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Myotonic dystrophy (DM) is a multisystemic disease caused by CTG or CCTG expansion mutations. There is
strong evidence that DM1 CUG and DM2 CCUG expansion transcripts sequester muscleblind-like (MBNL)
proteins and that loss of MBNL function causes alternative splicing abnormalities that contribute to disease.
Because MBNL1 loss is thought to play an important role in disease and localized AAV delivery of MBNL1
partially rescues skeletal muscle pathology in DM mice, there is strong interest in MBNL1 overexpression
as a therapeutic strategy. We developed the first transgenic MBNL1 overexpression mouse model (MBNL1-
OE) to test the safety and efficacy of multisystemic MBNL1 overexpression. First, we demonstrate that
MBNL1 overexpression is generally well-tolerated in skeletal muscle. Second, we show the surprising
result that premature shifts in alternative splicing of MBNL1-regulated genes in multiple organ systems are
compatible with life and do not cause embryonic lethality. Third, we show for the first time that early and
long-term MBNL1 overexpression prevents CUG-induced myotonia, myopathy and alternative splicing abnor-
malities in DM1 mice. In summary, MBNL1 overexpression may be a valuable strategy for treating the skeletal
muscle features of DM.

INTRODUCTION

Myotonic dystrophy (DM) is an adult-onset autosomal domin-
ant multisystemic disorder that affects approximately 1 in
8000 individuals (1). Two clinically similar disorders, DM
types 1 and 2, result from microsatellite repeat expansions in
functionally distinct genes. DM1 is caused by a CTG expan-
sion in the 3′ UTR of dystrophia myotonica protein kinase
(DMPK) gene and DM2 results from a CCTG intronic expan-
sion in the CCHC-type zinc finger, nucleic acid binding
protein (CNBP) gene (2–5). DM1 and DM2 patients have a
diverse set of clinical features including myotonia, muscle
wasting, insulin resistance, cardiac arrythmias, gastrointestinal
dysfunction, posterior iridescent cataracts and cognitive dys-
function (1).

Strong evidence supports a pathogenic model in which
CUG/CCUG expansion RNAs accumulate in DM patient
cells and contribute to disease by dysregulating alternative
splicing factors. These factors include CUGBP, Elav-like

Family Member 1 (CELF1) and Muscleblind-like 1
(MBNL1) (6–9). CELF1 upregulation occurs through a
protein kinase C-mediated hyperphosphorylation event (10),
and reduced MBNL1 activity results from sequestration of
MBNL1 by CUG and CCUG expansion transcripts (11–14).
Although both CELF1 upregulation and MBNL1 sequestration
likely play a role in DM, recent evidence suggests that .80%
of splicing abnormalities in a DM mouse model are caused by
Mbnl1 loss (15). Additionally, AAV-mediated delivery of re-
combinant MBNL1 to the tibialis anterior muscle of the
HSALR-CTG250 (HSA, human skeletal actin) mouse model
reverses myotonia and alternative splicing abnormalities
(16). Together, these data suggest that MBNL1 upregulation
may be an attractive therapeutic strategy for DM, although
further work is needed to understand its safety and efficacy.

We have developed the first mouse model to investigate the
safety and therapeutic potential of constitutive and long-term
multisystemic MBNL1 overexpression. Our results show for
the first time that high levels of MBNL1 overexpression are
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well-tolerated in skeletal muscle and that MBNL1 overexpres-
sion prevents CUGEXP-induced skeletal muscle myopathy.

RESULTS

Development of transgenic MBNL1-overexpression mice

We developed a transgenic mouse model that overexpresses
the 40 kDa isoform of human MBNL1, which is the predom-
inant isoform found in adult skeletal muscle and lacks exons 7
and 9 (16,17) (Fig. 1A). A humanized version of the highly
conserved (99.5%) 40 kDa mouse cDNA (gift from
M. Swanson) was tagged with a 3×Flag-epitope on the N-
terminus to distinguish recombinant from endogenous Mbnl1
protein. To test the effects of early, long-term and high
levels of MBNL1 expression, we used the ubiquitous b-actin
promoter with the early CMV enhancer (18). Using a Tnnt3
minigene splicing assay (16), we show that the tagged-
recombinant MBNL1 protein retains its function as an alterna-
tive splicing regulator and shifts Tnnt3 splicing to the adult
pattern by exluding the fetal (F) exon (Fig. 1B).

Recombinant MBNL1 expression in MBNL1-OE mice

Pronuclear injection of the MBNL1-overexpression
(MBNL1-OE) construct was performed on the FVB back-
ground. Because MBNL1 is an important regulator of alterna-
tive splicing, we expected that constitutive MBNL1
overexpression would cause embryonic lethality and that alter-
native conditional expression strategies might be required to
generate a successful MBNL1-OE model. However, we were
able to establish two transgenic lines (14685 and 14686) that
constitutively overexpress MBNL1. The relative level of
MBNL1 expressed in these mice was determined by immuno-
blot analyses (Fig. 2 and Supplementary Material, Fig. S1A).
Adult animals from line 14685 overexpress total MBNL1 in
skeletal muscle [gastrocnemius 9.2× (P ¼ 0.0285); quadri-
ceps 8.8× (P ¼ 0.0081)] compared with controls. Although
Flag-tagged recombinant protein is detectable in the 14685
brain, heart and lung, total MBNL1 levels were not significant-
ly increased and no recombinant protein was detected in the
kidney or liver (Fig. 2A). In contrast, 14686 mice showed
broad multisystemic overexpression of MBNL1 [gastrocne-
mius 16.5×; (P , 0.001); quadriceps 8.95× (P ¼ 0.00015);
heart 7.3× (P ¼ 0.00515); brain 2.9× (P ¼ 0.0041); lung
6.7× (P ¼ 0.0004); and liver 12.3× (P ¼ 0.0114)], with vari-
able levels of recombinant protein detected in the kidney
(Fig. 2). Also, we observed a lower molecular weight
N-terminal fragment. Because this band was positive for the
N-terminal FLAG epitope but not detected by the A2764 anti-
body directed to the C-terminus, the fragment is likely caused
by proteolytic cleavage of recombinant MBNL1. Consistent
with the previous description of the b-actin promoter (19),
both lines express recombinant MBNL1 proteins during em-
bryonic development (Fig. 2B). Immunofluorescence analysis
in transverse skeletal muscle sections shows that recombinant
MBNL1 localizes to the nucleus, sometimes in a focal distri-
bution (Fig. 2D and Supplementary Material, Fig. S2A). In
summary, these results show significant overexpression of
nuclear recombinant MBNL1 protein. The presence of

aggregates and proteolytic cleavage fragments raises the pos-
sibility that not all recombinant protein expressed in these
mice is functional.

Pheontypic effects of MBNL1 overexpression

To determine whether chronic, long-term MBNL1 overexpres-
sion is tolerated, we measured the lifespan of MBNL1-OE and
WT mice. When MBNL1 overexpression is limited to skeletal
muscle (line 14685), there was no increased mortality in
animals aged 18 months (n ¼ 35 WT, n ¼ 28 OE; Fig. 3A).
Although animals with multisystemic MBNL1 overexpression
(line 14686) had no increased mortality at 20 (survival wt ¼
100%, OE ¼ 100%), 40 (survival wt ¼ 92%, OE ¼ 96%)
and 60 weeks (survival wt ¼ 81%, OE ¼ 87%), they showed
increased mortality at 76 weeks of age (survival wt ¼ 73%,
OE ¼ 52%; P ¼ 0.02382; n ¼ 26 WT, n ¼ 23 OE; Fig. 3B).
The deaths were often sudden, with the mice showing no
signs of distress before being found dead in their cage. Whole-
body mass comparisons of the 14685 line show that skeletal
muscle overexpression does not affect mass or rates of
growth (Fig. 3C). In contrast, multisystemic 14686
MBNL1-OE mice show significantly reduced body mass com-
pared with wild-type littermates, although they gain mass at
the same rate (Fig. 3D). The cause(s) of the late-onset mortal-
ity and reduced body mass phenotypes found in the 14686 line
are not clear. These phenotypes may result from the high
levels of multisystemic MBNL1 overexpression found only
in the 14686 line, or an insertion effect. No overt changes in
cage behavior were observed in either line, but some mice
from line 14686 were susceptible to eye inflammation,
which was resolved when treated with topical antibiotics.

MBNL1 overexpression is generally well-tolerated
in skeletal muscle

To determine whether MBNL1 overexpression is toxic to skel-
etal muscle, we analyzed transverse sections of gastrocnemius
muscle by hematoxylin and eosin staining. Muscle from both

Figure 1. Transgene design and function. (A) Schematic diagram of the
MBNL1-OE construct used to express the 40 kDa isoform, (2) exons 7 and
9, of human MBNL1 protein with a triple flag epitope on the N-terminus.
Chicken b-actin promoter with early CMV enhancer (CAGG) drives transgene
expression. (B) HEK293T cells transfected with 2 mg of Tnnt3 minigene plus
2 mg of either pcDNA3.1 empty vector, CUGBP1 (16) or MBNL1-OE vectors.
Splicing of the Tnnt3 minigene was assayed using primers MSS1956 and
MSS1938 (16).
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lines appeared healthy and did not display any myopathic
changes such as necrosis, fibrosis, split fibers, atrophy, hyper-
trophy or centrally located nuclei (Fig. 4A). Quantitative ana-
lyses showed no significant increase in centrally nucleated
fibers (Fig. 4B) and no change in fiber cross-sectional area
(Fig. 4C) in either line. Muscle function was assessed by

forelimb grip strength analysis. 14685 mice displayed no dif-
ference in total grip strength compared with WT controls
(Fig. 4D). 14686 mice showed a decrease in total grip strength
(P ¼ 0.006), but this difference was not significant when
strength was normalized to muscle mass (Fig. 4D and E).
Finally, overexpression of MBNL1 had no effect on rotarod

Figure 2. Recombinant MBNL1 expression and localization in MBNL1-OE mice. (A) Western blots of tissues from FVB, 14685 and 14686 mice at 6 months of
age. Recombinant MBNL1 and endogenous Mbnl1 are detected using A2764 (aMbnl1) primary and HRP-conjugated a-rabbit secondary antibodies. aFlag-HRP
(M2) and a-mouse-HRP detect recombinant MBNL1 only. GAPDH was used as a loading control. (B) Western blots of whole embryo protein lysates show
expression of recombinant and endogenous MBNL1/Mbnl1 for 14685 at embryonic day 11 (E11) and 14686 at E13. (C) Relative levels of recombinant
(MBNL1) and endogenous (Mbnl1) protein in 14685 (n ¼ 7) versus wild-type littermates (n ¼ 3) and 14686 (n ¼ 3) versus wild-type littermates (n ¼ 3)
were quantified and normalized to the alpha-tubulin loading control. Endogenous Mbnl1 levels in wild-type controls were set to 1 to calculate a fold-change
in total MBNL1/Mbnl1 levels. ∗P , 0.05; ∗∗P , 0.005; ∗∗∗P , 0.001. (D) Immunofluorescence of recombinant MBNL1 in 14685 gastrocnemius muscle
using a-Flag (F7425 Sigma) and a-rabbit Alexa Fluor 488 (Jackson Immunoresearch) antibodies. No recombinant protein is detected in wild-type controls.
DAPI stain was used to detect nuclei.
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performance in either line, suggesting that balance and motor
coordination are unaffected by MBNL1 overexpression at
6 months of age (Fig. 4F).

MBNL1 overexpression causes a premature fetal-to-adult
splicing transition

Endogenous Mbnl1 regulates a fetal-to-adult splicing transi-
tion that occurs between post-natal day 2 and 21 (20). In the
absence of Mbnl1 or the presence of CUGEXP RNAs, this tran-
sition fails and fetal splicing patterns persist in adult tissues,
resulting in the spliceopathy characteristic of DM (21–24).
Because the 14685 and 14686 mice overexpress MBNL1
at both embryonic and neonatal time points (Fig. 2B and
Supplementary Material, Fig. S3A), we hypothesized that
MBNL1-regulated target mRNAs may prematurely shift to
adult isoforms during early development even though the
animals paradoxically appear relatively healthy. As predicted,
14686 neonates have a premature alternative splicing transi-
tion of Mbnl1 targets in skeletal muscle (Serca1, mZasp,
mTitin and, variably, ClCn1), heart (Tnnt2, Sorbs1, RyR2
and Cacna1D) and brain (Mbnl2 and Sorbs1) (Fig. 5A–C).
Most targets are shifted toward the adult isoform as early as
embryonic day 13 (Supplementary Material, Fig. S4). The
levels of recombinant MBNL1 are lower in line 14685
during development (Fig. 2B and Supplementary Material,
Fig. S3A), and premature splicing changes were not observed.

Myotonia and alternative splicing in a mouse model of DM
are corrected by MBNL1 overexpression

To determine whether long-term overexpression of MBNL1
which begins early in development (≤E11) will prevent DM

skeletal muscle phenotypes, we crossed 14685 mice with
HSALR-CTG250 mice (22) to generate mice that were hemizy-
gous for both MBNL1-OE and HSALR-CTG250 transgenes
(Fig. 6A). Because HSALR-CTG250 mice express a CUGEXP

transcript specifically in skeletal muscle tissue, line 14685
was chosen for this experiment as these mice overexpress
MBNL1 specifically in skeletal muscle and display no overt
phenotype. As previously reported, CUGEXP RNA foci were
present in the singly transgenic HSALR mice. We show
RNA foci are also present in HSALR;MBNL1-OE doubly
transgenic animals (Fig. 6B). Importantly, the MBNL1-OE
transgene provided sufficient additional MBNL1 to prevent
the CUGEXP-induced spliceopathy in doubly transgenic
animals (Fig. 6C). Needle insertion electromyography (EMG)
was performed on singly and doubly transgenic mice. Although
robust myotonic discharges were prevalent (30–90% of needle
insertions) in the HSALR skeletal muscle (tibialis anterior,
gastrocnemius and paraspinal muscles; n ¼ 8), the doubly trans-
genic HSALR;MBNL1-OE mice displayed less than one minor
myotonic discharge per 30 needle insertions (n ¼ 10). FVB
mice did not display any myotonia (n ¼ 3).

Overexpression of MBNL1 corrects the myopathy
of HSALR muscle

Previous results show that delivery of MBNL1 to HSALR

muscle at 4 weeks of age does not correct skeletal muscle my-
opathy (16). To test whether early and sustained overexpres-
sion of the 40 kDa isoform of MBNL1 prevents the
HSALR-CUGEXP-induced myopathy, we performed hematoxy-
lin and eosin staining of transverse sections of quadriceps
muscles from �1-year-old HSALR singly transgenic,
HSALR;MBNL1-OE doubly transgenic and FVB wild-type

Figure 3. Lifespan and mass of MBNL1-OE mice. (A) Kaplan–Meier survival plot for 14685 (n ¼ 35 WT; n ¼ 28 OE) and (B) 14686 (n ¼ 26 WT; n ¼ 23 OE)
mice up to 78 weeks of age. No statistically significant difference in survival at any time point was observed in line 14685. Mice from line 14686 have a sig-
nificant increase in percent mortality beginning at week 76 (P ¼ 0.023). (C) Mass of 14685 and (D) 14686 mice (n . 3 for all time points). No significant dif-
ference in mass was observed for line 14685 at any time point. In contrast, 14686 mice were smaller at 3–8 weeks (P , 0.005) and for week 9 (P ¼ 0.011).
Asterisks (∗) indicate statistically significant differences.
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mice. Although the HSALR mice displayed classic symptoms
of DM myopathy, including ringed fibers (asterisk), and
fibers with multiple central nuclei (arrow), the
HSALR;MBNL1-OE mice showed no signs of myopathy
(Fig. 6E). Additionally, quantitation of central nuclei showed
a significant decrease in the percentage of centrally nucleated
fibers in the HSALR;MBNL1-OE doubly transgenic mice com-
pared with age-matched HSALR mice. Although this correc-
tion was nearly complete (15.7 versus 6.9%, P ¼ 0.04), the
percentage of centrally nucleated fibers in the doubly transgen-
ic animals was still higher than wild-type levels (6.9 versus

4.0%, P ¼ 0.02). These results demonstrate that Mbn1 seques-
tration is a critical component of the myopathy in the HSALR

mice, and that this myopathy can be substantially corrected by
early and long-term upregulation of MBNL1.

DISCUSSION

Muscleblind sequestration is thought to play an important role
in DM pathogenesis. We developed an MBNL1-OE mouse
model to investigate the safety and efficacy of MBNL1

Figure 4. Muscle histology and function in MBNL1-OE mice. (A) Hematoxylin and eosin stains of skeletal muscle from 14685, 14686 and wild-type littermate
controls. (B) Percentage of fibers with at least one central nuclei in skeletal muscle from wild-type (n ¼ 6), 14685 (n ¼ 4) and 14686 (n ¼ 3) animals at 11–14
months. (C) Average fiber cross-sectional area in 11–14-month wild-type (n ¼ 6), 14685 (n ¼ 4) and 14686 (n ¼ 3) mice. (D) Total forelimb grip strength in
4–7-month wild-type (n ¼ 21), 14685 (n ¼ 15) and 14686 (n ¼ 11) mice. 14686 have a significant loss in forelimb grip strength compared with wild-type
controls (P , 0.001). (E) Grip strength normalized to skeletal muscle mass in 4–7-month wild-type (n ¼ 5) and 14686 (n ¼ 5) mice. (F) Rotarod analysis
at 6 months in 14685 (n ¼ 10) versus wild-type littermates (n ¼ 7) and 14686 (n ¼ 8) versus wild-type littermates (n ¼ 8).
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overexpression as a potential therapeutic strategy. Our data
show: (i) MBNL1 overexpression is generally well-tolerated
in skeletal muscle; (ii) the surprising result that premature
shifts in alternative splicing of MBNL1-regulated genes in
multiple organ systems are compatible with life and do not
cause embryonic lethality; (iii) MBNL1 overexpression
prevents CUGEXP-induced myotonia, myopathy and alterna-
tive splicing abnormalities in HSALR;MBNL1-OE doubly
transgenic mice.

Previous studies have shown that localized AAV delivery of
MBNL1 to tibialis anterior muscle in HSALR-CTG250 mice
reverses myotonia and alternative splicing changes. These
data suggested that MBNL1 overexpression may be an effect-
ive therapeutic strategy for DM. However, an unanswered
question we now address is whether chronic multisystemic
overexpression of this important regulator of alternative
splicing has deleterious consequences. We show that, when
MBNL1 overexpression (10-fold) is limited to skeletal
muscle, the mice are healthy and develop no detectable pheno-
type up to 18 months of age. Similarly, higher levels of
MBNL1 overexpression (17-fold) in a second transgenic line
are also well-tolerated in skeletal muscle and cause no histo-
logical or functional abnormalities.

Because MBNL1 regulates a developmental splicing transi-
tion thought to be important in development (20,25), we ana-
lyzed splicing patterns of MBNL1 targets in embryos and
neonates that overexpress MBNL1. We show that MBNL1
overexpression (17-fold in skeletal muscle, 9-fold in heart
and 3-fold in brain) causes premature splicing transitions of
MBNL1 target mRNAs in these tissues. Surprisingly, the skel-
etal muscle develops and functions normally in spite of these
premature MBNL1-medated splicing shifts. This suggests
either compensatory mechanisms allow muscle development
despite the expression of adult isoforms of MBNL1-targets,
or that MBNL1-regulated transcripts are not important for
skeletal muscle development.

Because MBNL1 overexpression causes multisystemic
changes in alternative splicing and overexpression of a
similar alternative splicing factor, CELF1, causes embryonic
lethality (20,25–31), we were surprised that the 14686
MBNL1-OE mice were viable. Line 14686 did, however,
display a number of phenotypic abnormalities including
reduced mass and late-onset sudden death. Because these
phenotypic abnormalities only occurred in a single line, it is
possible that transgene insertion effects cause the reduced
mass and late-onset mortality. Future studies are needed to
characterize the consequences of multisystemic overexpres-
sion to better understand the potential of MBNL1 as a multi-
systemic therapeutic strategy.

A number of strategies have been previously used to correct
RNA gain of function effects in DM mouse models, including
morpholinos, antisense oligonucleotides, small molecules and
AAV-delivered MBNL1 (16,32–35). Although these methods
have variably corrected alternative splicing abnormalities and
myotonia, none has reversed the skeletal muscle myopathy. In
addition to demonstrating safety of high levels of MBNL1-OE
in skeletal muscle, we show overexpression of a single
MBNL1 isoform (40 kDa) is sufficient to prevent CUGEXP-
induced skeletal muscle phenotypes, including myotonia,
alternative splicing changes and myopathy.

Skeletal muscle weakness is an important and intractable
problem for DM patients, which often results in fatal respira-
tory complications. Finding strategies to prevent this incidious
muscle wasting is of critical importance. Our results demon-
strate the first succcessful prevention of DM1 myopathy in
mice and highlights the promise of MBNL1 overexpression
as therapeutic strategy for DM.

Finally, because MBNL1 sequestration has recently been
implicated in SCA8, HD and HDL2, these mice will be a valu-
able tool to better understand the role of RNA gain-of-function
effects in other disorders.

MATERIALS AND METHODS

Transgene construction

The pTRUF12D_MBNL1-40 kDa was obtained as a generous
gift by Dr Maurice Swanson. An epitope tag containing three
repeated FLAG epitope sequences with a strong Kozak and
ATG codon was cloned into HindIII and XhoI sites upstream
of the MBNL1 transgene coding sequence. For pronuclear in-
jection, the transgene was linearized with Kpn1 and Sph1, gel-
purified (Promega Wizard SV Gel and PCR Cleanup Kit) and
dialyzed overnight. MBNL1-OE mice were genotyped using
PCR with NEB Quick-Load Taq Mastermix with transgene-
specific primers [OE R4 (5′-GATGAGCAAACCGACA
GTCA-3′) and OE F6 (5′-ATCGCCTGTTTGATTCATT-3′)],
with an initial denaturation at 958C, then 30 cycles (958 for
30 s, 568 for 30 s, 688 for 30 s), followed by a final elongation
at 688 for 6 min.

Fluorescence in situ hybridization/immunofluorescence

Mouse skeletal muscle was frozen in 2-methylbutane cooled
in liquid nitrogen. Using a Leica cryostat, 8 mm transverse

Figure 5. Neonatal splicing in MBNL1-OE mice. RT-PCR analysis of alterna-
tive splicing in 14686 and wild-type littermates at post-natal day 1. mRNA
targets and specific alternatively spliced exons are listed on each gel. Mbnl1
targets were analyzed in skeletal muscle (A), brain (B) and heart (C).
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sections were cut. For RNA fluorescence in situ hybridiza-
tion, tissue was fixed in 2% paraformaldahyde/1× phosphate
buffered saline (PBS) for 30 min at 48C and then washed in
1× PBS. Sections were then incubated in 2% acetone/1×
PBS 5 min at 48C, briefly washed in 1× PBS and incubated
in pre-hybridization solution (30% formamide/2× SSC) for
10 min at RT. Sections were then incubated 2 h at 428C with
a CAG8 RNA probe (500 ng/ml) in a hybridization solution
containing 30% formamide, 2× SSC, 0.2× BSA, 2 mM

vanadyl ribonucleoside and 1 mg/ml yeast tRNA. Finally,
sections were incubated in post-hybridization buffer (30%

formamide/2× SSC) for 30 min at 458C, washed 5 ×
5 min in 1× SSC, briefly washed in 1× PBS and mounted
with Prolong Gold antifade reagent with DAPI (Invitrogen).
For immunofluorescence, tissue was fixed in 3% paraformal-
dehyde/1× PBS for 30 min at 48C and washed 3 × 5 min in
1× PBS. Tissue was blocked for 1 h at RT in 3% normal
goat serum/1× PBS. Primary antibodies were diluted
(a-MBNL1 A2764 1:1000; a-Flag F7425 1:200) in 3%
NGS/1× PBS and sections were incubated in primary
antibodies overnight at 48C. Tissue was washed in 1×
PBS and incubated in secondary antibody (DyLight

Figure 6. MBNL1 overexpression corrects a DM skeletal muscle phenotype. (A) Schematic diagram of MBNL1-OE and HSALR cross. (B) RNA foci in skeletal
muscle from HSALR and HSALR;MBNL1-OE mice detected with a Cy3 conjugated CAG8 oligonucleotide probe. No foci were detected in wild-type FVB mice.
(C) RT-PCR splicing assays of FVB wild-type (WT), singly transgenic HSALR (HSA) and doubly transgenic HSALR;MBNL1-OE mice (D). (D) EMG trace from
an HSALR gastrocnemius muscle showing a single needle insertion resulting in a �2 s myotonic discharge and trace from an HSALR;MBNL1-OE doubly trans-
genic mouse gastrocnemius showing two normal needle insertion responses without electrical myotonia. (E) Hematoxylin and eosin staining of quadriceps
muscle from 12-month FVB wild-type, singly transgenic HSALR and doubly transgenic HSALR;MBNL1-OE mice. Ringed fibers (asterisk) and multiple
central nuclei (arrow) shown in the HSALR mouse. (F) Quantitation of centrally nucleated fibers in FVB wild-type, HSALR and HSALR;MBNL1-OE mice.
Averages are shown +SEM.
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488-conjugated goat anti-rabbit IgG 1:5000) in 3% NGS/1×
PBS 1 h at RT. Sections were washed in 1× PBS and
mounted with Prolong Gold antifade reagent with DAPI (Invi-
trogen). Images were taken on a Leica TCS SP5 confocal
microscope and are presented as a z-stack compressed image.

Western analysis

Mouse tissue was lysed in radioimmunoprecipitation buffer
with protease inhibitors (Roche Complete Mini Tablets).
Protein concentrations were determined using the Bio-Rad
protein reagent. Ten micrograms (skeletal muscle) or 20 mg
(non-skeletal muscle) of protein was separated by electrophor-
esis on NuPAGE 4–12% Bis–Tris gels (Invitrogen) and
transferred to nitrocellulose (GE Healthcare Amersham
Hybond-ECL). Non-specific binding was blocked with 5%
non-fat milk in PBS-T (PBS with 0.05% Tween 20) for 1 h
at room temperature and incubated with the primary antibody
in 5% non-fat milk in PBS-T overnight at 48C. Membranes
were then washed three times in PBS-T and incubated for
1 h at room temperature with secondary antibodies in 5%
non-fat milk in PBS-T and visualized with ECL western blot-
ting detection reagents (Amersham Biosciences).

The primary antibodies and concentrations used were as
follows: MBNL1 A2764 (20) (gift from Dr Charles Thornton)
1:2000; FLAG (Sigma A8592) 1:5000; tubulin (Sigma T9026)
1:5000; and GAPDH (Chemicon MAB374) 1:40 000. The sec-
ondary antibodies used in conjunction with various primary
antibodies were as follows: MBNL1 A2764 (1:5000 anti-
rabbit IgG; GE Healthcare NA934V); FLAG and tubulin
(1:5000 anti-mouse IgG; GE Healthcare NA931V); and
GAPDH (1:10 000 anti-mouse IgG; GE Healthcare NA931V).

Lifespan/mass

To assess lifespan, entire litters of 14685 and 14686 were aged to
18 months without experimental intervention. Research and vet-
erinary staff monitored animal health daily. Treatment of
various conditions (fight wounds, skin lesions) was performed
per veterinary recommendations regardless of mouse genotype.
The 14686 OE mice appeared to have an increased frequency of
eye infections, which were resolved with triple-antibiotic oint-
ment. To monitor mass, individual cohorts of mice were
weighed at various time points and data were compiled.

Muscle histology

Skeletal muscle was frozen in 2-methylbutane cooled with liquid
nitrogen. Transverse sections of 8 mm were cut on a Leica cryo-
stat. Samples to be compared were placed on the same micro-
scope slide. Samples were incubated for 5 min in harris
hematoxylin; rinsed with cold tap water; immersed twice in
eosin-y; washed consecutively with 80, 90 and 100% ethanol;
and incubated three times for 2 min in Xylenes. Samples were
mounted with Cytoseal 60 (Richard Allan Scientific) and visua-
lized on an Olympus BX51 upright light microscope.

To analyze fiber cross-sectional area and the percentage of
centrally nucleated fibers of each muscle section, four repre-
sentative, non-overlapping images were taken at 20× magni-
fication. Using the Olympus CellSens Standard analysis

software, 100 fibers from each image were outlined to deter-
mine the total fiber area. Centrally localized nuclei, as well
as the total fiber number in each image, were manually
counted to calculate the percentage of centrally nucleated
fibers. All persons analyzing muscle histology were blinded
to the genotypes of the mice.

Grip strength

Forelimb strength was measured using a grip strength monitor
(Columbus Instruments). Each mouse was held by the base of
its tail near the wire mesh pull-bar assembly and allowed to
grasp the assembly. The mouse was then gradually drawn
away from the assembly until the pull-bar was released. The
force at release was recorded. This was repeated five times
to obtain an average grip strength per mouse. For normalized
grip strength, 14686 and wild-type mice were analyzed, and
the combined mass of their tibialis anterior, gastrocnemious,
quadriceps and triceps muscles was recorded. Total grip
strength for each mouse was normalized to skeletal muscle
mass. Data are presented as mean+SEM.

Rotarod

For rotarod analysis, 6-month-old mice were allowed to
habituate in a climate-controlled behavioral suite for 1 h.
Mouse was placed on an accelerating rotarod apparatus (Ugo
Basile; 47600) initially rotating at 4 r.p.m. The rate of rotation
was gradually increased to 40 r.p.m. over 5 min and continued
at the maximum rate of 40 r.p.m. for 5 additional minutes. The
time that a mouse fell (latency to fall) from the rotating bar
was recorded. Mice were rested for 10 min following each
trial. The trial was then repeated three additional times per
day for 4 consecutive days. A mouse’s latency to fall for
each day was recorded as the mean latency of the four con-
secutive trials. Data are reported+SEM.

Alternative splicing analysis

For splicing analysis in cell culture, HEK293T cells were
plated in a six-well plate with DMEM (Gibco) and 10%
FBS. Cells were transfected with 1 mg of Tnnt3 minigene con-
struct and 1 mg of CUGBP1 or MBNL1 expression plasmids
(16) using the Lipofectamine 2000 reagent (Invitrogen).
RNA was purified with RNeasy Mini Kit (Qiagen) and
cDNA was synthesized from 1 mg of template RNA using
Superscript II First Strand Synthesis (Invitrogen) with
random hexamer primers. Tnnt3 splicing analysis was
carried out as described previously (16), using primers
MSS1956 and MSS1938. For in vivo splicing assays, mouse
tissue was snap-frozen in liquid nitrogen. RNA was isolated
from frozen tissue using Trizol Reagent (Invitrogen). cDNA
was synthesized from 2 mg of template RNA, using Super-
script II First Strand Synthesis (Invitrogen) with random
hexamer primers. Target-specific primers were as described
previously for Mbnl2 E6, Serca1 E22, mZasp E11, mTitin
E5, ClCn1 E7a (20), Tnnt2 E5 (21), nFix (15). Additional
primers were as follows: RyR2 F[5′-CGGACCTGTCTA
TCTGCACCTTTGT-3′], R[5′-CATACCACTGTAGGAATG
GCGTAGCA-3′]; Cacna1d F[5′-CATGCCCACCAGCGAG
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ACTGAA-3′], R[5′-CACCAGGACAATCACCAGCCAGTA
AA-3′]; and Sorbs1 E23 F[5′-CCAGCTGATTACTTGGAG
TCCACAGAAG-3′], R[GTTCACCTTCATACCAGTTCTG
GTCAATC-3′]. Each product was amplified for 32 cycles
(958 for 30 s, 558 for 45 s, 728 for 30 s). PCR products were
resolved on 2% agarose gels, stained with ethidium bromide
and imaged on a GE ImageQuant 400.

Electromyography

EMG analysis was carried out on a Teca Synergy system
(Viasys Healthcare). Mice were anesthetized with 100 mg/kg
body mass ketamine and 10 mg/kg body mass xylazine. A
30 guage concentric needle electrode (CareFusion Teca
Elite) was inserted at least 30 times for each muscle analyzed
(gastrocnemius, tibialis anterior, quadriceps, triceps and para-
spinals). The frequency of insertions yielding a myotonic dis-
charge was recorded for each muscle. The individual
performing EMG analysis was blinded to mouse genotypes.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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