Thus, behavioral and metabolic re-
sponses of bacteria to the complex and het-
erogeneous structure of the organic matter
field at the microscale influence ocean ba-
sin-scale carbon fluxes in all major path-
ways: microbial loop, sinking, grazing food
chain, carbon storage, and carbon fixation
itself. However, studying such varied influ-
ences of bacteria on organic matter, and
their spatial-temporal variations, in piece-
meal fashion will only result in a conceptual
patchwork without a unifying framework or
predictive power. A unifying theme should
derive from applying robust principles of
biochemical adaptation in a realistic mi-
croenvironmental context. Biogeochemical
variability could then be considered as a
consequence of adaptive responses to
(micro)environmental variations. This ap-
proach should also serve as a framework to
understand the maintenance of microbial
diversity and to make predictions on the
survival of specific bacterial species, includ-
ing human pathogens such as Vibrio cholerae,
in response to ecosystem perturbations (21).
This framework, which includes bacteria-al-
gae interactions, should also be relevant to
the prediction of algal blooms, including

toxigenic species. Powerful new approaches
are enabling us to study microbial ecology,
including consortial activities, in an ecosys-
tem context. New techniques allow mul-
tiple interrogations—phylogeny, metabo-
lism, growth—at the individual cell level.
These ideas and approaches should lead to a
synthesis of bacterial adaptation, evolution,
ecology, and biogeochemistry, and should
form a basis for integrating the roles of bac-
teria in predictive biogeochemical models.
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BIOMEDICINE

Triplet-Repeat Transcripts:
A Role for RNA in Disease

Robert H. Singer

A set of baffling human diseases—includ-
ing myotonic dystrophy and Huntington’s
disease—are caused by expansion of a re-
peated sequence of three nucleotides within
almost a dozen genes identified to date (1).
With each generation, these repeats are rep-
licated and the sequence gets longer, even-
tually compromising the function of the
gene. The effect is dominant—only one of
the two alleles of the gene need be expanded
to result in the full pathology. Furthermore,
the severity of the disease can be propor-
tional to the length of the repeat expansion.

Unlike most genetic diseases, which are
a result of a mutation that impairs or elimi-
nates a gene product, the triplet-repeat dis-
eases are likely caused by a “gain of func-
tion,” in which a new function arises from
the genetic defect. The new function is
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most easily understood when the expansion
of the triplet CAG, which encodes the
amino acid glutamine, occurs within the
coding frame of a gene and creates a new
protein with a polyglutamine tract. Hunt-
ington’s disease is one example of such an
expansion and is typical in that it exhibits a
central nervous system pathology, as do all
the polyglutamine diseases. Normal indi-
viduals can withstand a few repeats of
glutamine at this position in their genes. As
the polyglutamine expands, however, it dis-
rupts the protein and affects cellular func-
tions, possibly due to the high charge den-
sity of the expanding repeat. The new, gain-
of-function protein can wreak havoc on cel-
lular processes such as nuclear export, RNA
and DNA binding, or membrane transport.

Expansions of these triplet repeats can
also occur outside the coding region, but in
these instances new proteins are not pro-
duced. Within this group of disorders,
myotonic dystrophy is a particular curiosity.
In this disease, the expansion occurs in the

untranslated region of the transcript, after
protein coding has occurred, and can in-
crease the mRNA by 6 kilobases or more. As
this expansion gets progressively larger in
one of the alleles, the resulting pathology of
the disease becomes proportionately more
severe. This behavior begs for a new model
of molecular cytopathology. Such a model is
provided by Philips, Timchenko, and Coo-
per on page 737 of this issue. They propose
that the gain of function in myotonic dys-
trophy is at least in part a result of disrupted
activity of a CUG-binding protein induced
by the repeats in the RNA, which prevents
it from doing its normal job of splicing a cer-
tain family of genes.

The new proposal is not the first; various
models have been readily forthcoming since
the first description of these diseases. None
has been sufficient to explain the molecular
etiology. The expansion most likely occurs
initially in the germ cells or early embryos,
where the DNA polymerase may “stutter”
on the repeats and, in doing so, expand
them. Some models rely on DNA-based
mechanisms to explain the pathology of
these diseases—changes in chromatin orga-
nization because of nucleosome positioning,
stalling of the RNA polymerase, or suppres-
sion of other genes nearby. But these models
cannot explain the trans-dominant effect of
the allele, the effect of one abnormal gene
on the functioning of the whole cell.

Another DNA mechanism is possible.

SCIENCE e VOL. 280 « 1 MAY 1998 ¢ www.sciencemag.org



The disrupted expression of one allele could
result in haplo-insufficiency of the protein
(not enough protein is produced because in
effect there is only a haploid dose of the
gene); in the case of myotonic dystrophy the
protein kinase (DMPK) synthesized from
the remaining allele would be present in the
cell in half the normal amount. It is diffi-
cult, however, to imagine how such extreme
variability in the disease—from mild through-
out adulthood to fatal early in life—could
result from a protein that varies from a half
to full dose. In addition, no point mutations
in this gene reproduce the disease, indicat-
ing that the pathology is not primarily due
to inadequacies of the protein product.
[Data from animal models that resemble
myotonic dystrophy suggest that a disrup-
tion of one or both DM genes can cause
some muscle pathology (2), but gene dosage
alone cannot explain the entire effect.]

The most likely explanation for the pa-
thology of myotonic dystrophy is that the
expansion in the untranslated region of the
DMPK mRNA is like the expansion in the
coding region: It leads mainly to a gain of
function. Transcripts from the expanded
gene accumulate in the nucleus of both cul-
tured cells and biopsied tissues from patients
with myotonic dystrophy (see the figure)
(3). In the nucleus, these transcripts cannot
make the appropriate cytoplasmic protein,
and therefore their sequestration results in a
haplo-insufficiency. But in addition, these
repeat expansions could also cause a new
problem: They can build up within the
nucleus, possibly to toxic levels, exerting a
trans-dominant effect on cellular processes.
Their influence would be particularly acute
in differentiated cells, such as muscle and
nerve, which not only express high levels of
this transcript, but which no longer divide
and cannot therefore dispose of this accu-
mulated RNA during the breakdown of the
nucleus during mitosis. If the toxicity results
from the burden of these excess CUG re-
peats, the correlation between disease sever-
ity and repeat length is easy to explain—
more CUG repeats cause a more severe
gain-of-function phenotype.

But how might the repeats result in a
gain of function? One hypothesis proposes
that the repeats bind to a protein required
for normal cellular function (4), and in fact
they are in the nucleus in an insoluble form,
not easily extracted by reagents that dissolve
nuclear components such as DNA or DNA-
bound proteins (5). And the new results by
Philips et al. relate protein binding to the
repeat to a specific gain of function. The au-
thors implicate a CUG-binding protein
(CUG-BP) in the specific splicing of a fam-
ily of genes containing a few CUG repeats
near an exon; one member of this category is
the cardiac form of troponin T (6).
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Two patients with myotonic dystrophy
were analyzed, one with congenital disease
and the other homozygous for the expan-
sion. Cells from both patients contained in-
creased amounts of an aberrant transcript of
cardiac troponin T (¢TNT) that inappropri-
ately included exon 5, normally spliced
out during embryogenesis. A constitutively

Stuck in the nucleus. In situ hybridization in
muscle cells derived from a patient with
myotonic dystrophy reveals aggregates of a tri-
nucleotide repeat in the nucleus. See (3, 5) for
details. [Photo: K. L. Taneja]

spliced minigene containing a genomic frag-
ment containing exon 5 of the human car-
diac TNT was transfected into normal or
DM primary muscle cells. Transcripts con-
taining exon 5 were increased in DM cells
relative to normal cells, and this increase was
abolished when the CUG was mutated to
CAG. The inclusion could be mimicked in
normal cells by expressing the CUG-BP, or
by transfecting increasing amounts of repeats,
along with the minigene. Further evidence
that the CUG-BP is the trans-acting factor
comes from its in vitro binding to CUG mo-
tifs located within a 34-nucleotide region
downstream of the alternative exon. Interest-
ingly, an expansion in an intron may also dis-
rupt splicing in the newest addition to the re-
peat diseases, Friedrich’s ataxia (7). It is not

known whether RNA-binding pro- %
teins may be implicated in this or other
triplet-repeat diseases.

All of this suggests that something is go-
ing on in the nucleus of cells from these pa-
tients with myotonic dystrophy. Possibly,
this nuclear CUG-BP may be titrated out by
the excess nuclear CUGs of the expansion,
resulting in defective regulation of those
genes that depend on the CUG-BP for their
proper processing. Yet, because increased
CUG-BP is associated with the disease, it is
difficult to reconcile this mechanism with a
trans-dominant model in which repeat
length is correlated with disease severity.
The CUG-binding protein accumulates in
the nucleus of affected cells from patients
(8), and this may be correlated in some as
yet unknown way with the repeat expan-
sion. Additional modifications to the CUG-
BP, or its isoforms, such as phosphorylation
may interfere with its intrinsic splicing ac-
tivity. The CUG-BP is present in most cells
of the organism, consistent with the
multisystemic nature of the disease—both
neuromuscular pathology and myocardi-
opathy are well described in this disease.
The results predict that exons that contain
this common CUG-repeat motif required
for splicing would be present in genes ex-
pressed in nervous tissue as well.

Still unexplained is how the mechanism
may relate to disease pathology and wheth-
er it is a cause or an effect. Although there
is nuclear build-up of CUG repeat tran-
scripts, the CUG-BP should colocalize
with these foci of transcript aggregation
(4)—which might be expected of a CUG-
binding protein. Intranuclear inclusions of
protein, however, are found in brain neu-
rons of patients with Huntington’s disease
and in a transgenic animal model of the
same disease, also caused by a repeated
polyglutamate tract (9). A common feature
of triplet-repeat diseases may be protein or
protein-RNA complexes in the nucleus. All
of these considerations solidify the gain-of-
function model, but still leave room for
many more questions to be answered.
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