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Abstract

Expansion of CTG repeat within the 3’-untranslated region of the DMPK gene causes the most common neuromuscular disorder,
myotonic dystrophy type 1 (DM1), through a RNA trans-dominant mechanism. Here, we explore Caenorhabditis elegans as a model
system to investigate the repeat size-dependent toxic effect by expression of green fluorescent protein (GFP) transcripts with various
lengths of untranslatable CUG repeats (CUGS, CUG30, CUGS83, CUGI125, and CUG213) in body wall muscles. CUG213 animals died
during embryogenesis or showed retarded growth at larval stages due to defective muscle development. CUG125 animals, although can
produce offspring, exhibited uncoordinated muscle function, deviated electropharyngeogram, and an age-dependent abnormality in mus-
cle structure. Most CUG83 animals had normal muscle structure and function as those expressing 30 and shorter repeats. Our results
demonstrate for the first time that the in vivo toxicity of CUG repeats is repeat length- and growth-regulated and suggest that expanded
CUG repeats are sufficient to cause congenital-like phenotypes in living organisms.
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Myotonic dystrophy 1 (DM1) is a dominantly inherited
neuromuscular disorder caused by an expansion of CTG
repeats in the 3’-untranslated region (UTR) of the dystro-
phia myotonica protein kinase (DM PK) gene [1]. In normal
population, the repeat number ranges in size from 5 to 37.
Mild DM patients typically have fewer than 100 repeats
and only present with cataracts. Classical DM1 patients
usually have more than 100 repeats with an onset age
around adolescence and develop multiple symptoms,
including myotonia, progressive muscle weakness and atro-
phy, cardiac conduction defects, insulin intolerance, infer-
tility, and reduced life expectancy. Congenitally affected
children typically have more than 1000 CTG repeats and
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are characterized by hypotonia and mental retardation.
In addition to DM1 mutation, patients with a CCTG
repeat expansion in intron 1 of zinc-finger protein 9
(ZNF9) gene (DM2) [2] also develop typical clinical mani-
festations of DM1 with the exception of a congenital form
(3]
The findings that both transcribed but not translated
CTG and CCTG repeats causing similar phenotypes indi-
cate a toxic gain of function of the expanded repeats
RNA. Consistently, mice expressing expanded CUG repeat
in an unrelated transcript develop typical features of DM
phenotypes [4]. However, unlike the pathological effects
of expanded CUG repeat RNA on mammals, the untrans-
lated (CUG)¢, repeats do not cause any toxicity in Dro-
sophila [5]. Previously, the full length human SCAS8
transcripts containing an untranslated (CUG)y or
(CUG);, repeat tract both were shown to cause similar
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neurological phenotypes in Drosophila [6], suggesting that
the expanded CUG repeats RNA is not the major patho-
logical agent. These observations reveal that various model
organisms may have a differential response to the expanded
CUG repeat RNA.

The nematode Caenorhabditis elegans has been used to
address the underlying pathogenic mechanisms of several
neurological malfunctions, including polyglutamine (pol-
yQ) disorders [7-10]. To investigate if the expanded CUG
repeats-mediated pathogenic mechanism is also present in
organisms other than mammals and to further clarify the
correlation between the repeat sizes and their physiological
effect, we have here generated transgenic C. elegans
expressing various lengths of CTG repeats in the 3’-UTR
of a reporter gene in body wall muscles. Our results demon-
strate for the first time that CUG repeats are toxic to C.
elegans in a length- and growth-dependent manner. Fur-
thermore, they indicate that expanded CUG repeats alone
are sufficient to cause severe developmental defects
observed in congenital cases.

Materials and methods

Plasmid constructs. pPD118.20 vector was used as a control plasmid in
which the GFP gene was driven by the myo3 promoter. The plasmid
myo3:gfp(CTG)s was constructed by annealing equal amounts of two
synthetic oligonucleotides, 5-CCGGA(CTG)sT-3' and 5'-CCGGA(-
CAG)sT-3, and then inserting into the BspEI site of pPD118.20 vector.
The other constructs with longer CTG repeats were obtained by PCR
using (CTG),o and (CAG);; as primers [11]. Successful construction of
plasmids was confirmed by DNA sequencing.

Caenorhabditis elegans protocols. Transgenic animals were produced
by standard transformation techniques [12] and the animals were grown
and maintained following standard methods [13]. For CUG213 animals,
morphological examination of F1 dead embryos and growth-retarded
larva was observed using a 40x objective on a Zeiss Axioskop 2 micro-
scope. Preparation of synchronized cultures and specific stages of animals
were performed by using alkaline hypochlorite method [14].

Fluorescence microscopy. To examine the GFP fluorescence, individual
worms were put on a fresh plate at day 2 after hatching and were observed
at days 24 (equals to L2 to adult stage) on a Zeiss Stemi SV11 dissection
microscope using a 6.6x objective and photographs were taken using
Nikon coolpix 4500 digital camera.

Western blot analysis. Twenty micrograms of protein prepared from
mixed populations of transgenic worms was resolved by SDS/PAGE,
transferred onto PVDF membrane (NEN™ Life Science Products), and
immunoblotted with the anti-GFP antibody (Santa Cruz Biotechnology)
at a dilution of 1:1500 and the anti-actin antibody (MD Bio, Taiwan) at a
dilution of 1:1000. Horseradish peroxidase (HRP)-conjugated Anti-Mouse
IgG (Santa Cruz Biotechnology) was used at a dilution of 1:3000. Visu-
alization was performed using a chemiluminescent detection kit (Pierce
Chemical Company).

Quantitative real-time RT-PCR. Total RNA was extracted from young
adult worms using TRI reagent (Molecular Research Center, Inc.). Oli-
20(dT) primed first strand cDNA was synthesized from 2 pg of total RNA
using the SuperScript kit (Invitrogen). Quantitative RT-PCR was per-
formed using the SYBR Green double stranded DNA binding dye (Per-
kin-Elmer Life Sciences). The GFP transcripts were amplified using
primers 5-TTTCACTGGAGTTGTCCCAATTC-3' and 5'-CTTCACC
CTCTCCACTGACA GAA-3'. For controls, a C. elegans actin primer
pair 5-ATCGTCCTCGACTCTGGAGATG-3' and 5-TCACGTCCA
GCCAAGTCA AG-3' was used. Cycling parameters were 95°C for
10 min, followed by 40 cycles of 95°C for 15s and 60 °C for 1 min.

Following PCR amplification, 8 pul of each PCR product was run on a
1.2% agarose gel.

Locomotory behavior. To examine locomotion, L4 worms were picked
to fresh spread plates and their tracks were recorded after 24 h by using a
Zeiss Stemi SV11 dissection microscope at magnification 20x.

Muscle morphology. To examine the musculature, phalloidin staining
was performed as described in [15]. Photographs were taken on a Zeiss
Axioplan fluorescence microscope using a 100x objective.

Electropharyngeogram (EPG). EPG analysis was performed by using
extracellular recordings methods based on those of Raizen and Avery [16].
Adult worms were transferred into an approximately 1 cm diameter drop
of Dent’s saline solution on a 35 x 50 mm glass coverslip. Dent’s saline
[17]. Electrophysiological preparations were observed under a Zeiss
Axiovert 25 inverted microscope. The tip of the head was sealed by suction
into fire-polished borosilicate glass electrodes of about 15-30 um outer
diameter. Recording electrodes were filled with internal saline (136.5 mM
potassium gluconate, 17.5 mM KCI, 9 mM NaCl, | mM MgCl,, 10 mM
Hepes, and 0.2 mM EGTA, pH 7.4). EPGs were recorded with an Axo-
Clamp-2B microelectrode amplifier (Axon) connected to a Digidata 1322
A (Axon Instrument., USA) and a computer with pClamp 9.0 software.
The analysis of electrophysiological signals is according to the previous
interpretation [17].

Results

Expression of untranslated (CUG )3 repeats causes severe
developmental defects in C. elegans

To investigate if the untranslated CUG repeats are toxic
to C. elegans, we have initially tried to generate transgenic
C. elegans expressing GFP transcripts with 213 repeats of
CUG triplets (CUG213). Most animals died within a few
days after injection. A few of injected animals may lay eggs.
However, these eggs stopped developing at three- to four-
fold stage during embryogenesis or showed retarded
growth at L2 stage with abnormal body shape as shown
in Fig. 1. The expression of transgenes was confirmed by
using fluorescent microscope. Compared to the control ani-
mals, the uneven distribution of GFP protein revealed by
fluorescence images indicated that the muscle structure
was severely disrupted in the defective embryos and larva

CuUG213

Fig. 1. Defective development of CUG213 transgenic C. elegans. (a—c)
Representative Nomarski images of GFP animals at (a) the threefold
stage, (b) the embryonic stage before hatching, and (c) the late L2 larval
stage (approximate 22 h after hatching at 22 °C). (d,e) CUG213 embryos
at approximately the same stage as those of (a,b), respectively. They failed
to elongate further and remained unhatched. The animal in (f) was
CUG213 larva of ~4 day after hatching. Although it was able to feed, it
remained paralyzed and had abnormal morphology. The scale bar
represents 10 pm and applies to all panels.
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(Supplementary Fig. 1). Obviously, the expression of GFP
transcripts containing 213 repeats of CUG triplets was suf-
ficient to cause lethal effects on this simple animal.

There is a toxic size threshold between 83 and 125 repeats of
CUG triplets in C. elegans

Subsequently, transgenic C. elegans expressing 5, 30, 83,
and 125 CUG repeats, designated as CUGS, CUG30,
CUGS3, and CUGI125, were generated. Examination of
the transgene expression by using fluorescent microscope
revealed a repeat length-dependent decrease of fluorescence
signal during development (Supplementary Fig. 2). The
inverse correlation between repeat length and GFP protein
level was confirmed by Western blotting (Fig. 2A). To
investigate if the decrease of GFP protein level is due to
the reduction of RNA expression, quantitative RT-PCR
was performed using total RNA. All examined animals
expressed similar levels of GFP RNA (Fig. 2B), indicating
that large CUG repeats in the 3’-UTR did not interfere
with gene transcription.

The muscle phenotypes of transgenic animals, including
locomotory pattern and muscle structure, were analyzed.
As expected, all GFP, CUGS, and CUG30 animals moved
with a regular S pattern. There were some (<10%) CUGS83
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Fig. 2. The expression of transgenes in C. elegans. (A) Western blot
analysis of GFP protein. (B) The expression level of GFP mRNA. The
threshold cycle is shown in the upper panel. Confirmation of a single
product of amplification in quantitative real-time RT-PCR is shown in the
bottom panel. A 83-bp cDNA fragment was amplified from GFP RNA,
and a 100-bp cDNA fragment was amplified from actin RNA. Size
markers in bp are indicated. Actin mRNA and protein were used as an
internal control in both experiments.

adult animals showing irregular movement pattern occa-
sionally. In contrast, most CUGI125 adult animals fre-
quently left abnormal, heavy tracks on the plate which
indicated an impairment of locomotion (Fig. 3A). Further
examination of the musculature by staining animals with
the filamentous actin (F-actin) marker phalloidin revealed
disrupted, wave-like structure in the body wall muscles
(Fig. 3B). On average, there were 4-5 abnormal muscle
cells observed in each young adult animal. One to two
abnormal muscles can be detected in some CUGS83 ani-
mals. No abnormal cell was detected in animals expressing
shorter repeats. Altogether, these findings suggest a length-
dependent toxicity of untranslated CUG repeats to the
muscle function and structure in C. elegans and indicate
that this toxicity is from the CUG repeat RNA.

The deleterious effect of untranslated CUG repeats on muscle
structure is growth-dependent

Most classical DM 1 patients present clinical phenotypes
around adolescence. Meanwhile, we have observed a pro-
gressively increasing ratio of CUG125 animals with unco-
ordinated muscle function during development (data not
shown). To further confirm if the CUG repeats-mediated
toxicity in C. elegans is growth-dependent, we examined
the musculature of transgenic animals from L2 to adult.
As expected, animals expressing 30 or less CUG repeats
had a normal pattern of body wall muscles which consisted
of a regular arrangement of spindle-shaped cells. Approxi-
mate 7% of CUGS83 animals at L3 stage were found to have
1-2 abnormal muscle cells and the frequency increased to
10% in adults. A much more dramatic increase of the fre-
quency of CUGI125 animals with abnormal muscle cells
was noticed at the L3-L4 transition (Fig. 3C). There were
only 10% of L3 animals having abnormal muscle cells, but
up to 60% of L4 animals and 75% of adults had disorga-
nized body wall muscles. The increasing frequency of
altered muscle F-actin pattern and defective locomotion
behavior during development of CUG125 animals suggest
that the deleterious effect of CUG repeats on muscles is
growth-dependent.

CUGI25 transgenic worms show abnormal
electropharyngeogram (EPG)

In addition to the muscle phenotype, we also investigat-
ed if the expanded CUG repeats cause abnormal electro-
physiological response by performing EPG analysis. The
typical EPG consists of a contraction followed by a relax-
ation. The contraction potential, which is the large positive
transient in the EPG, corresponds to the depolarization of
pharyngeal muscle and the onset of contraction. The relax-
ation potential, which is the large negative transient, corre-
sponds to the repolarization of pharyngeal muscle and the
end of action potential. The amplitudes of positive and
negative transient are above 2 and 3 mV, respectively, in
all examined control animals. In contrast, they are below
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Fig. 3. The toxicity of long CUG repeats to C. elegans. (A) Locomotory patterns of transgenic animals expressing different lengths of CUG repeats. (B)
Muscle structure of phalloidin-stained GFP (a), CUGS5 (b), CUG30 (c), CUG83 (d), and CUGI25 (e) animals. (f-j) Enlargement of areas delimited by
white boxes in (a—¢), respectively. The scale bar is 25 pm. (C) Growth-dependent effect of CUG repeats on muscle structure. Percentage represents the ratio
of the animals with abnormal muscle cells to the total examined animals. At least 30 animals were examined for each data point. (D) Representative EPG

recorded from GFP, CUGS, and CUGI125 transgenic animals.

Table 1
Electropharyngeography analysis of transgenic worms

Transgenic animals Contraction Relaxation potential
(number of examined potential (means + SE, mV)
animals) (means + SE, mV)

GFP (6) 24+0.2 4.0+0.5

CUGS5 (4) 2.6+0.4 3.7+0.6

CUGI125-1 (10) 1.5+0.3% 2.6 +0.3*
CUGI125-2 (13) 1.8+0.2 2.9+0.2*
CUGI125-3 (7) 1.4+0.2° 2.3+0.3*

@ Statistically different from GFP animals using unpaired Student’s test,
P <0.05.

2 and 3 mV, respectively, in the majority of CUGI125 ani-
mals (as shown in Fig. 3D). The positive and negative tran-
sient in three examined lines for CUG125 worms is shown
in Table 1. Our results indicate that expanded CUG repeats
may affect the electrophysiological behavior of C. elegans.

Discussion

In this study, we have investigated the toxic effects of
untranslated CUG repeats using C. elegans as a model.
Our results confirmed that CUG repeats are toxic in a
length-dependent manner in this system. Moreover, we
demonstrate for the first time that expanded CUG RNA
repeats are sufficient to cause embryonic lethality in living
organisms.

It was previously shown that mice expressing 250 or 300
CUG repeats in either unrelated or DMPK transcripts
developed characteristic features of DM [4,18]. In contrast,
RNA containing 162 CUG repeats did not cause any phe-
notypes in Drosophila [5]. A plausible explanation for the
contradictory observations is that the pathological size
threshold of CUG repeats is between 162 and 250. There-
fore, we first tested the effect of expanded CUG in C. ele-
gans using transgene containing 213  repeats.
Unexpectedly, animals expressing GFP transcripts with
this size of repeats either died during embryogenesis or
were growth-arrested at the larva stages, presumably due
to defects in muscle development (Fig. 1). It suggests that
the congenital form-like phenotypes of DM, which has
never been demonstrated by expressing CUG expansion
alone in other animal models, can be reproduced in this
C. elegans system.

The differential responses to expanded CUG repeats in
these model organisms suggest that there may be distinct
cell type- or species-specific factors that are important in
mediating the toxic pathways. Thus, the Drosophila model
may be suitable for observation of neurodegeneration
[6,19,20] but not for the DM muscle phenotype [5] due to
the lack of specific mediating factors. Indeed, ELAV is a
RNA-binding protein essential for neurogenesis in Dro-
sophila and there are two C. elegans homologues of ELAV
identified, ELAV-type RNA-binding protein (ETR-1) and
ELAV-like protein (ELR-1). ETR-1 is a muscle-specific
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RNA-binding protein which shares up to 74% identity with
human CUG RNA-binding protein (CUG-BP) within the
RNA recognition motifs (RRMs) [21]. The human CUG-
BP has been implicated in the DM pathogenesis and
ETR-1 has also been shown to play an essential role in
muscle development [22]. However, there is only 28% iden-
tity over the same regions between ETR-1 and ELAV
genes. ELR-1 is more closely related to Drosophila ELAV
and they share 59% identity in the RRMs [23]. ELR-1
and its closely related ELAV homologues in vertebrate
family members share neuronal expression patterns that
suggest a distinct tissue-specificity of their functions.
Therefore, it is likely that Drosophila may lack the patho-
logical mediator for expanded CUG repeats. Alternatively,
the size threshold of toxicity for CUG repeats could vary in
different species and this threshold may be over 162 in Dro-
sophila. However, in C. elegans, 125 repeats are sufficient to
exert detrimental effects on the muscle structure and func-
tion and on the electrophysiological behavior (Fig. 3). Fur-
ther experiments using longer triplet repeats in Drosophila
may address this hypothesis.

We noticed that worms expressing 83 CUG repeats
had a slight toxicity on the muscles (Fig. 3B). Although
no obvious effect on muscle function in most CUGS3
animals was observed, it raises the possibility that
CUG repeats of this size may cause a mild toxicity at
later stages which are beyond the age of animals ana-
lyzed in this study. In hAwuman, benign DMI1 patients
having 50-100 CUG repeats present little neuromuscular
abnormality during his life. Classical patients having
more than 100 repeats usually have muscular and neu-
rological phenotypes. This repeat size-phenotype rela-
tionship suggests that the threshold sizes of toxic
CUG repeats are similar in C. elegans and human.
Meanwhile, consistent with an onset age of around ado-
lescence in classical patients, we have demonstrated here
that the toxic effect of expanded CUG repeats is age-
dependent.

Since the CUG repeats cannot be translated, the pheno-
types of CUGI125 and CUG213 transgenic worms should
be mediated by toxic repeat RNA. Indeed, the GFP ani-
mals were normal in all examined neuromuscular pheno-
types and although the GFP protein expression levels
were decreased by long repeats, the GFP RNA level
remained unchanged (Fig. 2). Therefore, C. elegans is not
only suitable for the mechanical and therapeutic studies
of protein-mediated neurological disorders but also can
be a good model system to investigate the effect of expand-
ed repeats RNA.
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