 uniquely in affected HD brain extracts, but not in controls.
Additionally, preventing caspase-8-mediated apoptosis hin-
dered the polyglutamine-induced cell death in cell culture.
Caspase-1 is also activated in HD brains and transgenic mice
(100). When Ona et al. (100) inhibited its activity in HD mice,
endogenous huntingtin cleavage was reduced and the progres-
sion of several of the pathological features in this animal model
was slowed. These results raise the possibility that caspase
activity has a role in polyglutamine disease; however, the steps
involved in this pathway are not yet clear. Is one or more
caspase activity responsible for liberating the toxic poly-
glutamine peptides? Does the apoptotic pathway play a
primary role in neuronal dysfunction, or is it a secondary event
that occurs in dysfunctional neurons that can no longer tolerate
the toxic effects of the mutant protein? Future studies will need
to address the underlying pathogenic mechanisms involved in
caspase activation and reconcile their relationship to the selec-
tive pattern of degeneration seen in each disorder.

CONCLUSION

The discovery of each new triplet repeat disorder brings
tremendous clinical benefits, offering better classification of
the diseases and facilitating early diagnosis and genetic coun-
seling. Studies to date have made it clear that the pathological
mechanisms in trinucleotide repeat disorders are complex,
probably involving more than one mechanism of pathogenesis.
The importance of animal models in dissecting each of these
mechanisms is becoming increasingly apparent especially with
the emerging insights gained from the application of fly and
yeast genetics and from genetically engineered mice. Future
clinical benefits will also come from advances in gene chip
technologies and the human genome initiative, which together
could accelerate the pace of identifying new therapeutic strate-
gies to modulate the iron abnormalities in FRDA, or the puta-
tive alterations in gene/RNA regulation in FRAXA, FRAXE,
DM and the polyglutamine disorders. Understanding the muta-
tions in polyglutamine diseases in terms of their effect on
protein—protein interactions and turnover, together with studies
aimed at enhancing proper folding and degradation, may be
invaluable tools required to slow or prevent these diseases. In
fact, it may be possible to adopt these tools to identify therapies

for other neurodegenerative ‘proteinopathies’ such as
Alzheimer’s disease, amyotrophic lateral sclerosis, prion
diseases and Parkinson’s disease. Despite the enormous
amount of headway made in just the last few years, a sea of
questions remains to be explored. Perhaps the most puzzling is
a teleological one—why have these repeats expanded in the
first place and what biological role do they have in evolution?
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