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Abstract We have utilized Caenorhabditis elegans as a
model to investigate the toxicity and underlying mecha-
nism of untranslated CAG repeats in comparison to CUG
repeats. Our results indicate that CAG repeats can be toxic
at the RNA level in a length-dependent manner, similar to
that of CUG repeats. Both CAG and CUG repeats of toxic
length form nuclear foci and co-localize with C. elegans
muscleblind (CeMBL), implying that CeMBL may play a
role in repeat RNA toxicity. Consistently, the phenotypes
of worms expressing toxic CAG and CUG repeats,
including shortened life span and reduced motility rate,
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were partially reversed by CeMbl over-expression. These
results provide the first experimental evidence to show that
the RNA toxicity induced by expanded CAG and CUG
repeats can be mediated, at least in part, through the
functional alteration of muscleblind in worms.
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Introduction

Expansion of CAG trinucleotide repeats is associated with
a number of dominantly inherited neurodegenerative dis-
eases, including spinocerebellar ataxias (SCAs) and
Huntington’s disease (HD). The CAG repeats in most of
the disease alleles are translated into polyglutamine (pol-
yQ) tracts with a repeat range of 40-200. It has been
widely accepted that the mutant proteins with polyQ tracts
form aggregates that cause gain-of-function toxicity.
However, not all diseases with clinical phenotypes similar
to polyQ diseases have been found to be caused by coding
CAG expansions. For example, SCAS8 is caused by a CTG
expansion, which may generate CUG repeat-containing
transcripts from one direction and mutant polyQ proteins
from the other direction [1]. SCA12 is caused by a CAG
repeat expansion in the 5'-untranslated region (UTR) of the
protein phosphatase 2 regulatory subunit B (PPP2R2B)
gene [2]. In addition, Huntington’s disease-like-2 (HDL-2)
is caused by a CTG expansion in the junctophilin-3 gene,
and the location of the expansion is in the coding or
intronic region, depending on the alternative splicing pat-
tern.[3]. These findings have raised a wide discussion as to
whether CAG and CTG repeat expansions can induce a
common RNA pathogenic mechanism [4-8].
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The involvement of an RNA mechanism in the patho-
genesis of trinucleotide repeat expansion diseases was first
demonstrated in myotonic dystrophy type 1 (DM1), which
is caused by an expansion of CTG repeats in the 3'-UTR of
the dystrophia myotonica protein kinase (DMPK) gene
[9, 10]. In the normal population, the number of repeats
ranges from 5 to 37. Most disease alleles in classical DM1
patients contain more than 100 repeats. The expanded CUG
repeat RNA forms a double-stranded hairpin structure and
alters the activities of two protein families, the muscle-
blind-like (MBNL) and CUGBPI1/ETR-3-like factors
(CELF), that act antagonistically during alternative splic-
ing of specific pre-mRNAs [11-15]. The activity and
steady-state levels of CUGBPI are increased in DMI1
muscle [16], due to protein kinase C (PKC)-mediated
phosphorylation [17]. Consistently, over-expression of
CUGBPI in a mouse model reproduces DM1 pathological
features and leads to the DM splicing patterns [18].

Muscleblind was initially identified as a protein that
participates in the organization of Z-bands and that is
required for photoreceptor function and muscle differenti-
ation in Drosophila [19, 20]. Its mammalian homologs were
subsequently found to function as splicing regulators [15].
Three human muscleblind-like genes (MBNLI1, 2, and 3)
were identified and all have been shown to bind to tran-
scripts containing expanded CUG repeats [21]. Different
MBNL proteins seem to have distinct functions. Whereas
MBNLI1 promotes muscle differentiation, MBNL3 appears
to function in an opposing manner to inhibit the expression
of muscle differentiation markers. MBNL2 is involved in
the RNA-dependent localization of the integrin o3 protein
[22-24]. MBNLI knockdown caused muscle, eye, and
splicing defects that are typical of DM1, indicating that the
functional alteration of MBNLI is critical for DM1 patho-
genesis [14]. In support of this notion, over-expression of
MBNL1 was shown to reverse myotonia and RNA mis-
splicing in the DM 1 mouse model [25]. As in DM1, MBNL
proteins are also involved in the pathogenesis of DM2, a
second form of DM caused by a CCTG repeat expansion in
intron 1 of the zinc-finger protein 9 (ZNF9) gene [26]. The
CCUG repeat-containing transcript also forms a stable
hairpin structure that recruits MBNL, which leads to altered
splicing [27, 28]. Similar to CUG and CCUG repeats,
expanded CAG repeat RNAs can form a hairpin secondary
structure in vitro [29] and nuclear foci in cultured cells [30].
Additionally, MBNL1 binds to CAG repeat RNA with
comparable affinities to CUG repeats [31, 32]. Thus, it
seems possible that CAG repeat RNA might induce toxicity
through a mechanism similar to that of CUG repeats.

The RNA toxicity of CAG repeats has been tested in
Drosophila models. Although the expression of untrans-
lated CAG93 repeats did not affect the external
morphology of the eye [33], the expression of untranslated

CAG100 repeats caused the neural dysfunction of internal
retina cells [34]. These findings suggest that an RNA
mechanism participates in the pathogenesis induced by
expanded CAG repeats in a cell-type specific manner.
However, although the muscleblind protein is suspected to
mediate the CAG repeat RNA toxicity, no such evidence
has been provided. An abnormal splicing pattern was not
found in either COSM6 cells or in flies expressing
expanded CAG repeats [30, 34], which argues against the
hypothesis that CAG and CUG repeat RNA toxicity are
mediated through a common mechanism.

The nematode worm Caenorhabditis elegans has been
used as a model for both polyQ and DM1 diseases [35-38].
In addition, knocking down the expression of C. elegans
muscleblind (CeMbl) induced phenotypes similar to those
caused by toxic CUG repeats [39], implying that CeMBL
plays a role in the RNA toxicity of expanded CUG repeats.
In this study, we have utilized C. elegans as a model to
demonstrate that CAG repeats can be toxic at the RNA level
in a length-dependent manner. We also provide the first
experimental evidence that indicates that CeMBL partici-
pates in both CAG and CUG repeat-induced RNA toxicity.

Materials and methods
Transgenic plasmid constructs

To investigate the RNA-induced effect of the repeats on
muscles, the pPD118.20 vector was used as a control
plasmid; in this vector, the GFP gene was driven by the
myo-3 promoter. The plasmids myo-3::gfp(CAG)s and
myo-3::¢fp(CTG)s were constructed by annealing equal
amounts of two synthetic oligonucleotides, 5'-CCGGA
(CTG)sT-3" and 5-CCGGA(CAG)sT- 3, and then insert-
ing them into the BspEI site of the pPD118.20 vector. The
other constructs with longer CAG and CTG repeats were
obtained by PCR using (CTG);q and (CAG),; as primers.
The plasmid myo-3::gfp-A contains a 361 bp 1 DNA
fragment (nucleotide sequence 36992-37362, GeneBank
accession no. NC_001416) inserted into the BspEI site of
the pPD118.20 vector using a PCR-cloning method [38].
To investigate if CeMBL participates in a repeat RNA
effect, unc-54::mCherry(CeMbl) expression plasmids,
which contain CeMbl-a or CeMbl-b cDNA that is inserted
into the Kpnl and EcoRV sites of the mCherry gene and
driven by the unc-54 promoter, were constructed.

Caenorhabditis elegans protocols
Transgenic animals were produced by standard transfor-

mation techniques [40], and the animals were grown and
maintained following standard methods [41]. For CAG200
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transgenic animals, morphological defects of F1 dead
embryos and growth-retarded larvae were observed using a
40x objective on a Zeiss Axioskop 2 microscope. The
preparation of synchronized cultures and animals of
specific stages was performed using an alkaline hypo-
chlorite method [42]. Double transgenics were produced by
co-injection of equal amounts of myo-3::gfp(CAG),,s or
myo-3::8fp(CTG) ;s plasmid and wunc-54::mCherry or
unc-54::mCherry(CeMbl) plasmid at a concentration of
20 ng/ul of each plasmid. The unc54::mCherry plasmid
was used as an injection control. Transgenic worms
expressing both GFP and mCherry were confirmed using
an Olympus SZX12 dissection fluorescence microscope,
and F2 worms were used for phenotype analysis.

RNA interference experiments

For the RNAI assay, the L4440 (pPD129.36) plasmid was
used as a feeding vector. The RNAi construct targeting
CeMbl was prepared as described previously [39]. To pre-
pare the RNAIi constructs targeting CUG and CAG repeat-
containing transcripts, (CTG/CAG);, and (CTG/CAG),s
repeat fragments were EcoRI-digested from the myo-3::gfp-
(CTG);3; and myo-3::gfp-(CTG)»5 plasmids, respectively,
and then inserted into the L4440 vector. The GFP RNAi
plasmid contains a 829 bp gfp DNA fragment, which was
amplified from the myo-3::gfp plasmid using primers 5'-CT
TTTCACTGGAGT TGTCCC-3' and 5'-CAGCTGCTGGG
AT TACACATG-3'.

To perform RNAI, bacteria HT115 (DE3) containing the
specific RNAi plasmid were served as the food source. L4
worms were cultured on IPTG plates (which may induce
the expression of double-stranded RNA) for 36 h and then
transferred to standard NGM plates.

Phenotypes

The life span was defined as the interval between the time
the animal hatched and the time it died (that is, it stopped
moving for more than 1 h and did not respond to contact
stimulation). Brood size means the number of offspring
produced from F2 or F3 animals. Data are given as +SD.
The musculature was examined by using a phalloidin
staining protocol as described by Waterston [43]. To
quantify the number of abnormal muscle cells, only the 40
centermost cells from the two muscle quadrants facing the
objective were observed from each adult animal. Photo-
graphs were taken on a Zeiss Axioplan fluorescence
microscope using a 100x objective. To examine locomo-
tion, L4 worms were picked to fresh spread plates and their
tracks were recorded after 24 h using a Zeiss Stemi SV11
dissection microscope at 20x magnification. Motility rate
represents the number of S-form body bends performed in

3 min at 22°C. All phenotype analyses were performed in a
working room kept at 22°C.

Transmission electron microscope

Treatment of worms for electron microscopic observa-
tion was performed as described previously with minor
modifications [44]. Briefly, worms were fixed in 4%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cac-
odylate buffer at room temperature overnight. Samples
were postfixed in 2% osmium tetroxide in 0.2 M caco-
dylate buffer containing 0.2 M sucrose. The fixed worms
were embedded in 1% agarose, sectioned, stained, and
examined using a JEM1200EX (JEOL) at 75 kV.

Immunohistochemistry

Whole worms were fixed with Bouin’s fixative according
to the protocol described previously [45]. The fixed worms
were blocked in AbA solution (1x PBS, 1.0% BSA, 0.5%
Triton X-100, 10 mM NaN3) and then incubated with an
anti-vinculin antibody (Santa Cruz, 1:200 dilution in AbA)
at 4°C overnight, followed by three washes in PBST. After
incubation with a TR-conjugated secondary antibody
(Santa Cruz, 1:200 dilution in AbA) for 6 h at room tem-
perature, the worms were washed, and the dense body
alignment was visualized under a fluorescence microscope
(Zeiss Axioplan).

Fluorescence in situ hybridization
and immunofluorescence staining

The fluorescence in situ hybridization protocol was modi-
fied from Albertson et al. [46]. Briefly, worms were washed
and fixed in fixation solution for 6 h and then dehydrated
through a series of 20% increments of methanol:fix solu-
tion into 100% methanol, incubating for 10 min with
rotation. Frozen worms were rehydrated through 20%
increments of PBST (PBS with 0.1% Tween 20):methanol
into PBST, then washed three times with PBST and two
times in 5% f-mercaptoethanol/PBST for 5 min. After
being fixed in freshly prepared 2% paraformaldehyde/PBS
for 20 min, worms were washed and incubated sequentially
in 1:1 hybridization solution, PBST, and hybridization
solution for 20 min, and then pre-hybridized in hybrid-
ization solution for 1 h at 37°C. Hybridization was carried
out with a Cy3-labeled probe (1 ng/ml) in hybridization
solution (hybridization solution: 100 pg/mL ssDNA,
500 pg/ml yeast tRNA, 50 pg/mL heparin, 0.1% Tween
20, 50% formamide, 9.2 mM citric acid, 5x SSC) at 45°C
overnight. After post-hybridization washes, the slides were
pre-blocked in 5% BSA/PBS for 1 h followed by a wash
with PBS. Afterwards, slides were incubated with the
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primary anti-CeMBL antibody (in 5% BSA/PBS) at 4°C
overnight, washed three times with PBS and incubated with
the FITC-labeled goat anti-rabbit IgG (Santa Cruz) (1:100
dilution in 5% BSA/PBS) at room temperature for 4 h.
Following the incubation, the slides were washed three
times with PBS, and the nuclei were stained with DAPI and
visualized under a confocal fluorescence microscope (Zeiss
510 Meta).

RNA extraction, semi-quantitative RT-PCR,
and real-time RT-PCR

Total RNA was extracted using TRI reagent (Molecular
Research Center) according to the manufacturer’s protocol.
Complementary DNA was then prepared from an average
of 2 ng total RNA using the Superscriptlll cDNA first
strand synthesis kit (Invitrogen). Semi-quantitative and
real-time RT-PCR were performed using the primers
described in Supplementary Table 1.

Real-time PCR was conducted with previously estab-
lished procedures [47, 48]. The final PCR mixture
contained 2.5 pl each of forward and reverse primer (final
concentration, 500 nM), 12.5 pl of 2x SYBR PCR mix
(Applied Biosystems), 5 pl of sample, and 2.5 pl of
desterilized water. Real-time PCR was performed with an
ABI Prism 7700 machine (Applied Biosystems) and uni-
versal cycling conditions (2 min at 50°C, 10 min at 95°C,
and 40 cycles of 15 s at 95°C and | min at 60°C).

Protein extraction and Western blot analysis

Worms were harvested in lysis buffer (125 mM Tris-HCl
pH 8.0, 4% SDS, 5% p-mercaptoethanol, 10% glycerol).
Protein concentration was measured using the Bio-Rad
protein assay kit. A 20 pg aliquot of total protein was
loaded on a 10% acrylamide gel and transferred to PVDF
membranes. DEB-1/vinculin was detected using a vinculin
polyclonal antibody (N-19) (Santa Cruz) at a dilution of
1:5,000. PolyQ protein was detected using a polyQ
monoclonal antibody (MAB1574, Millipore, cat#92590) at
a dilution of 1:3,000. Horseradish peroxidase (HRP)-con-
jugated anti-goat IgG (Santa Cruz) was used as a secondary
antibody at a dilution of 1:5,000. GFP and actin were
detected as described previously [38].

Results

Untranslated CAG repeats cause cellular toxicity
in a length-dependent manner

To investigate if CAG repeats can be toxic at the RNA
level, transgenic worms expressing the green fluorescent

protein (GFP) gene, which is driven by the body wall
muscle-specific promoter (myo-3) and contains various
lengths of CAG repeats (0, 5, 30, 83, 125, and 200 repeats)
in the 3’-UTR, were generated (GFP, CAG5, CAG30,
CAGS83, CAGI125, and CAG200). Meanwhile, worms
expressing 5 or 125 untranslated CTG repeats (CUGS and
CUG125) or a 361-bp DNA fragment from the / genome
(4) in the same background were produced for comparison.
It was previously shown that CUGS worms were normal
and CUG125 worms displayed a growth-dependent muscle
phenotype [38]. The 4 worms were used to test if there was
any nonspecific effect that might be caused by an unrelated
sequence of comparable size.

Most worms died within a few days after receiving the
plasmid containing 200 CAG repeats. Only a small portion
of CAG200 worms survived and laid eggs. However, most
eggs stopped development at the three- to fourfold
embryonic stage, and those that hatched showed retarded
growth with an abnormal body shape (Fig. la: g, i, k) as
compared with wild type. Examination of the transgene
expression by using fluorescence microscopy revealed an
uneven distribution of fluorescent signals in the CAG200
worms (Fig. la: h, j, 1), in contrast to the even distribution
of signals in the GFP worms (Fig. la: b, d, f), which
indicated that the muscle development of CAG200 worms
was severely disrupted. All CAG200 F1 animals died
within 5 days after hatching and produced no offspring.

Although CAG125 worms had a normal body shape,
they showed a shortened life span, reduced brood size, and
abnormal muscle function. The defects were caused by
specific CAG sequences because the 4 worms developed
normally and showed comparatively normal phenotypes
(Table 1). The CAG125 worms showed uncoordinated
movement as indicated by irregular and heavy tracks left
on the culture plate (right upper panel in Fig. 2a). This
deviated locomotion behavior was often found in adult
worms but rarely observed in larvae. Consistently, exami-
nation of the musculature by staining worms at different
developmental stages with a filamentous actin (F-actin)
marker, phalloidin, revealed an age-dependent muscle
defect (Fig. 2b), which was characterized by a wave-like,
rather than long and straight, staining pattern and a loss of
discernable spindle shape cells (right lower panel in
Fig. 2a). While only approximately 13% of CAGI125
worms had one to two abnormal muscle cells at the L2 and
L3 stages, up to 80% of young adults had more than three
abnormal muscle cells. This growth-dependent effect is
similar to that of CUG125 repeats [38]. The organization of
muscle cells in CAG125 and CUG125 worms was further
examined by electron microscopy. Compared to the wild-
type muscle, the most commonly observed defect in
affected muscles was the disintegration of dense bodies
(equivalent to mammalian Z-bands). The dense bodies
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Fig. 1a-d The expression of transgenes in C. elegans. a Defective
development of CAG200 transgenic worms. Representative Nomarski
images and GFP expression of transgenic animals at the threefold
stage (a, b, g, h), the embryonic stage before hatching (c, d, i, j), and
the late L2 stage (approximate 22 h after hatching at 22°C) (e, f).
g—j CAG200 embryos at approximately the same stage as those in
a—d, respectively. They failed to elongate further and remained
unhatched. The animal in &, [ was a CAG200 larva at ~4 days after
hatching. Although it was able to feed, it remained paralyzed and had
abnormal morphology. Scale bar 10 pm. b Fluorescence images of
GFP and CAG125 worms at different growth stages. ¢ Western blot
analysis of GFP protein. d Quantitative RT-PCR analysis of the GFP
mRNA level at the young adult stage. This experiment was repeated
three times using RNA extracted from three independently produced
transgenic lines. No significant difference in the transgene RNA
expression was observed between GFP worms and other transgenic
worms. Actin protein and mRNA were used as an internal control in
¢ and d, respectively

became fragmented and obscure or even disappeared, as
shown in Fig. 2c and Suppl. Fig. la. DEB-1, a C. elegans
homolog of vinculin, is a basal component that anchors
F-actin to the dense bodies and plasma membrane of
muscle cells. Consistently, immunofluorescence staining
using an anti-DEB-1 antibody revealed that the dense body
alignment was significantly disrupted in CAGI125 and
CUGI125 worms (Fig. 2d and Suppl. Fig. 1b).

In contrast to the severe defects of CAG125 worms,
CAG83 worms had relatively normal brood size, muscle
structure, and function (Table 1 and data not shown).
However, they showed a shorter life span than GFP worms
(103 £ 0.2 vs. 17.0 £ 1.9 days, P < 0.01), suggesting
that the expression of CAGS83 repeats is adverse to lon-
gevity. All phenotypes examined (including life span,
brood size, and muscle structure and function) were normal

Table 1 The effect of untranslated CAG repeats on C. elegans is

length-dependent

Transgenic Life span Brood size Relative
animals (days) motility rate®
GFP 170 £ 1.9 197.6 + 12.0 1

CAGS 153 £ 09 1933 £ 5.5 0.98

CAG30 158 £ 2.1 177.6 £ 7.5 0.94

CAG83 10.3 £ 0.2* 188.7 + 10.7 0.99
CAGI125 7.8 £ 0.3* 102.9 £+ 12.9% 0.64*
CAG200 <5% 0%* Not determined
CUGS5 17.8 £ 0.2 186.0 £ 6.2 0.98
CUGI125 7.8 £ 0.3* 94.8 &+ 4.5% 0.61*

A 14.8 £ 0.8 148.4 + 6.7 0.99

All CAG200 F1 animals died within 5 days after hatching and pro-
duced no offspring

* Statistically different from the GFP animals using Student’s z-test,
P < 0.01

4 Relative motility rate represents the ratio of the number of S-form
body bends performed by transgenic worms to that by GFP animals in
3 min at 22°C

for the worms expressing 5 and 30 repeats. These results
suggest that there is a positive correlation between repeat
size and phenotype severity induced by untranslated CAG
repeats.

The effect of untranslated CAG repeats
on the transgene expression occurs
at the post-transcriptional level

The presence of untranslated CTG repeats in the 3’-UTR of
the GFP gene was shown to reduce the GFP protein level,
but not the RNA level, in a length-dependent manner [38].
To check if CAG repeats cause a similar effect on GFP
gene expression, we examined the fluorescence signal
during worm development. While GFP and CAGS5 worms
showed a constantly detectable fluorescence throughout
development, the fluorescence signal of CAG125 worms
became almost invisible as early as the L3 stage (Fig. 1b).
The inverse correlation between GFP protein level and the
repeat length was further confirmed by Western blot
analysis (Fig. 1c). In addition, the Western blot data
revealed that the GFP protein in CAG125 and CUGI125
worms is the same size as in GFP worms, indicating that
untranslated CAG125 and CUG125 repeats are not incor-
porated into GFP. To further confirm that CAG transgene
was not translated into polyQ protein, we have performed
Western blot analysis using total protein extracted from
CAGS83, CUGS3, and Q78 transgenic worms and antibody
against polyQ protein. Q78 worms were generated by
injection of myo-3::gfp(Q78) plasmid (which contains
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Fig. 2a—d The phenotypes of CAG125 worms. a Representative
locomotion pattern (upper panel) and muscle morphology (lower
panel) of GFP and CAG125 worms. The irregular movement of
CAG125 worms indicates uncoordinated muscle function. The
CAG125 muscles have a wave-like morphology, and the cell—cell
boundary is no longer distinguishable. Bar 10 pm. b Growth-
dependent effect of untranslated CAG125 repeats on muscle structure.
The percentage represents the ratio of animals with abnormal muscle
cells to the total number of animals examined. At least 30 animals
were examined for each data point. ¢ Electron microscopy images of
GFP and CAGI125 muscles. mcb Muscle cell body, M M-line, db
dense body, bm basement membrane, hyp hypodermis, ¢ cuticle. Bar
1 um. The dense body structure is disrupted in the CAG125 worms.
d Dense body alignment in muscles of GFP and CAG125 worms.
Anti-DEB-1 staining of dense bodies is shown as red spots. Arrow
indicates the dense body within a muscle cell. Arrowhead indicates
the dense body at the cell boundary. Bar 10 pm

CAGT78 repeats in the coding region of gfp gene driven by
the myo-3 promoter) and were used as a positive control.
Consistently, no polyQ-containing GFP was detected in
CAG83 worms (Suppl. Fig. 2). To investigate if the
decrease in GFP protein level was due to the reduced
expression of RNA, quantitative RT-PCR was performed
using total RNA extracted from GFP, CUGS5, CAGS,
CUG125, and CAG125 worms at the young adult stage. As
shown in Fig. 1d, the examined worms expressed similar
levels of GFP RNA, indicating that long repeats in the
3'UTR did not interfere with gene transcription, but, rather,
influenced some post-transcriptional event. These findings
also suggest that the toxic effect of the transgenes can be
attributed to the RNA but not the protein.

The phenotypes induced by expanded CAG and CUG
repeat RNA are suppressible

To further confirm that the phenotypes of CAG125 worms
are a result of the expression of expanded repeat-containing
transcripts, RNA interference (RNAi), designed to knock

down the transgene expression, was performed on the
second generation (F2) of transgenic animals. In parallel,
RNAI treatment on CUG125 worms was performed. Three
RNAI plasmids containing (CTG/CAG)3,, (CTG/CAG);5s,
or GFP DNA were transformed into the E. coli strain
HT115 that was used to feed the worms. All of the RNAi
treatments caused a greater than 50% decrease in GFP
protein level as revealed by Western blot analysis (Fig. 3a),
however the knockdown efficiency for (CAG/CUG);,
RNA was slightly lower than that of (CAG/CUG),5 or
double-stranded GFP RNA. Significantly, the phenotypes
of CAGI125 and CUGI125 worms were suppressed by the
corresponding RNAi (Fig. 3b—d). GFP worms fed with
HT115 carrying any of the RNAIi plasmids (Fig. 3b, c) or
bre-3(RNAi) plasmid (Suppl. Fig. 3) did not show any
abnormal phenotypes, indicating that the RNAI treatment
per se did not cause cellular toxicity in the worms. These
results further confirm that the phenotypes of CAG125 and
CUG125 worms are induced by the expanded repeat-con-
taining transcripts and support the notion that the toxicity
induced by repeat RNA can be suppressed by abolishing
the expression of the mutant RNA.

Both untranslated CUG125 and CAG125 repeats
form nuclear foci that co-localize
with C. elegans muscleblind

To investigate the role of muscleblind in RNA toxicity
induced by expanded CAG repeats in worms, we first
examined whether untranslated CAG125 repeats may form
nuclear foci in worm muscles and whether they recruited
CeMBL. Meanwhile, because the participation of CeMBL
in CUG repeat toxicity has not been documented in worms,
we also performed parallel experiments with CUG125
repeats. Using fluorescence in situ hybridization (FISH)
with Cy3-labeled probes and immunostaining analysis with
an anti-CeMBL antibody, we found that both RNA con-
taining CAG125 and CUG125 repeats formed nuclear foci
of similar size (Fig. 4). Meanwhile, we found that
approximately 92% (57/62) of CAG RNA foci and 60%
(24/40) of CUG RNA foci were enriched with CeMBL.
This result indicates that the formation of RNA foci and the
recruitment of muscleblind proteins by expanded CUG
repeats are evolutionarily conserved from worms to
mammals. In addition, it suggests that the toxic effect
induced by expanded CAG repeat RNA may also result
from the sequestration of CeMBL.

Deb-1 gene expression is down-regulated in CAG125,
CUGI125, and CeMbI(RNAi) worms

If the toxicity of CAG and CUG repeat RNA indeed comes
from the functional alteration of CeMBL, then there are
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Fig. 3a-d The phenotypes of CUGI25 and CAG125 worms are
suppressible by RNA interference (RNAi). a GFP expression levels in
RNAi-treated GFP, CUGI125, and CAGI125 worms. Western blot
analysis was performed to detect the GFP protein levels in transgenic
C. elegans at 24 h after RNAi treatment. The RNAIi treatment
condition is indicated along the x-axis of the lower panel, and the
GFP protein level in transgenic worms without RNAi treatment
(untreated) is 100%. The protein level of actin was used as an internal
control. Suppression of the CAGI125 and CUGI25 phenotypes,

likely common downstream targets present in CeMbl
knockdown, CAG125, and CUG125 worms. Because the
dense body disruption is a common feature in the muscles of
CeMbI(RNAI) [39], CUG125 (Suppl. Fig. 1), and CAG125
worms (Fig. 2c, d), we examined the splicing patterns of
genes encoding the protein components of the dense body,
including deb-1, unc-97, unc-112, pat-3, pat-4, and pat-6.
No splicing defects were identified in these genes (data
not shown). Instead, the deb-I expression level was
greatly reduced. There are three alternative splice forms
of the deb-1 mRNA, termed deb-1a, deb-1b, and deb-Iic,
in C. elegans (Wormbase; http://www.wormbase.org).

including b life span, ¢ brood size, and d frequency of animals with
abnormal muscle cells, by knocking down the transgene expression is
indicated. At least 30 transgenic worms at the F2 generation treated
with RNAi were assayed for each phenotype. Phenotype analysis was
performed as described in “Materials and methods.” Data are given
as mean £ SD. Statistical analysis was performed using Student’s
t-test to compare the difference between double-stranded
RNA-treated transgenic animals and those fed with the L4440 empty
vector only. *P < 0.05, **P < 0.01

The RNA expression levels of all three splice forms
in CeMbI(RNAi), CAG125, and CUGI25 worms were
significantly lower than those in control worms (P < 0.01,
Fig. 5a, c and Suppl. Fig. 4). Quantitative RT-PCR analysis
using primer sequences common for all three deb-1 splice
forms revealed a 70-80% decrease in deb-1 expression in
CAGI125 and CUGI125 worms (lower panel in Fig. 5c¢).
Consistently, the DEB-1 protein levels were significantly
reduced in these worms as shown by Western blot analysis
(Fig. 5b, d). Since CAG repeat RNA may alter gene
expression, we also examined the expression level of CeMbl
in CAG125 worms and compared it to that in GFP worms
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Cy3-labeled probe

CUG125

Fig. 4 CeMBL colocalizes with CAG and CUG RNA foci in the
nuclei of CAG125 and CUG125 worm muscles. Cy3-labeled (CTG)q
and (CAG);, probes were first used to detect RNA foci in CAG125
and CUG125 worms, respectively, by FISH. Subsequently, immuno-
fluorescence staining was performed using an anti-CeMBL antibody.
FISH (red), immunofluorescence (green), and nuclear staining (DAPI,
blue) images are merged in panels on the right. No RNA foci were

(Suppl. Fig. 5). The CeMbl expression level in CAG125
worms was reduced to approximately 80% of that in GFP
worms (P = 0.001). This result raises the possibility that
CeMbl defects in CAG worms could partially be attribut-
able to decreased CeMbl expression. Combined with the
observation that CeMBL co-localized with repeat RNA
foci, the results suggest that the reduction of deb-1 gene
expression in CAG125 and CUG125 worms can be medi-
ated by compromising CeMBL function.

To investigate if down-regulation of deb-1 in CeMbl
(RNAi) worms is controlled at the transcriptional level,
we generated a transcriptional GFP fusion construct that is
driven by the deb-1 promoter (deb-1::gfp). The deb-1
promoter activity was examined in CeMbI(RNAi) worms
by measuring the GFP RNA expression level using semi-
quantitative RT-PCR. As shown in Fig. 6, knocking down
the expression of CeMbl by RNAI significantly decreased
the GFP expression in the reporter construct (P < 0.001),
suggesting that CeMBL is required for optimal deb-I
promoter activity. Thus, CeMBL may directly or indi-
rectly affect deb-1 expression through transcriptional
regulation.

CeMbl over-expression partially reverses
the phenotypes of CAG125 and CUG125 worms

If expanded CAG and CUG RNA can induce toxicity by
compromising CeMBL function, then the phenotypes of
CAG125 and CUG125 worms should be mitigated by CeMbl
over-expression. In the C. elegans genome, only one CeMbl

Schematic figure

detected in GFP (bottom panel) and CAG125 worms (data not shown)
when Cy3-labeled (CAG),, probes were used. Representative high
magnification images of colocalization are shown in the left upper
boxes of merged figures. Schematic figures are shown to indicate the
relative locations of the body wall muscle cells (gray area) in the
confocal images

gene, which has two major alternative splicing forms
(CeMbl-a and CeMbl-b), is present [39]. In this study, we
tested the effect of either CeMbl-a or CeMbl-b over-
expression on CAG125 and CUGI125 worms. First, we
constructed an unc-54::mcherry(CeMbl) expression plas-
mid, which contains CeMbl-a or CeMbl-b cDNA inserted
into the coding region of the mCherry gene that is driven by a
body wall muscle-specific promoter (unc-54). Then, double
transgenic worms were generated by the co-injection of
unc-54::mcherry(CeMbl) and myo-3::gfp(CAG);»s or
myo-3::8fp(CTG) 5 plasmids and were confirmed by fluo-
rescence microscopy. The expression of transgenes was
further confirmed by quantitative RT-PCR using RNA
sample combined from several transgenic lines. As expected,
co-injection of CeMbl gene greatly increased the CeMbl
RNA expression level (Fig. 7a). The phenotypes of worms
from three independent co-injections were then analyzed and
compared to control worms. The life span and motility rate of
CUG125 and CAG125 control worms were partially rescued
by CeMbl-a or CeMbl-b over-expression (Fig. 7b—c). In
addition, the deb-1 expression level in CUGI125 and
CAG125 worms was also increased by CeMbl over-expres-
sion (Fig. 7d). Because the expression level of gfp RNA in
CeMbl co-expressing worms was slightly higher than that
without CeMbl co-expression (Suppl. Fig. 6), it seems
unlikely that the reduced toxicity of repeat RNA is due to
reduced expression of these genes. These observations sug-
gest that both CeMBL-A and CeMBL-B participate in the
RNA toxicity induced by CUG125 and CAG125 repeats in
worms.
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Fig. 5a-d Reduced expression of deb-1 in CeMbl (RNAi), CUG125, 0% !

and CAGI125 worms. a Semi-quantitative RT-PCR analysis of deb-1
RNA level in control(RNAi) and CeMbI(RNAi) worms. Representa-
tive RT-PCR products were run on a 1% agarose gel and are shown
in the left panel. At least three independent experiments were
performed, and the relative expression level of the examined RNA
is shown in the right panel. Elr-1 is a neuron-specific gene in
C. elegans. b Western blot analysis of the DEB-1 protein levels in
control(RNAi) and CeMbI(RNAi) worms. The comparison of the
DEB-1 protein levels is indicated in the bottom panel. Actin gene
expression was used as the internal standard for normalization. Error
bars represent standard errors. *P < 0.0l. ¢ Semi-quantitative
RT-PCR analysis of the deb-1 RNA level in GFP, CAGI125, and
CUG125 worms. Comparison of the deb-1 RNA level was performed
by real-time RT-PCR using primer sequences that are common for all
deb-1 isoforms and is shown at the bottom. This experiment was
repeated three times using RNA extracted from three independently
produced transgenic lines. d Western blot assay of DEB-1 protein
levels in GFP, CAG125, and CUG125 worms. Actin served as an
internal control for normalization. Error bars represent standard
errors. *P < 0.01

Discussion

We have investigated the pathogenic effect of untranslated
CAG repeats in C. elegans and compared it to untranslated
CUG repeats. The results show that CAG repeats, like
CUG repeats, can induce cellular toxicity at the RNA level
in a repeat length-dependent manner. In addition, this study
provides the first experimental evidence that both CAG and
CUG RNA toxicity can be mediated through a common
mechanism by functional alteration of CeMBL.
Untranslated CAG repeats caused embryonic lethality
and adult muscle defects in a length-dependent manner in
C. elegans. The correlation between repeat length and

Fig. 6a, b CeMBL is required for optimal deb-I promoter activity.
a deb-1::gfp transgenic plasmid. b Semi-quantitative RT-PCR
analysis of the gfp RNA level in deb-1::gfp transgenic worms treated
with CeMbI(RNAI). Actin served as an internal control for normal-
ization. Error bars represent standard errors. *P < 0.01

phenotype severity is similar to untranslated CUG repeats,
as reported previously [38]. The F1 CAG200 worms either
died during embryogenesis or arrested at larval stages due
to defective muscle development (Fig. 1a). Therefore, no
F2 CAG200 worms were produced. CAG125 worms could
produce offspring; however, they showed decreased brood
size, a shortened life span, and a growth-dependent
abnormality in muscle structure and function (Table I;
Fig. 2). These phenotypes could be significantly sup-
pressed by RNAi treatment that targeted the GFP
transcripts containing CAG125 repeats (Fig. 3), indicating
that the observed phenotypes were due to the expression of
the transgene. Because the injected transgenes form an
extra-chromosomal array and do not integrate into the
chromosome, it seems unlikely that the toxic effects in
worms resulted from the direct insertion of the transgene
and interruption of the function of specific host genes, as
suggested previously in fly models [49]. The toxicity of
CAG83 was almost negligible except for an effect on worm
life span (Table 1). No abnormal phenotypes were found in
worms expressing 30 CAG repeats. These results suggest
that the repeat length is the primary determinant of the
pathological effect in worms and are consistent with the
notion that expanded RNAs are potential contributors to
the pathogenesis of trinucleotide repeat diseases [50].



1264

L.-C. Wang et al.

A B
280 CUG125 CAG125
[ CAG125 10
H . CUG125 g — |
< w8 e
[id > T
;150 E &
= T 5 5
3 100 2 4
o T 2 3
= =
T 504 = 2
& 1
0 0
CeMbi- — a b — a b CeMbl: a b a b
Cc CUG125 CAG125 D 3,
m_ —
! _‘% CUG125 CAG125
s % 3 < T
E 1 Z 2
() 40 * [E
€ a0 .
g §
= 2 °
[=] =]
m 10 %
4
0 0
CeMbl- — a b - a b CeMbl- a b

Fig. 7a-d Both CeMbl-a and CeMbl-b over-expression partially
reverse the phenotype of CUG125 and CAG125 worms. The relative
CeMbl expression level in double transgenic worms is shown
in a. Phenotypes, including b life span, ¢ body bends, and d relative
deb-1 RNA level, of worms expressing untranslated CUG125 or
CAGI125 with or without CeMbl over-expression were compared. At

It was previously shown that a size of approximately 40
glutamines (Q40), encoded by CAG repeats inserted into
the yellow fluorescent protein (YFP) gene, was sufficient to
cause protein aggregation and muscle dysfunction when
expressed in the body wall muscle of worms [37]. In
humans, the threshold size of most polyQ diseases is also
approximately 40. However, we found that the minimal
repeat size required for CAG RNA to induce a muscle
phenotype is 83 (Table 1; Fig. 2). These observations
indicate that an RNA mechanism may not contribute sig-
nificantly to the pathogenesis of polyQ diseases with small
expansions. Indeed, mice expressing human Huntingtin
transcripts that contain 44 untranslated CAG repeats failed
to demonstrate a disease phenotype [51]. In addition, CAG
repeats in Huntingtin transcripts were capable of binding
and activating a double-stranded RNA (dsRNA)-dependent
protein kinase, PKR, in a repeat length-dependent manner
[52]. Although the role of PKR in polyQ toxicity remains
elusive, it is possible that there is a differential repeat
length requirement in order for CAG repeats to induce a
toxic effect at the RNA or protein level. That is, an RNA
mechanism may contribute to the pathogenesis of polyQ
diseases only in those cases with an expansion larger than a
threshold of a certain size.

In addition to having a repeat size-requirement for RNA
toxicity similar to that for CUG repeats, toxic CAG repeat

least 30 F3 to F4 generation worms from three independent injections
were used for life span and brood size analysis. Three cDNA
preparations from one RNA sample combined from several transgenic
lines were used for expression analysis of CeMbl and deb-1 genes.
Data are given as mean £ SD. Statistical analysis was performed
using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001

RNA induced a muscle phenotype, including reduced
motility rate and dense body disruption, which was also
observed in CUG repeat-expressing (Suppl. Fig. 1 and
Fig. 3) and CeMbI(RNAi) worms [39]. The dense body in
worms is equivalent to the Z-band in higher eukaryotes.
Z-band disruption is a common histological feature in DM1
muscle [53, 54], and muscleblind is required for Z-band
organization in flies [20]. These observations suggest that
CAG and CUG repeat RNA may affect Z-band/dense body
structure through altering muscleblind function. In support
of this hypothesis, CAG125 and CUGI125 RNAs were
shown to recruit CeMBL in nuclear foci (Fig. 4) and share
a common downstream target, deb-1, after CeMbl RNAi
treatment (Fig. 5). Because the anti-CeMBL antibody used
in this study recognizes both CeMBL-A and CeMBL-B, it
is unclear if both proteins were recruited into the RNA foci.
Nevertheless, our results from the co-injection experiments
suggest that both CeMBL-A and CeMBL-B over-expres-
sion can partially rescue the CAG125 and CUG125 worm
phenotype. Therefore, it is likely that both CeMBL-A and
CeMBL-B participate in the RNA toxicity of CAG and
CUG repeats.

Our data suggest that expanded CUG repeat RNAs
may affect gene transcription by altering muscleblind
function (Fig. 6). Indeed, toxic CUG repeat RNA was
previously shown to influence transcription by activating
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signaling molecules, such as protein kinase C [17] or a
dsRNA-dependent protein kinase PKR [55], or by leach-
ing transcription factors from chromatin  [56].
Furthermore, it was recently reported that the trans-
dominant effect of expanded CUG RNA on transcription
is mediated mainly through the sequestration of MBNL1
[57]. Although expanded CAG repeat RNA may not cause
the splicing abnormalities characteristic of CUG repeat
RNA toxicity [30, 34], our current findings raise the
possibility that the toxicity of CAG and CUG repeat RNA
may be mediated by a common mechanism that influ-
ences the function of muscleblind as a transcriptional
regulator. Future studies that investigate the signaling
pathway leading to the transcriptional misregulation
induced by expanded CAG and CUG repeats may shed
more light on this issue.

In contrast, we noticed that either CeMbl-a or CeMbl-b
over-expression did not mitigate the effect of CAG125 or
CUG125 on muscle structure or brood size (Suppl. Fig. 7).
It is likely that the expression of either gene is not sufficient
to rescue these phenotypes. Alternatively, muscleblind may
not be the only pathogenic mediator of expanded CAG and
CUG repeat RNA. Indeed, knocking down the expression
of etr-1, the C. elegans homolog of mammalian CUGBPI,
causes defective muscle development and lower brood size
[39, 58]. Therefore, it cannot be excluded that etr-1 func-
tion is altered by toxic CAG and CUG repeat RNA, as well.
In addition, a screen for genes that modify SCA1 neuro-
degeneration in a Drosophila model, in which the full-
length human SCA! gene is expressed, led to the identifi-
cation of a suppressor that resulted in overexpressed mub
[59]. Mub encodes a protein similar to the vertebrate RNA-
binding KH-domain proteins [59]. The KH domain is
composed of approximately 60 amino acids and is found in
a wide variety of RNA-associated proteins [60]. These
findings suggest that metabolic pathways involving RNA-
binding proteins may contribute to the pathogenesis of both
coding and non-coding trinucleotide repeat expansions.

In summary, our findings support the notion that CAG
repeats can be toxic at the RNA level in living organisms
and further suggest that the size threshold for toxicity is
similar to that for CUG repeat RNA. Furthermore, our
results indicate that the role of muscleblind in CUG repeat
RNA toxicity is evolutionarily conserved and demonstrate
that CAG repeat RNA toxicity can also be mediated, at
least in part, by altering muscleblind function in worms.
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