BOX 43.3

TRIPLET REPEAT DISORDERS

Not all neurogenetic diseases follow simple inheritance patterns; not all developmental disorders reveal themselves immediately; and diseases with similar genetic etiologies can havewidely different manifestations. Trinucleotide repeat mutations, or dynamic mutations, were discovered only in the early 1990s but are responsible for a number of important neurodegenerative disorders, such as Huntington Disease (see Box 31.4), Fragile X mental retardation, and myotonic dystrophy. To date, 14 neurological disorders have been found to result from such a mutational mechanism, and the list will probably continue to grow. 

Triplet repeat mutations are unstable and prone to expand as alleles are passed from one generation to the next, although contractions can occur. Repeats at different loci differ markedly in their rates and extents of expansion, and the instability of repeats at each locus often depends upon the sex of the transmitting parent. 

Fragile X syndrome, an X-linked dominant mental retardation syndrome, was the first disease shown to result from a triplet repeat mutation. There is a CGG repeat expansion at a locus (Xq27.3) giving rise to a folate-sensitive fragile site (FRAXA). The CGG repeat ranges in length in the general population from 5 to 50 triplets. Affected individuals carry more than 230 repeats, up to several thousand triplets. CGG tracts between 45 and 200 repeats in length are termed “premutations”; they are not long enough to result in mental retardation, yet are prerequisite for further expansion to the full mutation. Escalating risk of affected offspring is associated with increasing size of premutations in female carriers. Curiously, offspring of male carriers of permutations are not at risk for Fragile X syndrome, as these alleles have not been observed to expand to full mutations upon male transmission. The normal function of the affected protein FMR1 remains to be fully determined, but it appears to play a role in RNA metabolism, likely in the areas of transport, stability, and/or translation. 

Myotonic dystrophy (DM) remains a particularly enigmatic triplet repeat disorder affecting multiple systems, causing myotonia, muscle weakness, cardiac conduction defects, diabetes, cataracts, premature balding, and sometimes dysmorphic features and mild mental retardation. There is a tendency for these features to appear in more severe form in subsequent generations of a family. In DM there is a CTG repeat in the 3’ untranslated region of the myotonin protein kinase gene (DMPK). This CTG tract is small in the general population (5–37 triplets) but can expand dramatically to thousands of repeats. Slightly increased lengths (70–100) can result in mild effects, such as late-onset cataracts, and the classic symptoms of early adulthood myotonia are found in individuals with hundreds of repeats. Very large expansions can cause severe disease in newborns. 

The mechanism(s) by which the mutation leads to the various clinical symptoms remains uncertain. A variety of effects have been described and the repeat expansions clearly affect both the DMPK gene and nearby genes. It is also likely that the expanded CTG repeat carrying mRNAs can act to diminish the levels of nuclear proteins that bind at these sequences, resulting in misregulation of genes not linked to DMPK. Mutations in equivalent mouse genes have not provided a complete model of the human disease. The phenotype in DM results from multiple effects of the repeat expansion, rather than a simple loss or gain of function mechanism. 

Friedreich’s ataxia (FA) causes both limb and gait ataxia, loss of position and vibration sense, decreased tendon reflexes, cardiomyopathy, diabetes, and, in some patients, optic atrophy and deafness. FA is a recessive disorder and the only triplet repeat disorder known to involve a GAA sequence. Carriers of FA are rather common (1/85), and, consequently, so is the GAA expansion. Members of the general population carry between 7 and 34 repeats, while pathogenic alleles can number in the hundreds. The affected frataxin gene product appears to be involved in mitochondrial iron homeostasis, and its absence affects postmitotic cells rich in mitochondria. The mechanism by which the GAA repeat affects gene function appears to be inhibition of primary RNA transcripts. 

A second class of triplet repeat disorders includes those caused by expansion of translated CAG repeats which encode a polyglutamine tract in each of the respective proteins. These “polyglutamine” disorders share many features, suggesting that a common pathogenetic mechanism is at play in spite of the fact that the mutated genes share no homology outside of the CAG repeats. They are progressive neurologic diseases with onset of symptoms in young to midadulthood with only a specific group of neurons vulnerable in each disease. Symptoms develop when the number of uninterrupted repeats exceeds approximately 35 glutamines. The phenotype is caused not by loss of function of the relevant protein but rather by a gain of function conferred by the expanded polyglutamine tract. 

The spinocerebellar ataxias (SCA) are genetically distinct but overlap a great deal in their clinical presentation— between subtypes and even within families affected by the same disease. It is nearly impossible to distinguish one subtype from another on the basis of clinical signs alone. Spinocerebellar Ataxia Type 1 (SCA1) was the first of the inherited ataxias to be mapped. Patients with SCA1 suffer from progressive ataxia (loss of balance and coordination), dysarthria, and eventual respiratory failure. SCA1 is characterized pathologically by cerebellar atrophy with severe loss of Purkinje cells and brain stem neurons. Patients with SCA1 have an expanded “perfect” CAG repeat tract encoding ataxin-1, the function of which is largely unknown. 

Studies of human patients with deletions of, for example, the HD, or SCA1 genes (and of mice lacking these genes) confirm that disease is not due to loss of function of the respective proteins. More importantly, studies of mouse and fruit fly models that over-express full-length or truncated forms of either ataxin-1, ataxin-3, huntingtin, AR, atrophin-1, or ataxin-7 demonstrate progressive neuronal dysfunction consistent with a gain of function mechanism. Several illuminating findings have emerged from the study of human patients, cell culture systems, and the various animal models. In transgenic mice, expression of truncated polypeptides containing expanded glutamine tracts caused widespread dysfunction that extends beyond the specific groups of neurons affected by the full-length protein. The expanded polyglutamine tracts may cause the respective proteins to misfold or resist degradation. Aberrant proteinprotein interactions or alterations in levels of proteins essential for the normal functioning of neurons (such as proteins that regulate Ca+2 levels and neurotransmitters) could, in turn, exacerbate neuronal dysfunction and lead to neuronal death. 

The finding that chaperone overexpression mitigates the phenotype in one vertebrate and several invertebrate models of polyglutamine disorders, and the identification of several additionalmodifiers of the neuronal phenotype, provide a platform for identifying key pathways of pathogenesis and potential therapeutic targets. 
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