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Editoridl

Neurological diseases and
RNA-directed gene requlation:
prospects for new diagnostics

and therapy

‘Despite ample work and enormous progress in the
understanding of the etiology of neurological diseases,
the precise mechanisms by which tfriplet repeat
expansions lead to highly specific pafthological
development of neurons and muscle cells still remains

largely unknown!
Expert Rev. Mol. Diagn. 3(3), 269-274 (2003)

Since the discovery of the first expansions of
the CGG trinucleotide repeat in the fragile X
gene in 1991 [1.2], and of the CAG repeat in
the androgen receptor gene linked to spinob-
ulbar muscular atrophy (3, a new type of
mutation, termed a dynamic mutation, has
been recognized. Since then, the number of
neurological diseases
caused by dynamic
mutations has

‘From the diagnostic and
therapeufic viewpoint,

How different & how common are
neurological diseases at the molecular level?
There are several common features in the
genetics and development of these neurological
disorders. All of them are complex, progressive
illnesses with multiple manifestations. Most of
them are dominantly inherited and show
genetic anticipation,
which means that in
the affected families

grown, as has the '\ ;nqerstanding of the mechanisms the severity of the

disease increases in

list of short repeat
sequences subject to
expansion.

Despite ample work
in this area and enor-

friggering muscle and
neurodegenerafion is absolutely
essential for developing the most
efficient ways of preventing and

subsequent genera-
tions or the age of
onset decreases, or
both. At the molec-

mous progress in the - cring these debilitating diseases’.  ular level, a correla-

understanding of the

etiology of neurological diseases, the precise
mechanisms by which triplet repeat expansions
lead to highly specific pathological development
of neurons and muscle cells still remains largely
unknown. As a result, neither early diagnostics
nor effective therapy are available for these dis-
eases. However, extensive studies of the basic
mechanisms leading to muscle and neurodegen-
eration support the hope that such diagnostics
and cures will be available in the future.

tion between the
severity of the illness and the length of the
expanded repeat has been detected for most of
the diseases [4,5]. It has also been demonstrated
that the expanded repeat regions form stable
DNA secondary structures that interfere with
the replication machinery.

Dynamic mutations have been subdivided
into two groups depending on the position of
the mutation, and different mechanisms of
pathogenesis have been proposed for these two
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Kl'able 1. Neurological diseases with coding location of mutations.

Disease Repeat Chromosome location Inheritance type
Huntington's disease CAG 4p16.3 AD
Spinocerebellar ataxia 1 CAG 6p23 AD
Spinocerebellar ataxia 2 CAG 129241 AD
Spinocerebellar ataxia 3 CAG 14932.1 AD
Spinocerebellar ataxia 6 CAG 19p13 AD
Spinocerebellar ataxia 7 CAG 3p12-13 AD
Dentatorubral-pallidoluysian atrophy CAG 12p13.31 AD
Spinobulbar muscular atrophy CAG Xq13-21 X-linked
Oculopharyngeal muscular dystrophy GCG 149N AD
Huntington's disease-like Type 2° CTG 16024.3 AD

Sin this disease, the CTG triplet can either be translated as polyleucine or polyalanine or untranslated depending on different splicing variants [23].
AD: Autosomal dominant.

groups. A group of diseases with exonic location of mutations,
including Huntington’s disease (HD) [5], is presented in TABLE 1.
In all these cases, the expansions of the CAG repeat lead to
proteins with expanded polyglutamine (polyQ) stretches. For
the polyQ diseases, there is wide acceptance that the mecha-
nisms leading to neurodegeneration involve abnormal polyQ
protein conformations prone to form aggregates and precipitate
[6-8]. Indeed, neuronal intranuclear inclusions and/or cytoplasmic
aggregates containing mutant proteins have been demonstrated
in transgenic mice bearing mutant HD genes, as well as in
autopsied brains from patients with CAG-repeat diseases [9,10].
Recently, the repertoire of exonic mutations has been enlarged —
a GCG-repeat expansion coding for the polyalanine string has
been detected in the gene coding for a poly(A)-binding protein
linked to the oculopharyngeal muscular atrophy (TABLE 1) [11].

A second group of dynamic mutations includes those
located in the noncoding genomic regions (TABLE 2). Myotonic
dystrophy (DM)1 is the best studied disease in this group
(12,13 It is a multisystemic neurological disease characterized
by progressive muscle weakness, ocular cataracts and cardiac
arrhythmias. In DM1, the CTG expansion is located in the
3’-untranslated region (UTR) of a protein kinase gene in the
19q13.3 region. The location of the mutation suggests that
in DM1, the repeat expansion may be toxic not at the
protein level but at the level of RNA synthesis, processing
or transport.

A basic and very important practical question is whether a
common ground exists for all known diseases caused by
dynamic mutations independent of the location of the muta-
tion. Two explanations appear @ priori equally possible: short

~

Table 2. Neurological diseases with noncoding location of mutations.

Disease Repeat Chromosome location Inheritance type
Fragile X syndrome CGG Xq27.3 X-linked
Friedreich's ataxia GAA 9q13-21.1 AR
Myotonic dystrophy 1 CTG 19913.3 AD
Myotonic dystrophy 2 CCTG 3921 AD
Spinocerebellar ataxia 8 CTG 13g21 AD
Spinocerebellar ataxia Type 10 ATTCT 22913 AD
Spinocerebellar ataxia Type 12 CTG 5q31-33 AD
Huntington's disease-like Type 2° CTG 16024.3 AD

Sin this disease, the CTG triplet can be either translated as polyleucine or polyalanine or untranslated depending on different splicing variants [23].
AD: Autosomal dominant; AR: Autosomal recessive.
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repeat expansions in different genes rely on basically different
mechanisms or there are common features in all diseases caused by
triplet-repeat expansions but we do not fully understand them yet.

Who is in charge: RNA or protein, or both?

Several hypotheses have been suggested to explain dominant
type inheritance in DM1 by gain-of-function at the RNA level.
According to one model, triplet repeat expansions affect
mRNA transport, which leads to accumulation of transcripts
with CUG expansions as foci in the nucleus, while the abundance
of poly(A)-mRNA in the cytoplasm decreases [13-15]. However,
in DM1, the expression of several other genes upstream and
downstream of the myotonic dystrophy protein kinase
(DMPK) gene is also impaired [12,16,17]. The protein sequestra-
tion theory has been suggested to explain this phenomenon
[18,19]. According to this theory, the expanded repeats within the
DMPK transcripts specifically bind nuclear proteins and interfere
with their normal function. Long-range cis autosomal inactivation

/Box 1. Arguments supporting common etiology of
dynamic mutation-based diseases and suggesting a role
for RNA in polyQ neurological diseases.

® The dominant type of inheritance in most neurological
diseases independent of the location of the mutation
suggests common mechanisms of pathogenesis in both
Qroups (TABLES 1 & 2).

e Protein aggregation caused by polyglutamine (polyQ) is
neither necessary nor sufficient for neuronal disfunction
(7,34]. It was demonstrated, for example, that the formation of
intranuclear inclusions might not be a critical step in
Huntington-induced neurodegeneration 34].

® The clinical features of spinocerebellar ataxia (SCA)8 are
similar to those of other SCAs. However, the SCA8 transcript
with an expanded CTG repeat is an antisense RNA (351, while
in all other spinocerebellar ataxias the expanded CAG repeat
is translated and codes for polyQ. Thus, it apparently does not
matter which type of repeat is expanded, CAG or CTG. In both
cases there is significant damage of the cerebellar system.
The discovery of new nontranslated mutations in SCA10 and
SCA12 136,371 and of Huntington's disease Type 2 [38] offers
more support to this notion.

® Nuclear inclusions in polyQ diseases have been shown to
contain transcriptional components 391. This may be a result
of interaction of transcription factors with the polyQ proteins
but it may also indicate the presence of mRNA in nuclear
inclusions. The presence of mutant RNAs with expanded
repeats in the nucleus is much easier to explain than the
presence of the polyQ proteins, which are synthesized in the
cytoplasm and then transported back into the nucleus.

® |t has been demonstrated that genes encoding proteins with
RNA-binding domains modify SCA1 degeneration [40] and
polyQ cytotoxicity can be rescued by dsRNA-mediated RNA
interference [41].

Neurological diseases and RNA-directed gene regulation

was suggested as another mechanism by which the expanded
CTG repeats in the DMPK gene suppress distant genes [20].

Double-stranded RNA hairpin structures specific for the
expanded CUG repeats have indeed been demonstrated in vitro
[21] and proteins interacting with them in a length-dependent
manner have been isolated and characterized [22). Importantly,
human analogs of Drosophila muscle-blind proteins have been
identified among these proteins, which are necessary for termi-
nal differentiation of muscle and photoreceptor cells [22]. One
of the most convincing experiments pointing to a key role of
the RNA repeat structures in DM1 was the introduction of an
untranslated CUG repeat in an unrelated mRNA in transgenic
mice, which resulted in myotonia and myopathy [23]. Another
study used mouse C2C12 myoblasts transfected with reporter
genes containing fragments of the 3'-UTR of DMPK gene with
different numbers of CUG repeats [24.. Long CUG repeats
resulted in decreased translation of the reporter genes and
nuclear accumulation of the transcripts. These experiments
clearly demonstrate a role of the expanded CUG structures at
the RNA level and at least partly explain the striking similaricy
between the symptoms of DM1 and DM2, despite the fact
that the expanded repeats are different, the affected genes are
different, they are located on different chromosomes and are in
different gene environments [25,26].

Recently, a more detailed mechanism involving mutant
RNAs with expanded repeats have been revealed in DM1- and
DM2-affected muscles. It has been demonstrated that splicing
of several key proteins participating in muscle differentiation is
impaired in myotonic muscles [27-29. Thus, main chloride
channel CIC-1 is absent in DM1 and DM2 muscles [28,29],
while myotubularin-related gene 1 is differentially spliced 301.

Thus, myotonic dystrophies can be considered as examples of
neurological diseases where the RNA gain-of-function mecha-
nisms caused by the triplet expansions might explain many of
the available data [31,32].

Returning to the polyQ diseases, increasing data are accumu-
lating suggesting that the separation of neurological diseases
into two groups with different mechanisms of pathogenesis
may not be very productive [33]. The toxic effect of the polyQ
proteins may not be the only mechanism of triplet-expansion
toxicity and may be not a mechanism that triggers neurodegen-
eration. Several lines of evidence argue against considering the
polyQ neurological diseases as a distinct group and suggest a
role for RNA in these diseases. The data suggesting common
etiology of all triplet repeat expansion-based disorders are
summarized in BOX 1.

Concluding remarks

All these data suggest the possibility that different neurological
diseases share a common ground not only by having expanded
repeats at the DNA level — as the underlying molecular cause —
and dominant inheritance and anticipation, but also by mecha-
nisms involving RNAs (FIGURE 1). The common molecular
feature of all neurological diseases independent of the position
of the expansion could be the presence in the nucleus of RNA
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transcripts with the expanded repeat regions. These regions are
most likely to form hairpin structures and are capable of strong
protein binding. Interference at the RNA level may be respon-
sible for highly cell-specific gene expression regulation leading
to neuronal and muscle degeneration.

Intensive studies are required to answer several basic questions.
First, neuronal intranuclear inclusions in HD- or SCAI-
affected brains have to be tested for the presence of RNA
transcripts with expanded repeats. Second, gel retardation tests
for long CUG (or CAG) tracts should be performed with
cell-specific lysates in order to find proteins interacting with
repeats in a length-dependent manner. Additionally, analyses of
large genomic regions with expanded repeats may reveal genes
for the noncoding RNAs participating in gene regulation. The
first example in this direction is the finding that the SCA8
transcript is a cis-antisense RNA to a gene encoding a protein

likely belonging to a family of actin-organizing proteins [35]. A
recently found link between fragile X protein and components of
RNA interference machinery may open a new chapter in mecha-
nisms leading to neurodegeneration, where RNA regulation plays
an important role [(42,43].

From the diagnostic and therapeutic viewpoint, understanding
of the mechanisms triggering muscle and neurodegeneration is
absolutely essential for developing the most efficient ways of
preventing and curing these debilitating diseases.
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Figure 1. The expanded repeats in RNA transcripts independent of their location within the RNA molecule recruit RNA-binding proteins and
participate in processes not characteristic of RNAs with short repeats [33]. (A) Normal RNA transcript is translated into normal protein. (B) RNA
transcript with an expanded repeat within the coding region is translated into protein with an enlarged polyglutamine tract and is prone to nuclear
and cytoplasmic precipitation. In parallel, RNA transcripts with the expanded repeats form RNA-protein complexes, which then participate in new
RNA-protein interactions. This results in pathological development. (C) RNA transcripts with the repeats in noncoding regions interact with RNA-bindir
proteins in the nucleus and trigger aberrant splicing, which results in muscle degeneration.
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