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Abstract

To investigate whether an untranslated
CAG repeat expansion has pathogenic effect
in vivo, we generated transgenic mice
expressing muscle-specific EGFP transcripts
with different sizes of CAG repeats in its
3 -untranslated region. While the expression
levels of the EGFP transcripts were
comparable in al transgenic lines, the EGFP
protein levels were significantly reduced in
mice expressing 200 CAG repests.
Histochemical analysis of the muscle reveaed
atypical cell morphology, as well as altered
activities of succinate dehydrogenase and
NADH reductase in CAGyp mice. Muscle
weakness, as assessed by grip strength and
cage activityy and aberrant muscle
differentiation, as assessed by up-regulation of
MyoD, Myf5, myogenine and CHCR, were
observed in adult CAGyy mice. Furthermore,
CAGyp0 mice exhibited nerve evoked muscle
contracture in the presence of glucose, which
was not seen in normal or control mice. These
results demonstrate, for the first time, that
untranslated CAG repeat expansion in an
unrelated mMRNA can result in pathogenic
effects in mice, consistent with an RNA
gain-of-function mechanism. It also suggests a
possiblerole for untranslated CAG expansions
in human disorders.
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A growing number of human neuro-
muscular disorders have been found to be
caused by expansion of unstable trinucleotide
repeats (1). According to the location of the
expansion, these trinucleotide repeat disorders
are grouped into two categories. In the first
category the repeat expansion is located in the
coding region of the affected gene, resulting in
amutant protein with long track of amino acid
homopolymers, such as “polyglutamine” from
CAG repeats. These include Huntington's
disease (HD), spinal and bulbar muscular
atrophy (SBMA), dentatorubral pallidoluysian
atrophy (DRPLA), and spinocerebella ataxias
SCAs -1, 2, 3, 6, 7, etc (2). In the second
category the expansion is in the non-coding,
or untranslated region (UTR). Examples
include CGG or CCG expansion in fragile X
syndrome (FRAX), GAA expansion in
Friedreich’s ataxia (FRDA), CTG expansion
in myotonic dystrophy type 1 (DM1) and
SCA8, and an unusua CAG expansion in the
5UTRin SCA12 (3).

The mechanism by which expanded
repeats lead to the pathogenic phenotype is
complex and depends on the location of the
repeat within a gene. Most CAG expansions
are less than 150 repeats, located in coding
regions and are trandlated into polyglutamine
tracts within the corresponding protein.
Recent lines of evidence suggest that aggre-
gates of polyglutamine, protein misfolding
and transcriptional dysregulation result in
neurona cell toxicity (2). In addition, loss of
neurotrophic support due to reduced protein
activity by polyglutamine expansions may
also contribute to the pathogenesis of neuro-
degeneration (4). On the other hand, CTG
expansions are usualy very large and located
exclusively outside coding sequences. The
most intensively studied disorder in this

category is DM1, which appears to involve a
RNA gain-of-function mechanism.

DM1 is a multisystemic disorder charac-
terized by skeletal muscle wasting and myo-
tonia, cardiac conduction defects, insulin
resistance and cataracts (5). It is caused by an
expansion of CTG repeat in the 3'-UTR of the
DMPK gene (6). This region overlaps the 5
end of a neighboring homeodomain- encod-
ing gene, X5 (7). Haploinsufficiency of the
DMPK protein and altered expression of X5
have been demonstrated to contribute to
partial DM1 phenotypes, for example, progre-
ssive myopathy, atrioventricular conduction
abnormalities (8) and cataracts (9). However,
absence of the maor feature of DM,
myotonia, suggests that additional
mechanisms must be involved. In support of
this notion, mice expressing mRNA with long
CUG repests in the 3'-UTR of either DMPK
or an unrelated transgene produce myotonia
and myopathy (10,11), indicating that
transcripts with expanded CUG repeats are
pathogenic. Moreover, expansion of CCTG
repeats in a second locus (DM2) aso leads to
aclinical presentation that is strikingly similar
to DM1 (12). Together these findings point to
an important role for RNA gain-of-function in
DM pathogenesis.

Although current data strongly suggest
that proteins with expanded polyglutamine
tracts are key players in CAG repeat disorders,
they do not rule out the possibility that
expanded CAG RNA is contributing to the
pathogenesis process. Indeed, CAG repeat
RNAs are predicted to form stable secondary
structures similar to those detected in DM1
(13), and RNA-binding proteins that specifi-
caly interact with CAG-repeat sequences
have been reported (14). Genetic evidence that
RNA-binding proteins are involved in poly-
glutamine disorders comes from a Drosophila
model of SCA1 (15). Screening for genes that
modify SCAZl-induced neurodegeneration
leads to the identification of genes that encode



RNA-binding proteins, suggesting that atera-
tion of RNA processing is relevant to SCA1
pathogenesis (15).

To address whether untranslated CAG
expansions are pathogenic in vivo in a
trans-dominant manner, we generated trans-
genic mice expressing muscle-specific trans-
cripts of the EGFP gene, of which no CAG
repeat (CAGo), 23 repeats (CAGys) or 200
repeats (CAGoe) were inserted in the
3’ -untranslated region. Our results demon-
strate that expanded CAG RNA can result in
pathogenic effects in vivo through a trans-
dominant mechanism, suggesting a possible
role for untranslated CAG expansions in
human disorders.

BRI

To investigate the physiological effect of
untranslated CAG  trinucleotide  repeat
expansion, we first generated constructs
containing the enhanced green fluorescent
protein (EGFP) gene, either without any CAG
repeats (designated as CAGy), or with 23 or
200 CAG repeats (designated as CAGy3 and
CAGyn, respectively) inserted in its
3’ -untranslated region. The EGFP gene is
placed downstream of the gamma-sarcoglycan
(gsg) promoter, which has been shown to
direct strong gene expression in the skeletal
muscle during mouse devel opment (16). Three
transgenic founder animals with CAGy, seven
with CAG,3 and six with CAGygo transgenes
were produced and were bred to establish
independent lines.

RNA isolated from various tissues was
subjected to RT-PCR andysis. The EGFP
transcripts were present in heart, skeletd
muscle, diaphragm, testis and ovary. All
transgenic lines exhibited entirely the same
patterns of tissue distribution. By Northern
blotting using RNA isolated from the skeletal
muscle, the length of the EGFP transcript
from CAGyqo lines is about 1.7 kb, which is
600 bp longer than that from CAGy lines as

expected. There was no noticeable difference
in the levels of these two transcripts. Using
B-tubulin as loading controls, however, the
EGFP protein levels were significantly
reduced in tissue extracts of all CAGy lines
by Western blotting. This decreased protein
expresson also reflected in the low
fluorescence intensity of EGFP in CAGux
lines under a fluorescent microscope. Thus,
expression of the EGFP transcript with long
CAG repests in 3'UTR resulted in decreased
protein expression.

Histological evaluation of the muscle
morphology revealed no signs of fibrosis,
inflammation or regeneration in muscle fibers
ofn al mice. In the control mice, the shape
and size of muscle fibers were homogeneous
and most nuclel were situated peripherally. In
CAGy mice, muscle fibers of various size
and shape, increased intermyofibril connective
tissues, split fibers and centronucleated fibers
were observed. The peripheral nuclei appeared
larger and the relative nucleus/fiber ratio was
increased (the nucleus/fiber ratio for NT and
CAGy mice in a cross section were
1.049+0.025 and 1.023+0.025, respectively,
versus 1.413+0.044 and 1.424+0.058 for two
CAGyylines, p<0001)

By a modified SDH reaction using
phenazine methylsulfate, fibers with heavy
staining known as “ragged blue” fibers were
observed in sections from CAGggolines. These
fibers reflected a marked excess of
mitochondria and were not seen in the control
muscle. The fibrillar network of NADHR
reactivity in CAG,o muscle was irregular as
compared to controls, and many fibers (both
type | and type Il) displayed an unusual
“hollow” pattern where NADHR activity was
lacking in one or more area in the fibers.
These features are somewhat reminiscent of
oligomitochondrial disease where focal lack
of mitochondria results in so-caled
“moth-eaten” fibers. In addition, by ATPase
staining, predominance of type | fibers and



type grouping were also observed in CAGax
muscle.

Mice carrying the CAGyo construct did not
show overt phenotypic difference from the
CAGp and NT mice. However, some of the
CAG,0 mice occasionaly displayed bizarre
postures and intermittent convulsions. When
assayed by a locomotor activity test and a
narrow bar hang assay (17), CAGyo mice
showed reduced cage activity and muscle
weakness, as they crossed less number of
squares per minute and became fatigue and
fell in less time than control animals,
respectively. Mean litter size was close to
control in al CAGgqo lines (7.6 pups per litter
for 20 litters versus 8.4 pups per litter for 31
litters in CAGo), whereas breeding efficiency
was greatly reduced. The time needed to get a
litter born from heterozygous CAGo0-NT
cross ranged from 6 to 8 weeks, compared to
3 to 4 weeksfrom CAGp or NT animal cross.

To examine muscle differentiation at the
molecular level, we investigated the
expression pattern of myoD, myf-5 and
myogenin in the skeletal muscle of neonatal
and adult CAGyyp and control mice. By
RT-PCR, the expression of these genes was
readily detected in neonatal tissues but was
down-regulated in adult tissues normally. In
CAGy0 mice, however, expression of these
genes remained high in adulthood even at 8
months of age. Recently a novel muscleblind-
related gene, CHCR, was identified as an
inhibitor of muscle differentiation (18).
Expression of CHCR was low in adult muscle
tissues of NT and CAGy mice, consistent with
the previous report that CHCR mRNA is
nearly undetectable or greatly reduced in
differentiated NM14 and C2C12 cells (18),
whereas its expression was dramaticaly
increased in muscle of adult CAGye mice.
These results, together with the histological
data, suggest that muscle differentiation in the
CAGgyp0 miceisimpaired.

To determine if there were defects in
muscle membrane conductance in CAGaug
mice, sharp microelectrode recordings were
performed on excised diaphragm muscle
fibers. A single action potential was triggered
in both NT and CAGyq fibers. There was no
difference in the current threshold and latency,
indicating that muscle membrane conductance
was not impaired by untranslated CAG
expanson. Because the patterns of
mitochondrial enzyme activity were altered in
CAGgo00 muscle, we then measured the muscle
contracture by nerve-evoked stimulation (19).
Contracture of isolated phrenic-nerve
diaphragm was induced significantly by 5 Hz
nerve-evoked stimulation for 20 min in
CAGyo but not NT or CAGy mice. As a
control, both CAG,p and NT mice produced
muscle contracture by the same stimulation
with glucose-free Krebs solution.

z ~ =% piFE

The main goal of the second year of this
project is to analyze the phenotypes of the
transgenic mice and investigate the
molecular mechanisms. So far the progressis
good. We have gathered sufficient significant
data. Because the results demonstrate for the
first time that untranslated CAG repeat is
pathogenic, these data are novel and highly
competitive. A manuscript of this study is
being prepared for publication and hopefully
will be submitted by the end of July. We
have begun the screening of possible
downstream molecules involved in the
pathogenesis process, which is part of the
third year’s work. We will keep progress in
analyzing the possible candidate genes
responsible for the phenotypes observed.
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