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Abstract

The muscleblind-like (MBNL) proteins are tissue-specific alternative splicing regulators. Dysfunction of MBNL has been implicated
in the pathogenesis of expanded CUG repeats-associated myotonic dystrophy (DM). In this study, we describe the identification and
functional characterization of a Caenorhabditis elegans muscleblind (Ce Mbl) gene. Ce Mbl is a single gene alternatively spliced to generate
two isoforms (CeMBL-A and CeMBL-B). It displays a high homology with human MBNLI in the C3H1 zinc finger domains. Ce Mbl
transcripts are detected in larval and adult stages. However, inactivation of CeMb/ by RNA-mediated interference results in muscle phe-
notype only at adulthood. Immunofluorescence staining using anti-vinculin antibody reveals that the organization of dense body is dis-
rupted in affected worms. Our results demonstrate a growth-dependent requirement of CeMb/ on muscle structure and function. They

also provide a possible molecular basis for the developmentally regulated toxicity of expanded CUG repeats.

© 2007 Elsevier Inc. All rights reserved.
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Myotonic dystrophy (dystrophia myotonia, DM) is a
dominantly inherited form of muscular disorder caused
by two different microsatellite expansions. Type 1 (DM1)
is caused by an expansion of CTG repeats in the 3'-
untranslated region of the DMPK gene [1]. In normal pop-
ulation, the repeat number ranges in size from 5 to 37. The
number ranges from 50 to several thousand at disease loci.
Type 2 (DM2) is caused by a CCTG repeat expansion in
intron 1 of the ZNF9 gene [2]. While most DM patients
present clinical manifestations at adulthood, congenital
cases have been found only in DM1 with large CTG repeat
expansion (usually >1000 repeats) [3].
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The RNA transcribed from the expanded alleles con-
taining CTG or CCTG repeats are proposed to compro-
mise the regulation of alternative splicing by altering the
functions of RNA-binding proteins [4]. Two families of
RNA-binding proteins, CELF (CUG-BP and ETR-3-like
factors) and muscleblind-like (MBNL), have been impli-
cated in DM pathogenesis. The CELF family includes
CUG-BPI and the related protein ETR-3/CUG-BP2.
CUG-BPI1 does not bind efficiently to expanded RNA
CUG repeats [5] and does not colocalize with the nuclear
foci of expanded RNA [6,7]. However, both the activity
and steady-state levels of CUG-BPI1 are increased in
DMI1 muscle [§8]. In addition, over-expression of CUG-
BP1 in mice reproduces DM pathological features and
leads to the DM splicing pattern for cardiac troponin T
(Tnnt2), myotubularin-related 1 gene (Mtmrl), and chlo-
ride channel 1 (Clenl) in striated muscle tissue [9]. Muscle-
blind was initially identified as a protein required for
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photoreceptor and muscle differentiation in Drosophila
[10,11]. Its mammalian homologs were subsequently found
to function as regulators of alternative splicing [12].
Human muscleblind-like proteins consist of three members
(MBNLI, 2, and 3), and all have been shown to bind to the
nuclear foci of expanded repeats [13]. The observations
that Mbnll knockout mice reproduce muscle, eye, and
splicing abnormalities that are characteristic of DM disease
[14] and that Mbnll over-expression may reverse myotonia
and missplicing in a mouse poly(CUG) model further con-
firms the role of this protein in DM pathogenesis [15].
Recently, we have shown that the CUG repeats caused a
length-dependent toxicity in Caenorhabditis elegans, includ-
ing muscle abnormality at adulthood (CUGI25) and
growth arrest during embryogenesis (CUG213) [16]. Inacti-
vation of etr-1, a C. elegans homolog of mammalian CUG-
BP1, by RNA-mediated interference (RNAi) resulted in
embryonic lethality [17]. Whereas in a full-genome RNAI
study, knockdown of the predicted C. elegans muscleblind
(CeMbl) gene (KO2HS.1) did not result in any phenotype
in early embryogenesis [18]. To further elucidate the role
of CeMBL in CUG repeats-mediated toxicity, we have here
cloned the CeMbl cDNA and analyzed the effect of RNAI
targeted to CeMb! transcripts. Our results demonstrate
that inactivation of CeMbl results in a growth-dependent
muscle phenotype similar to that caused by CUG125.

Materials and methods

¢DNA cloning and Accession numbers. To clone the cDNA encoding
CeMBL and ETR-1 proteins, total RNA was isolated from mixed popu-
lations of C. elegans (Bristol N2) using TRI-reagent (Molecular Research
Center). Reverse transcription-polymerase chain reaction (RT-PCR) was
performed using SuperScript 11 RT (Invitrogen) according to the manu-
facturer’s instructions. The primer sets used to amplify CeMbl and etr-1
cDNA were mbi-FI (5'-CCAGCTAGCAGAATGTTCGACGAAAAC
AG-3")/mbl-R2  (5'-CAGCCATGGAATGTGTGTCTAGAATGG-3')
and err-1-FI (5'-GCTAGCCAGTTCGAGTGGTACCA-3')/etr-1-R1 (5'-
CCATGGGATACTTTTATCGATTG-3'), respectively. The identified
cDNA sequences have been deposited at the GenBank under Accession
Nos. EF520300 (CeMbl-a), EF520301 (CeMbl-b), EF523766 (etr-la),
EF523767 (etr-1b), EF523768 (etr-1c), EF523769 (etr-1d), and EF523770
(etr-1e).

Gene structure analysis. Gene structures of Ce Mbl and etr-1 (shown in
Fig. 1 and Supplementary Fig. 1, respectively) were determined using
BlastN by comparing the cDNA sequences with the corresponding genes
(T01D1.2 and KO2HS.1 for etr-1 and CeMbl, respectively) at Wormbase
(http://www.wormbase.org/).

Plasmids. 1.4440 (pPD129.36) plasmid was used as a feeding vector for
RNAI assay. To prepare the construct for Ce Mb/ (RNAI), a 533-bp DNA
fragment (spanning from exons | to 4) obtained from PCR amplification
of CeMbl-a cDNA using primers, mbl-FI 5'-CCAGCTAGCAGAA
TGTTCGACGAAAACAG-3" and mbl-RI 5'-CACTGCCGCTGCT
GTATAAG-3', was first cloned into pGEMT-easy vector and then
transferred into L4440 plasmid. The feeding vector for etr-1 (RNAI)
contains a 864-bp DNA fragment (spanning from exons 3 to 10) obtained
from PCR amplification of etr-ia cDNA using primers etr-1-F2 5'-G
GAATTCGAGGAGAATCTGCGTGAC-3' and etr-I-R2 5-GGAA
TTCTGTTGATGATTGGCGAGCG-3'. Successful construction of
plasmids was confirmed by DNA sequencing.

RNA-mediated interference. To perform RNAI, transformed bacteria
HTI115 (DE3) containing the RNAI plasmids served as food source. The
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Fig. 1. C. elegans muscleblind gene expression and its protein products.
(A) CeMbl expression during worm development. RNA extracted from
worms at distinct developmental stages, including L1-L4 and adult stage
(indicated as A), were subjected to RT-PCR. The PCR products were then
analyzed using electrophoresis. (B) Genomic organization and gene
structure of CeMbl. Exons are depicted as boxes and introns as lines.
The locations of primers used to amplify the whole Ce Mbl/ cDNA (CeMbl-
FI/R2) and the cDNA fragment for RNAi assay (CeMbl-FI/RI) are
indicated. Two CeMbl transcripts, designated as CeMbl-a and CeMbl-b,
were identified in this study. The scale bar corresponds to 1kb. The
nucleotide sequences encoding two zinc finger (C3H) domains and one
alanine-rich domain are found in exons 2-3 and 5, respectively.

expression of double-stranded RNA was induced by IPTG. For mor-
phology, life span, and muscle phenotype analysis, freshly prepared syn-
chronized eggs were cultured on IPTG plate for 36 h and then transferred
to standard NGM plate. For brood size and embryogenesis analysis, the
eggs were cultured on the IPTG-containing plate until the next generation
was produced.

Phenotypes. Morphological examination was performed by using a
Zeiss Axioskop 2 microscope. The musculature was examined by phal-
loidin staining as previously described [16]. To examine the locomotory
behavior, worms were picked to fresh spread plates and the moving tracks
were recorded after 30 min by using an Olympus SZXI12 dissection
microscope. Motility is calculated as the number of regular S-pattern body
bends performed in 3 min at 25 °C. Life span was defined as the interval
between the time the animal was hatched and the time it died (that is, it
stopped moving for more than 1h and did not respond to contact
stimulation).

Immunofluorescence staining. Whole worms were fixed by Bouin’s fix-
ative according to a protocol described previously [19]. The fixed worms
were blocked in AbA solution (1x PBS, 1.0% BSA, 0.5% Triton X-100,
and 10 mM NaAzide) and then incubated with anti-vinculin antibody
(Santa Cruz, 1:200 dilution in AbA) at 4 °C overnight, followed by three
washes in PBST. After incubation with TR-conjugated secondary anti-
body (Santa Cruz, 1:200 dilution in AbA) for 6 h at room temperature, the
worms were washed and the dense body alignment was visualized under a
fluorescence microscope (Zeiss Axioplan).

Results and discussion
Two alternatively spliced forms of CeMbl transcripts
All invertebrate genomes analyzed, including C. elegans,

contain a single muscleblind gene [20]. To clone the CeMb!
gene, a predicted CeMbl gene (KO2HS8.1) was first retrieved
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by sequence similarity searches against NCBI nonredun-
dant (nr) database using Drosophila melanogaster muscle-
blind-A (NP_788392.1) as a query. Subsequently, RT-
PCR was performed to amplify the CeMbl cDNA. Two
alternatively spliced isoforms, Ce Mbl-a and Ce Mbl-b, were
identified. Both isoforms are expressed in larval and adult
stages (Fig. 1A). An examination of the gene structure
reveals that the CeMbl-a cDNA contains six exons (I-VI)
whereas CeMbl-b cDNA contains only five exons with
exclusion of exon V (Fig. 1B).

The encoded proteins from CeMbl-a and CeMbl-b tran-
scripts (designated as CeMBL-A and CeMBL-B, respec-
tively) both contain two tandem zinc finger domains
(Supplementary Fig. 2). Each zinc finger is composed of
three cysteine and one histidine residues (known as CCCH
domain). This structural domain is present in all muscle-
blind proteins and is required for binding to pre-mRNA
[20]. The deduced amino acid sequences in the CCCH
domain of CeMBL showed approximately 70-90% similar-
ity (60-80% identity) to the MBNL orthologs in other spe-
cies (Supplementary Fig. 2). However, the homology is low
in the rest part of the protein. Apart from the characteristic
CCCH zinc finger domains, an alanine-rich region was
found in CeMBL-A, but not in CeMBL-B (Fig. 1B). The
alanine-rich region has been shown to be required for
high-affinity binding of AUF1 (an RNA-binding protein)
to its target sequence (A + U-rich elements) and the region
also contributed to the dimerization of this protein [21].
Whether the alanine-rich region plays a role in binding to
RNA or in protein—protein interaction of CeMBL isoforms
needs further verification.

CeMBL is not required for embryogenesis and larval
development

To investigate the function of CeMBL, RNAIi experi-
ments were performed by feeding method. Worms fed
with empty vector-containing bacteria were used as a
control. In parallel, RNAi targeted to etr-I was per-
formed for comparison. As shown in Fig. 2, control
(RNAIi) treatment did not cause any effect on worm
body shape until day 7. When the animals aged (=10
days old), approximately 20% of them displayed abnor-
mal morphology, a ratio slightly higher than that in
untreated population. The effect of etr-/ (RNAIi) on lar-
val development was noticed as early as in the period of
RNAI treatment. The affected worms presented distorted
body shapes (upper panel in Fig. 2). The detrimental
effect became more prominent as they grew older
(Fig. 2). The average life span of the etr-I (RNAI)
worms was significantly shorter than that of controls
(6.9 +0.4 vs 16.3 +0.7 days, Fig. 3D). It was previously
shown that the embryos of etr-I (RNAi) worms
remained encased in the egg shells or were paralyzed
after hatching and never showed further development
[17]. Consistently, we found that efr-/ (RNAi) worms
had a brood size significantly smaller than control group
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Fig. 2. Morphological abnormality of CeMbl (RNAi) worms. (Upper
panel) Representative pictures of body shape of etr-1 (RNAi), CeMbl
(RNAI), and control (RNAi) worms. (Lower panel) Growth-dependent
effect of RNAI treatment on worm morphology. The number of examined
animals for etr-1 (RNAIi), CeMbl (RNAI), and control (RNAi) worms is
44, 43, and 30, respectively. The period of RNAI treatment is indicated.

(Fig. 3A). This could have resulted from defective
embryogenesis (Fig. 3B). In contrast, the effect of CeMb/
(RNAi) on morphology was neither observed in larva
nor in young adults (<3 days). Instead, the phenotype
was present in the population at an age of 5 days or
older (Fig. 2). A major feature of affected worms is a
swollen protuberance occurring at the middle-posterior
ventral part (around vulva) of the body (Fig. 2).
Although CeMb! (RNAi) worms had a slightly smaller
brood size (Fig. 3A), most of their embryos developed
normally (Fig. 3B). This result indicates that etr-I and
CeMbl function at distinct developmental stages.
Although CeMb! transcripts are present in larva
(Fig. 1A), they appear to be not critical for early muscle
development.

Disrupted muscle structure and function in Ce Mbl (RN Ai)
adult worms

Disruption of the mouse Mbn/l gene was shown to
cause muscle phenotypes characteristic of DM [14].
Recently, we have demonstrated that expanded CUG
repeats are deleterious to body wall muscle of the worms
in a length- and growth-dependent manner. To investigate
if depletion of CeMbl is detrimental to C. elegans muscle,
we examined the motility rate, locomotion behavior, and
muscle structure of the RNAi-treated worms. At larval
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Fig. 3. Phenotypes of RNAi-treated C. elegans. Four phenotypes, including brood size (A), number of growth-arrested embryos (B), motility (C), and life
span (D) of control (RNAIi), CeMbl (RNAI), and efr-1 (RNAi) worms were examined. At least 30 worms were analyzed for each phenotype. The effect of
CeMbl (RNAI) and etr-1 (RNAI) was compared with that of control (RNAi) by using student’s #-test.

stages, these animals displayed a locomotion pattern of
regular S shapes. However, irregular track of movement
was frequently left on plate by the adult worms (4-day-
old) (upper panel in Fig. 4A). This suggests an age-depen-
dent impairment of muscle coordination in these worms. In
addition, the motility rate of the CeMbl/ (RNAi) worms
was significantly reduced (Fig. 3C). Further examination

RNAI
control CeMbl

Fig. 4. Disrupted muscle function and structure in CeMb! (RNAi) C.
elegans. (A) Locomotory behavior (upper panels) and muscle morphology
(lower panels). (B) Dense body alignment in muscle of control (RNAi) and
CeMbl (RNAi) worms. Anti-DEB-1/vinculin staining of dense bodies was
shown as red spots. Arrow indicates the dense body within a muscle cell.
Arrowhead indicates the dense body at the cell boundary. The dense body
structure is disrupted in the CeMbl (RNAI) animals. Bar, 10 pm.

control (RNAI)

CeMbl (RNAI)

of the musculature by staining animals with the filamen-
tous actin (F-actin) marker phalloidin revealed disrupted,
wave-like structure in the body wall muscle cells (lower
panel in Fig. 4A). The muscle phenotypes of CeMb/
(RNAi) worms were similar to those observed in
CUGI125 worms [16], suggesting that the expanded CUG
repeats may cause dominant effect on muscle by compro-
mising the CeMBL function.

Disruption of Z-band structure is a common histological
feature of muscle in DM patients and in flies deficient in
muscleblind protein [22]. Like the Z-bands of higher
eukaryotic muscle, the nematode dense bodies provide
for side-to-side linkage of thin filaments as well as for link-
age of oppositely oriented filaments. To investigate if the
function of CeMBL on dense body organization has been
evolutionarily conserved, animals of control and CeMbl
(RNAI) were immunostained with an antibody against vin-
culin, a basal component of the dense body. As shown in
Fig. 4B, the dense body in normal spindle-shaped muscle
cells is aligned in an orderly pattern. It is also prominent
at the cell-cell boundaries. In CeMb! (RNAI) muscle, this
pattern of regular alignment is severely disrupted and the
cell-cell boundaries become indistinguishable. The result
indicates that CeMBL is required for the organization of
dense body in C. elegans.

In summary, we have here identified two alternatively
spliced forms of CeMb! transcripts and demonstrated that
inactivation of CeMbl causes abnormal muscle structure
and function in adult worms. The CUG125 worms also
presented similar muscle phenotypes in a growth-depen-
dent manner [16]. These observations suggest that
expanded CUG repeats-induced toxicity on adults is med-
iated by compromising the CeMBL function.
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