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Myotonic dystrophy (DM) may be the most variable human disorder described, 

affecting every age group from newborns to the adult-onset form which can range from 

adolescent manifestations to late-onset disease.  Frequent disease characteristics 

include skeletal muscle weakness, myotonia, cataracts, and distinct changes in 

alternative splicing patterns.  Congenital patients present with additional symptoms at 

birth, consisting of immature muscle, pulmonary insufficiencies, and central nervous 

system (CNS) involvement.  DM arises from the expansion of two similar non-coding 

microsatellites in the DMPK and CNBP genes which have been proposed to cause 

disease through a common mechanism, a toxic RNA gain-of-function which can either 

inhibit or activate specific proteins.  One of these candidates, the muscleblind-like 

(MBNL) family of proteins encoded by three genes, MBNL1, MBNL2, and MBNL3, are 

sequestered into discrete nuclear foci by RNA repeat expansions, preventing 

interactions with endogenous RNA targets and compromising their activity.  However, it 

is unclear how the inhibition of MBNL function leads to disease and the extent of MBNL 

involvement in the diverse presentation of symptoms in DM.  The goal of this study was 

to investigate the normal function of MBNL proteins which are compromised in DM and 
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their role in congenital disease.  Our working hypothesis is that MBNL genes show 

distinct temporal and spatial expression patterns that influence age-of-onset and 

disease-associated pathological changes. 

For MBNL1, we first demonstrate that this protein is an alternative splicing factor 

that interacts with pre-mRNAs misspliced in DM and that this interaction is necessary 

for splicing responsiveness.  Additionally, we show that MBNL1 interacts with DM1 

pathogenic and non-pathogenic repeat RNAs, but inherent differences in these 

interactions contribute to the ability to promote disease associated changes in 

alternative splicing.  This and additional evidence supports the hypothesis that loss of 

MBNL1 function in DM causes defects in the alternative splicing of specific genes during 

postnatal development which leads to distinct pathological features in adult-onset 

disease, including myotonia and insulin insensitivity. 

Since MBNL3 shows a restricted expression pattern during development and 

regeneration, we employed an in vivo approach to test the hypothesis that Mbnl3 is 

necessary for normal embryonic development and loss of this protein results in 

congenital myotonic dystrophy (CDM).  Mbnl3 expression patterns, particularly in 

tissues affected in CDM including skeletal muscle and lung, as well as the cellular 

localization of Mbnl3 protein isoforms, suggest a function that is distinct from other Mbnl 

family members.  Indeed, siRNA-mediated knockdown analysis of Mbnl3 in the C2C12 

cell culture model of myogenesis demonstrates that Mbnl3 is essential for normal  

myogenic differentiation.  To test the hypothesis that Mbnl3 was required for normal 

myogenesis in vivo, we generated Mbnl3 isoform knockout mice that fail to express the 

major Mbnl3 isoform.  While these Mbnl3∆E2/Y knockout mice do not recapitulate the 
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CDM phenotype, upregulation of other Mbnl3 isoforms occurs in this line suggesting the 

possibility of functional complementation.  A possible role for Mbnl3 expression in adult 

muscle regeneration following injury was also discovered.  We conclude that Mbnl3 null 

lines must be created to determine if expression of this Mbnl gene is essential for 

normal embryonic muscle development.  Overall, these results demonstrate that 

MBNL1 is an alternative splicing factor that regulates gene expression during postnatal 

life while MBNL3 expression is essential for normal myogenic differentiation in vitro and 

possibly in vivo.  
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CHAPTER 1 
OVERVIEW OF MYOTONIC DYSTROPHY 

Myotonic Dystrophy Type 1 

Myotonic dystrophy type 1 (DM1) is a dominantly inherited, multisystemic, 

neuromuscular disorder.  It is the most common adult-onset form of muscular dystrophy, 

affecting 1 in 8000 individuals worldwide (Harper, 2001).  Common DM1 symptoms 

include subcapsular cataracts, progressive distal skeletal muscle weakness and 

wasting, insulin resistance, cardiac arrhythmia, cognitive impairment, myotonia (a failure 

to relax skeletal muscle following a voluntary contration) (Avaria and Patterson, 1994; 

Groh et al., 2002; Lacomis et al., 1994; Milner-Brown and Miller, 1990; Stuart et al., 

1983), and a molecular defect in the alternative splicing of specific pre-mRNAs (Ranum 

and Cooper, 2006).  An interesting hallmark of this disease is the remarkable variability 

seen in the age of onset and penetrance of these clinical phenotypes.  DM1 symptoms 

have been reported from adolescence to adulthood with early onset cataracts, muscle 

weakness, and myotonia being the most frequent disease manifestation (Harper, 2001).  

DM1 also displays genetic anticipation, a phenomenon in which each successive 

generation afflicted with disease presents with an earlier age of onset accompanied by 

more severe symptoms.  Additionally, at its earliest time of onset, infants are affected 

with a distinct and severe form of disease (see congenital myotonic dystrophy).  The 

dynamic nature of the characteristics of this disease have historically presented 

problems for defining the disorder in terms of symptoms.  However, the variability 

demonstrated in DM1 became more clear in 1992, when the molecular defect was 

uncovered (Brook et al., 1992; Buxton et al., 1992; Fu et al., 1992; Harley et al., 1992; 

Mahadevan et al., 1992).  
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DM1 is caused by a (CTG)n microsatellite repeat expansion in the 3’ untranslated 

region (UTR) of the DMPK gene.  In the normal population, CTG repeats can range 

from 5 to 37.  In disease, repeats expand to (CTG)50-1000 for adult onset patients and 

(CTG)1000-4000 for congenital patients (Anvret et al., 1993; Botta et al., 2008; Hedberg et 

al., 1999) (Fig 1-1A).  Individuals with the initial expansion, called the protomutation, 

generally have smaller repeats and present with more mild symptoms and a later age of 

onset.  Further transmission of the expanded allele results in a longer repeat region and 

more severe disease in the following generations (Harper, 2001).  Interestingly, genetic 

anticipation, is also seen in other dominantly inherited trinucleotide repeat disorders 

which are subject to expansions, including Huntington disease (HD) and several spinal 

cerebellar ataxias (SCA) (Koshy and Zoghbi, 1997; La Spada et al., 1994).  (CTG)>50 

repeats also display somatic instability that result in heterogenous expansions in 

tissues, likely contributing to the high degree of phenotypic variability seen in DM1.  

Although (CTG)n size can differ within the same individual due to somatic mosaicism, 

disease severity correlates positively with the length of the CTG expansion itself 

(Ashizawa et al., 1993; Martorell et al., 1997; Wong et al., 1995).  

While mechanism of expansion of CTG/CAG repeats are not well understood, 

multiple models have been proposed to explain this process and have focused on errors 

during DNA replication and repair.  During leading strand replication, CTG/CAG repeats 

can adopt stable DNA secondary structures that disassociate the 3’ end of the 

synthesizing strand from the parental strand and allow it to reanneal out of register 

within the repeats of the parental strand (Pearson et al., 2005) (Fig. 1-2).  Alternatively, 

Okazaki fragments located entirely within the expanded repeat itself during lagging 
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strand synthesis, which are not anchored to non-repetitive sequence, can slip and 

produce unpaired repeats (Richards and Sutherland, 1994).  Repair and further rounds 

of replication promote expansion.  It is, however, unclear what causes the protomutation 

from (CTG)5-37 to (CTG)>37, making the repeats susceptible to further expansion.  

Transgenic mice expressing DMPK-(CTG)55 demonstrate intergenerational expansions 

in repeat size, while DMPK-(CTG)20 remain static (Seznec et al., 2000).  This result 

substantiates the observation in humans that CTG repeats become unstable between 

(CTG)37-50 and are subject to further expansion in the germline, but it fails to explain the 

underlying cause of the protomutation.  

Congenital Myotonic Dystrophy 

Congenital myotonic dystrophy (CDM) is caused by (CTG)1000-4000 repeat 

expansions (Tsilfidis et al., 1992).  This is the same CTG mutation in DM1, however, the 

larger expansion affects newborns with a distinct set of clinical features.  Individuals 

born with CDM present with immature skeletal muscle, poor suckling, talipes (club foot), 

mental retardation, pulmonary involvement, and hyotonia (a lack of baseline muscle 

tone resulting in movement impairment) (Harper, 1975; Harper, 2001).  The main cause 

of mortality in CDM patients is due to respiratory deficiencies, believed to result from 

hypotonia of the diaphragm and intercostal muscles, as well as lung involvement 

(Campbell et al., 2004; Rutherford et al., 1989).  CDM children that overcome the early-

onset symptoms generally present with delays in developmental milestones until 3-4 

years of age (Echenne et al., 2008).  Remarkably, delays in skeletal muscle 

development and pulmonary involvement is resolved in early childhood.  However, most 

CDM patients develop adult-onset DM1 symptoms by adolescence.   
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Haploinsufficiency Model of Disease 

Dominantly inherited microsatellite repeat expansion diseases, including HD and 

SCA1, have CAG repeats located within their coding regions.  These repeats code for a 

polyglutamine expansion, resulting in a toxic gain-of-function that affects multiple 

cellular processes (Imarisio et al., 2008; Kang and Hong, 2009).  However, DM1-

associated (CTG)n expansions in the DMPK 3’UTR are also inherited in a dominant 

manner, but do not affected the predicted protein product.  This raises an intriguing 

question; how does a non-coding mutation cause a dominantly inherited disease?  One 

potential explanation for this observation is the haploinsufficiency model, which 

proposes that the (CTG)n repeat expansion causes down-regulation of DMPK and the 

flanking genes, DMWD and SIX5.  DMWD, DMPK, and SIX5 are located within a 20 

kilobase (kb) region of chromosome 19q13.  Previous studies have reported evidence of 

decreased mRNA expression from these genes in DM1 and CDM tissues when 

compared to unaffected individuals (Eriksson et al., 2001; Fu et al., 1993; Hamshere et 

al., 1997; Inukai et al., 2000; Klesert et al., 1997; Novelli et al., 1993; Sabouri et al., 

1993).  (CTG)n repeats are flanked by CTCF insulator elements, which bind CTCF 

proteins and establish boundaries preventing the unwanted spread of heterochromatin 

at the DMPK locus (Phillips and Corces, 2009).  In DM1, CTCF binding sites are 

methylated, preventing CTCF from binding (Filippova et al., 2001).  In the absence of 

CTCF, antisense transcription from the downstream gene SIX5 extends thorugh the 

CTG repeats and promotes the spread of heterchormatin formation by recruiting 

heterochromatin protein 1 γ (HP1γ), a protein involved in localization of silenced genes 

to the nuclear lamin (Cho et al., 2005).  Additionally, loss of DNaseI hypersensitivity 
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sites at the DMPK locus supports the idea that heterochromatin formation could lead to 

loss of expression at the DMPK locus (Otten and Tapscott, 1995). 

 To test the idea that haploinsufficieny of the DMPK locus, caused by the 

expansion of (CTG)n repeats, promoted DM1 and CDM, Dmpk and Six5 knockout mice 

were generated.  Dmpk-/- mice display a mild late-onset skeletal muscle myopathy, 

characterized by a reduction in force generation, increased fibrosis, and a decrease in 

organization of the Z-line (Reddy et al., 1996).  Dmpk-/- mice also demonstrate cardiac 

conduction defects, including first, second and third atrioventricular blocks (Berul et al., 

1999).  However, only a first degree atrioventricular block and no skeletal muscle 

defects are observed in Dmpk+/- mice.  Six5+/- mice develop ocular cataracts, while Six5-

/- males are sterile and display hypogonadism (Klesert et al., 2000; Sarkar et al., 2000; 

Sarkar et al., 2004).  However, the age-related nuclear cataracts in Six5+/- mice  are 

different than the subcapsular cataracts seen in DM1.  Six5+/- mice also display mild 

cardiac conduction defects (Berul et al., 2000; Wakimoto et al., 2002).  Neither of these 

models present with cardinal DM1 phenotypes, including skeletal muscle wasting, 

myotonia, subcapsular cataracts or changes in alternative splicing (Personius et al., 

2005).  In addition, skeletal muscle phenotypes and hypogonadism are only observed in 

Dmpk-/- and Six5-/- mice, not in Dmpk+/- and Six5+/- mice as the haploinsufficieny model 

would predict.  While loss of DM1 associated gene expression may contribute to the 

disease, it is clear that haploinsufficiency of these genes is not solely responsible for 

disease onset.  To date, no one has generated a Dmwd knockout mouse to assay for its 

contribution to the haploinsufficieny model. 
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Myotonic Dystrophy Type 2 

The symptoms of DM1 have been well documented in the literature.  However, a 

small percentage of families with myotonic dystrophy symptoms fail to develop genetic 

anticipation or a congenital form of the disease.  Additionally, these individuals display 

proximal skeletal muscle weakness (as opposed to distal weakness in DM1) and normal 

(CTG)5-37 repeats in the DMPK 3’UTR (Ricker et al., 1995; Thornton et al., 1994).  In 

2001, a (CCTG)n mutation linked to these families was identified in the first intron of the 

CNBP gene (formerly known as ZNF9), so the disease was renamed myotonic 

dystrophy type 2 (DM2) (Liquori et al., 2001).  In the normal population, unaffected 

individuals posses (CCTG)>27, while the DM2  pathogenic expansions contain (CCTG)75-

11,000  (Fig. 1-1B).  These patients comprise approximately 5% of total myotonic 

dystrophy cases.  Interestingly, DM1 and DM2 share a significant overlap in adult-onset 

disease manifestation (Fig. 1-3) despite being caused by two independent mutations in 

seemingly unrelated genes.  Cnbp+/- mice have a reduced expression of Cnbp mRNA 

and show skeletal muscle degeneration and enlarged hearts (Chen et al., 2007).  

However, unlike DM1, there is no evidence that DM2 expansions alter expression from 

the locus harboring the (CCTG)n expansion (Botta et al., 2006).  Therefore, 

haploinsufficiency of CNBP is unlikely to be a cause of DM2.  Taken together, these 

observations predict a common primary mechanism of pathogenesis in DM1 and DM2, 

that is disconnected from the specific disease associated loci. 

RNA Dominance and Sequestration Models of Disease 

 How do two different non-coding C(CTG)n repeat expansions in unrelated genes 

result in a dominantly inherited disease with remarkably similar phenotypes?  The first 

evidence of a common mechanism emerged from the observation that both (CUG)>50 



 

22 

and (CCUG)>75 RNAs localize to discrete nuclear foci in DM1/DM2 skeletal muscle 

sections and cell culture but not in normal controls (Davis et al., 1997; Margolis et al., 

2006).  Relocalization into nuclear foci inhibits DMPK mRNA from nuclear export and 

translation (Davis et al., 1997).  Additionally, a transgenic mouse expressing (CTG)250 in 

the 3’UTR of a human skeletal actin transgene (HSALR) developed nuclear RNA foci 

similar to those seen in DM1 and DM2 and phenocopied characteristic DM skeletal 

muscle symptoms, including myotonia, centralized nuclei (indicating damaged and 

regenerating muscle fibers), and alternative splicing defects (Mankodi et al., 2000).  

HSASR control mice expressing (CTG)5 were unaffected.  Interestingly, the severity of 

the DM phenotype in mice correlated with expression of the transgene.  Highly 

expressing HSALR mice were more affected than moderately expressing mice, while 

transgenes inserted into heterochromatic regions that did not express detectable levels 

of (CUG)250 RNA did not develop DM symptoms.  The presence of three unrelated and 

non-coding C(CUG)n repeat expansions that aberrantly localize in nuclear foci and 

promote expression dependant DM phenotypes suggest a toxic gain-of-function at the 

RNA level. 

 One model proposes that toxic C(CUG)n RNAs activate cellular proteins which, in 

turn, can contribute to the onset of disease through unwanted downstream events.  

First, protein kinase R (PKR) is a double-stranded RNA (dsRNA) binding protein that 

functions in innate immunity by interacting with viral dsRNAs in infected cells (Sadler 

and Williams, 2007).  Activation of PKR through binding of dsRNA promotes cell death 

by inhibiting cellular translation, via phosphorylation of eIF-2, and activation of other 

cellular stress response mechanisms, including RNase L.  PKR binds toxic (CUG)n RNA 
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in a length-dependent manner with increasing affinity in vitro and activates PKR in cell 

culture (Tian et al., 2000).  However, PKR is not activated in DM1 patient tissues and 

Pkr-/-; HSALR mice develop DM phenotypes, demonstrating that Pkr is not necessary for 

onset of disease in the presence of expanded (CUG)250 (Mankodi et al., 2003).  Second, 

expanded (CUG)n repeats can also act as substrates for DICER, a dsRNA binding 

protein with endonuclease activity that cleaves pre-microRNAs into 22 nucleotide 

fragments in the microRNA (miRNA) pathway (Krol et al., 2007).  Processing of (CUG)n 

repeats by DICER can promote the downregulation of CAG containing transcripts 

through the siRNA pathway in vitro.  Nevertheless, CUG siRNAs have not been 

detected in DM1 tissues or in a mouse model expressing (CUG)250 repeats in skeletal 

muscle (Osborne et al., 2009).  No additional evidence has substantiated CUG siRNA 

involvement in DM1 pathogenesis.  Finally, CUGBP1, a single-stranded RNA (ssRNA) 

binding protein involved in developmentally regulated alternative splicing and RNA 

turnover, is upregulated ~ 2-fold in DM1 and DM2 skeletal muscle and heart when 

compared to the normal tissues (Timchenko et al., 2001).  CUGBP1 upregulation is 

caused by increased stability of the protein through PKC-mediated 

hyperphosphorylation (Kuyumcu-Martinez et al., 2007).  Mice expressing a tamoxifen-

inducible transgene with (CUG)960 repeats in the DMPK 3’UTR produce increased levels 

of CUGBP1, promote skeletal muscle wasting and heart conduction abnormalities, and 

die within 3 weeks of induction (Orengo et al., 2008).  While these mice exhibit skeletal 

muscle and heart phenotypes, they do not recapitulate an adult-onset progressive 

myopathy seen in DM patients.  It is unclear how toxic (CUG)n repeats activate PKC and 

promote CUGBP1 stability.  One possibility is that C(CUG)n repeats play a direct role in 
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activating PKC through an unknown mechanism.  Alternatively, PKC activation could be 

a byproduct of acute damage to the heart and skeletal muscle by expression of a toxic 

molecule in vivo.   

The sequestration model proposes that toxic C(CUG)n RNAs inhibit cellular 

proteins by presenting novel binding sites which can inhibit their normal function through 

through dominant-negative interactions.  Interestingly, (CUG)n and (CCUG)n repeat 

expansions are predicted to form similar thermodynamically stable RNA hairpin 

structures which have been visualized by electron microscopy (Michalowski et al., 

1999).  As the repeats expand, (CUG)n and (CCUG)n dsRNA would potentially become 

more toxic by sequestering an increasing amount of cellular protein and leading to more 

severe disease.  To support this hypothesis, an in vitro binding assay using increasing 

lengths of (CUG)n RNA demonstrated a length-dependant interaction with a dsRNA 

binding protein, muscleblind-like 1 (MBNL1) (Miller et al., 2000).  Human MBNL1 is 

homologous to the muscleblind gene that is responsible for terminal muscle and 

photoreceptor development in Drosophila (Pascual et al., 2006).  Moreover, MBNL1 

protein colocalizes with pathogenic (CUG)n and (CCUG)n in discrete nuclear foci in DM1 

and DM2 tissues.  If inhibition of MBNL1 function by a dominant-negative interaction 

with toxic (CUG)n and (CCUG)n repeat RNAs is responsible for disease (Fig. 1-4), then 

loss of Mbnl1 in a mouse model should faithfully recapitulate DM phenotypes.  

Remarkably, Mbnl1∆E3/∆E3 mice, which do not express Mbnl1 protein, phenocopy 

subcapsular cataracts, electrical myotonia, characteristic skeletal muscle pathology, and 

alternative splicing defects seen in DM (Kanadia et al., 2003a).  Therefore, loss of 

Mbnl1 alone in a mouse model, is sufficient to cause multiple DM adult-onset 
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phenotypes.  In an in vivo complementation assay, adeno-associated virus (AAV) 

mediated overexpression of myc-tagged Mbnl1 in the skeletal muscle of the HSALR 

mouse model, expressing (CUG)250, rescued the myotonia and alternative splicing 

defects (Kanadia et al., 2006).  This result provides further evidence that MBNL1 loss of 

function is the primary mechanism of adult-onset disease.  While this data supports the 

idea that loss of MBNL1 function via sequestration by toxic C(CUG)n repeats causes 

multiple cardinal disease phenotypes in DM1 and DM2, there are many questions that 

have yet to be addressed. 

Multiple Genetic Contributions and the Complex Etiology of DM 

Myotonic dystrophy may be the most variable human genetic disorder in terms of 

its clinical presentation.  Variably penetrant symptoms can occur from embryogenesis to 

late adult-onset with a wide variety of tissues affected.  Germline expansion and 

somatic mosaicism of toxic C(CUG)n repeats likely contribute to the unique nature of 

this disease.  Current data provides considerable evidence that MBNL1 function is 

compromised in DM and that this loss-of-function is the primary cause of many of the 

most characteristic symptoms of the adult-onset disease.  However, this and other 

models fail to recapitulate key features of disease, including CDM, progressive skeletal 

muscle wasting, and central nervous system (CNS) phenotypes.  C(CUG)n expansions 

potentially affect many genes by altering local chromatin structure at the DNA level and 

acting in a dominant-negative manner at the RNA level, activating and inhibiting multiple  

pathways.  Like the MBNL1 loss-of-function model, disruption of a single gene by repeat 

expansions may be sufficient to recapitulated unmodeled DM phenotypes, including 

CDM and progressive skeletal muscle wasting.  Alternatively, combinatorial genetic 

models may be necessary to fully reconstruct the onset of disease.  The potential 
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contribution of multiple molecular pathways disrupted in DM makes determining the 

specific genetic contributions to disease a daunting task.   
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Figure 1-1.  Non-coding microsatellite repeat expansions in myotonic dystrophy.  (A) 

The DMPK gene with a (CTG)n expansion in the 3’ UTR.  DMPK exons 
(boxes) and introns (horizontal line) showing the position of (CTG)n repeats in 
the 3’ UTR and expansion size correlating with disease (coding exons = black 
box; UTR = open box).  (B) The CNBP gene with a (CCTG)n expansion.  
CNBP exons (boxes) and introns (horizontal line) showing the position of 
(CCTG)n repeats in the first intron and expansion size correlating with disease 
(coding exons = black box; UTR = open box). 
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Figure 1-2.  Genomic DNA replication errors promote microsatellite repeat expansions 

and contractions.  (CTG)n DNA expansions (red) form stable hairpin 
structures on the replicating strand by intramolecular base pairing and 
promotes slippage on both the leading and lagging strand.  Okazaki 
fragments located entirely within the CTG repeats on the lagging strand can 
shift out of register, leaving an unpaired 5’ end.  Repair and replication 
promote further expansion. 
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Figure 1-3.  Comparison of myotonic dystrophy symptoms.  DM1 (red) and DM2 (green) 

share a unique and overlapping (dark yellow) clinical presentation.  CDM 
(purple) displays distinct neonatal characteristics. 
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Figure 1-4.  MBNL1 sequestration model for DM1.  DMPK expression from the DM1 

locus (including tightly linked genes DMWD and SIX5).  Normal DMPK 
transcripts with (CTG)>37 are processed and exported through the nuclear 
pore complex (NPC) and translated in the cytoplasm.  MBNL1 steady-state 
levels remain diffusely nuclear.  DM1 DMPK transcripts with expanded 
repeats, (CTG)exp, are processed, blocked from transport, and sequestered 
into ribonucleoprotein (RNP) foci containing MBNL1.  MBNL1 relocalization 
inhibits its normal function. 
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CHAPTER 2 
MUSCLEBLIND PROTEINS REGULATE ALTERNATIVE SPLICING 

Introduction 

Introduction to Alternative Splicing 

Alternative splicing is a remarkable process that allows an organism to extend its 

protein diversity from a limited gene pool by selectively including or excluding 

information in mature mRNA, which enables fine-tuning of protein function by 

expressing isoforms that are adapted for specific physiological requirements (Jin et al., 

2008; Licatalosi and Darnell, 2010).  In one instance, the Down syndrome cell adhesion 

molecule (Dscam) gene can potentially produce 38,016 protein isoforms (Schmucker et 

al., 2000).  Unique Dscam isoforms expressed in each neuron promote repulsion of 

developing neurites from the same neuron by recognizing like isoforms.  It has been 

estimated that a minimum of 4,752 isoforms are necessary to promote proper 

development of the Drosophila brain (Fuerst et al., 2009; Hattori et al., 2009; Matthews 

et al., 2007).  Recent experimental approaches using deep sequencing of the entire 

human transcriptome reveals that nearly every gene is subjected to at least one 

alternative splicing event, highlighting the remarkable diversity that exists within the 

proteome itself (Pan et al., 2008; Pan et al., 2009; Wang et al., 2008).  There are 

multiple patterns of alternative splicing that are capable of producing distinct mRNAs, 

including alternative promoters and untranslated regions (UTRs), mutually exclusive 

and cassette exons, retained introns, and cryptic 5’ and 3’ splice sites (Fig. 2-1).  Each 

of these alternative splicing decisions is subject to multiple levels of regulation that are 

important for correctly identifying short exonic sequences within large pre-mRNAs that 

ultimately govern inclusion or exclusion in the mature transcript. 
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 The bulk of pre-mRNA splicing is catalyzed by the major (or U2 dependant) 

spliceosome, an RNA:protein complex composed of five small nuclear ribonucleoprotein 

particles (snRNPs) U1, U2, U4/U6/U5, and a variety of auxiliary proteins (Black, 2003; 

Chen and Manley, 2009; Wahl et al., 2009).  Although the spliceosome requires ~145 

dynamically interacting proteins (Rappsilber et al., 2002; Zhou et al., 2002) important for 

functions including the coupling of splicing to transcription and the complex 

rearrangements of the core components, we will focus on the basal splicing machinery 

that is paramount for identifying prospective exons and completing the splicing reaction.  

Before splicing of pre-mRNA can occur, the prospective exons/introns must first be 

defined within the primary transcript.  Constitutively spliced exons contain three 

consensus sequences that promote efficient recognition and recruitment of the 

spliceosome.  Initially, U1 binds the canonical 5’ splice site (CAG/guragu; uppercase = 

exon, lowercase = intron, r = any purine) through RNA-RNA base pairing.  Next, splicing 

factor 1 (SF1) binds to the branch point (YNCURAY; Y = any pyrimidine, R = any 

purine, N = any nucleotide), followed by U2 auxiliary factor 65 and 35 (U2AF65 and 

U2AF35) recruitment to the consensus polypyrimidine tract and the 3’ splice site 

(u3y4unyac/G; lowercase = intron, uppercase = exon, y = any pyrimidine, n = any 

nucleotide), forming the E-complex (Fig. 2-2).  U2 interaction with the branch point 

through RNA-RNA base pairing displaces SF1, forming the A complex, a pre-mRNA in 

which exons and introns have been sufficiently defined to procede with assembly of the 

basal splicing machinery. Further, introduction of the U4/U6/U5 snRNP, replacing 

U2AF65 and U2AF35, establishes the B complex, which contains the necessary 

components to complete the splicing reaction.  Extensive ATP dependant RNA-RNA 
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and protein-protein rearrangement of the B complex leads to the formation of the C 

complex.  In the catalytic C complex, the 5’ splice site undergoes a nucleophilic attack 

from the juxtaposed  2’ OH of the branch point adenosine, forming a 5’-2’ 

phosphodiester bond  within the intron (forming the intron lariat).  The 3’ splice site 

subsequently undergoes a second nucleophilic attack from the newly formed 2’OH of 

the 5’ splice site, creating a 3’-5’ phosphodiester bond between the two spliced exons.  

Following the completion of splicing, the spliceosomal components are recycled and the 

5’-2’ intron lariat is debranched and degraded.   

Alternatively spliced exons are included in mature mRNAs using the same 

mechanism as described for constitutive exons, however, differences in the three 

defining cis-elements used to identify these alternative exons are generally divergent 

from the canonical sequence.  These non-consensus sequences inefficiently recruit the 

spliceosome and thus require additional protein co-factors to aid in the identification and 

definition of alternative exons.  This subtle difference between constitutive and 

alternative exons allows for a layer of regulation that can be evolutionarily adjusted to 

promote tissue and developmental specific patterns of splicing by expressing proteins 

that assist in identifying or preventing recognition by the spliceosome.  Two major 

families, the serine/arginine (SR) and heterogeneous ribonucleoproteins (hnRNP) 

proteins, are intimately involved in these alternative splicing decisions.  The SR family of 

proteins contain multiple copies of an N-terminal RNA recognition motif (RRM) which 

generally recognize ssRNA motifs and C-terminal arginine/serine residues (RS) that 

often promote protein-protein interactions (Long and Caceres, 2009; Shepard and 

Hertel, 2009).  SR proteins recognize exonic and intronic splicing enhancer (ESE and 
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ISE) elements and assist in the definition and recruitment of the basal splicing 

machinery to promote inclusion of alternatively spliced exons (Fig. 2-2).  On the other 

hand, hnRNP proteins have been demonstrated to bind exonic and intronic splicing 

silencers (ESS and ISS) and inhibit interactions between alternatively spliced exons and 

the splicing machinery to promote exclusion of exons (Fig. 2-2) (He and Smith, 2009).  

Spatial and temporally restricted expression of these proteins can define a splicing 

environment, allowing cells to regulate the alternative splicing of genes involved similar 

pathways and functions (Chen and Manley, 2009).  In contrast, misregulation of these 

factors can affect multiple downstream splicing decisions in trans, resulting in a 

widespread misregulation of alternative splicing and disease (Jensen et al., 2009; Ward 

and Cooper, 2010). 

Alternative Splicing Misregulation in DM 

The major molecular defect associated with adult-onset DM is the misregulation of 

alternative splicing for a specific subset of pre-mRNAs (Orengo and Cooper, 2007).  

The absence of a global misregulation in alternative splicing suggests that the defective 

component is independent of the basal splicing machinery, unlike the neuromuscular 

disorder Spinal Muscular Atrophy (SMA), which is caused by mutations in the survival of 

motor neuron (SMN) protein (Ogino and Wilson, 2004).  SMN plays an integral part in 

snRNP biogenesis and mutations produce a global affect in splicing, manifesting 

primarily in motor neurons (Chari et al., 2009).  Previous studies have indentified 

common misspliced genes in DM1 and DM2, including the insulin receptor (INSR), 

cardiac troponin T (TNNT2, formerly known as cTNT), fast skeletal muscle troponin T 

(TNNT3),  and the muscle specific chloride channel (CLCN1) (Charlet et al., 2002; 

Mankodi et al., 2002; Philips et al., 1998; Savkur et al., 2001; Savkur et al., 2004).  
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Interestingly, the predominant pattern of misregulation in DM is the retention of a fetal 

splicing pattern in adult tissues, indicating that DM symptoms may result from fetal 

isoform expression in adult tissues that fail to meet the necessary physiological 

requirements. 

Myotonia, a cardinal characteristic of DM, results from the inability to relax skeletal 

muscle after a voluntary contraction.  To initiate a muscle contraction, acetylcholine is 

released from the motor neuron, binding nicotinic acetylcholine receptors on the muscle 

side of the neuromuscular junction, and activating Na+ channels (SCN4A).  Na+ influx 

into the muscle triggers an action potential, activating Ca++ channels and initiating 

contraction (Barchi, 1995).  After the initial contraction, CLCN1, a skeletal muscle 

specific voltage-gated chloride channel, is activated, allowing an influx if Cl- into the 

muscle (Accardi and Pusch, 2000).  The influx of Cl- returns the membrane to its resting 

potential, preventing further contractions.  Mutations in the muscle specific Na+ and Cl- 

channels have been shown to cause myotonia in both human disease and animal 

models (Hudson et al., 1995; Jurkat-Rott et al., 2002; Planells-Cases and Jentsch, 

2009).  RT-PCR analysis of DM1, DM2, HSALR, and Mbnl1∆E3/∆E3 mice adult skeletal 

muscle revealed missplicing of CLCN1, including the retention of intron 2 and intron 6, 

as well as inclusion of cryptic exons 7a and 8a (Charlet et al., 2002; Kanadia et al., 

2003a; Mankodi et al., 2002).  Inappropriate inclusion of these exons and introns insert 

premature termination codons (PTCs) in the mature mRNA and promotes truncated 

isoforms,  turnover of the transcript through nonsense-mediated decay (NMD), and loss 

of CLCN1 protein in the muscle sarcolemma in DM, HSALR, and Mbnl1∆E3/∆E3 mouse 

models (Berg et al., 2004).  While misregulation of the chloride channel alone is 
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sufficient to promote myotonia, previous reports have also implicated reduced activity of 

the Na+ channel SCN4A in DM1 myocytes and  Dmpk-/- mice (Benders et al., 1993; 

Mounsey et al., 2000; Reddy et al., 2002).  However, there have been no documented 

changes in the expression of SCN4A in DM patients (Kimura et al., 2000), indicating 

that changes in Na+ conductance may be an indirect affect of DM myopathy.  To test the 

hypothesis that misregulation of the Cl- channel alone is sufficient to cause myotonia in 

DM1, antisense morpholinos designed against the CLCN1 cryptic exon 7a 3’ splice site 

(to inhibit exon 7a inclusion in the mature mRNA) were injected into the tibialis anterior 

(TA) muscle of the HSALR mouse model and assayed for recovery of myotonia (Wheeler 

et al., 2007).  Injected HSALR mice displayed normal Clcn1 splicing patterns, full length 

protein correctly localized the sarcolemma, and a reversal of myotonia.    This data 

provides evidence that missplicing of CLCN1 is the primary cause of myotonia in DM 

patients.  Additionally, it lends support to the idea that missplicing events in DM directly 

promote disease phenotypes associated with disease.   

Another gene affected in DM, the INSR, is a tyrosine kinase receptor composed of 

two α subunits and two β subunits that localize to the plasma membrane and regulate 

glucose metabolism (Kahn and White, 1988).  Interaction with its primary ligand, insulin, 

through the extracellular α subunit causes  autophosphorylation of the intracellular β 

subunits, promoting uptake of glucose, glycogen synthesis, and glycolysis.  Alternative 

splicing of INSR exon 11 in the α subunit results in two protein isoforms, IR-A (exon 11 

exclusion) and IR-B (exon 11 inclusion) (Moller et al., 1989; Seino and Bell, 1989), 

which regulate the receptors sensitivity to insulin.  The IR-B isoform displays increased 

sensitivity to insulin and a higher signaling capacity (Kellerer et al., 1992; McClain, 
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1991; Vogt et al., 1991).  Tissues involved in maintaining glucose homeostasis primarily 

express IR-B, including skeletal muscle, liver, and adipose tissue.  In skeletal muscle of 

DM1 and DM2 patients, INSR is misspliced, aberrantly excluding exon 11 which results 

in expression of the less sensitive isoform IR-A.  DM patients also display insulin 

insensitivity in skeletal muscle, suggesting a direct link between INSR missplicing and 

disease (Moxley et al., 1978; Moxley et al., 1984; Vialettes et al., 1986). 

Genes that regulate the protein machinery involved in generating muscle 

contractions are also misspliced in DM.  Cardiac and skeletal muscle contractions are 

achieved through the regulated interaction of myosin with actin.  During skeletal muscle 

contractions, myosin binds actin in an “open state”, releasing ADP and inorganic 

phosphate which promotes a conformational change in myosin to the “closed state”, 

resulting in force generation through the shortening of the sarcomere (Geeves and 

Holmes, 1999).  Subsequent ATP hydrolysis returns myosin to the open position for 

ensuing contractions.  During muscle relaxation, tropomyosin proteins negatively 

regulate skeletal and cardiac muscle contractions by occupying myosin binding sites on 

actin (Gunning et al., 2008).  An increase in cellular Ca++ inhibits tropomyosin/actin 

binding through the trimeric troponin complex, allowing myosin/actin interactions and 

contraction (Ohtsuki and Morimoto, 2008).  The troponin complex consists of three 

genes, troponin C, troponin I, and troponin T, encoded by TNNC2, TNNI2, and TNNT3 

in fast skeletal muscle and TNNC1, TNNI3, and TNNT2 (cTNT) in cardiac muscle.  

Following the initiation of muscle contraction, troponin C binds increased cellular Ca++ , 

promoting conformational changes in troponin T, which allosterically inhibits 

tropomyosin/actin binding and allows myosin/actin interaction.  cTNT and TNNT3 both 



 

38 

contain fetal exons (Townsend et al., 1994; Yuan et al., 2007) that are excluded 

postnatally during normal development, but are included in adult heart and skeletal 

muscle in DM.  Although the role of cTNT and TNNT3 missplicing in DM is not as clear 

as CLCN1 and INSR in disease, mutations in cTNT are associated with cardiac 

hypertrophy and sudden death (Moolman et al., 1997).  Additionally, TNNT3 may be 

involved in overall skeletal muscle weakness in DM due to inefficient contractions.  

However, unlike CLCN1, in which exon 7a inclusion displays a direct involvement in 

myotonia, the missplicing of cTNT and TNNT3 most likely contribute to myopathy in 

conjunction with other misplicing events. 

In DM, sequestration and inhibition of an RNA binding protein, MBNL1, by toxic 

C(CUG)n repeat expansions result in characteristic missplicing of alternative exons that 

promote disease.  MBNL1 was originally identified based on its ability to interact with 

double stranded (CUG)exp RNA in vitro and loss of Mbnl1 protein in a mouse model 

recapitulated alternative splicing defects in DM (Kanadia et al., 2003a; Miller et al., 

2000).  One possibility to explain these observations is that MBNL1 is an RNA binding 

protein involved in promoting normal adult splicing patterns by directly interacting with 

pre-mRNA substrates and regulating the inclusion/exclusion of alternatively spliced 

exons (Fig. 2-3).  In DM, MBNL1 is sequestered away from its targets, resulting in the 

loss of adult specific regulation of alternatively spliced fetal exons and the expression of 

aberrant isoforms. 

Evolutionarily Conserved Muscleblind is Important for Muscle Development 

 MBNL1 belongs to a family of proteins, muscleblind, conserved from 

Caenorhabditis elegans to humans that share a common RNA binding motif, containing 

three cysteine, and one histidine, residues (C3H) which are important for the 
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coordination of zinc ions and RNA-protein interactions (Pascual et al., 2006).  

Muscleblind (mbl) was originally described in a screen designed to identify genes 

involved in photoreceptor differentiation and development in Drosophila.  Sev-svp2 

transgenic flies expressing seven-up, a hormone receptor transcription factor 

responsible for photoreceptor R3/4 and R1/6 differentiation, under the sevenless 

promoter which directs expression of photoreceptor R7, develop a rough-eye phenotype 

due to the inability to correctly pattern photoreceptor sub-type (Begemann et al., 1995; 

Hiromi et al., 1993).  Sev-svp2 flies were crossed to a collection of flies with UAS 

containing P-elements and screened for gain-of-function modifiers of the rough eye 

phenotype.  Mbl was identified as a dominant  suppressor of the rough-eye phenotype, 

suggesting a required role for terminal photoreceptor differentiation (Begemann et al., 

1997).  Additionally, mbl null mutants display larval lethality and skeletal muscle 

phenotypes, including disorganized Z-bands and reduced extracellular matrix at muscle 

attachment sites (Artero et al., 1998).  Conservation of muscleblind homologs may 

suggest that they share a conserved molecular function important for the proper 

development  muscle.  If this observation is true, muscleblind should regulate alternative 

splicing in during both Drosophila and mammalian development. 

Results 

The Drosophila mbl gene and its mammalian homolog, MBNL1, play a pivotal role 

in the normal development of skeletal muscle (Pascual et al., 2006).  Inhibition of 

MBNL1 function via dominant-negative interactions with toxic RNA contributes to the 

adult-onset diseases DM1 and DM2, including myotonia and a defect in alternative 

splicing of a specific subset of pre-mRNAs.  Mbnl1∆E3/∆E3 mice, designed to recapitulate 
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loss of MBNL1 function in DM1 and DM2, faithfully phenocopy myotonia and alternative 

splicing defects (Kanadia et al., 2003a).  However, it is not clear if MBNL1 is directly 

involved in alternative splicing defects.  One possibility is that MBNL1 is an alternative 

splicing factor that directly regulates normal alternative splicing decisions during 

development by interacting with those pre-mRNAs misspliced in disease.  In this 

scenario, loss of MBNL1 by sequestration would directly affect missplicing by titrating 

MBNL1 away from its normal pre-mRNA substrates.  Alternatively, loss of MBNL1 could 

promote downstream events that, in turn, result in disease phenotypes and missplicing.  

Therefore, we sought to test the hypothesis that MBNL1 directly regulates alternative 

splicing of pre-mRNAs affected in DM1 and DM2. 

Muscleblind Protein Family:  Evolutionary Conservation of Structure and 
Function 

First, we explored the idea that muscleblind function is evolutionarily conserved in 

Drosophila and can regulate muscle-specific alternative splicing.  Mbl can produce four 

distinct isoforms (A-D) varying at their C-termini (Fig. 2-4), but the functional distinction 

between these isoforms is unclear.  If Mbl isoforms are in fact alternative splicing 

factors, a reasonable assumption is that they are localized to the nucleus.  However,  

while MBNL1 has been shown to be predominantly nuclear, a lack of antibodies specific 

for Mbl isoforms has prevented similar analysis for the Drosophila homolog.  Therefore, 

GFP-tagged MblA, MblB, MblC, and MblD isoforms were expressed in COSM6 cells 

and assayed for cellular localization.  MblB and MblC localized predominantly to the 

nucleus while MblA displayed a more cytoplasmic pattern (Fig. 2-5).  MblD was diffuse 

throughout the cell, possibly due to degradation (Fig. 2-5 and Fig. 2-7C).  Interestingly, 

MblA and MblC also localized to cytoplasmic foci when exogenously expressed in 
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COSM6 cells, which were later identified as stress granules (Fig. 2-5 and data not 

shown).  Mbnl1 and Mbnl3 also localize to stress granules in COSM6 cells while Mbnl2 

and MblB were not present in the cytoplasmic foci (data not shown).  To further 

determine if mbl functional interactions are conserved, GFP-tagged Mbl isoforms were 

coexpressed with (CUG)300 repeats in COSM6 cells and assayed for interactions with 

toxic repeat RNA.  MblA, MblB, and MblC colocalized in discrete nuclear foci with repeat 

RNA (Fig. 2-6), similar to MBNL1, MBNL2, and MBNL3 (Fardaei et al., 2002), while 

MblD remained diffuse throughout the cell.  These observations demonstrate that the 

interactions and relocalization with toxic RNA repeats is conserved within the 

muslceblind family. 

Drosophila α-actinin is a gene that participates in the organization of the 

sarcomere and undergoes a developmental alternative splicing switch (Fyrberg et al., 

1990; Roulier et al., 1992).  To test the hypothesis that mbl regulates alternative splicing 

during development, we coexpressed an α-actinin minigene (Fig. 2-7A) with different 

GFP-tagged Mbl isoforms in COSM6 cells and assayed for alternative splicing.  MblB 

and MblC promoted exon 7 exclusion and adult muscle splicing patterns, while MblA 

was less efficient.  MblD had no effect (Fig. 2-7B).  GFP-Mbl expression was monitored 

by immunoblot (Fig. 2-7C).  This result provides evidence that the developmental 

regulation of alternative splicing in muscle by the muscleblind family and interaction with 

toxic (CUG)n repeats is conserved from Drosophila to humans.  

MBNL1 Proteins Directly Regulate Alternative Splicing of Gene Transcripts 
Misregulated in Myotonic Dystrophy 

 Many developmentally regulated genes are misspliced in adult-onset DM 

(Orengo and Cooper, 2007).  Loss of Mbnl1 protein in the Mbnl1∆E3/∆E3 mouse, model 
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reproduces the cardinal DM phenotypes, including missplicing events (Kanadia et al., 

2003a).  It is, however, unclear if MBNL1 is directly or indirectly involved in the 

alternative splicing of these genes.  We sought to test the idea that MBNL1 directly 

regulates INSR and cTNT, two pre-mRNAs misspliced in DM.  INSR and cTNT 

minigenes containing the alternatively spliced exons affected in DM (Fig. 2-8) where 

cotransfected into COSM6 cells with GFP-MBNL or siRNA specific for MBNL1 and 

assayed for changes in alternative splicing by RT-PCR.  Exogenous expression of GFP-

tagged MBNL1, MBNL2, and MBNL3 promoted exclusion of cTNT fetal exon 5 and 

inclusion of INSR exon 11, two pre-mRNAs misspliced in DM, in a minigene assay in 

cell culture (Fig. 2-9A,B).  Alternative splicing of a neuronal specific exon in ClaLC, a 

gene not affected in DM, was not influenced by MBNL expression (Fig. 2-9C).  GFP-

MBNL transgene expression was monitored by immunoblot analysis.  GFP alone did not 

alter splicing.  Interestingly, all three MBNL family members promote similar splicing 

patterns in vitro.  This observation likely reflects the high degree of sequence identity 

shared by the MBNL family (Pascual et al., 2006).  If exogenous expression of MBNL1 

promotes a splicing change in cTNT and INSR, then depletion of endogenous MBNL1 

should recapitulate the DM splicing pattern.  Two MBNL1 specific siRNAs, directed 

against the coding sequence were used to knock down MBNL1 expression >80-90% in 

HeLa cells (Fig. 2-10A,B and data not shown).  Loss of endogenous MBNL1, via siRNA 

mediated knockdown, promoted the retention of cTNT fetal exon 5 and inclusion of 

INSR exon 11 (Fig. 2-10C), reproducing the missplicing pattern in DM. ClaLC was 

unaffected.  siRNA directed against GFP was used as a knock down control and had no 
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affect on splicing.  These data verifies that MBNL1 specifically regulates alternative of 

exons misspliced in DM.  

MBNL1 Interacts Directly with Cis-Elements in cTNT pre-mRNA 

 To determine if MBNL1 interacts directly with cTNT pre-mRNA to regulate its 

splicing, an in vitro binding assay was performed using the alternatively spliced cTNT 

fetal exon 5 minigene which contains the upstream and downstream introns.  Briefly, 

32P-labeled full length and truncated RNAs were incubated with recombinant GST-

MBNL1, crosslinked with UV light, and resolved RNA:protein complexes by SDS-PAGE.  

RNA:protein interactions were visualized by label transfer.  GST-MBNL1 was bound to a 

41 nucleotide region directly upstream of the alternatively spliced exon (Fig. 2-11).  

Scanning mutagenesis further refined the MBNL1 binding site to two 8 nucleotide 

regions -18 to -26 and -36 to -44 upstream of exon 5 (Fig. 2-11).  Two dinucleotide 

substitutions that eliminated MBNL1 binding (data not shown), but minimized disruption 

of the intron/basal splicing machinery interactions, were used in subsequent 

experiments to assay for splicing responsiveness in vitro (Fig. 2-11). 

 We next sought to determine if loss of the MBNL1 interacting cis-element in 

cTNT exon 5 inhibited MBNL1 responsiveness in a splicing assay.  Coexpression of 

GFP tagged MBNL1, MBNL2, and MBNL3 and the wild type cTNT minigene promoted 

exon 5 exclusion in HeLa cells (Fig. 2-12).  However, coexpression with the mutant 

cTNT minigene demonstrated a loss of responsiveness for MBNL overexpression (Fig. 

2-12).  GFP-MBNL transgene expression was monitored by immunoblot analysis and 

GFP alone did not alter splicing.  Alignment of human cTNT and chicken cTNT MBNL1 

binding sites (chicken cTNT experiments not shown) revealed a common YGCU(U/G)Y 

RNA motif for MBNL1 binding (Fig. 2-13).  This data suggests that MBNL1 directly binds 
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to cTNT and IR pre-mRNAs and loss of this protein due to sequestration affects the 

alternative splicing of these genes.    

(CUG)n and (CAG)n Repeats Relocalize MBNL1, but only (CUG)n Alter cTNT 
Splicing 

In the RNA dominance model for DM, loss of MBNL1 function by toxic C(CUG)n 

RNA sequestration into nuclear foci results in disease.  However, there are multiple 

trinucleotide repeat expansion diseases, the majority of which are coding region (CAG)n 

expansions, which fail to present DM-specific manifestations (Shao and Diamond, 

2007).  This observation led us to investigate the idea that MBNL1 sequestration is 

specifically dependent on C(CUG)n repeat RNAs.  To address this question, a DMPK 

minigene construct with (CTG)960, (CAG)960, or 0 repeats (Fig. 2-14A) was transfected 

into COSM6 cells and assayed for repeat RNA and endogenous MBNL1 colocalization 

in nuclear foci.  As expected, DMPK minigene expression with 0 repeats did not induce 

RNA foci and MBNL1 was localized diffusely throughout the nucleus (Fig. 2-14B).  

Suprisingly, MBNL1 colocalized with both (CUG)960 and (CAG)960 RNAs in nuclear foci 

(Fig. 2-14B).  If (CAG)960 repeats are capable of sequestering MBNL1, do they also alter 

pre-mRNA splicing of genes affected in DM?  Increasing amounts of (CUG)960, 

(CAG)960, and control (0 repeats) plasmids were coexpressed with the cTNT minigene 

to assay for misregulation of alternative splicing.  While (CUG)960 promoted cTNT exon 

5 inclusion at only 0.1 µg of transfected plasmid, increasing amounts of (CAG)960 had 

only a minimal affect (Fig. 2-15).  There were no statistical differences in RNA 

expression or in the number of foci produced from either repeat plasmid in cell culture 

(data not shown).  Interestingly, MBNL1 relocalization into nuclear foci was not mutually 

exclusive with the misregulation of cTNT alternative splicing.  This suggests that while 
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MBNL1 interacts with both (CUG)960 and (CAG)960 RNA, the nature of these interactions 

may be distinct. 

The Stability of MBNL1:RNA complexes varies between (CUG)n, (CCUG)n and 
(CAG)n Repeats 

One possibility to explain the discrepancy between MBNL1 sequestration with 

(CUG)960 and (CAG)960 repeats and missregulation of alternative splicing is that both 

RNAs are capable of relocalizing nuclear MBNL1, but only (CUG)n repeats trap MBNL1 

in foci resulting in their functional depletion.  To test this hypothesis, 32P-labeled 

(CUG)54, (CCUG)46, (CAG)54, and T5.45 (an endogenous MBNL1 binding site from 

TNNT3 intron 8,(Yuan et al., 2007)) RNAs were incubated with COSM6 whole cell 

lysate expressing myc-tagged MBNL1 in the presence of ATP, incubated for 30 

minutes, UV crosslinked, RNase treated, and immunoprecipitated using an antibody 

specific for myc.  Labeled RNAs were either challenged with 2000X fold excess of 

unlabeled RNA concurrently or 15 minutes following the initial labeled RNA:myc-MBNL1 

incubation period.  An unchallenged control was included to assay for the baseline level 

of RNA:protein crosslinking (Fig. 2-16A).  Immunoprecipitated complexes were resolved 

by SDS-PAGE and autoradiographs of RNA:protein complexes were quantified using a 

phosphoimager.  Myc-MBNL1 protein retained all of the (CUG)54 RNA when challenged 

with 2000X fold excess unlabeled competitor, while (CAG)54, (CCUG)46, and T5.45 were 

less resistant to competition (Fig. 2-16B,C).  MBNL1:(CUG)54 interactions, once formed, 

effectively trapped MBNL1 protein and did not allow disassociation of the RNA:protein 

complex in 15 minutes.  Interestingly, (CCUG)46, a tetranucleotide repeat expansion that 

causes DM2, does not trap MBNL1 more effectively than non-pathogenic RNAs (CAG)54 

and T5.45.  While all repeats tested are capable of relocalizing MBNL1 by interacting 
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with the protein, only (CUG)n repeats trap MBNL1 in vitro.  Static MBNL1:(CUG)54 

interactions suggest that MBNL1 may form different complexes on (CUG)n repeats 

when compared to the more dynamic interactions with (CCUG)46, (CAG)54, and T5.45.  

This result predicts that (CUG)n repeat expansions are the most toxic RNAs in the 

sequestration model of myotonic dystrophy. 

Discussion 

Myotonic dystrophy is a neuromuscular disease caused by two microsatellite 

repeat expansions in unrelated genes that present with similar clinical manifestations.  

Related C(CUG)n toxic RNA expansions in DM1 and DM2 have been shown to 

compromise the function of MBNL1, an evolutionarily conserved protein family important 

for the terminal skeletal muscle development (Artero et al., 1998).  Disruption of Mbnl1 

in a mouse model, mimicking a loss of function in disease, results in myopathy that 

phenocopies the primary symptoms of adult-onset DM and presents with characteristic 

molecular changes in alternative splicing (Kanadia et al., 2003a).  Previous studies have 

demonstrated that the transcripts of numerous genes are misspliced in DM, including 

inappropriate exon inclusion in cTNT and exclusion in INSR (Philips et al., 1998; Savkur 

et al., 2001; Savkur et al., 2004).  These misplicing events are particularly interesting 

because of their correlation to cardiomyopathy and endocrine abnormalities in DM 

(Belfiore et al., 2009; Fiset and Giles, 2008).  However, it is unclear how loss of MBNL1 

function contributes to alternative splicing defects in disease.  In this study, we sought to 

test the hypothesis that muscleblind directly interacts with pre-mRNAs to regulate 

alternative splicing decisions and (CUG)n RNA expansions inhibit this function.  
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Muscleblind Proteins Directly Regulate Alternative Splicing 

 Drosophila mbl was originally identified in a genetic screen designed to identify 

modifiers of a rough eye phenotype.  Interestingly, mutant flies that fail to express mbl 

develop severe embryonic muscle defects, including incorrect organization of the 

sarcomeric  Z-line (Artero et al., 1998).  The Z-line component, α-actinin, undergoes 

normal tissue and developmental alternative splicing transitions, including larval muscle, 

adult muscle, and non-muscle isoforms (Roulier et al., 1992).  If the muscleblind family 

regulates developmental alternative splicing decisions, then it is reasonable to think that 

mbl promotes adult splicing patterns in Drosophila.  Ectopic expression of Mbl isoforms 

A-D, which share the 63 N-terminal amino acids and 2XC3H RNA binding motifs (Fig. 2-

1), in COSM6 cells with an α-actinin minigene reporter (Fig. 2-4A) revealed that MblB 

and MblC preferentially promoted the adult muscle isoform (i.e. larval muscle exon 7 

exclusion).  Not surprisingly, Mbl isoforms B and C, which localized predominately to the 

nucleus, demonstrated more efficient exclusion of α-actinin larval exon 7 than MblA, 

which generally localized to the cytoplasm (Fig. 2-2).  MblD, which contains only the N-

terminal 84 amino acids, was diffusely distributed throughout the cell (Fig. 2-2 and 2-3) 

and was not stable when assayed for expression by immunoblot analysis (Fig. 2-4C).  

This observation may be a byproduct of expressing this protein in a mammalian cell.  

Interestingly, MBNL1 also shifts splicing of the α-actinin minigene in vitro, suggesting an 

overlap in function.  Subsequent studies have also shown that mbl regulates adult 

specific alternative splicing of Drosophila troponin T, a homolog of TNNT2 and TNNT3, 

genes known to be  misspliced in DM.  Additionally, Mbl isoforms A-C demonstrated an 

interaction with coexpressed (CUG)300 RNA repeats in vitro, demonstrating an overlap 
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in RNA binding (Fig. 2-3) substrates with MBNL1.  Moreover, transgenic flies expressing 

MBNL1 also block the embryonic lethality associated with mbl mutant flies (Monferrer 

and Artero, 2006).  This data provides evidence that mbl and MBNL1 share a conserved 

function in promoting adult specific splicing patterns.  However, these results do not 

make the distinction between a mechanism for Mbl promoting exclusion of alternative 

exons by directly interacting with the pre-mRNA or via an Mbl-mediated downstream 

event. 

  Recent studies using alternative splicing microarray analysis of HSALR and 

Mbnl1∆E3/∆E3 mice reveal a >80% overlap in missplicing events between the two DM 

models, indicating that loss of MBNL1 function in disease is the primary cause of 

splicing defects.  To test the idea that MBNL1 is responsible for regulating these splicing 

decisions by directly binding the pre-mRNAs affected in DM and promoting adult 

splicing patterns, we employed in vitro splicing and crosslinking assays.  GFP-tagged 

MBNL1, MBNL2, and MBNL3 promote adult skeletal muscle splicing patterns in cTNT 

(exon 5 inclusion) and INSR (exon 11 exclusion) minigenes, while knockdown of 

endogenous MBNL1 in cell culture phenocopies aberrant DM splicing.  Interestingly, all 

three MBNL family members promoted similar splicing patterns in vitro, indicating a 

potential overlap in function, which was also observed in the Mbl alternative splicing 

analysis.  However, Mbnl1∆E3/∆E3 mice and endogenous MBNL1 knockdowns reproduce 

DM splicing abnormalities, suggesting that other family members do not compensate 

this function in vitro or in vivo.  The most likely explanation is that the MBNL family 

shares >90% amino acid identity while Mbl shares 100% identity in their respective C3H 

motifs, allowing dominant interactions with MBNL1 binding sites when the proteins are 
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exogenously overexpressed.  More importantly, this data demonstrates that MBNL1 can 

regulate cTNT and INSR alternatively spliced exons in vitro, recapitulating disease 

splicing patterns and allowing for further analysis of the cis-elements responsible for 

mediating these decisions.  Using UV crosslinking and mutagenesis of the cTNT 

alternatively spliced exon 5 and adjacent introns, we identified two MBNL1 binding sites 

immediately upstream of exon 5.  Loss of either binding site through mutagenesis 

inhibited binding, suggesting that both are necessary for MBNL1 interaction with the 

pre-mRNA.  In addition, two dinucleotide substitutions in MBNL1 binding sites repressed 

MBNL1 responsiveness in a cTNT minigene alternative splicing assay, demonstrating 

that inhibition of binding was sufficient to alleviate MBNL1 alternative splicing control of 

exon 5.  Alignment of the human cTNT and conserved chicken cTNT MBNL1 binding 

sites revealed a common MBNL1 binding motif, YGCU(U/G)Y, that is responsive to 

MBNL1 in vitro.  Other groups have verified additional MBNL1 binding sites using 

multiple approaches, including bioinformatics, systematic evolution of ligands by 

exponential enrichment (SELEX), and X-ray crystallography, which when compared with 

each other unmask a common YGCY sequence motif for MBNL1 binding (Du et al., 

2010; Goers et al., 2010; Teplova and Patel, 2008).  Interestingly, when Mbnl1 binding 

sites were mapped to mispliced exons in both HSALR and Mbnl1∆E3/∆E3 mice, YGCY 

sequence motifs were enriched upstream of exons included in disease (normally 

excluded in adult tissues) and downstream of exons excluded in disease (normally 

included in adult tissues).  This pattern is similar to alternative splicing factors Nova and 

Fox2, in which interaction with sequence motifs upstream of the alternatively spliced 

exon promotes exclusion and interaction with sequences downstream promote inclusion 
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(Licatalosi et al., 2008; Yeo et al., 2009).  These observations suggest that these factors 

affect splicing decisions of alternative exons using a common mechanism.  Although the 

MBNL1 sequence motif was not mapped to INSR pre-mRNA, this observation implies 

that the interaction would lie downstream of exon 11 and promote inclusion.  How 

MBNL1 promotes exon inclusion is unclear.  One possibility is that MBNL1 binds 

downstream of exon 11, altering the RNA structure of the pre-mRNA, and promoting 

favorable U1 snRNP binding at the exon 11 5’ splice site.  Alternatively, MBNL1 could 

compete with other negative regulators near the 5’ splice site or could potentially assist 

in actively recruiting U1.  These regulatory mechanisms are not mutually exclusive.  The 

role of MBNL1 in exon inclusion may be a little more straight forward.  MBNL1 

interactions with cTNT exon 5 through the 3’ slice site would potentially inhibit the 

binding of the basal splicing machinery, more specifically U2AF65/35 or SF1/U2 

snRNA, and prevent the assembly of the spliceosome, masking the alternative exon 

from inclusion.  In support of this, Berglund and coauthors demonstrated the MBNL1 

binds a dsRNA structure directly upstream of cTNT exon 5 and prevents the ssRNA 

binding protein U2AF65 from interacting with the polypyrimidine tract, therefore 

inhibiting its ability to recruit U2 (Warf and Berglund, 2007).  This mechanism is also 

likely responsible for promoting fetal exon exclusion of Tnnt3, in which MBNL1 binds a 

secondary structure directly upstream of the alternatively spliced exon (Yuan et al., 

2007).  This data provides evidence that MBNL1 is an alternative splicing factor 

responsible for modulating exon inclusion/exclusion by directly binding to sequences in 

the pre-mRNA.  Loss of MBNL1 through sequestration would therefore remove this 

layer of regulation and promote missplicing of pre-mRNA targets affected in DM.  
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Microsatellite Repeat Expansions Display Variable MBNL1 Stability and Toxicity 

 Significant evidence supports a MBNL1 loss-of-function model underling DM 

pathogenesis, in which toxic RNAs that contain similar sequence motifs (YGCY) to 

normal MBNL1 substrates titrate the protein into insoluble complexes, inhibiting its 

activity.  Colocalization of (CUG)exp RNA and  MBNL1 protein in discrete nuclear foci 

has been observed in DM1 patient cells and tissues, HSALR mice, as well as cell culture 

in which repeat expansions are ectopically expressed (Kanadia et al., 2006; Mankodi et 

al., 2003; Mankodi et al., 2001).  However, in an unexpected result, exogenously 

expressed (CAG)960 repeats also relocalized endogenous MBNL1 in nuclear foci in 

COSM6 cells.  Although (CAG)960 RNA is predicted to form a thermodynamically stable 

dsRNA hairpin, it would not be predicted to interact with MBNL1 based on the deviation 

of its primary sequence from the consensus YGCY binding site in which purines have 

replaced pyrimidines.  Despite the ability of (CAG)960 to recruit MBNL1 into foci like 

(CUG)960 repeats, the (CAG)960 RNA expansion failed to appreciably alter splicing of 

exon 5 in cTNT minigene cotransfection experiments.  This result is particularly 

intriguing considering that (CUG)54 and (CAG)54 shared similar affinities (MBNL1:CUG54 

Kd=5.3 ± 0.6 nM and MBNL1:CAG54 Kd=11.2 ± 1.5 nM) in a filter binding experiments 

(Yuan et al., 2007), although this assay does not take into account variable RNA:protein 

binding modes.  Interestingly, MBNL1 proteins form an oligomeric ring structure, with a 

prominent central hole that is large enough to accommodate dsRNA (Yuan et al., 2007).  

These structures are visible in an electron micrograph and show that MBNL1  stacks 

multiple rings on a (CUG)136 dsRNA.  However, these experiments have not been 

conducted with (CAG)n repeats.  One explanation for this observation is that while 

MBNL1 interacts with both repeats, the nature of the RNA:protein interactions are 
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inherently different.  Upon closer inspection, MBNL1:(CAG)960 foci appeared larger and 

less compact than MBNL1:(CUG)960 foci when visualized by RNA fluorescent in situ 

hybridization (FISH).  This difference in appearance may be reflective of divergent 

molecular interactions.  

Endogenous MBNL1 targets and (CUG)n repeats share similar characteristics, 

namely dsRNA substrates that contain paired GC dinucleotides with unpaired 

pyrimidine bulges.  While it is likely that MBNL1 recognizes base-paired GC 

dinucleotides in (CAG)960, the adenosine mismatches may prevent MBNL1 from stably  

interacting, via its ring structure, with the repeats like it does with (CUG)960.  In other 

words, MBNL1:CAG interactions may consist of monomer binding, while MBNL1:CUG 

repeats are “locked” in position through oligomeric binding and the subsequent stacking 

of MBNL1 rings.  If this model is correct, then multiple mismatches in the DM2 (CCUG)n 

repeat could also potentially disrupt stable MBNL1 binding.  To investigate these 

interactions, we performed competition assays in which MBNL1:RNA structures were 

allowed to form under splicing conditions and then challenged with 2000X fold excess 

competitor to assay for RNP stability.  (CUG)54 demonstrated highly stable MBNL1 

interactions, while (CCUG)46,(CAG)54, and T5.45 (an endogenous MBNL1 binding site 

responsible for fetal exon exclusion in TNNT3) displayed less stable binding.  This result 

provides additional evidence that MBNL1 interactions with microsatellite repeats are not 

the same.  However, in this assay, MBNL1:(CCUG)46 is even less stable than T5.45 and 

(CAG)54.  Unlike T5.45 and (CAG)54, (CCUG)n repeats can cause DM symptoms and 

missplicing events.  How do less stable (CCUG)n repeats promote disease while (CAG)n 

repeats do not?  The answer may be a combination of variables that are necessary for 
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(CCUG)n to promote the onset of disease.  The largest CCTG expansion in CNBP has 

been reported to be ~11,000 repeats, making the DM2 expansion ~3 times larger than 

the DM1 expansion (Ranum and Day, 2002).  Although the CCUG repeat displays less 

stable MBNL1 interactions than CUG, the increase in repeat length may be sufficient to 

sequester enough MBNL1 to promotes onset of the disease.  Additionally, CNBP 

expression levels have been estimated to be higher than that of DMPK, providing more 

toxic molecules to relocalize MBNL1 (Mankodi et al., 2003).  Despite larger repeats and 

higher expression levels, the later age of onset and generally more mild symptoms 

characteristic of DM2 may be reflective of reduced CCUG repeat toxicity. 

In conclusion, the dysregulation of alternative splicing has become a molecular 

hallmark of DM, affecting multiple cellular pathways and contributing to the clinical 

manifestations of disease.  Our results provide evidence that MBNL1, a protein whose 

function is impaired by a gain-of-function at the RNA level in DM, is an alternative 

splicing factor that promotes adult-specific splicing by directly interacting with pre-

mRNA.  Additionally, MBNL1 displays variable stabilities when interacting with RNA 

repeat expansions.  Underappreciated differences between (CUG)exp and (CCUG)exp 

RNAs and their interacting factors could potentially contribute to the immense variability 

of symptoms seen in DM patients. 
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Figure 2-1.  Patterns of alternative splicing.  Alternatively spliced (red) and mutually 

exclusive (green) exons spliced into constitutive exons (open boxes) produce 
distinct mature mRNAs via (A) alternative promoters and (B) 3’ exons, (C) 
mutually exclusive and (D) cassette exons, (E) intron retention, and (F) cryptic 
5’ and (G) 3’ splice sites. 
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Figure 2-2.  Schematic of constitutive and alternative pre-mRNA splicing mechanism.  

Constitutively spliced exons (open boxes) contain strong consensus 5’ 
(CAGGU) and 3’ (YAGG) splice sites that interact with snRNPs (yellow) and 
accessory proteins (blue) of the basal splicing machinery to define exons for 
splicing in the pre-mRNA.  U1 snRNP (5’ splice site), SF1 (branch point 
adenosine), U2AF65 (polypyrimidine tract), and U2AF35 (3’ splice site) 
initially bind the pre-mRNA (E complex), followed by U2 substitution for SF1 
(A complex), introduction of the tri-snRNP (U4/U6/U5), and ATP dependant 
rearrangements of the spliceosome (B comlex).  Further ATP-dependant 
spliceosomal rearrangements, including disassociation of U4 and U1, are 
required to form the catalytically active C  complex to promote 
transesterification reactions, join the exons and remove the intron lariat.  
Alternative spliced exons (grey boxes) often contain weak consensus 5’ (GU) 
and 3’ (AG) splice sites and smaller, less defined polypyrimidine tracts.  
Therefore, additional proteins are required to promote or inhibit the assembly 
of the sliceosome.  SR proteins (green) interact with exonic splicing 
enhancers to define an alternatively spliced exon and assist in the recruitment 
of the sliceosome.  Conversely,  hnRNP proteins (e.g. hnRNP A1 – red) 
interact with exonic splicing silencers and polypyrimidine tract binding protein 
(PTB – orange) binds the polypyrimidine tract to block assembly of the 
spliceosome and prevent inclusion of the exon in the mature mRNA.   
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Figure 2-3.  Model of MBNL1 sequestration promoting alternative splicing defects in 

DM1.  In unaffected individuals, DMPK-(CUG)5-37 mRNA does not interact 
with MBNL1, allowing MBNL1 to directly bind pre-mRNA substrates (exons = 
open boxes, introns = horizontal lines) and promote fetal exon (FE) exclusion 
(green).  In DM1 affected individuals, DMPK-(CUG)>50 sequester MBNL1, 
inhibiting MBNL1 interaction and promoting exon inclusion (red).  
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Figure 2-4.  Alternative splicing produces four distinct Mbl isoforms in Drosophila.  All 

isoforms share the N-terminal 63 amino acids (blue) which contain 2XC3H 
RNA binding motifs (cysteine and histidine positions are indicated by vertical 
white lines).  MblA, MblB, MblC share an additional 116 amino acids (red).  All 
isoforms have  unique C-termini.  MblB contains arginine (N), alanine (A), and 
phenylalanine (F) rich regions.  MblC has a putative (*) sumoylation site.  
Reproduced from Muscleblind isoforms are functionally distinct and regulate 
α-actinin splicing; Vicente M, Monferrer L, Poulos MG, Houseley J, Monckton 
DG, O’Dell KM,  Swanson MS and Artero RD; Copyright 2007, with 
permission from John Wiley & Sons. 
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Figure 2-5.  Mbl protein isoforms display different subcellular localizations.  GFP-tagged 

Mbl isoforms were exogenously expressed in COSM6 cells.  MblA appears 
cytoplasmic and nuclear while MblB and MblC are predominantly nuclear.  
MblD is diffuse throughout the cell.  DAPI stain indicates nuclear location.  
Reproduced from Muscleblind isoforms are functionally distinct and regulate 
α-actinin splicing; Vicente M, Monferrer L, Poulos MG, Houseley J, Monckton 
DG, O’Dell KM,  Swanson MS and Artero RD; Copyright 2007, with 
permission from John Wiley & Sons. 
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Figure 2-6.  Mbl colocalizes with (CUG)300 RNA in nuclear foci.  GFP-tagged Mbl 

isoforms were cotransfected with (CUG)300 in COSM6 cells.  MblA, MblB, and 
MblC (green) colocalize with (CUG)300 (red – labeled with Cy3-CAG10 
oligonucleotide probe) in discrete nuclear foci.  DAPI indicates nuclear 
location.  Reproduced from Muscleblind isoforms are functionally distinct and 
regulate α-actinin splicing; Vicente M, Monferrer L, Poulos MG, Houseley J, 
Monckton DG, O’Dell KM,  Swanson MS and Artero RD; Copyright 2007, with 
permission from John Wiley & Sons. 
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Figure 2-7.  Drosophila Mbl regulates alternative splicing of α-actinin.  An α-actinin 

minigene was coexpressed with EGFP tagged Mbl isoforms and assayed for 
alternative splicing by RT-PCR with primers positioned in constitutive exons 5 
and 9.  (A) The α-actinin minigene contains exons 5-9 (exons = open boxes; 
introns = horizontal lines).  α-actinin is alternatively spliced to produce adult 
muscle (blue), larval muscle (green), and non-muscle (red) isoforms.  (B) Mbl 
isoforms A, B, and C, but not D, promote an adult muscle splicing pattern. 
EGFP is used as a control.  Because α-actinin adult muscle and non-muscle 
spliced mRNAs are the same size, a unique SacI site is used to digest and 
resolve the resulting RT-PCR products.  (C) An immunoblot using an EGFP 
specific antibody was used to control for EGFP-Mbl expression (expected 
sizes: MblA = 49 kDa, MblB = 58 kDa, MblC = 53 kDa, MblD = 35 kDa).  
Ponseau-S staining was used to control for loading (data not shown). 
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Figure 2-8.  Schematic of cTNT and INSR alternative splicing minigene reporters.  (A)  

cTNT minigene.  A 730 nucleotide fragment including alternatively spliced 
human cTNT exon 5 (30 nucleotides) and adjacent upstream/downstream 
introns (red) cloned in between constitutively spliced exons 2 and 4 from the 
Gallus gallus TNNI2 gene (black).  Primers used for RT-PCR analysis are 
located in exons 2 and 4.  (B) INSR minigene.  A fragment from the human 
INSR locus containing alternatively spliced exon 11 and constitutive exons 10 
and 12.  Primers used for RT-PCR analysis are located in exons 10 and 12.  
Fetal/DM and adult splicing patterns are indicated by dashed lines.  
Minigenes are not drawn to scale.   
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Figure 2-9.  MBNL1, MBNL2, and MBNL3 regulate alternative splicing of cTNT and 

INSR.  cTNT and INSR minigenes were coexpressed with GFP-tagged MBNL 
proteins in primary chicken myoblasts and assayed for inclusion of 
alternatively spliced exons by RT-PCR with primers positioned in constitutive 
exons.  Bands were quantified by phosphoimager and exon inclusion was 
calculated as:  [(exon inclusion)/(exon inclusion + exon exclusion) X100].  
Transgene expression was monitored by immunoblot with an antibody 
specific for GFP.  MBNL1, MBNL2, and MBNL3 promotes (A) fetal exon 5 
exclusion of cTNT and (B) exon 11 inclusion of INSR minigenes while (C) a 
neuronal specific exon is unresponsive in the ClaLC minigene.  Reproduced 
from Muscleblind proteins regulated alternative splicing.  Ho TH, Charlet B, 
Poulos MG, Singh G, Swanson MS and Cooper TA; EMBO, Vol. 23, No 15, 
3103-3112.  Copyright 2004, with permission from The Nature Publishing 
Group. 
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Figure 2-10.  Endogenous MBNL1 regulates alternative splicing of cTNT and INSR 

minigenes.  cTNT and INSR minigenes were cotransfected with siRNA 
directed against the MBNL1 coding sequence (THH31 and THH2) and 
assayed for alternative splicing by RT-PCR (described in Figure 1-6).  (A)  
siRNA knocks down endogenous MBNL1 41/42 kDa isoform expression.  
Immunoblot analysis of HeLa cells treated with THH31 and THH2 using 
antibodies recognizing MBNL1 and GAPDH (loading control) or (B) 
immunocytochemistry using antibodies recognizing MBNL1.  A non-specific 
GFP siRNA has no affect on MBNL1 expression.  (C) Loss of endogenous 
MBNL1 recapitulates a DM splicing pattern in cTNT and INSR minigenes.  
Reproduced from Muscleblind proteins regulated alternative splicing.  Ho TH, 
Charlet B, Poulos MG, Singh G, Swanson MS and Cooper TA; EMBO, Vol. 
23, No 15, 3103-3112.  Copyright 2004, with permission from The Nature 
Publishing Group. 
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Figure 2-11.  MBNL1 binds upstream of alternatively spliced cTNT exon 5.  cTNT RNA 

from the alternatively spliced exon 5, with upstream and downstream introns, 
were uniformly body labeled with 32P and incubated with recombinant GST-
MBNL1, UV crosslinked and resolved on an non-denaturing acrylamide gel to 
assay for binding.  Truncation and scanning mutagenesis of the RNA was 
performed to identify the MBNL1 binding site.  (+) and (-) indicate GST-
MBNL1 and RNA binding.  The putative branch point adenosine (black circle) 
and RNA mutations (lowercase) are denoted. MBNL1 (two vertical lines) and 
antagonist CUGBP1 (grey box) binding sites are indicated on the cTNT RNA.  
Two dinucleotide substitutions (RNA M), which eliminate GST-MBNL1 
binding,  will be used for in vitro splicing assays.  Reproduced from 
Muscleblind proteins regulated alternative splicing.  Ho TH, Charlet B, Poulos 
MG, Singh G, Swanson MS and Cooper TA; EMBO, Vol. 23, No 15, 3103-
3112.  Copyright 2004, with permission from The Nature Publishing Group. 
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Figure 2-12.  MBNL1 binding site mutations inhibit MBNL1, MBNL2, and MBNL3 

responsiveness.  Wild-type or mutant (RNA M in Figure 1-8) cTNT minigenes 
were cotransfected with GFP-tagged MBNL1, MBNL2, or MBNL3 and 
assayed for alternative splicing by RT-PCR (described in Figure 1-6).  
Transgene expression was monitored by immunoblot using an antibody 
specific for GFP.  Reproduced from Muscleblind proteins regulated alternative 
splicing.  Ho TH, Charlet B, Poulos MG, Singh G, Swanson MS and Cooper 
TA; EMBO, Vol. 23, No 15, 3103-3112.  Copyright 2004, with permission from 
The Nature Publishing Group. 
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Figure 2-13.  Alignment of the human and chicken cTNT MBNL1 binding sites reveals a 

conserved motif.  Reproduced from Muscleblind proteins regulated alternative 
splicing.  Ho TH, Charlet B, Poulos MG, Singh G, Swanson MS and Cooper 
TA; EMBO, Vol. 23, No 15, 3103-3112.  Copyright 2004, with permission from 
The Nature Publishing Group. 
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Figure 2-14.  MBNL1 colocalizes with (CUG)960 and (CAG)960 RNA in nuclear foci.  (A)  

DMPK minigene containing a CMV promoter and DMPK exons 11-15, with 
960 interrupted CUG or CAG repeats in the 3’UTR.  (B) DMPK (CUG)960 or 
(CAG)960 exogenously expressed in COSM6 cells.  Immunocytochemistry with 
an antibody specific for MBNL1 (green) demonstrates colocalization with both 
CUG960 and CAG960 RNA (red – labeled with Cy5-CAG10 or Cy5-CUG10, 
respectively).  DAPI indicates nuclear location.  Scale bar = 10 µm.  
Reproduced from Colocalization of muscleblind with RNA foci is seperable 
from mis-regulation of alternative splicing in myotonic dystrophy.  Ho TH, 
Savku RS, Poulos MG, Mancini MA, Swanson MS and Cooper TA; Journal of 
Cell Science, 118, 2923-2933.  Copyright 2005, with permission from The 
Company of Biologists Ltd. 
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Figure 2-15.  CUG960, but not CAG960, expression alters cTNT alternative splicing.  A 

cTNT minigene, containing an alternatively spliced fetal exon 5 which is 
misregulated in DM, is cotransfected with either DMPK (CUG)960 or DMPK 
(CAG)960 and assayed for exon 5 inclusion using RT-PCR and primers 
positioned in constitutive exons.  Three independent transfections were done 
and exon inclusion was calculated as:  (exon inclusion)/(exon inclusion + 
exon exclusion).  Increasing amounts of (CUG)960 and (CUG)960 do not 
significantly alter cTNT splicing.  Reproduced from Colocalization of 
muscleblind with RNA foci is seperable from mis-regulation of alternative 
splicing in myotonic dystrophy.  Ho TH, Savku RS, Poulos MG, Mancini MA, 
Swanson MS and Cooper TA; Journal of Cell Science, 118, 2923-2933.  
Copyright 2005, with permission from The Company of Biologists Ltd. 
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Figure 2-16.  MBNL1 displays increased stability with (CUG)54 RNA.  (A) Schematic of 

the competition assay.  MBNL1-myc whole cell lysate (expressed in COSM6 
cells) is incubated with 32P labeled RNA (red) alone for 30 minutes (A), 
concurrently with 2000X fold excess cold RNA (blue) for 30 minutes (B), or 
alone for 15 minutes and then challenged with 2000X fold excess cold RNA 
for 15 minutes (C).  RNA:protein complexes are UV crosslinked, RNase 
digested, immunoprecipitated with an antibody specific for myc, and resolved 
by SDS-PAGE.  (B) Autoradiographs of RNAs used in the competition assay:  
(CUG)54;  T5.45 (an endogenous MBNL1 binding site on the TNNT3 mRNA 
responsible for alternative splicing); (CCUG)46; (CAG)54.  (C)  A representative 
bar graph indicating the percentage of 32P labeled RNA retained when 
challenged.  Bands were quantified by phosphoimager and retention was 
calculated as (C/A X100) from the autoradiograph. 
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CHAPTER 3 
LOSS OF MBNL3 4XC3H ISOFORMS ARE NOT SUFFICIENT TO MODEL 

CONGENITAL MYOTONIC DYSTROPHY 

Introduction 

Overview of Congenital Myotonic Dystrophy 

Congenital myotonic dystrophy is perhaps the most severe form of DM1, although 

the disease likely manifests itself during embryonic development (Harper, 2001).  Like 

the adult-onset disease, CDM affects a wide variety of tissues and displays variable 

penetrance at birth.  The most prominent features of CDM include skeletal muscle, 

smooth muscle, pulmonary, and CNS involvement (Harper, 2001).  Unlike adult-onset 

DM1, however, relatively little is known about the root cause of these symptoms at the 

molecular level.  For example, pulmonary insufficiencies are responsible for the majority 

of infantile mortality in CDM, requiring prolonged ventilation at birth for survival 

(Campbell et al., 2004; Rutherford et al., 1989).  While it is acknowledged that there is 

reduced efficiency of the neonatal lung, it is unclear whether respiratory distress is due 

to the inability of the underdeveloped diaphragm and intercostal muscles to promote 

breathing, inherent pulmonary defects, or a combination of both (Harper, 2001).  

Neonates with CDM also present with significant muscle involvement.  Hypotonia is 

caused by a lack of baseline contractions in skeletal muscle that normally promote 

rigidity and posture (Bergen, 1985; Bodensteiner, 2008).  CDM babies are 

characteristically “floppy” shortly after birth, lacking significant movements (Harper, 

1975; Harper, 2001).  Additionally, poor suckling may also be due to poorly developed 

tongue muscle.  Histological analysis of CDM skeletal muscle reveals a delay in 

myogenic development, including the abnormal presence of immature myotubes, small 

bundles of fibers, thin fibers, and prominent centralized nuclei, while motor neurons 
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appear normal (Farkas-Bargeton et al., 1988; Sahgal et al., 1983a; Sahgal et al., 1983b; 

Tanabe and Nonaka, 1987; Tominaga et al., 2010).  Difficulties in swallowing 

postnatally also indicate that the smooth muscle of the esophagus is affected, which 

may lead directly to another common CDM phenotype, hydramnios, in which an 

increase of amniotic fluid during pregnancy is caused by a lack of fetal swallowing 

(Schild et al., 1998; Wieacker et al., 1988).  Remarkably, these symptoms, including 

pulmonary involvements and delays in muscle development, are generally resolved by 

early childhood and do not affect the prognosis of mobility or respiration later in life 

(Harper, 2001).  CDM patients also display mental retardation and low IQs in adulthood, 

with one estimated mean of 66.1 +/- 16.2 , although there is little evidence as to the 

cause (Harper, 1974; Harper, 1975).  Postmortem analysis of infants afflicted with CDM 

and mental retardation has yielded no evidence of gross cerebral morphological 

changes.  However, magnetic resonance imaging (MRI) and computed tomography 

(CT) scans have indicated changes in ventricular size and an increased frequency in 

intraventricular haemorraging in neonates, although it is not evident if these changes 

are directly involved in disease (Regev et al., 1987).  Finally, talipes, commonly known 

as club foot, is seen in approximately half of all CDM patients (Ray et al., 1984; Siegel 

et al., 1984).  In CDM, talipes is thought to be caused by in utero muscle weakness 

(hypotonia) and decreased fetal movements.  Surgical correction is commonly used to 

treat this disability.  Ultimately, CDM patients, despite overcoming early muscle and 

pulmonary deficits, develop early-onset adult DM symptoms, often manifesting itself in 

early adolescence.  While CDM appears clinically distinct from its adult-onset 

counterparts in DM1 and DM2, the causative mutation is the DM1 (CTG)exp that has 
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intergenerationally increased in size to greater than 1000 repeats (Tsilfidis et al., 1992).  

There is no evidence of a DM2 repeat expansion that contributes to the onset of a CDM 

phenotype, indicating a link between DM1 and disease.  This observation begs the 

question, what causes CDM? 

Potential Models of CDM 

Two closely related (CTG)n rich repeat expansions cause very similar adult-onset 

diseases, DM1 and DM2.  MBNL1 loss-of-function through interactions with either 

(CUG)exp or (CCUG)exp have proven to be the common link between these adult-onset 

disorders.  How then does DM1 specifically promote additional CDM phenotypes during 

embryogenesis and neonatal life?  The presence of a second form of DM that does not 

cause a congenital phenotype provides an opportunity to compare and contrast 

potential molecular mechanisms involved in congenital disease.  Instead of focusing on 

the similarities of this disease, the answer likely lies in the differences between the two 

causative mutations.   

The DM1 and DM2 mutations are located in non-coding portions of  two seemingly 

unrelated genes, DMPK and CNBP respectively.  The (CTG)exp promotes adult-onset 

DM1 between 50 and 1000 repeats, while expansions between 1000-4000 cause CDM.  

In DM2, (CCTG)exp greater than 75 and less than 11,000 cause the adult-onset disorder.  

One possibility to explain the observation that only (CTG)exp promote CDM is that 

embryonic expression patterns between the two genes do not overlap during 

development.  In this scenario, DMPK-mediated RNA toxicity could promote the onset 

of CDM by being preferentially expressed in affected tissues, while CNBP expression is 

either absent or below a threshold of expression needed to promote disease.  However, 

Dmpk and Cnbp have demonstrated no significant differences in embryonic expression 



 

73 

patterns (Swanson lab unpublished data).  Using whole mount in situ hybridization, 

Cnbp is expressed ubiquitously during murine embryonic development while Dmpk 

displays a more restricted expression pattern.  Additionally, Cnbp staining appears more 

intense than Dmpk, suggesting that Cnbp is expressed at a higher level.  In an 

alternative scenario, a more restricted embryonic expression pattern for DMPK may 

promote the onset of CDM in affected tissues, while the ubiquitously expressed CNBP 

results in either an early termination of embryogenesis (i.e. before DMPK is expressed) 

or widespread expression compromises too many tissues which results in an inability to 

develop and subsequent lethality.  Another possibility is that DM1 locus specific affects 

contribute to neonatal disease.  Closely-linked DMPK genes, in which expression is 

inhibited by (CTG)exp, may contribute to the onset of congenital disease through a 

combinatorial model of haploinsufficieny of DM1-linked genes and MBNL1 loss-of-

function model (see General Introduction).  Genetic crosses to create Dmpk+/-; Six5+/-; 

Mbnl1∆E3/∆E3 mice (each individual knockout mouse did not develop a CDM phenotype) 

failed to recapitulate any CDM phenotypes (Swanson lab unpublished data).  However, 

we cannot rule out the contributions of DMWD and any dominant-negative effects of the 

DM1 antisense transcript.  The most likely explanation may be differences in the RNA 

repeat itself.  We have previously demonstrated that (CUG)exp and (CCUG)exp display 

variable stabilities with MBNL1 in vitro, potentially altering its toxicity.  Therefore, 

(CUG)>1000 RNAs may be more inherently toxic.  Another distinct difference between 

(CUG)exp and (CCUG)exp is the asymmetry in repeat expansion length.  Somatic 

expansions of both (CTG)n and (CCTG)n result in a heterogeneous population of 

repeats in different tissues and time points throughout life that can contribute to multiple 
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aspects of adult-onset disease, including age-of-onset, severity of disease, and 

penetrance of symptoms (Ashizawa et al., 1993; Martorell et al., 1997; Martorell et al., 

2000; Wong et al., 1995).  On the other hand, both repeats reach a maximum 

expansion (CTG)~4000 and (CCTG)~11,000, suggesting that further expansions are 

incompatible with life.  One possibility is that (CUG)n and (CCUG)n could both promote 

similar CDM phenotypes embryonically, however, unstable (CCTG)n expansions reach 

a critical length and promote embryonic lethality.  This possibility would predict that 

longer (CCTG)n expansions are more unstable during transmission or development than 

expanded (CTG)n repeats.  While these models are not mutually exclusive, they provide 

insight into the complexities involved in determining and modeling specific genetic 

contributions to the congenital onset of disease. 

MBNL Family in DM 

Considering that (CUG)exp contributes to adult-onset DM1 by sequestering a 

dsRNA binding protein, MBNL1, and inhibiting its function, the same toxic RNA could 

compromise other factors via dominant-negative interactions.  Interestingly, MBNL1 

belongs to a family composed of three closely related genes, including MBNL2 and 

MBNL3 (Fig. 3-1).  All three genes code for proteins that contain 4XC3H motifs, which 

mediate RNA interactions (Teplova and Patel, 2008).  MBNL shares  >60% conserved 

amino acid identity in the full length proteins and on average ~90% in their C3H motifs 

(Fig. 3-2).  We have previously demonstrated that all three proteins can interact to 

suppress inclusion of cTNT exon 5 in cell culture (see Chapter 2 – Fig. 2-9), suggesting 

that their substrate specificity overlaps.  Additionally, GFP-tagged MBNL1, MBNL2, and 

MBNL3 colocalize with (CUG)exp RNAs into discrete nuclear foci when ectopically 

expressed in cells (Fardaei et al., 2002).  Moreover, MBNL1 and MBNL2 have been 
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shown to colocalize with (CUG)exp in the skeletal muscles of DM1 patients, further 

implicating the family in disease pathogenesis (Holt et al., 2009).   

While Mbnl1∆E3/∆E3 knockout mice recapitulate cardinal DM phenotypes, genetically 

altered Mbnl2 mice have provided variable results.  Two different mouse models with 

decreased levels of Mbnl2 mRNA have been generated using genetrap technology in 

which a NeoR/LacZ cassette traps expression using a novel 3’ splice site to truncate the 

full length endogenous transcript.  The first mouse contains a genetrap in Mbnl2 intron 2 

(Mbnl2GT2/GT2) which produces a truncated protein containing the first 58 amino acids of 

Mbnl2 (1XC3H motif) fused with the reporter cassette and displays a significant 

decrease in overall Mbnl2 mRNA (Hao et al., 2008).  The Mbnl2GT2/GT2 mouse displays 

multiple phenotypes, including skeletal muscle centralized nuclei, myotonic discharges, 

minor changes in CLCN1 alternative splicing, and focal loss of CLCN1 localization to 

the sarcolemma.  Interestingly, the second mouse, which contains a genetrap in Mbnl2 

intron 4 (Mbnl2GT4/GT4) and produces a protein containing the first 180 amino acids of 

Mbnl2 (2XC3H motifs) fused with the reporter cassette, demonstrates normal adult 

skeletal muscle by histology and no changes in the alternative splicing of CLCN1 or 

myotonia, despite a >90% loss of Mbnl2 mRNA (Lin et al., 2006).  One possibility to 

account for the observed differences in the two models is that while Mbnl2GT4/GT4 mice 

have a greater reduction in endogenous Mbnl2 mRNA than Mbnl2GT2/GT2 mice, the pair 

of Mbnl2 N-terminal C3H motifs may be sufficient to prevent the skeletal muscle 

pathology in vivo.  Generation of a Mbnl2 knockout mouse would help to clarify these 

results.  Therefore, while the exact role of MBNL2 in DM is unclear, Mbnl2Gt/Gt mice do 

not develop CDM or other unmodeled DM phenotypes, including progressive skeletal 
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muscle wasting.  There are currently no in vivo genetic models for Mbnl3 involvement in 

disease.  Given the integral involvement of MBNL1 in adult-onset DM, compromised 

function of MBNL2 and MBNL3 are promising candidates for contribution to the onset 

and progression of disease.  However, given the genetic contribution of the many genes 

that are potentially affected by the (CTG)exp, a comprehensive model may be necessary 

to fully dissect the constellation of DM phenotypes (Fig. 3-3). 

Overview of MBNL3 

MBNL3 was first identified in a bioinformatic search for proteins that shared a high 

degree of identity to MBNL1 and later in a suppression subtractive hybridization (SSH) 

experiment designed to screen for genes preferentially expressed during myogenic 

proliferation (Fardaei et al., 2002; Squillace et al., 2002).  MBNL3 is an interesting 

candidate gene in CDM for a variety of reasons.  First, Mbnl3 is primarily expressed 

embryonically.  Northern blot analysis of poly A selected RNA from adult murine tissues 

reveals very low Mbnl3 expression in all adult tissues tested, despite a ten-fold higher 

exposure time than Mbnl1 and Mbnl2, which displayed near ubiquitous expression 

(Kanadia et al., 2003b).  Mbnl3 expression was detectable by RT-PCR in adult murine 

lung, spleen, and testis, however, this analysis is not quantitative and likely is reflective 

of either low level transcription throughout the tissues tested or a subpopulation of cells 

in these tissues that express Mbnl3 preferentially (Lee et al., 2007).  Whole embryo total 

RNA northern blotting from various murine embryonic stages indicate a high level of 

Mbnl3 expression, comparable to Mbnl1 and Mbnl2 (Kanadia et al., 2003b).  However, 

the RNA for this analysis was collected from total embryos and does not offer any 

insight spatially during development.  Additionally, Mbnl3 is known to be expressed 

highly in the placenta, which was included with the embryos, making interpretation of 
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actual Mbnl3 levels attributable to embryonic expression difficult.  Whole mount RNA in 

situs demonstrate that Mbnl3 mRNA is present in the limb bud, first brachial arch, and 

the neural tube at E9.5 (Kanadia et al., 2003b).  This data indicates that Mbnl3 

expression, unlike that of Mbnl1 and Mbnl2, is limited to embryonic development.  This 

data is based solely on mRNA expression.  Interestingly, Mbnl3 mRNA contains a 

unusually large 3’ UTR (~ 8 kb), making it subject to post-transcriptional regulation.  In 

other words, Mbnl3 protein levels may not accurately reflect the corresponding mRNA 

levels in vivo.  Nonetheless, an overlap in Mbnl3 expression and tissues affected in 

CDM is consistent with an MBNL3 loss-of-function model for embryonic and neonatal 

disease.  Second, Mbnl3 expression has been shown to affect myogenic differentiation 

in vitro.  Mbnl3 mRNA is expressed in proliferating C2C12 cells and is down-regulated 

after differentiation (Lee et al., 2007; Squillace et al., 2002).  Overexpression of Mbnl3 in 

stably transfected C2C12 cells inhibits differentiation, while 50% knockdown of Mbnl3 

using an antisense morpholino promotes the opposite effect, an increase in 

differentiation.  This data suggests a critical role for Mbnl3 during normal myogenesis.  

Therefore, inhibition of this function due to sequestration may play an important role in 

the misregulation of embryonic skeletal muscle development seen in CDM. 

Results 

Mbnl3 mRNA Expression and Alternative Splicing are Spatially and Temporally 
Regulated 

Mbnl3 has been previously reported to be expressed during embryonic 

development with the highest levels in the placenta (Fardaei et al., 2002).  However, 

this analysis focused on whole embryos and non-quantitative methods.  Therefore, we 

chose to detail Mbnl3 expression throughout development both spatially and temporally 
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using Northern blotting (Fig. 3-4).  Mbnl3 mRNA is expressed at its highest levels at 

embryonic day 15 (E15) in placenta, forelimb and tongue with levels reduced in forelimb 

and tongue by E18 and undetectable in adult tissues.  Mbnl3 is also present in E18 and 

postnatal day 1 lung (P1) and absent in adult.  Expression is also noted in P1 and adult 

spleen.  Mbnl3 family member, Mbnl1, is expressed in more tissues during 

development.  This analysis confirms and extends previous reports of Mbnl3 expression 

to specific time points and tissues during development.  It is worth noting that Mbnl3 

mRNAs are expressed during embryogenesis in those tissues affected in the congenital 

form of myotonic dystrophy.  

Although Mbnl3 Northern blotting reveals expression, it fails to detail the mRNAs 

that compose the population.  Mbnl1 and Mbnl2 are extensively alternatively spliced, 

producing multiple isoforms (Pascual et al., 2006) (Swanson Lab, unpublished data).  In 

order to assay for the alternative splicing patterns of Mbnl3, we amplified isoforms using 

RT-PCR from P1 and adult tissues with primers positioned in constitutively spliced non-

coding exons 1 and 8 (5’ and 3’ untranslated regions, respectively).  Subsequent 

amplicons were sub-cloned, sequenced, and annotated (Fig. 3-5).  Analysis revealed 

previously unreported exons 7a, 7b, and cryptic 3’ splice sites in exons 6 and 7 (exon 7 

is referred to as exon 7c from here in).  Exons 7a, 7b, and 7c are alternatively spliced 

producing unique Mbnl3 C-termini.  Exon 2 is also alternatively spliced producing a 

hypothetical N-terminal truncation which could produce a protein with either four C3H or 

two C3H RNA binding motifs (Fig. 3-6).  Although Mbnl3 undergoes alternative splicing 

events which produce multiple isoforms, we sought to identify the relative use of these 

alternative exons in the mature mRNA.  To examine Mbnl3 alternative splicing, RT-PCR 
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with a forward primer positioned in constitutively spliced exon 3 and reverse primers 

specific to alternatively spliced exons 7a, 7b, and 7c were used (Fig. 3-7A).  Embryonic 

and P1 brain, as well as placenta, included exons 7a and 7b to the greatest extent while 

exon 7c isoforms were the most abundant in all tissues examined (Fig. 3-7B).  Mbnl3 

exon 2 assumes a default level of inclusion of approximately 30% (data not shown).  

Taken together with the sequencing data, Mbnl3 exon 7c containing mRNAs are the 

predominant isoforms in all tissues while inclusion of exons 7a and 7b vary between 

tissues.  This is particularly interesting considering Mbnl1 utilizes its C-terminus for self-

interactions, which suggests that Mbnl3 may interact with multiple proteins in different 

tissues.   

Polyclonal Antisera Raised Against the C-terminus of Mbnl3 

 Mbnl3 contains an unusually large 3’ UTR in the mature mRNA (~7800 

nucleotides) which contains many predicted cis elements that have been shown to post-

transcriptionally regulate mRNA fate (data not shown).  Of course, Mbnl3 mRNA levels 

may not accurately reflect the level of protein produced in the tissues assayed.  

Unfortunately, there is no antibody available that is cross reactive with murine Mbnl3 

which is useful for tissue analysis.  The Mbnl family of proteins also share a high degree 

of amino acid identity, which limits the unique regions available that may be targeted for 

antibody production.  Therefore, we prepared polyclonal antibodies against the most 

immunogenic and unique region of the protein, the C-terminus (Fig. 3-7A).  The majority 

of Mbnl3 isoforms should be recognized by this antibody (Table 3-1).  A 15 amino acid 

peptide (NVPYVPTTTGNQLKY) was synthesized and conjugated to KLH, four rabbits 

were immunized, and bleeds were taken to assay for Mbnl3 reactivity.  Placenta whole 

cell lysate (E15) was immunoblotted with either Mbnl3 antisera or pre-immune sera from 
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immunized rabbits (Fig. 3-8A).  Antisera from rabbits A and C recognized two distinct 

bands at approximately 37 kDa and 27 kDa that were not seen in the pre-immune sera.  

Further evaluation revealed Mbnl3 anti-sera A and C recognized these bands with a 

similar affinity when E15 placenta lysate concentration was varied (Fig. 3-8B).  Bleeds A 

and C were chosen for affinity purification and subsequent studies.  Mbnl3 polyclonal 

antibody C (α-Mbnl3) will be used for the remainder of this study. 

 Due to the high degree of identity shared between the Mbnl proteins, it is 

important to exclude the possibility that α-Mbnl3 cross reacts with other family 

members.  An α-Mbnl3 immunoblot shows that antisera reacts with exogenous myc-

tagged Mbnl3 in COSM6 cells, but not Mbnl1 or Mbnl2 (Fig. 3-9A).  Mbnl3 was also 

efficiently immunoprecipitated (Fig. 3-9B) as well as visualized by immunocytochemistry 

(Fig. 3-10) in exogenously expressing COSM6 cells.  To ensure that α-Mbnl3 is 

specifically recognizing Mbnl3 in placenta, protein was immunoprecipitated from 

placenta whole cell lysate using α-Mbnl3 and subjected to MALDI-TOF mass 

spectrometry, which correctly identified Mbnl3 peptides (data not shown).  Therefore, 

we have developed a new polyclonal antibody that recognizes Mbnl3 and which 

performs well for a wide range of applications. 

Mbnl3 Isoforms Localize to both the Nucleus and Cytoplasm 

Mbnl3 has been previously reported to be expressed in the proliferating myoblast 

cell line C2C12 and is down regulated in response to myogenic differentiation (Lee et 

al., 2007; Squillace et al., 2002).  This expression pattern suggests an important role for 

Mbnl3 during myoblast proliferation which must be down regulated in response to 

external stimuli to promote proper myotube maturation.  Using our α-Mbnl3 antibody, we 
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sought to confirm Mbnl3 expression in proliferating C2C12 cells.  Interestingly, we 

identified two Mbnl3 proteins at 37 kDa and 27 kDa corresponding to the predicted 

Mbnl3 isoforms encoded by mRNAs (Table 3-1 and data not shown) that either included 

or excluded exon 2.  Expression of both isoforms are inhibited by Mbnl3 siRNA, but not 

by non-specific siRNA (Fig. 3-11).  This is the first evidence of an N-terminal truncation 

producing a lower isoform in the Mbnl family of proteins.  Moreover, a human 

hepatocarcinoma cell line, Huh7, exclusively expresses the MBNL3 lower isoform at 29 

kDa (Fig. 3-11).  siRNA directed against MBNL3 efficiently knocks down MBNL3 

expression while SMN siRNA does not affect expression.  The human MBNL3 isoform 

is 2 kDa larger due to the inclusion of a human-specific exon 8 that is not conserved in 

mice (data not shown).  The appearance of distinct Mbnl3 isoforms suggests that Mbnl3 

possesses multiple functions. 

Examination of MBNL3 localization using immunocytochemistry reveals discrete 

cytoplasmic foci in Huh7 cells, while C2C12 displays both nuclear and cytoplasmic foci 

(Fig. 3-12).  This result is in direct contrast with Mbnl1 and Mbnl2, which appear 

predominately nuclear (Fardaei et al., 2002) (data not shown).  Cytoplasmic foci in Huh7 

and C2C12 cells do not localize with known structures, including P-bodies and other 

RNA binding proteins (Fig. 3-12 and data not shown).  In support of the previous 

observation, lysates from nuclear and cytoplasmic fractionations of Huh7 and C2C12 

cells were immunoblotted to assay for cellular localization.  Interestingly, the MBNL3 

isoform excluding exon 2 localized exclusively to the cytoplasm in both Huh7 and 

C2C12 cells (Fig. 3-13A,C).  The Mbnl3 isoform including exon 2 localized to both the 

nucleus and cytoplasm in C2C12 cells.  CUGBP1 and lactate dehydrogenase A (LDHA) 
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were used to assay for nuclear and cytoplasmic fractionation, respectively, while 

MBNL1 served as a family control.  We next sought to determine if Mbnl3 localization in 

vitro accurately reflected it localization in vivo.  Considering Mbnl3 is expressed in a 

proliferating myoblast cell line, we chose to assay for Mbnl3 localization during 

embryonic myogenesis.  Localization of Mbnl3 isoforms from E15 forelimbs was 

remarkably similar to C2C12 (Fig. 3-13B).  Unlike Mbnl1, which is predominately a 

nuclear RNA binding protein involved in alternative splicing, Mbnl3 encodes several 

isoforms whose variable cellular distribution implies a non-overlapping function with 

other family members. 

Mbnl3 Proteins are Primarily Expressed during Embryogenesis 

To be a viable candidate for sequestration according to the RNA dominance 

model, Mbnl3 protein expression must overlap with DMPK expression.  To address this 

question, brain, skeletal muscle/limb, tongue, and lung tissues were isolated from 

multiple time points during mouse development and immunoblotted for Mbnl3 

expression.  Mbnl3 protein isoforms were readily detectable in E15-E18 placenta.  

Forelimb and tongue displayed more moderate levels at E15 and were undetectable by 

E18, while lung showed expression at E18 which persisted until P1 (Fig. 3-14).  Mbnl3 

expression was also present in forelimb buds as early as E11.5 (data not shown).  The 

single band recognized by α-Mbnl3 in adult brain was immunoprecipitated, subjected to 

MALDI-TOF mass spectrometry and determined to be glutamine synthetase (Fig. 3-14 

and data not shown).  Since Mbnl3 protein is not detectable in the adult brain, this 

cross-reaction did not affect our analysis.  Interestingly, Mbnl3 expression in the 

forelimb and tongue closely overlaps with embryonic myogenesis (Fig. 3-15) and is 
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down regulated after completion of secondary myogenesis, indicating a potential role for 

Mbnl3 during skeletal muscle development. 

If Mbnl3 is involved in the embryonic development of skeletal muscle, Mbnl3 might 

also be important for adult myogenesis (i.e. skeletal muscle regeneration).  To test this 

hypothesis, we induced  regeneration in vivo by injecting mouse TA muscles with 

Notexin, a venom peptide isolated from the Australian viper Notechis scutatus.  Notexin 

is a 119 amino acid peptide with phospholipase A2 activity which, when injected into 

skeletal muscle, has potent myotoxic affects and promotes muscle necrosis, satellite 

cell activation and muscle regeneration (Dixon and Harris, 1996; Harris and MacDonell, 

1981).  Notexin was injected into the TA muscles of C57BL6/J mice (10-12 weeks of 

age), where they were isolated at two day intervals to assay for regeneration (Fig. 3-

16A,B).  Hematoxylin and Eosin (H&E) staining of 10 µm transverse cryosections was 

used to track skeletal muscle regeneration (Fig. 3-16C).  Surprisingly, Mbnl3 

demonstrated a sharp expression peak at Day 3 post-injection simultaneously with a 

gene involved in myoblast fusion, myogenin (Fig. 3-17).  Mbnl3 expression at this time 

point during regeneration is consistent with proliferating myoblasts (Fig. 3-18), but does 

not rule out the contribution from other cell types.  However, this pattern of expression is 

similar to embryonic forelimb/tongue and C2C12 expression, suggesting that Mbnl3 

may play an essential role during myogenesis.  

Loss of Mbnl3 Inhibits Myogenic Differentiation in a C2C12 Model 

Congenital myotonic dystrophy patients present with immature myotubes 

perinatally (Farkas-Bargeton et al., 1988; Iannaccone et al., 1986; Sarnat and Silbert, 

1976).  If Mbnl3 plays an important role during myogenesis, then conceivably loss of 
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Mbnl3 would potentially inhibit this process.  Using the C2C12 myogenesis model, in 

which immortalized proliferating myoblasts can be induced to differentiate upon the 

withdrawal of growth factors, we knocked down Mbnl3 expression with siRNA and 

assayed for a delay in myogenesis (Fig. 3-19).  In a control differentiation, Mbnl3 

expression is down regulated during the time course of myogenic differentiation at the 

same period when myotubes and myosin heavy chain (Mhc – a terminal differentiation 

marker) appear.  However, when Mbnl3, expression is inhibited using siRNA, there is a 

delay in Mhc expression and fewer myotubes at corresponding time points during 

differentiation (data not shown).  Therefore, inhibition of Mbnl3 is sufficient to delay 

myogenesis in vitro; reaffirming that MBNL3 is a viable candidate to contribute to a 

delayed myogenesis phenotype seen in CDM infants.  

Targeting Mbnl3 to Generate a Conditional Allele in Embryonic Stem Cells 

If loss of MBNL3 function by sequestration contributes to the onset of CDM, then 

removing Mbnl3 in vivo would model the onset of disease.  To eliminate those Mbnl3 

isoforms that interact with toxic (CUG)n RNAs (Fardaei et al., 2002), we focused our 

attention on  Mbnl3 exon 2.  This exon encodes the first translational initiation codon 

which is responsible for producing the full length four C3H motif isoform (Fig. 3-6), which 

has been previously implicated in disease.  The Mbnl3 exon 2 was replaced with a 

Mbnl3 exon 2 flanked by loxP sites in C57BL6 embryonic stem cells (ESC) using 

standard targeting techniques (Fig. 3-20A).  LoxP sites were used to eliminate 

intervening DNA sequence in vivo by expressing Cre, a site specific DNA recombinase.  

This targeting strategy allows us to remove Mbnl3 exon 2 in tissues and time points of 

interest by crossing Mbnl3cond/+ mice to mice expressing Cre under a gene-specific 

promoter.  Probes located outside the arms of homology were used to identify correctly 
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targeted ESC clones.  Out of 120 clones screened, 13 were positive (10.8%) for 

recombination at the 3’ end and 5 were positive (4.2%) for recombination at the 5’ end 

(Fig. 3-20B).  Less efficient 5’ targeting was due to recombination of the conditional 

exon (instead of the 5’ arm of homology), excluding the 5’ loxP site from the allele.  

Considering Mbnl3 is an X-linked gene targeted in male ESCs, only one allele is 

detectable by southern analysis. 

To verify successful targeting of Mbnl3, Cre was ectopically expressed (Fig. 3-

21A) in targeted ESCs and assayed for loss of exon 2.  The reduction in size of the 

Mbnl3 KpnI fragment by southern blot analysis coincides with removal of exon 2 from 

the locus (Fig 3-21B).  RT-PCR analysis with a forward primer in Mbnl3 exon 1 and 

reverse primer in exon 8 demonstrate the loss of exon 2 containing transcripts  in 

Mbnl3∆E2/Y ESCs, while Mbnl3cond/Y ESCs maintain exon 2 splicing (exon 2 inclusion = 

1235 bp; exon 2 exclusion = 988 bp). Primary neomycin-resistant (NeoR) mouse 

embryonic fibroblasts (MEFs) serve as a positive control for Mbnl3 splicing.  One 

concern about leaving the NeoR cassette in the conditional Mbnl3 locus is the possibility 

that it is included in the mature transcript by utilizing cryptic 3’ splice sites (Nagy et al., 

1998; Ren et al., 2002).  This scenario could result in hypomorphic Mbnl3 expression 

instead of a conditional allele designed to express at wild type levels.  However, RT-

PCR did not detect any cryptic splicing products into the NeoR cassette (Fig. 3-21C).  

Mbnl3cond/Y  ESCs were injected in C57BL/6J-Tyrc-2J blastocysts to obtain chimeric mice.  

Male chimeras were bred to female C57BL6/J mice to attain germline transmission; the 

resulting F1 mice were C57BL/6J congenic Mbnl3cond/+ females (data not shown).   
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Mbnl3∆E2/Y  Mice Fail to Express Mbnl3 4XC3H Isoforms 

To test the hypothesis that loss of Mbnl3 full length isoforms contribute to CDM 

phenotypes, Mbnl3cond/+ female mice were crossed to male B6.C-Tg(CMV-cre)1Cgn/J 

mice to remove Mbnl3 exon 2 in the germline (Schwenk et al., 1995; Utomo et al., 

1999).  The resulting Mbnl3∆E2/+ females were crossed to wild type males to obtain 

Mbnl3∆E2/Y males.  Mbnl3∆E2/Y males were used for analysis for the remainder of this 

study.  Because Mbnl3 is primarily expressed during embryogenesis, it is possible that 

the loss of Mbnl3 exon 2 isoforms during this stage of development result in an 

embryonic lethal phenotype.  However, the numbers of wild type and Mbnl3∆E2/Y males 

(wild type, n=36 and Mbnl3∆E2/Y, n=29) genotyped suggests that Mbnl3∆E2/Y  has not 

deviated from the expected Mendelian ratio of 1:1 (wild type male:Mbnl3∆E2/Y male).  

Therefore, loss of Mbnl3 exon 2 isoforms do not result in an embryonic lethality. 

To confirm that Mbnl3∆E2/Y male mice no longer express full length Mbnl3 37 kDa 

isoforms, E15 forelimb and P1 lung were examined.  RT-PCR comparing Mbnl3 

transcripts in wild type and Mbnl3∆E2/Y males indicate a loss of exon 2 transcripts, but an 

increase in exon 2 excluded transcripts (Fig. 3-22A).  This is likely reflective of the 

steady state levels of total Mbnl3 mRNA in the absence of Mbnl3 exon 2 transcripts.  

Moreover, Mbnl3∆E2/Y males show an increase in the expression of the Mbnl3 27 kDa 

isoform by immunoblot analysis (Fig. 3-22B).  P1 lung also shows and increase in the 

Mbnl3 27 kDa isoform.  However, this increase does not correlate with the total protein 

in the wild type P1 lung.  This suggests that the expression of the Mbnl3 27 kDa isoform 

is regulated post-transcriptionally and independently of the Mbnl3 37 kDa isoform.  
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Therefore, Mbnl3∆E2/Y mice do not express Mbnl3 37 kDa isoforms and upregulate 27 

kDa isoforms during development. 

Mbnl3∆E2/Y  Mice do not Recapitulate Cardinal Phenotypes of Congenital Myotonic 
Dystrophy 

The clinical manifestations of CDM at birth include poor suckling, movement 

deficits (hypotonia), immature skeletal muscle, skeletal deformities in the extremities 

(talipes), pulmonary insufficiencies, and a failure to reach developmental milestones 

(Harper, 2001).  However, Mbnl3∆E2/Y mice appear visibly normal at birth (Fig. 3-23A), 

including indistinguishable neonatal movements and milk spots by P2, indicating normal 

feeding.  Talipes may result from delayed muscle development during embryogenesis.  

To determine if Mbnl3∆E2/Y  mice displayed talipes at birth, skeletal preps were 

performed on P1 pups; wild type and Mbnl3∆E2/Y hind limbs and forelimbs were 

compared, but no differences in the skeletal structures of the limb were observed (Fig. 

3-23B).  CDM patients also present with immature skeletal muscle at birth, highlighted 

by smaller myofibers and centralized nuclei, indicating a delay in embryonic myogenesis 

(Farkas-Bargeton et al., 1988).  To assay for immature muscle fibers, H&E staining of 7 

µm transverse paraffin sections from Mbnl3+/Y and Mbnl3∆E2/Y  mice forelimbs were 

compared.  No significant differences in either centralized nuclei or myofiber size were 

noted (Fig. 3-24).  Normal myofiber appearance was confirmed by wheat germ 

agglutinin, a fluorescently conjugated lectin that outlines muscle fibers by interacting 

with glycosylated proteins in the extracellular matrix (Shaper et al., 1973), and 

immunohistochemistry using a terminal skeletal muscle marker, muscle specific myosin 

heavy chain (Fig. 3-24).  No differences were observed postnatally, as Mbnl3∆E2/Y  mice 

to continue gain weight normally past sexual maturity (Fig. 3-25).  The major cause of 
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mortality in infants with CDM is respiratory distress, most likely from a combination of 

immature diaphragm and intercostals muscles as well as poorly understood pulmonary 

insufficiencies (Campbell et al., 2004; Rutherford et al., 1989).  However, no Mbnl3∆E2/Y  

mice died (n=65) postnatally, indicating adequate pulmonary function.  Taken together, 

this data suggests that loss of Mbnl3 37 kDa isoforms (i.e. isoforms including exon 2) 

alone are not sufficient to reproduce the onset of CDM in a mouse model.   

Loss of Mbnl3 4XC3H Isoforms does not Inhibit Skeletal Muscle Regeneration in 
an Injury Model 

Individuals with congenital myotonic dystrophy that survive past childhood go on to 

develop the adult onset symptoms of myotonic dystrophy.  One of the key 

characteristics of the adult-onset neuromuscular disorder is the progressive wasting of 

skeletal muscle.  Although mouse models have successfully recapitulated the majority 

of highly penetrate disease characteristics, they have failed to address the cause of 

muscle wasting in adult-onset DM.  If Mbnl3 expression in activated satellite cells is 

required for proper maintenance or repair of skeletal muscle following injury, one 

interesting possibility is that loss of Mbnl3 due to sequestration by toxic C(CUG)n 

repeats could inhibit repair/regeneration of muscle.  To test this hypothesis, adult 

skeletal muscle was induced to regenerate by injecting the TA muscle of wild type and 

Mbnl3∆E2/Y  mice (10-12 weeks of age) with Notexin; TA muscle was pulled at two day 

intervals to assay for inhibition of regeneration (Fig. 3-26A,B).  RT-PCR and immunoblot 

analysis confirmed the loss of Mbnl3 37 kDa isoform expression during regeneration 

(Fig. 3-26C,D).  Expression levels of myogenin, a transcription factor involved in the 

commitment and fusion of proliferating myoblasts (Buckingham et al., 2003), was not 

significantly altered during regeneration in Mbnl3∆E2/Y  mice compared to wild type 
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controls.  Mbnl1 RNA levels at Day 3 post injection in Mbnl3∆E2/Y  mice were slightly 

lower, but protein levels remained unaffected (Fig. 3-26C,D).  Interestingly, Mbnl3 27 

kDa isoform was not upregulated at Day 3 post Notexin injection in Mbnl3∆E2/Y mice.  

H&E staining of 10 µm transverse cryosections to assay for regeneration did not show a 

reduction in the regenerative capacity of Mbnl3∆E2/Y  mice (Fig. 3-27A).  Wheat germ 

agglutinin, a lectin that outlines myofibers by interacting with glycosylated proteins of the 

extracellular matrix and plasma membrane, does not show any difference between wild 

type and Mbnl3∆E2/Y  mice during regeneration (Fig. 3-27B).  Desmin, a marker of 

terminal skeletal muscle differentiation, is unaffected during regeneration (Fig. 3-28).  

This data suggests that loss of Mbnl3 37 kDa isoforms (i.e. isoforms including exon 2) 

alone do not inhibit the regeneration of adult skeletal muscle and are not sufficient to 

cause a wasting phenotype. 

Discussion 

Mbnl is a family of highly conserved genes that are implicated in developmental 

maturation of tissues through the regulation of RNA metabolism (Pascual et al., 2006).  

Most notably, MBNL1 promotes a change in alternative splicing patterns of specific 

genes during the fetal to adult transition in terminally differentiating tissues, which 

results in protein isoforms that optimally support that tissues physiological needs (Lin et 

al., 2006).  When MBNL1 function is inhibited by toxic C(CUG)n RNA expression in DM, 

impairment of this splicing transition results in the misregulation of alternative splicing 

and disease.  Remarkably, the Mbnl1∆E3/∆E3 mouse, which mimics loss of MBNL1 

protein in DM by removing the exon responsible for initiating translation of full length 

Mbnl1 protein, recapitulates the majority of highly penetrant DM phenotypes (Kanadia et 
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al., 2003a).  This observation is even more extraordinary considering that toxic C(CUG)n 

repeats likely contribute to disease pathogenesis by compromising not only MBNL1, but 

also other family members, altering downstream phosphorylation of PKC target 

CUGBP1, as well as altering expression of genes linked to the DMPK locus (Fu et al., 

1993; Inukai et al., 2000; Kuyumcu-Martinez et al., 2007; Novelli et al., 1993; Sabouri et 

al., 1993).  Although the Mbnl1∆E3/∆E3 mouse has provided important insights into adult-

onset DM and the molecular pathways affected, many questions remain.  For example, 

what causes deficits in the central nervous system and progressive wasting of skeletal 

muscle in adults, and what molecular events lead to CDM?  Modeling these elusive 

phenotypes will prove critical to determining the underlying mechanism of disease which 

should allow the development of effective therapies. 

Mbnl3 is Expressed in Developing Tissues that are Affected in CDM 

Previous studies have reinforced the idea that other MBNL family members are 

likely comprised in CDM/DM, including evidence that MBNL1, MBNL2, and MBNL3 

interact with expanded (CUG)n repeats both in vitro and in vivo (Fardaei et al., 2002; 

Holt et al., 2009).  While Mbnl1 and Mbnl2 expression overlaps in many tissues 

throughout development, in situ analysis, tissue RT-PCR, and whole embyo RNA 

Northern blot analysis of Mbnl3 has led to the prevailing view point that Mbnl3 

expression is limited to embryogenesis.  However, this interpretation relies on the 

assumption that Mbnl3 is not post-transcriptionally regulated and protein levels are 

reflective of mRNA levels. Our data, using a new α-Mbnl3 antibody, provides evidence 

for embryonic Mbnl3 expression in those tissues affected in CDM (tongue, lung, 

forelimb) as well as regenerating adult skeletal muscle.  Mbnl3 protein is not detectable 
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in differentiated adult tissues.  While we were unable to use the α-Mbnl3 antibody for 

immunohistochemistry and localization of Mbnl3 to specific cell types in vivo, it appears 

that Mbnl3 is most likely expressed in myoblasts and not differentiated myofibers.  

Mbnl3 is expressed in proliferating C2C12 cells and downregulated upon differentiation.  

Mbnl3 mRNA is also expressed in limb buds  by E9.5 (Kanadia et al., 2003b) and 

protein is present in developing forelimb from E11.5-E16.5  until the completion of 

secondary myogenesis (Fig. 3-14 and 3-15 and data not shown) and during adult 

skeletal muscle regeneration until cell cycle arrest and terminal differentiation (Fig. 3-17 

and 3-18).  An interesting possibility is that Mbnl3 is important for providing alternative 

splicing, or another mRNA regulating event, that is necessary for the embryonic 

developmental program, similar to Mbnl1 is in adult tissues. 

Mbnl3 alternative splicing produces multiple isoforms varying at both the N- and C-

termini.  This is not uncommon in the Mbnl family, as Mbnl1 and Mbnl2 both undergo 

alternative splicing of their C-termini which can modulate localization and self-interaction 

(Swanson Lab unpublished data).  Like Mbnl1 and Mbnl2, Mbnl3 may utilize alternative 

splicing at its C-terminus to modulate protein-protein interactions and function.  

However, the Mbnl3 N-terminal truncated isoform  which contains 2XC3H motifs (Fig. 3-

2 and Fig. 3-6) is unique among family members.  Mbnl1 also produces mRNAs that 

lack exon 3, which contains the Mbnl1 translation initiation codon, but no truncated 

proteins have been detected in tissues (Swanson lab unpublished data).  N-terminal 

truncated isoforms with 2XC3H motifs may represent an Mbnl3 protein that interacts with 

a different set of RNAs and plays a different role than Mbnl3 full length 4XC3H protein.  

Temporal and spatial expression, as well as localization differences between Mbnl3 
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4XC3H and 2XC3H isoforms further suggest a divergent role for these proteins during 

development. 

Mbnl3 is Required for C2C12 Differentiation 

While it has been established that Mbnl3 is expressed in proliferating C2C12 cells 

(Fig. 3-11), previous studies designed to determine the role of Mbnl3 during myogenesis 

have provided counterintuitive results.  Neonates with CMD present with immature 

myotubes, which suggests a delay in myogenesis (Farkas-Bargeton et al., 1988).  

Previous studies where a myc-tagged 4XC3H Mbnl3 transgene was overexpressed in 

stably transfected C2C12 demonstrated a delay in differentiation as assayed by Mhc 

expression (Squillace et al., 2002).  Moreover, a morpholino antisense oligonucleotide 

(designed against the 5’ UTR/translation initiation codon) that inhibits translation of 

Mbnl3 also promotes differentiation in C2C12 cells.  If loss of Mbnl3 function by (CUG)n 

sequestration contributes to CDM, then the expected result of inhibiting translation in 

C2C12 would be to delay differentiation.  However, there are critical controls absent 

from these experiments.  First, the Mbnl family shares a high degree of amino acid 

identity and have a previously demonstrated redundant function in an in vitro splicing 

assay (Fig. 2-9).  Therefore, overexpression of Mbnl3 would potentially have 

downstream affects on not only its own targets, but on Mbnl1 and Mbnl2 as well.  The 

lack of control C2C12 cell lines expressing either exogenous Mbnl1 or Mbnl2 prevent 

proper interpretation of this data. Second, the polyclonal antisera used for these studies 

was generated using the C-terminal 83 amino acids of Mbnl3.  The immunizing peptide 

shares a greater than 60% identify with Mbnl1 and Mbnl2 which greatly increases the 

chances that this polyclonal antisera reacts against multiple members of the Mbnl 

family.  The Mbnl3 protein also runs at a higher molecular weight by SDS-PAGE and 
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immunoblotting than anticipated, so there may be a cross-reaction with Mbnl1 or Mbnl2.  

No further antibody validation studies were performed.  Third, the Mbnl3 antisense 

morpholino experiment to knock down Mbnl3 4XC3H expression was inefficient and was 

not verified in any other experiments.  In addition, the Mbnl3 morpholino antisense 

oligonucleotide is directed against only the full length Mbnl3 4XC3H isoform and does 

not target the Mbnl3 2XC3H isoform. 

To clarify these results, we inhibited Mbnl3 expression using siRNAs directed 

against the Mbnl3 coding sequence/3’ UTR, which target all isoforms, and assayed for 

differentiation of C2C12 cells.  Knockdown of Mbnl3 expression inhibited myogenic  

differentiation of C2C12 cells, which indicates that loss of Mbnl3 alone was adequate to 

delay myogenesis in vitro.  This result is consistent with a delay in myogenesis seen in 

CDM patients.  While it is not clear if the delay seen in C2C12 differentiation is sufficient 

to cause a delay in embryonic myogenesis in vivo, it is important to note that loss of 

Mbnl3 expression in C2C12 does not promote premature differentiation as reported.   

While previous studies have established interactions of the Mbnl3 4XC3H isoform 

with (CUG)n repeat RNA, it is unclear whether the Mbnl3 2XC3H isoform is sequestered.  

Therefore, the Mbnl3 2XC3H isoform is a potential candidate in the RNA dominance 

model of CDM/DM.  Interestingly, Drosophila Mbl proteins containing only 2XC3H motifs 

localize with (CUG)n repeat RNAs in vitro and in vivo, suggesting the Mbnl3 N-terminal 

truncated isoform may be important for disease pathogenesis.  

Loss of Mbnl3 4XC3H Isoforms are not Sufficient to Phenocopy CDM or Skeletal 
Muscle Wasting 

The MBNL family was originally proposed to be involved in the pathogenesis of 

myotonic dystrophy by sequestration and loss of protein function based on its length 
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dependent interaction with expanded (CUG)n RNA in vitro and in vivo (Miller et al., 

2000).  Mbnl3 demonstrates a spatially and temporally restricted expression pattern in 

tissues affected in CDM and DM.  Knockdown of Mbnl3 expression via siRNA in a 

C2C12 model of myogenic differentiation delayed myogenesis in vitro.   Therefore, we 

tested the hypothesis that CDM and adult-onset muscle wasting is caused by 

sequestration of Mbnl3 4XC3H isoforms, which have been previously shown to interact 

with (CUG)n repeat RNA.  Although all Mbnl3 exon 2 containing isoforms where 

eliminated, Mbnl3∆E2/Y mice did not phenocopy the onset of CDM or demonstrate an 

impaired capacity for skeletal muscle regeneration.  Mbnl3∆E2/Y mice live to ~6 months 

of age and appear phenotypically normal at the time of this study.  While this data does 

not rule out a lack of a molecular phenotype in Mbnl3∆E2/Y mice, it does provide 

evidence against the idea that loss of function of Mbnl3 4XC3H isoforms alone by toxic 

RNA sequestration result in CDM or skeletal muscle wasting.  What other factors could 

be potentially involved in this disease? 

One possibility is that other proteins partially compensate for loss of Mbnl3 4XC3H 

isoforms in vivo, including Mbnl1, Mbnl2, and upregulated Mbnl3 2XC3H isoforms.  

Alternatively, multiple Mbnl pathways may need to be comprised to promote the onset 

of CDM or skeletal muscle wasting.  As (CUG)n repeats expand to >1000, they may 

titrate out all Mbnl proteins, and thus compromise both independent and compensatory 

functions.  If so, Mbnl1, Mbnl2, and Mbnl3 conditional and knockout mice must be 

generated and crossed to test the hypothesis that sequestration of the Mbnl family 

contributes to CDM and skeletal muscle wasting.  One argument against this hypothesis 

is that MBNL family members can interact with both (CUG)n and (CCUG)n repeat RNAs 
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in vitro, but only DMPK (CUG)>1000 promote the onset of CDM (Fardaei et al., 2002).  In 

fact, DMPK (CUG)n and CNBP (CCUG)n repeats can expand to >4,000 and 11,000, 

respectively (Ranum and Day, 2002).  While DMPK is expressed at its highest levels in 

the CNS and skeletal muscle, CNBP is expressed ubiquitously and at higher levels than 

DMPK (Mankodi et al., 2003).  This provides evidence for the idea that either (CUG)n 

repeat RNA is inherently more toxic than (CCUG)n or repeat expansions in the DMPK 

locus, alter neighboring gene expression and promote a locus-specific contribution to 

disease .   

However, a combinatorial approach using genetic crosses which eliminate Dmpk, 

Six5, and Mbnl1 exon 3 containing isoforms failed to phenocopy CDM in a mouse 

model (Swanson lab unpublished data).  We cannot, however, rule out that another 

closely linked Dmpk gene, Dmwd, is involved in disease.  We have also previously 

demonstrated that MBNL1:(CUG)n RNA form more stable complexes than 

MBNL1:(CCUG)n RNA in a competition assay.  This implies that there is an inherent 

difference in the interactions between MBNL proteins and (CUG)n/(CCUG)n RNAs.  This 

observation may explain differences in disease manifestation between DM1 and DM2.   

In conclusion, CDM and DM are complex diseases that affect nearly every organ 

of the body.  Our results provide evidence against a singular role for Mbnl3 4XC3H 

isoforms in sequestration and onset of CDM and adult-onset skeletal muscle wasting.  

This study highlights the importance of developing a combinatorial genetic model of 

CDM to elucidate the molecular etiology of this disease.  It will be intriguing to unfold the 

complex genetic contributions and pathways that underlie this disorder.    
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Figure 3-1.  Phylogram shows evolutionary proximity of human C3H zinc finger motif 

containing proteins.  Protein sequences were derived from EMBL-EBI 
database and C3H pairs were analyzed by multiple alignment using MUSCLE 
(multiple sequence comparison by log-expectation).  Phylogenetic tree was 
created using PhyML (phylogeny analysis using maximum likelihood method).  
Bootstrap confidence levels (red) measure robustness of support for a given 
clade. (0.95 indicates a 95% reproducibility in analysis).  MUSCLE and 
PhyML located at www.phylogeny.fr. 
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Figure 3-2.  The MBNL family is composed of three closely related paralogs.  MBNL 

proteins have conserved C3H RNA binding domains (blue) clustered in two 
pairs.  Percentages below the C3H domains indicate conserved amino acid 
identity with MBNL1 C3H.  Percentages to the right of MBNL2 and MBNL3 
indicate amino acid identity of the total protein when compared with MBNL1.  
The hyper-variable linker region (green, yellow, red) is the most divergent 
sequence among the proteins. 
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Figure 3-3.  Schematic of potential genetic contributions to DM1.  (A) DMPK (CTG)exp 

inhibits transcription of closely linked genes DMWD and SIX5.  (CTG)exp can 
act as a strong nucleosomal positioning element, leading to the formation of 
heterochromatin at the DM1 locus.  Antisense transcription through the repeat 
promotes further chromatin condensation by recruiting heterochromatin 
associated factors.  (B) DMPK (CUG)exp can inhibit or activate downstream 
protein function.  The MBNL family of proteins are sequestered by (CUG)exp, 
impeding normal cellular functions.  Additionally, increased CUGBP1 stability 
(through hyperphosphorylation) and activation of the RISC complex 
containing short CUG siRNAs may play roles in disease.   
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Figure 3-4.  Mbnl3 expression is restricted spatially and temporally.  RNA blot analysis 

at different murine developmental time points (embryonic day 15/18 = 
E15/E18; postnatal day 1 = P1). Coding sequence probes are used to detect 
Mbnl3, Mbnl1 (family control), and Ppia (loading control).  Mbnl3 expression 
in E15 placenta is used as an exposure control between blots.  Expected 
sizes of mRNAs; Mbnl3 (9 kb, 1.5 kb, 1.3 kb),  Mbnl1 (6.5 kb, 5.3 kb), and 
Ppia (0.7 kb).    
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Figure 3-5.  The Mbnl3 gene produces multiple isoforms through alternative splicing.  

Mbnl3 isoforms were amplified from cDNA with primers flanking the coding 
sequence, subcloned, and sequenced.  Tissues used, band excised for 
cloning, and annotation are included. 



 

101 

 

 
Figure 3-6.  Mbnl3 is predicted to encode several different isoforms.  Mbnl3 contains 

two pairs of RNA binding motifs (C3H) encoded by exons 2/3 and 5, as well as 
a linker region which is highly variable between family members.  Exclusion of 
exon 2 in mature transcripts is predicted to encode a Mbnl3 N-terminal 
trucated isoform with one pair of C3H binding motifs which utilizes an 
alternative initiation codon in exon 3. 
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Figure 3-7.  Alternative splicing of Mbnl3 produces multiple isoforms throughout 

development.  (A) The Mbnl3 locus.  The Mbnl3 gene consists of 10 exons 
(boxes) and 9 introns (horizontal line),  constitutive (black) and alternatively 
spliced exons (red), untranslated regions (open boxes) and coding regions 
(closed boxes).  Alternative splicing of Mbnl3 exons 7a, 7b, and 7c produces 
a variable C-terminus.  (B)  Exon 7c containing transcripts are predominant in 
all tissues examined.  RT-PCR of Mbnl3 at different murine developmental 
time points with a forward primer in constitutively spliced exon 3 and reverse 
primers in alternatively spliced exons 7a, 7b, and 7c. 
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Figure 3-8.  Mbnl3 antisera recognizes two distinct bands in E15 placenta whole cell 

lysate.  (A) Immunoblot analysis using sera from four rabbits (A-D) immunized 
against Mbnl3 was used at a 1:500 dilution to screen for immunoreactivity in 
E15 placenta whole cell lysate.  Pre-immune sera is used as a control.  
Antisera from rabbits A and C were selected for further analysis.  (B) Titration 
of the input E15 placenta lysate is used to compare affinity between the 
reactive anti-sera A and C at a dilution of 1:1000. 
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Figure 3-9.  α-Mbnl3 antisera does not cross-react with other Mbnl proteins.  (A)  α-

Mbnl3 recognizes Mbnl3, but not Mbnl1 or Mbnl2, by immunoblotting.  Myc-
tagged Mbnl proteins were exogenously expressed in COSM6 cells and 
immunoblotted with α-Mbnl3 (experimental), α-myc (expression control) or α-
Gapdh (loading control).  (B) α-Mbnl3 antibody immunoprecipitates (IP) 
Mbnl3, but not Mbnl1 or Mbnl2.  Myc-tagged Mbnl proteins were exogenously 
expressed in COSM6 cells, immunoprecipitated with either α-Mbnl3 
(experimental IP) or α-myc (control IP) antibodies, and immunoblotted with α-
myc.  As controls, 10% input was immunoblotted with α-myc (expression 
control) or α-Gapdh (loading control).  
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Figure 3-10.  α-Mbnl3 distnguishes between Mbnl family members by 

immunocytochemistry.  α-Mbnl3 specifically recognizes Mbnl3 by 
immunocytochemistry, but not Mbnl1 or Mbnl2.  Myc-tagged Mbnl proteins 
were exogenously expressed in COSM6 cells and visualized with α-Mbnl3 
(green) or α-myc ( red).  DAPI (blue) stains DNA and indicates nuclear 
location.  Scale bar = 5 µm.   
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Figure 3-11.  Two distinct Mbnl3 isoforms are expressed in C2C12 and Huh7 cells.  

Immunoblot analysis of C2C12 and Huh7 cells with α-Mbnl3 showing that 
siRNA against Mbnl3 (C2C12) or human MBNL3 (Huh7) specifically 
knocksdown expression of MBNL3, while non-specific siRNA has no effect.  
α-Mbnl1 and α-SMN are used to assay for efficiency of MBNL3 siRNA and 
mediated knockdowns.  α-GAPDH is used as a loading control. 
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Figure 3-12.  MBNL3 localizes to nuclear and cytoplasmic foci.  Human MBNL3 (green) 

is localized to cytoplasmic foci in Huh7 cells and these foci do not colocalize 
with known cytoplasmic structures such as P-bodies, stained with α-GW182 
(red).  Mbnl3 (green) is distributed in both the nucleus and cytoplasm in 
C2C12 cells, but does not colocalize with P-bodies (red).  DAPI (blue) stains 
DNA and indicates nuclear location.  Scale bar = 5 µm. 
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Figure 3-13.  MBNL3 isoforms are found in different subcellular compartments.  

Immunoblot analysis of nuclear/cytoplasmic fractionations for MBNL3 
(experimental), MBNL1 (family control), CUGBP1 (nuclear fractionation 
control), and LDHA (cytoplasmic fractionation control).  The MBNL3 27 
kDa/29 kDa isoform (exon 2 exclusion) is found exclusively in the cytoplasm 
in Huh7 (A), C2C12 (C), and murine E15 forelimb (B).  MBNL3 37 kDa/39 
kDa isoforms (exon 2 inclusion) are located in both the nucleus and 
cytoplasm in C2C12 (C) and E15 forelimb (B). 
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Figure 3-14.  Mbnl3 expression is restricted temporally and spatially during 

embryogenesis and postnatally.  Murine tissues were taken at varying 
developmental time points and immunoblotted for Mbnl3, Mbnl1, and Gapdh.  
The band in adult brain is a cross reaction with glutamine synthetase (GluI). 
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Figure 3-15.  Murine embryonic myogenesis.  (A) Time line of myogenic developmental 

windows during gestation (E8 = embryonic day 8).  (B) Schematic of 
embryonic myogenesis.  Myoblast precursors originate in the dermomyotome 
and travel to the developing limb bud, proliferate, and fuse to generate 
myotubes.  Single cells represent myoblast precursors/myoblast and 
elongated tubes represent myotubes.  Expression of critical regulatory genes 
during these time points are indicated by the dashed line.  DM = 
dermomyotome; NT = neural tube; NC = notochord.  
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Figure 3-16.  Notexin promotes murine skeletal muscle necrosis followed by 

regeneration in vivo.  Timeline of Notexin injection and harvesting of the 
tibialis anterior (TA) muscle.  (A) TA muscle was injected with Notexin and 
harvested at days 1, 3, 5, 7 post injection (red arrows).  A pre-injection time 
point was used as control.  (B)  TA muscles were harvested at indicated time 
points, divided for immunoblot (IB), cryosection, and RT-PCR analysis.  (C)  
H&E staining of 10 µm transverse TA cryosections from control and post-
injection skeletal muscle.  Scale bar = 50 µm. 
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Figure 3-17.  Mbnl3 is expressed during adult skeletal muscle regeneration.  (A)  

Immunoblot analysis of time points during Notexin mediated regeneration with 
antibodies specific for Mbnl3, myogenin (Myog), Mbnl1, and Gapdh.  (B)  RT-
PCR of regenerating skeletal muscle with primers positioned in constitutive 
exons.  Ppia is used as a loading control.  Sizes of amplicons are indicated. 
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Figure 3-18.  Adult skeletal muscle regeneration.  Quiescent satellite cells (located 

adjacent to the sarcolemma) express specific markers including M-Cadherin.  
When the sarcolemma is injured or compromised (dashed line), satellite cells 
are activated.  Activated satellite cells proliferate and contribute to both 
skeletal muscle regeneration as well as satellite cell renewal.  Shortly after 
injury, Hepatocyte growth factor (HGF) and Fibroblast growth factor (FGF) 
activate quiescent satellite cells. Fgf and Insulin-like growth factor (IGF) 
promote proliferation of myoblasts expressing MyoD/Pax7.  Forty-eight hours 
after activation, myoblasts contributing to regeneration downregulate Pax7 
and commit to terminal differentiation, while myoblasts repopulating the 
satellite cell pool downregulate MyoD and enter quiescence.  Abbreviations 
include:  Act = activation, Pro = proliferation, Com = commitment, CCA = cell 
cycle arrest, Comp = completion, Hyp = hypertrophy.   
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Figure 3-19.  Loss of Mbnl3 inhibits myogenic differentiation in a C2C12 in vitro model.  

C2C12 cells were either mock treated (control) or transfected with Mbnl3 
siRNA (directed against the Mbnl3 coding sequence and 3’ UTR).  24 hours 
post siRNA, C2C12 cells were induced to differentiate by switching to 
differentiation media (DM).  Differentiation status was monitored by 
immunoblot using terminal marker myosin heavy chain (Mhc).  Antibodies 
against Mbnl3 were used to monitor knockdown, while Mbnl1 and Gapdh 
served as family and loading controls, respectively.  
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Figure 3-20.  Generation of a conditional Mbnl3 allele (Mbnl3cond/Y) in ESCs.  (A)  Mbnl3 

exon 2 targeting strategy.  Mbnl3 consists of 10 exons (boxes) and 9 introns 
(horizontal line);  untranslated regions (open boxes) and coding sequence 
(closed boxes) as well as exon numbers are indicated.  Arms of homology 
from a KpnI (K) fragment (15.5 kb) were used to target Mbnl3 exon 2 with a 
conditional exon 2 flanked by loxP sites. A Neomycin resistance cassette 
(Neo) and HSV-thymidine kinase cassette (TK) were used for positive and 
negative selection, respectively.  Upon successful recombination, Mbnl3 exon 
2 (flanked by loxP sites) and two novel KpnI restriction sites are introduced in 
the Mbnl3 locus.  (B)  Genomic KpnI digestion followed by Sourthern blotting 
with probes 1 and 2 (probe positions inticated by dark grey rectangle) reveal 
successful recombination events (correct 5’ recombination = 8.7 kb, incorrect 
5’ recombination = 9.6 kb; 3’ recombination = 7.5 kb; wild types allele = 15.5 
kb).  Clone identification is indicated above each blot.  
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Figure 3-21.  Cre mediated recombination of Mbnl3cond/Y allele removes exon 2 

containing transcripts from ESCs.  (A)  Mbnl3cond/Y allele;  KpnI restriction 
sites  (K), probes 1 and 2 for Southern blotting (dark grey rectangles), Mbnl3 
exon 2 (open box), neomycin resistance cassette (Neo).  Mbnl3 exon 2 and 
Neo are removed during Cre recombination.  (B)  Southern blotting verifies 
removal of Mbnl3 exon 2 from the genome (Mbnl3 conditional allele = 7.5 kb, 
Cre recombined allele = 6.5 kb).  (C)  Loss of Mbnl3 exon 2 transcripts from 
ESCs.  RT-PCR from mouse embryonic fibroblast (MEF) feeder cells, 
Mbnl3cond/Y ESCs, and Mbnl3∆E2/Y ESCs using primers positioned within Neo, 
forward in Mbnl3 exon1-reverse in Neo, or forward in Mbnl3 exon 1-reverse in 
Mbnl3 exon 8.  Expected sizes are ~1000 bp for internal Neo; 647 bp for Neo 
forward – Neo reverse; 1235 bp (+ exon 2)/ 988 bp (- exon 2) for Mbnl3 
forward exon 1-Mbnl3 reverse exon 8.   
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Figure 3-22.  Mbnl3∆E2/Y mice lack full length Mbnl3 isoforms.  (A)  Exon 2 is absent from 

Mbnl3∆E2/Y mRNA.  RT-PCR of E15 forelimb and P1 lung with forward and 
reverse primers positioned in Mbnl3 exon 1 and exon 8; Mbnl3 exon 2 and 
exon 8; Ppia exon 3 and exon 4/5 (RT-PCR control).  Expected sizes are 
1235 bp (+ exon 2)/ 988 bp (- exon 2) for Mbnl3 E1-E2; 1151 bp for Mbnl3 
E2-E8; 152 bp for Ppia.  (B)  Mbnl3 37 kDa isoforms are not present in 
Mbnl3∆E2/Y mice, while Mbnl3 27 kDa is upregulated.  Immunoblot analysis of 
E15 forelimb and P1 lung with antibodies against Mbnl3, Mbnl1, and Gapdh. 
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Figure 3-23.  P1 Mbnl3∆E2/Y mice do not display defects associated with CDM.  (A)  

Mbnl3∆E2/Y  P1 pups are normal size at birth when compared to wild type and 
fail to demonstrate hypotonia, a cardinal phenotype in CDM.  (B) Skeletal 
preps of hindlimbs from P1 wild type and Mbnl3∆E2/Y mice (bone is stained 
with Alizarin Red; cartilage is stained with Alcian Blue).  Bone deformaties are 
not present in Mbnl3∆E2/Y  mice. 
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Figure 3-24.  Mbnl3∆E2/Y  neonates do not present with delayed myofibers at P1.  

Transverse sections from extensor carpi radialis brevis muscle.  Mbnl3∆E2/Y 
P1 skeletal muscle develops normally.  H&E staining (muscle morphology), 
Wheat Germ Agglutinin (WGA, extracellular matrix), Myosin Heavy Chain 
(MHC, developmental marker).  Scale bar = 50 µm. 
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Figure 3-25.  Mbnl3∆E2/Y mice gain weight normally up to 10 weeks of age.  Weights 

from wild type (n=26) and Mbnl3∆E2/Y mice (n=17) were determined once per 
week from 3 weeks to 10 weeks of age (weaning to adults).  



 

121 

 
 
Figure 3-26.  Mbnl3∆E2/Y mice do not express full length Mbnl3 isoforms during adult 

skeletal muscle regeneration.  (A) Tibialis anterior (TA) muscle was injected 
with Notexin and harvested at Days 1, 3, 5, 7 post injection (red arrows).  A 
pre-injection time point was used as control.  (B)  TA muscles were harvested 
at indicated time points, divided for immunoblot (IB), cryosection, and RT-
PCR analysis.  (C) RT-PCR of regenerating TA skeletal muscle with primers 
positioned in Mbnl3 exon 1-exon 8 and exon 2-exon 8 demonstrate loss of 
Mbnl3 exon 2 containing transcripts (Mbnl3 E1-E8:  exon 2 inclusion = 1235 
bp; exon 2 exclusion = 988 bp.  Mbnl3 E2-E8 = 1151 bp).  Primers are 
positioned in constitutive exons of Myogenin (regeneration marker), Mbnl1 
(family control), and Ppia (loading control).  (D) Immunoblot of regenerating 
TA muscle with antibodies against Mbnl3, Myogenin, Mbnl1, and Gapdh 
(loading control).  
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Figure 3-27.  Normal skeletal muscle regeneration in Mbnl3∆E2/Y  mice.  (A) H&E staining 

of transverse TA cryosections (10 µm) from control and post Notexin injected 
skeletal muscle.  (B) Wheat germ agglutinin (red) highlights the extracellular 
matrix during regeneration.  DAPI (blue) indicates nuclear position.  Scale bar 
= 50 µm. 
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Figure 3-28.  Mbnl3∆E2/Y  normal skeletal muscle regeneration.  Immunohistochemistry of 

transverse TA cryosections (10 µm) stained with an antibody against desmin, 
an intermediate filament which is expressed in both myoblasts and 
differentiated skeletal muscle.  Scale bar = 50 µm. 
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CHAPTER 4 
CONCLUDING REMARKS AND FUTURE DIRECTIONS 

In this study, we explored the role of MBNL, a family of dsRNA binding proteins 

that are compromised by microsatellite expansions in the neuromuscular disorder, 

myotonic dystrophy.  Loss of Mbnl1, in a mouse model, is sufficient to reproduce the 

majority of characteristic phenotypes of adult-onset DM, including muscle pathology, 

cataracts, and a defect in alternative splicing (Kanadia et al., 2003a).  We first examined 

the possibility that MBNL1 regulates the alternative splicing of exons affected in disease 

by directly interacting with specific cis-elements in pre-mRNAs and modulating the 

inclusion or exclusion of that exon.  Our results demonstrated that MBNL1 interacts with 

a motif directly upstream of cTNT exon 5, a fetal exon retained in DM, that is required to 

promote exclusion.  Additionally, MBNL1 interactions with repeat RNAs show variable 

stabilities and toxicities, which may play a role in determining the severity of disease.  

Further understanding of these MBNL1 interactions with its RNA targets will be 

important for unraveling the complex alterations in alternative splicing and phenotypes 

associated with disease, as well as the contribution of other factors that potentially 

interact with repeat RNAs to promote DM. 

We also investigated the involvement of Mbnl3 in the onset of CDM and 

progressive muscle wasting.  Our results show that Mbnl3 protein isoforms are 

restricted to tissues that are affected in CDM during embryogenesis and regenerating 

skeletal muscle.  Importantly, knockdown of Mbnl3 expression in C2C12 cells 

demonstrated a delay in differentiation, consistent with the phenotype of immature 

skeletal muscle in CDM.  This is in contrast to a previous report that a reduction in 

Mbnl3 expression promotes terminal differentiation.  However, loss of Mbnl3 4XC3H 
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isoforms does not inhibit embryonic muscle development or regeneration of the TA 

muscle in adult mice.  One key difference between these experiments involves the 

newly identified 2XC3H Mbnl3 isoform.  The C2C12 delay in differentiation was 

dependent on the knockdown of both 4XC3H and 2XC3H isoforms by siRNA, while the 

Mbnl3∆E2/Y mouse still expresses 2XC3H isoforms.  One possibility to explain this 

disease is that the 2XC3H isoforms can compensate for loss of the 4XC3H isoforms.  

This observation highlights the potential importance of the Mbnl3 2XC3H isoforms in 

development and predicts that loss of all Mbnl3 isoforms by sequestration are 

necessary to cause the CDM phenotype.  As for the normal function of Mbnl3 in 

development, it will be interesting to establish the interacting RNAs and pathways that 

are governed by this gene.  Unlike DM, very little is known concerning the molecular 

deficits in CDM, whether they be alternative splicing or other regulatory roles in RNA 

metabolism.  While, the Mbnl3∆E2/Y mouse does not present with overt CDM or skeletal 

muscle wasting phenotypes, this does not mean that MBNL3 is not involved in 

molecular changes that contribute to disease.  The unique localization pattern of Mbnl3 

isoforms may provide insights into the normal function of these proteins and their 

dysfunction in disease.  The ability to identify molecular phenotypes in DM/CDM mouse 

models are critical to identifying these changes in patients and developing necessary 

intervention or therapies. 

DM and CDM represent an interesting class of disease in which a mutation 

displays a gain-of-function at multiple levels, potentially altering the expression and 

function of multiple genes in both cis and trans in a dominant manner (Fig. 3-3).  This 

polygenic involvement likely contributes to the constellation of symptoms and 
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unpredictability that is characteristic of this neuromuscular disorder.  However, the 

involvement of many genes allows us to separately model specific contributions of each 

factor involved to determine their specific contribution to disease in vivo.  While 

transgenic mice expressing toxic (CUG)exp RNAs or knockouts modeling loss-of-function 

of have provided valuable insights into disease and the pathways disrupted, a more 

combinatorial genetic approach may be necessary to unravel additional molecular 

mechanisms involved in the onset of disease. 
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CHAPTER 5 
MATERIALS AND METHODS 

MBNL3 

RNA Analysis 

RNA was isolated from cell culture, staged C57BL6/J murine embryos, postnatal 

day 1 pups, and adult mouse tissues with Tri Reagent (Sigma) according to the 

manufacturer’s protocol.  For Northern blot analysis, approximately 15 µg of total RNA 

was denatured in Glyoxal/DMSO buffer (8% deionized glyoxal, 60% DMSO, 12 mM 

PIPES, 36 mM Bis-Tris, 1.2 mM EDTA, pH ~6.5) at 55 °C for 1 hr, immediately 

transferred to ice and resolved on a 1.2% agarose gel in 1X BPTE buffer (10 mM 

PIPES, 30 mM Bis-Tris, 1 mM EDTA, pH ~6.5) for 2 hr at 100 V.  Following 

electrophoresis, the gel was rinsed in d2H2O, treated with 50 mM NaOH for 20 min, and 

neutralized in 20X SSC (pH 7) for 40 min.  RNAs were transferred to Hybond-N+ nylon 

membranes (GE Healthcare) in 10X SSC using a neutral transfer by capillary action.  

Blots were crosslinked with a UV Stratalinker 1800 (Stratagene) with 120 mJoules and 

prehybridized for 2 hr in ExpressHyb Hybridization Solution (Clontech) at 68 °C.  

Northern probes were generated by [α-32P] dCTP body labeling 50 ng of DNA template 

(Mbnl1, Mbnl3, Ppia) with Ready-to-Go DNA Labeling Beads – dCTP (GE Healthcare) 

and purified with Illustra ProbeQuant G-50 Micro Columns (GE Healthcare) according to 

the manufactures protocol.  DNA probe  in 2 µg/µL (1 mL total volume) Sheared Salmon 

Sperm DNA (Invitrogen) are denatured at 100 °C for 10 min and added to 

blot/hybridization solution and hybridized overnight at 68 °C.  After hybridization, blots 

were washed once in 1X SSC, 0.1% SDS at room temperature on a shaker for 10 min, 

followed by three washes in 0.5X SSC, 0.1% SDS at 65 °C in a heated/shaking water 
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bath for 10 min each.  Blots were exposed to Biomax Film and X-Omatic Intensifying 

Screens (Kodak) at -80 °C.   

For cDNA preparation, approximately 25 µg of total RNA + 2.5 µg oligo d(T)12-18 

primers (Invitrogen) were denatured at 65 °C for 5 min/ice for 1 min and added to a final 

volume of 50 µL in 0.2 mM dNTPs, 1X 1st Strand Buffer (Invitrogen) + 8 mM DTT + 100 

U RNasin (Promega) + 500 U Superscript III reverse transcriptase (Invitrogen).  

Reverse transcription reaction conditions were 25 °C for 5 min – 50 °C for 60 min – 70 

°C for 15 min in a thermocycler.  After reverse transcription, 2 U RNase H (Invitrogen) 

was added to the RT reaction and incubated at 37 °C for 20 min.   

RT-PCR analysis was carried out using 2 µL template cDNA (i.e. 1 µg RNA input) 

in a 50 µL reaction containing 1X High Fidelity buffer (5 Prime), 0.4 mM dNTPs, 30 pmol 

forward primer, 30 pmol reverse primer, and 2.5 U Triplemaster Taq (5 Prime).  PCR 

reaction conditions were 96 °C for 2 min (denaturation step), followed by 96 °C for 30 

sec – 58 °C for 30 sec – 72 °C for 1 min (amplification step – see below for cycle 

numbers per primer set), followed by 72 °C for 5 min (final elongation step).  Cycle 

numbers for amplification step (per primer pair) were as follows:  30X for MSS3655-

MSS3759, MSS3655-MSS3760, MSS3655-MSS3763, MSS3586-MSS3587, MSS3225-

MSS3247, MSS3648-MSS3247, MSS3580-3581, MSS3582-MSS3583, MSS3584-

MSS3585; 32X for MSS3648-3652, MSS2916-3652, MSS4173-MSS4177, MSS2725-

2726 (see Figure 4-1 for primer identification, position, and sequence).  PCR products 

were resolved on a 1%-1.5% agarose gel, stained with ethidium bromide, and pictures 

taken on the ImageQuant 400 (GE Healthcare). 
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Protein Lysate and Fractionation 

Whole cell lysate was prepared from cell culture, staged C57BL6/J murine 

embryos, postnatal day 1 pups, and adult mouse tissues by disruption with a sterile 

pestle in lysis buffer (20 mM HEPES-KOH, pH 8.0, 100 mM KCl, 0.1% Igepal, 0.5 µM 

phenylmethylsulfonyl fluoride, 5 µg/mL pepstatin A, 1 µg/mL chymostatin, 1 µM e-

aminocaproic acid, 1 µM p-aminobenzamidine, 1 µg/mL leupeptin, 1 µg/mL aprotinin) on 

ice.  Protein samples were sonicated three times at 40% amplitude and spun at 16.1 

RCF for 20 min at 4 °C.  Supernatant was collected, glycerol was added to a final 

concentration of 20%, and samples were aliquoted and stored at -80 °C.  Protein 

concentrations were determined using the DC Protein Assay (Bio-Rad).  Cellular 

fractionations were prepared using NE-PER (Thermo Scientific – Pierce) nuclear and 

cytoplasmic protein fractionation kit according to the manufacturers protocol.   

Immunobloting 

50 µg total protein or 35 µL immunoprecipitation eluate was resolved on a 12.5% 

SDS-acrylamide gel and transferred to 0.22 µm nitrocellulose (GE Water & Process 

Technologies) by electroblotting (using a Trans-Blot® SD semi-dry transfer cell; Bio-

Rad).  Blots were blocked for 45 min in 5% non-fat dry milk in PBS (pH 7.4) at room 

temperature and immunoblotted in 5% non-fat dry milk in PBS (pH 7.4) with 0.05% 

Igepal for 1 hr rotating at room temperature with the following primary antibodys:  Mbnl3 

purified antisera C (1:2500 dilution), Mbnl1 (A2764) antisera (1:1000 dilution), CUGBP1 

(3B1), c-myc (9E10),  Myosin Heavy Chain (Sigma – MY32 1:1000 dilution), Myogenin 

(Santa Cruz – F5D 1:1000 dilution), Lactate Dehydrogenase A (Cell Signaling – 

1:1000), Glutamine Synthetase (Abcam – 1:1000),  SMN (Santa Cruz – 2B1 1:1000 
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dilution), or Gapdh (6C5 – Abcam 1:25,000 dilution).  Blots were washed three times in 

PBS (pH 7.4) with 0.05% Igepal for 10 min and incubated for 1 hr rotating at room 

temperature in blotting milk with α-rabbit IgG horseradish peroxidase or α-mouse IgG 

horseradish peroxidase (1:5000; GE Healthcare) secondary antibody.  The membranes 

were washed as described above, followed by a PBS (pH 7.4) wash, developed in 

Amersham ECL® detection reagents (GE Healthcare) or Supersignal West Femto 

reagents (Thermo Scientific – Pierce) and exposed to Biomax Light Film (Kodak).  To 

develop immunoprecipitation/immunoblots, Genscript one-step complete IP-Western kit 

(Genscript) was used according to the manufacturers protocol and exposed to Biomax 

Light Film (as described above). 

Generation of an Mbnl3 Polyclonal Antibody 

Mbnl3 polyclonal anti-sera was generated and purified by Genscript (Piscataway, 

NJ).  In short,  Mbnl3 C-terminal peptide (NVPYVPTTTGNQLKY) was synthesized and 

KLH conjugated to the N-terminus using an additional N-terminal cysteine (final 

immunizing peptide: KLH-CNVPYVPTTTGNQLKY).  Four rabbits were injected with 

Mbnl3 immunizing peptide followed by two additional injections to boost antibody 

production/affininty.  Rabbits were bleed prior to the first immunization for a pre-immune 

sera control for screening.  Test bleeds were screened by immunoblot using 50 µg E14 

placenta whole cell lysate and anti-sera at a dilution of 1:500  (immunoblot and whole 

cell lysate protocols were performed as described in the immunoblot section of 

materials and methods).  Anti-seras A and C, with high specificity and low background, 

were further screened (at a dilution of 1:1000) by immunoblot using decreasing amount 

of input E14 placenta whole cell lysate (i.e. 50 µg, 25 µg, 12.5 µg, 6.25 µg, 3.13 µg, and 
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1.56 µg) to compare relative affinities.  Anti-sera A and C were chosen for further affinity 

purification using the original immunizing peptide.  Purified peptides were concentrated 

using centricon 10 concentrators (Micon) according to the manufacturer’s protocol.  

Glycerol was added to a final concentration of 20% to α-Mbnl3 A and α-Mbnl3 C (final 

antibody concentrations: α-Mbnl3 A = 7.8 mg/mL, α-Mbnl3 C = 4.8 mg/mL) polyclonal 

antibodies and stored in aliquots at   -80 °C. 

Expression Vectors 

 Mbnl1, Mbnl2, Mbnl3 coding sequences were amplified using primers MSS3580-

MSS3581, MSS3582-MSS3583, and MSS3584-MSS3585 from MEF cDNA in a 50 µL 

reaction containing 2 µL cDNA, 1X High Fidelity buffer (5 Prime), 0.4 mM dNTPs, 30 

pmol forward primer, 30 pmol reverse primer, and 2.5 U Triplemaster Taq (5 Prime).  

PCR reaction conditions were 96 °C for 2 min (denaturation step), 96 °C for 30 sec – 58 

°C for 30 sec – 72 °C for 1 min 30 sec (30X cycles – amplification), followed by 72 °C 

for 5 min (final elongation step) (see Figure 4-1 for primer identification, position, and 

sequence).  PCR products were phenol:chloroform extracted, precipitated, and digested 

in a 40 µL reaction containing 1X NEB buffer 3, BSA (100 µg/mL), BamHI (40 units - 

NEB), and XbaI (40 units - NEB) for 2 hr at 37 °C.  Following digestion, amplicons were 

resolved on a 1.0% agarose gel, gel extracted (Qiagen) following the manufacturers 

protocols, and resuspended in 50 µL water.  5 µg pcDNA 3.1/myc-His MCS A 

(Invitrogen) was digested in a 50 µL reaction containing 1X NEB buffer 3, BSA (100 

µg/mL), BamHI (50 units - NEB), and XbaI (50 units - NEB) for 2 hr at 37 °C, resolved 

on a 1.0 % agarose gel, and gel extracted (Qiagen) following the manufacturers 

protocols, and resuspended in 50 µL water.  pcDNA 3.1/myc-His and Mbnl inserts were 
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ligated in a 20 µL reaction containing 1X T4 DNA ligase buffer (NEB), T4 DNA ligase 

(5X105 units - NEB), 12 ng DNA backbone (pcDNA), and 36 ng DNA insert (Mbnl) for 1 

hr, followed by transformation into Top10 cells (Invitrogen) and plating according to the 

manufacturers protocol.  Individual colonies were picked, grown in 150 mLs LBamp 

overnight at 37 °C shaking, and maxiprepped (Qiagen) according to the manufacturers 

protocol.  Expression vectors were sequenced (University of Florida ICBR sequencing 

core) for confirmation. 

Immunoprecipitation and Mass spectrometry 

Protein lysates for immunoprecipitation were prepared from cells or E15 placenta 

in IPP-150 with 0.1% Igepal (50 mM Tris-Cl, pH7.4, 150 mM NaCl, 0.1% Igepal, 1X 

PicD, PicW) by disruption with a sterile pestle in a microfuge tube on ice, followed by 

sonicating three times at 40% amplitude, and spinning down the lysate at 16.1 RCF for 

20 min (4°C). Supernatant was transferred to a new microcentrifuge tube on ice and 

protein concentration was determined using DC protein assay (Bio-Rad). Lysate was 

left on ice until the preparation of beads was completed (see below).   

For bead preparation, Protein-A Dynabeads were vortexed for 30 sec and 100 µLs 

were added to a microcentrifuge tube. The microcentrifuge tube was placed on the 

Dynal magnet (Invitrogen) for 1 min to remove the Protein-A Dynabeads from solution, 

followed by aspiration of the supernatant. The microcentrifuge tube was removed from 

the magnet and Protein-A Dynabeads were washed with 500 µL 0.1 M sodium 

phosphate buffer (pH 8) three times by repeating the above steps.  Next, the beads 

were resuspended in 100 µL 0.1 M sodium phosphate buffer (pH 8.0) followed by the 

addition of 20 µg purified α-Mbnl3 C polyclonal antibody and incubation for 30 min at RT 
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with rotational mixing to promote IgG capture.  Antibody-bound beads were washed two 

times with 0.2 M triethanolamine (pH 8.2) as described above, resuspended, and 

incubated in 1 mL of 20 mM dimethyl pimelimidate/0.2 M triethanolamine (pH 8.2)  

(DMP - Sigma) for 30 min at RT to covalently crosslink α-Mbnl3 C antibody to protein-A.  

The crosslinking reaction was quenched by replacing DMP/triethanolamine with 1 mL 

50 mM Tris (pH 7.5) and incubating for 15 min at RT with rotational mixing.  Beads were 

further washed with IPP-150 + 0.1% Igepal three times as described above.  

For immunoprecipitation, Protein-A:α-Mbnl3 C IgG beads were resuspended in the 

5 mgs of previously prepared protein lysate (~ 400 µL total volume) and incubated at 

4°C for 2 hr with rotational mixing.  Beads were collected by placing the microfuge tube 

on the magnet for 1 min, followed by a flash spin (5 sec, 16.1 RCF) to collect them at 

the bottom of the tube.  The beads containing the immunoprecipitate  were 

resuspended in 35 µL Laemmli buffer, incubated at 99 °C for 5 min on an Eppendorf  

Thermomixer (1100 RPM), followed by removal of the beads from solution using the 

magnet as previously described.  The supernatant was collected for downstream 

applications, immunoblotting and mass spectrometry. 

To identify the proteins immunoprecipitated using the α-Mbnl3 C polyclonal 

antibody, proteins were resolved on a 12.5% SDS-acrylamide gel and stained with the 

Novex colloidal coomassie blue kit (Invitrogen) according to the manufacturers protocol.  

Bands of interest were excised from the gel using separate sterile scalpels (Bard-

Parker) and stored in separate microcentrifuge tubes at 4°C. Samples were submitted 

to the UF ICBR Proteomic Core facility for liquid chromatography-mass spectrometry 

(LCMS) analysis to identify proteins. 
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siRNA and Plasmid Transfections 

C2C12 and Huh7 cells were grown on 10 cm plates in growth media containing 

DMEM (Invitrogen), 20% FBS (Invitrogen), 1% penicillin/streptomycin (Invitrogen) and 

DMEM (Invitrogen), 10% FBS (Invitrogen), and 1% penicillin/streptomycin (Invitrogen), 

respectively, in a humidified 37 °C, 5% CO2 incubator.  For siRNA treatment, 1.5 x 105 

cells were seeded per well of a 6-well plate (Sarstedt) in 2 mLs antibiotic-free growth 

media. Cells were treated with Mbnl3 or MBNL3 siRNA (ON-TARGETplus SMARTpool, 

Dharamcon) 6-hr post seeding as follows. Two separate tubes were prepared for siRNA 

and transfection reagent (Dharmafect 4 - Dharmacon). For transfection of one well of a 

6-well plate, 5 µL of transfection reagent was mixed with 195 µL OptiMEM I (Invitrogen) 

in tube 1. 10 µL of 20 µM siRNA was diluted to 1 µM by addition of 90 µL of cell culture 

grade PBS (pH 7.4 – Invitrogen) and 100 µL of OptiMEM  I in tube 2. Tubes 1 and 2 

were briefly vortexed (1 sec) and incubated for 5 min at room temeperature (RT). The 

contents of tube 2 were added to tube 1, vortexed briefly (1 sec), and incubated for 20 

min at RT. The entire 400 µL of transfection mixture was added drop-wise into one well 

of 6-well plate and swirled to mix. Media was replaced by fresh C2C12 antibiotic-free 

growth media 24 hr post transfection. 

COSM6 cells were grown in growth media containing DMEM (Invitrogen), 10% 

FBS (Invitrogen), 1% L-glutamine (Invitrogen), and 1% penicillin/streptomycin 

(Invitrogen) in a humidified 37 °C, 5% CO2 incubator..  Six hr prior to transfection, 2.0 x 

105 cells were seeded per well of a 6-well plate in antibiotic-free growth media.  In a 

sterile microfuge tube, 6 µL Fugene 6 (Roche) was diluted in 180 µL OptiMEM I 

(Invitrogen), vortexed (1 sec) and incubated for 5 min at RT.  After incubation, 2 µg of 
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plasmid (either myc-tagged Mbnl1, Mbnl2, Mbnl3, or empty vector pSP72) was added to 

the tube containing Fugene 6:OptiMEM I, vortexed (1 sec), and incubated for 15 min at 

RT.  Following incubation, the total contents of each transfection were added to 

individual wells of the 6-well plate, swirled to mix, and returned to the humidified 37 °C, 

5% CO2 incubator.  The following day, cells were washed with PBS (pH 7.4) and 

antibiotic-free growth media was replaced.  Cell lysates were processed 48 hr post 

transfection for analysis. 

C2C12 differentiation 

For C2C12 cell differentiation, proliferating cells were seeded at 1.5 x 105 per well 

of a 6-well plate in C2C12 growth media.  At ~ 90-95% confluency, growth media was 

aspirated, cells were washed twice with 2 mLs of PBS (pH 7.4), and fresh C2C12 

differentiation media containing DMEM, 2% horse serum (Invitrogen), and1% 

Penicillin/Streptomycin was added to each well. Cells were differentiated for 5 days 

(media was replaced with fresh C2C12 differentiation media every 24 hr). For Mbnl3 

siRNA experiments, C2C12 cells were differentiated 24 hr post siRNA treatment. 

Skeletal Muscle Regeneration 

Lyophilized Notexin (Latoxan - Valence, France) was reconstituted in sterile 154 

mM NaCl to a final concentration of 100 µg/mL.  10 µL aliquots (1 µg) were stored at -80 

°C until use.  For injections, 1X 10 µL aliquot was thawed on ice and sterile 154 mM 

NaCl was added to a final volume of 1 mL (working concentration is 1 µg/mL).  For 

injections, 10-12 week old C57BL6 mice were anesthetized with isoflourene (following 

the University of Florida IACUC approved protocol).  Using a 29-gauge needle, tibialis 

anterior (TA) muscles were injected with 100 µL (100 ng Notexin) of working 
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concentration Notexin by lateral injection and dragging the needle along the muscle 

lengthwise (proximal to distal) while injecting.  Mice were allowed to recover in their 

cages while monitoring their behavior.  TA muscles were taken at days 1, 3, 5, and 7 

post-injection for analysis.  TA muscle was divided in two lengthwise using surgical 

scissors, half was used for protein preparation and analysis (following whole cell lysate 

and immunobloting protocols) and half was snap frozen on a wooden dowel positioned 

in 10% gum tragacanth (in PBS, pH 7.4 - Sigma) in pre-chilled isopentane (-40 °C) and 

stored at -80 °C in isopentane (Fisher).  TA muscle remaining after cryosectioning was 

used for RT-PCR analysis (see RNA Analysis). 

Mbnl3∆E2/Y Mouse Generation 

 The Mbnl3 conditional targeting vector was constructed using standard 

recombineering bacterial strains and techniques (reagents and protocols can be found 

at http://recombineering.ncifcrf.gov/).  In short, an approximately 11 kb fragment 

(containing 6.8 kb sequence from directly upstream and 4.2 kb sequence from directly 

downstream of Mbnl3 exon 2) surrounding Mbnl3 exon 2 was retrieved from a C57BL6 

bacteria artificial chromosome (BAC) into a high copy plasmid backbone containing the 

negative-selection marker Herpes Simplex Virus Thymidine Kinase gene (HSV-TK) 

downstream of the Mbnl3 fragment.  The Mbnl3 exon 2 was flanked by an upstream 

loxP site and a downstream NeoR cassestte/loxP site (see Fig. 3-16).  The final 

targeting construct was sequenced and restriction mapped to confirm its identity.  To 

prepare the targeting construct for ESC targeting, approximately 100 µg of the Mbnl3 

conditional targeting vector was linearized with NotI (NEB), phenol:chloroform extracted, 

http://recombineering.ncifcrf.gov/�
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ethanol precipitated, and resuspended in PBS (pH 7.2) at a final concentration of ~2.2 

µg/µL.  

All C57BL/6 ESCs (Millipore, catalog number CMTI-2) in this targeting protocol 

were thawed, grown, and passaged on mitotically inactivated MEFs using standard ESC 

techniques in a 37 °C, 5% CO2 humidified incubator.  ESC growth media contained: 409 

mLs DMEM (Invitrogen), 75 mLs Defined FBS (HyClone), 5 mLs 100X nucleoside stock 

(standard ESC formulation, see Millipore recommendations), 100X Pen/Strep 

(Invitrogen), 0.76 mLs β-mercaptoethanol (Invitrogen – 55 mM stock concentration), and 

50 µL LIF (Millipore – 107 units/mL).  For targeting, 108 ESCs were electroporated in 0.8 

mLs PBS (pH 7.2) containing 100 µg Mbnl3 conditional targeting vector using a 

BIORAD Genepulser (parameters = 0.8 volts, 3 µF, 200 Ohms, and 0.2 sec time 

constant in a 0.4 cm cuvette), allowed to recover for 10 min in the cuvette, and plated 

on 15X 10 cm gelatin coated tissue culture plates in ESC growth media.  The following 

day, ESCs were positively selected for neomycin resistance in ESC growth media 

supplemented with G418 (Invitrogen) at 275 µg/mL.  Two days post electroporation, 

ESCs were positively and negatively selected for successful recombination in ESC 

growth media supplemented with G418 at 275 µg/mL and FIAU (Moravek Biochemicals) 

at 0.2 µM for 72 hr.  Following selection, individual colonies were picked with a P200 

pipet tip, trypsinized, and plated in 24-well plate for colony expansion.  Following 

expansion, individual wells of the 24-well plate were trypsinized and split, with half of the 

ESCs transferred to 0.5 mL freezing media in cryotubes, containing 60% growth media, 

30% FBS, and 10% DMSO (Fisher Scientific), frozen in an isopropanol bath at -80 °C 

overnight, and transferred to N(l) the following day.  The other half of ESCs from 
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individual wells of 24-well plates were transferred to wells of gelatin coated 12-well 

plates, and grown to confluency for genomic DNA preparation and Southern blot 

analysis for successful recombinants (see genomic DNA isolation and Southern 

blotting). 

Once positive ESC clones were identified, the targeted ESCs were thawed, 

expanded, and additional stocks were cryopreserved.  Mbnl3cond ESCs chosen for the 

generation of mice were screened for murine pathogens using the IMPACT I profile at 

the Research Animal Diagnostic Laboratory (RADIL) at the University of Missouri and 

karyotyped at the University of Florida Cytogenetics Lab.  Mbnl3cond ESCs that tested 

negative for pathogens and displayed normal chromosome counts were sent to the 

University of Michigan Transgenic Core for blastocyst injection.  In short, 45 B6(Cg) -

Tyrc-2J/J blastocysts (i.e. albino C57BL/6) were injected with 8-16 ESCs and transferred 

in utero to a multiple pseudo-pregnant C57BL/6 females.  The resulting chimeric mice 

were shipped to the University of Florida through, quarantined in isolators for pathogen 

testing, and released into specific pathogen free (SPF) housing. 

To obtain germline transmission of the Mbnl3cond allele, Mbnl3cond male chimeric 

mice were mated with female B6(Cg) -Tyrc-2J/J females.  Since Mbnl3 is an X-linked 

gene, transmission through the chimeric male germline only appears in F1 females.  

Therefore, F1 female pups (with a black coat, indicating the gamete originated from BL6 

ESCs) from the Mbnl3cond male chimera and female B6(Cg) -Tyrc-2J/J cross possessed a 

Mbnl3cond/+ genotype.  To eliminate Mbnl3 exon 2 and the 4XC3H Mbnl3 isoforms, 

Mbnl3cond/+ females were crossed to B6.C-Tg(CMV-cre)1Cgn/J males (Jackson Labs, 

catalog number 006054) to obtain F2 Mbnl3∆E2/+; CMV-cre females (CMV-Cre is also X-
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linked).  To obtain knockout mice, F2 Mbnl3∆E2/+; CMV-cre females were crossed to wild 

type C57BL6/J males, F3 Mbnl3∆E2/Y males were analyzed for phenotypes. 

Genomic DNA Isolation, Southern Blotting, Probe Generation and Genotyping 

Targeted ESC genomic DNA was isolated from individual confluent wells of a 12-

well plate for Mbnl3cond/Y homologous recombination screening.  In short, individual wells 

were washed in PBS (pH 7.2 - Invitrogen) to remove debris and lysed in 0.5 mLs DNA 

extraction buffer (200 mM NaCl, 100 mM Tris (pH 8.5), 5 mM EDTA, 0.2% SDS, 200 

µg/mL Proteinase K) overnight in a humidified 37 °C, 5% CO2 incubator.  The following 

day, lysates were collected and precipitated by adding an equal volume of 100% 

ethanol, inverting several times until the genomic DNA was visible, and spinning 

samples down at 16.1 RCF for 10 min in a table top centrifuge (room temperature).  

DNA pellets were washed in 1 mL 70% ethanol and centrifuged as before.  The 

supernatant was removed and the genomic DNA pellet was allowed to air dry for one 

min, followed by resuspension in 100 µL TE buffer (pellets were not vortexed to avoid 

shearing) by pipeting with a wide bore tip.   

ESC Mbnl3 conditional targeting 5’ (MSS3256-MSS3272) and 3’ (MSS3258-

MSS3259) southern probes were generated by PCR in a 50 µL reaction containing 100 

ng 129 genomic DNA, 1X High Fidelity buffer (5 Prime), 0.4 mM dNTPs, 30 pmol 

forward primer, 30 pmol reverse primer, and 2.5 U Triplemaster Taq (5 Prime).  PCR 

reaction conditions were 96 °C for 2 min (denaturation step), 96 °C for 30 sec – 68 °C 

for 1 min 15 sec (30X cycles – amplification), followed by 68 °C for 5 min (final 

elongation step) (see Figure 4-1 for primer identification, position, and sequence).  PCR 

products were subcloned using the TOPO cloning kit (Invitrogen), grown in 150 mLs 
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LBamp at 37 °C shaking overnight, and maxiprepped (Qiagen) according to the 

manufacturers protocols.  Cloned products were sequenced (University of Florida ICBR 

sequencing core) for confirmation (see Figure 4-1 for primer identification, position, and 

sequence). 

For Southern blotting, 20 µL genomic DNA (~10-20 µg) was digested in a 30 µL 

reaction containing 150 units KpnI (New England Biolabs - NEB), 100 µg/mL BSA, and 

1X NEB buffer 1 overnight in a   37 °C water bath.  The following day, the digestion was 

spiked with 10 µL digestion buffer containing 50 units KpnI, 100 µg/mL BSA, and 1X 

NEB buffer 1 for 6 hr in a 37 °C water bath.  Samples were then resolved on a 1X TAE 

0.8% agarose gel overnight at 30V, stained in 0.5 µg/mL ethidium bromide for 30 min 

(post staining, pictures were taken on the ImageQuant 400 (GE Healthcare) UV box 

with a ruler to accurately determine sizes), denatured for 1 hr in 0.5M NaOH/1.5M NaCl 

(pH ~12), neutralized for 1 hr in 0.5M Tris/1.5M NaCl (pH 7.4).  DNA was transferred to 

Hybond-N+ nylon membranes (GE Healthcare) in 10X SSC using a neutral transfer by 

capillary action.  Blots were crosslinked with a UV Stratalinker 1800 (Stratagene) with 

120 mJoules and prehybridized for 2 hr in ExpressHyb Hybridization Solution (Clontech) 

at 68 °C.  Southern probes were generated by [α-32P] dCTP body labeling 50 ng of DNA 

template (5’ probe 1 and 3’ probe 2) with Ready-to-Go DNA Labeling Beads – dCTP 

(GE Healthcare) and purified with illustra ProbeQuant G-50 Micro Columns (GE 

Healthcare) according to the manufactures protocol.  Body labeled probes are 

denatured at 100 °C for 10 min and added to fresh blot/hybridization solution and 

hybridized overnight at 68 °C.  After hybridization, blots were washed once in 2X SSC, 

0.1% SDS at 50 °C, once in 2X SSC, 0.1% SDS, twice in 0.5X SSC, 0.1% SDS, and 
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once in 0.05X SSC, 0.1% SDS (for 30 min at each wash).  Blots were exposed to 

Biomax Film and X-Omatic Intensifying Screens (Kodak) at -80 °C.   

Mbnl3∆E2/Y mice were genotyped using 100 ng genomic DNA template in a 50 µL 

reaction containing 1X High Fidelity buffer (5 Prime), 0.4 mM dNTPs, 30 pmol forward 

primer (MSS3377), 30 pmol forward primer (MSS4153), 30 pmol reverse primer 

(MSS3366), and 2.5 U Triplemaster Taq (5 Prime).  PCR reaction conditions were 96 °C 

for 2 min (denaturation step), 96 °C for 30 sec – 68 °C for 1 min 30 sec (40X cycles – 

amplification), followed by 68 °C for 5 min (final elongation step) (see Figure 4-1 for 

primer identification, position, and sequence).  PCR products were resolved on a 1.5% 

agarose gel, stained with ethidium bromide, and pictures taken on the ImageQuant 400 

(GE Healthcare).  Expected sizes of bands: wild type Mbnl3 allele = 350 bp, Mbnl3∆E2 

allele = 597 bp. 

Skeletal Preparations 

Postnatal day 1 mouse pups were asphyxiated with CO2, skinned and eviscerated.   

Cartilage was stained by incubating embryos in 0.2 g/L Alcian Blue (in 70% EtOH/30% 

acetic acid) overnight at room temperature with gentle agitation.  The following day, 

embryos underwent serial rehydration in 100%, 95%, 70% and 40% EtOH and water for 

30 min each with gentle agitation.  Bone was stained by in 0.1% w/v Alizarin Red (in 1% 

KOH) overnight at room temperature.  Stained embryos incubated for 1 hr each in 25% 

glycerol/75% KOH, 50% glycerol/50% KOH, 75% glycerol/25% KOH, and 80% glycerol  

to clear the embryo.  Stained and cleared embryos were stored in 80% glycerol and 

photographed using a Leica stereoscope. 
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Wild Type and Mbnl3∆E2/Y Growth Curve 

 Wild Type and Mbnl3∆E2/Y male mice were weighed at one week intervals from 3 

weeks (weaning) to 10 weeks to assay for postnatal growth (wild type n = 26, Mbnl3∆E2/Y 

n = 17).  Results were expressed as mean weight for each group ± SEM at intervals of 

one week. Statistical significance was established using a one tailed Student’s T-test 

with unequal variance. 

Sectioning, Immunoflourescence, and H&E Staining 

Forelimbs from postnatal day 1 pups were fixed overnight in 4% formaldehyde in 

PBS (pH 7.4) at 4 °C with agitation.  The following day, forelimbs were washed three 

times (10 min each) in PBS (pH 7.4) and serially dehydrated in 70% ethanol (3X 20 

min), 95% ethanol (3X 20 min), 100% ethanol (3X 20 min), CitriSolv (3X 20 min - Fisher 

Scientific).  Tissues were then placed in pre-heated (65 °C) paraffin wax (Fisher 

Scientific) for 3X 1 hr in a 65 °C vacuum (10-15 mm Hg).  Forelimbs were then placed 

perpendicular (with the foot oriented towards the bottom of the mold) in paraffin molds 

and allowed to solidify overnight at room temperature.  For sectioning, 7 µm sections 

were take on a rotary microtome (Leica) and mounted on Superfrost slides (Fisher) and 

incubated at 65 °C for 1 hr in a hybridization oven to remove the paraffin and attach the 

sections to the slide.  Sections were then rehydrated by serial incubations in CitriSolv, 

100% ethonaol, 95% ethanol, 70% ethanol and d2H2O for 10 min each.  At this point, 

sections were further processed for H&E or immunohistochemical analysis. 

TA muscle from skeletal muscles from Notexin regeneration experiments were cut 

(10 µm) on a cryostat (Leica) and attached to Superfrost slides (Fisher) and stored at -

20 °C.  For immunohistochemical analysis, sections were thawed at RT for 30 min, fixed 
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in 2% formaldehyde in TBS (pH 7.5) at RT for 10 min, rinsed in TBS (pH 7.5) and 

permeablized in 0.1% TritonX-100 in TBS (pH 7.5) for 10 min.  At this point, sections 

were further processed for H&E or immunohistochemical analysis. 

 For H&E analysis, sections were stained in Harris Hematoxylin (diluted 1:2 in 

water - Fisher), rinsed in running dH2O, and dehydrated in 95% ethanol for 1 min each.  

Sections were then stained in Eosin-Y (Thermo Scientific) for 30 sec, followed by 3X 1 

min 95% ethanol , 3X 2 min 100% ethanol, 3X 5 min CitriSolv dehydrations steps and 

mounted in Permount (Fisher).  Pictures were taken on a Leica DM 2000 light 

microscope.  For immunoflourescence analysis, sections were processed using the 

M.O.M (mouse on mouse) kit according to the manufacturers protocol.  C2C12 cells and 

Huh7 cells were grown on 2-well Falcon slides (BD Biosciences), washed in TBS (pH 

7.5), fixed in 2% formaldehyde in TBS (pH 7.5) for 10 min at RT, washed 3X 5 min in 

TBS (pH 7.5), and blocked/permeablized in 3% heat inactivated goat serum 

(Invitrogen), 0.1% TritonX-100 in TBS (pH 7.5) for 30 min at RT.  Primary antibodies (in 

blocking/permeablization buffer) were incubated overnight at 4 °C in a humidified 

chamber.  The following day, section were washed 3X 5 min in TBS (pH 7.5), incubated 

in secondary antibody (in blocking/permeablization buffer) for 2 hr at RT in a humidified 

chamber, and washed 3X 5 min in TBS (pH 7.5).  All sections were counterstained with 

DAPI mounting media and pictures were taken on a Leica confocal microscope.  

Antibodies used for staining include, Mbnl3 purified C (1:1000), myc (1:1000 - 9E10), 

MHC (1:1000 - Sigma), Desmin (1:100 - Abcam), GW182 (1:6000 - Gift of Edward 

Chan).  Secondary antibodies (used at 1:200) include α-rabbit IgG Alexaflour 488 

(Mbnl3), α-mouse IgG Alexaflour 488 (Desmin, MHC), α-mouse IgG Alexaflour 568 
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(myc), α-human IgG Alexaflour 568 (GW182).  For staining of the extracellular matrix, 

TRITC conjugated WGA (Sigma) was incubated at RT for 1 hr (50 µg/mL) in TBS (pH 

7.5). 

MBNL1 

Transfections and RNA Analysis 

For α-actinin minigene analysis, COSM6 cells were grown to 40%–60% 

confluency in DMEM (Invitrogen), 10% FBS (Invitrogen), 1% penicillin/streptomycin 

(Invitrogen) at 37 °C, 5% CO2 and were co-transfected with 2 µg of Drosophila α-actinin 

minigene and 100 ng of GFP-Mbl isoforms in the pMV vector using Lipofectamine 2000 

(Invitrogen) and Optimem (Invitrogen) according to the manufacturers protocol.  Four hr 

after transfection, the media was changed to antibiotic-free DMEM media supplemented 

with 10% FBS (Invitrogen).  To analyze the Drosophila α-actinin splicing pattern, total 

RNA was extracted from transfected COSM6 cells 48 hr after transfection with Tri-

Reagent (Sigma) according to the manufacturers protocol.  For RT, 5 µg of total RNA 

was treated with DNAse I (Invitrogen) and RT was performed with Superscript II 

(Invitrogen), random hexamers and oligo dT12-18 (Invitrogen) following instructions from 

the manufacturer (Invitrogen).  PCR analysis was done with 4 µL of the RT reaction as 

template in a standard PCR reaction.  To detect spliced isoforms arising from the 

Drosophila α-actinin minigene we used primers MSS1938 and MSS1956 (see Figure 4-

1 for primer identification, position, and sequence).  PCR products were purified by 

NH4Ac precipitation and resuspended in d2H2O.  Half of the resuspended volume was 

digested with SacI (NEB). The remaining PCR products, and entire digestions, were 

resolved on a 2% agarose gel, stained with ethidium bromide, and pictures were taken 
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on the ImageQuant 400 (GE Healthcare).  Figure 2-4 shows representative blots from 

three independent experiments.  For GFP-Mbl localization experiments, COSM6 cells 

were transfected with either 1 µg of plasmids expressing GFP-tagged Mbl proteins and 

1 µg carrier DNA (pSP72) or 1 µg plasmid expressing DMPK-(CUG)300 and 1 µg 

plasmid expressing GFP-tagged Mbl proteins as previously described. 

For cTNT, IR, and ClaLC splicing analysis, COSM6 or HEK293 cells were plated 

at 5X105 cells per well in a six-well plate in DMEM (Invitrogen) supplemented with 10% 

FBS (Invitrogen) and 1X penicillin/streptomycin (Invitrogen).  At 24 hrs after plating, the 

cells were transfected with either 1 µg of minigene and 2 µg of protein expression 

plasmid or 100 ng of minigene, and 100 ng, 300 ng and 1 μg of (CUG)960 or (CAG)960 

repeat expressing plasmid using Fugene 6 (Roche) according to the manufacturer’s 

directions.  The total amount of plasmid transfected per well was 2 μg (pSP72 plasmid 

was used as a carrier to bring the total DNA to 2 µg).  Protein and RNA were harvested 

36–48 hr after transfection.  Chicken primary muscle cultures were prepared, 

maintained and transfected as previously described, using 0.5 µg minigene reporter and 

1 µg expression plasmid (Xu et al., 1993).  RNA isolation and RT–PCR analysis for the 

cTNT, IR, and ClaLC minigenes were performed as described previously (Philips et al., 

1998; Savkur et al., 2001; Stamm et al., 1999). 

In Vitro Transcription and UV Crosslinking 

Uniformly 32P-labeled RNAs were in vitro transcribed using [α-32P]GTP and [α-

32P]UTP (Perkin-Elmer) from PCR products or cloned regions of the human cTNT 

introns 4 and 5, as represented in Figure 2-8. UV-crosslinking assays were performed 

using radiolabeled transcripts standardized for picomoles of G and U.  UV-crosslinking 
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assays included 1 µg of purified GST–MBNL1 in the presence of 1 µg BSA, 1 µg tRNA, 

0.3 µg heparin, 0.3 mM magnesium acetate, in 2 mM magnesium acetate, 2 mM ATP, 

16 mM HEPES (pH 7.9), 65 mM potassium glutamate, 0.16 mM EDTA, 0.4 mM DTT 

and 16% glycerol. Binding was for 10 min at 30 °C. Recombinant GST–MBNL1 protein 

was produced as described (Miller et al., 2000). 

Plasmids 

The cTNT, IR and ClaLC minigenes were previously described (Kosaki et al., 

1998; Philips et al., 1998; Stamm et al., 1999). GFP fusions with MBNL1, 2 and 3 were 

provided by Dr. JD Brook (Fardaei et al., 2002). GFP–MBNL1 was found to have a 

novel MBNL1 isoform lacking exons 7, 9 and 10 and containing a frameshift in exon 12. 

Plasmids expressing DMPK exons 11–15 containing 960 interrupted CUG or CAG 

repeats in exon 15 were cloned using techniques as previously described (Philips et al., 

1998). The MBNL mutant human cTNT minigene was generated by inverse PCR.  α-

actinin minigene and GFP-Mbl expression vector were constructed as previously 

described (Vicente et al., 2007). 

Transfection of siRNA 

Two custom siRNA duplexes were designed for RNAi against human MBNL1 

using the Dharmacon siDESIGN program (www.dharmacon.com), and were 

synthesized by Dharmacon.  The siRNA sequences (5’ to 3’) are as follows: THH31 

(AACAGACAGACUUGAGGUAUG), THH2 (AACACGGAAUGUAAAUUUGCA), GFP 

siRNA duplex (Dharmacon).  Prior to transfections, 3X105 HeLa cells were plated in 2 

mL of antibiotic-free growth media (DMEM supplemented with 10% FBS) per well in a 

six-well plate.  At 12 hr after plating, the media was exchanged with 800 µL serum-free 
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media (DMEM) per well, and siRNA duplex (2.66 µg) was transfected using 

Oligofectamine (Invitrogen) according to the manufacturers protocol.  After 4 hr 1 mL of 

3X serum-containing media (DMEM supplemented with 30% FBS) was added to each 

well and returned to the incubator.  After 12 hr, the 3X serum-containing media was 

replaced with antibiotic-free growth media and the cells were transfected with 1 µg of 

minigene and 2.66 µg of siRNA duplex using Lipofectamine 2000 (Invitrogen). The 

media was exchanged with antibiotic-free growth media 6 hr later. RNA and protein 

were harvested 48 hr after transfection of the minigene. 

Immunoblot Analysis 

Cells were harvested in protein loading buffer (62.5 mM Tris–HCl (pH 6.8), 2% 

SDS, 10% glycerol and 5% 2-β-mercaptoethanol) and the protein concentration was 

quantitated with the Non-Interfering Protein Assay (Genotech). Total protein lysates 

from HEK293 (20 µg) and primary chicken skeletal (30 µg) cultures were loaded on a 

12.5% acrylamide gel and transferred to Immobilon-P membranes (Millipore). GFP was 

detected using JL-8 monoclonal antibody (BD Biosciences) at a dilution of 1:2000. The 

secondary antibody was a goat anti-mouse HRP conjugate (Jackson Immunoresearch) 

at a dilution of 1:5000. To detect endogenous MBNL1, HeLa (50 µg) protein lysates 

were loaded on a 12.5% acrylamide gel. Blots were probed with the monoclonal 3A4 

(16 mg/mL) at a dilution of 1:500. The secondary antibody was a sheep anti-mouse 

HRP conjugate (Amersham Biosciences) at a dilution of 1:5000. For GAPDH in HeLa 

cells, 15 µg of total protein lysates was run on a 12.5% acrylamide gel, transferred to 

membranes and detected using the 6G5 monoclonal (Biogenesis) at a dilution of 1:100, 

000. The secondary antibody was a goat anti-mouse HRP conjugate (Jackson 
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Immunoresearch) at a dilution of 1:5000.  Blots were developed in Amersham ECL® 

detection reagents (GE Healthcare) or Supersignal West Femto reagents (Thermo 

Scientific – Pierce) and exposed to Biomax Light Film (Kodak). 

Flourescent In Situ Hybridization and Immunocytochemistry  

COSM6 cells (1.2X105) were seeded on 2-well Falcon culture slides (BD 

Biosciences) and transfected 24 hr after plating.  Cells were washed with 1X Hanks 

Balanced Salt solution and then with CSK buffer (300 mM sucrose, 100 mM NaCl, 3 

mM MgCl2, 1.2 mM PMSF, 10 mM PIPES, pH 6.8). The slides were incubated on ice in 

CSK buffer with 0.5% Triton X-100 and 10 mM vanadyl sulfate for 1 min. They were 

then fixed in 4% paraformaldehyde/PBS (pH 7.4) for 10 min at room temperature and 

washed with 70% ethanol. Cells were dehydrated with 70% ethanol overnight at 4 °C 

and then rehydrated with 40% formamide/2XSSC for 10 min at room temperature the 

following day. Cy5-labeled oligonucleotide probes (Qiagen) (CAG)10 and (CTG)10 were 

used to detect CUG and CAG repeats, respectively. The cells were incubated in 

probe/hybridization buffer (40% formamide, 2XSSC, 0.2% BSA, 10% dextran sulfate, 2 

mM vanadyl sulfate, 1 mg/mL yeast tRNA, 50 ng/mL probe) in a humidified chamber at 

37 °C for 2 hr. After hybridization, the slides were washed three times with 40% 

formamide/2XSSC for 30 min at 37 °C, followed by three PBS (pH 7.4) washes for 5 

min each. They were then pre-blocked in 3% BSA/PBS for 15 min in a humidified 

chamber at room temperature followed by a wash with PBS (pH 7.4).  Afterwards, the 

slides were incubated with primary anti-MBNL1 antibody 3A4 (10 mg/mL; 1:1000 

dilution) in 3% BSA/PBS at room temperature for 1 hr in a humidified chamber, washed 

three times with PBS (pH 7.4) and incubated with the secondary antibody Alexa 

Fluor488-labeled goat anti-mouse IgG (2 mg/mL, Molecular Probes) at a dilution of 
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1:100 in 3% BSA/PBS (pH 7.4) at room temperature for 1 hr. Following the incubation, 

cells were washed three times with PBS (pH 7.4) and nuclei were stained with DAPI 

using Vectashield mounting media (Vector Laboratories, Inc).  GFP-Mbl proteins were 

analyzed directly.  Cells were analyzed under epifluorescence microscopy using an 

Axioskop2 mot plus microscope (Carl Zeiss, Inc). 

Competition Assay 

Whole cell lysate was generated using myc-tagged MBNL1 (41 kDa isoform) 

transiently  transfected in COSM6 (cells were transfected using 2 µg expression vector 

as previously described).  To prepare whole cell lysate for competition assays, 5X 10 

cm tissues culture plates containing COSM6 cells ectopically expressing myc-MBNL1 

were resuspended in 250 mL/plate in cold crosslinking buffer (20 mM HEPES-KOH, pH 

8.0, 100 mM KCl, 0.1% Igepal, 1X PicD/PicW), sonicated 3X 40% amplitude for 5 sec, 

spun down at 16.1 RCF for 20 min at 4 °C.  Following the spin, supernatant was 

transferred to a new microfuge on ice and glycerol was added to a final concentration of 

20%.  Whole cell lysate was aliquoted and stored at -80 °C until use. 

To generate uniformly body-labeled repeat RNAs, ~1 µg linearized plasmid was 

transcribed with T7 RNA polymerase (Promega) in a 50 µL with [α-32P]GTP according 

to the manufacturers protocol.  After in vitro transcription, DNA template was digested 

by RQ1 RNase-free DNase (1 unit/µL - Promega) in the presence of ~1 unit/µL RNasin 

(Promega) and ~0.5 µg/µL yeast tRNA (Invitrogen) for 15 min at 37 °C.  Following 

digestion, RNA is phenol:chloroform extracted, ethanol precipitated, resuspended in 10 

µL RNase-free water, and resolved on a 5% acrylamide-urea gel in 1X TBE (run at 

200V for 2 hr in a vertical gel).  RNA bands were excised and extracted by disrupting 
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the acrylamide gel slices with a sterile pestle and incubation in extraction buffer (0.5 M 

NH4OAc, 10 mM Mg(OAc)2, 0.1 mM EDTA, 0.1% SDS) at 65 °C for 20 min (in a thermo 

mixer - Eppendorf).  Extraction was spun down for 1 min at 16.1 RCF at RT, 

supernatant was passed through a mini-spin column (USA Scientific) and 0.45 µm filter 

(Ultra Free MC Filter - Millipore), ethanol precipitated, and stored at -80 °C until use.  To 

generate non-labeled competitor, ~2.5 µg linearized plasmid was transcribed using the 

MEGAshortscript kit (Ambion) and cleaned-up using the MEGAclear kit (Ambion) 

according to the manufacturers protocol and stored at -80 °C until use. 

Competition assays were done with 0.1 pmol uniformly body-labeled RNA in a 35 

µL reaction composed of 40 mM HEPES-KOH (pH 8.0), 2 mM Mg(OAc)2, 20 mM 

creatine phosphate, 2 mM ATP, 65 mM K-glutamate, 0.4 mM DTT, 0.16 mM EDTA, 100 

mM KCl, and 15 µL myc-tagged MBNL1 whole cell lysate at 30 °C.  Incubation times 

and introduction of 200 pmol cold competitor RNA (2000X fold excess) were done as 

indicated in Figure 2-13.  Following competition, reactions were UV crosslinked on ice 

3X 2.5 min in a UV Stratalinker 1800 (Stratagene).  Excess RNA was digested by 

incubating crosslinked reactions in ~0.5 µg/µL RNase A (Sigma) for 20 min at 37 °C.  

Protein-A Sepharose (50 µL - Invitrogen) beads were washed two times by adding 500 

µL IPP-150 (50 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Igepal),inverting several times in 

a microfuge tube, flash spinning (5 sec) in a table top centrifuge, pipeting off the 

supernatant, and repeating.  Protein-A Sepharose was resuspended in 300 µL IPP-150 

with 1 µL α-myc (9E10 - 10 mg/mL) and rotated for 1 hr at 4 °C.  Following antibody 

capture, protein-A Sepharose:α-myc was washed three times as described above, 

resuspended in 300 µL IPP-150, and incubated with crosslinked competition reactions 
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for 1 hr rotating at 4 °C to immunoprecipitate myc-MBNL1:32P-RNA.  Following 

immunoprecipitation, complexes were washed five times as described above (four 

washes with IPP-150 and one wash with IPP-150 without Igepal), resuspended in 35 µL 

2X Laemmli buffer, resolved by 12.5% SDS-PAGE.  The gel was fixed for 20 min in 

destain buffer (10% acetic acid, 20% methanol), dried down using the Hoefer slab gel 

drier (Amersham), and exposed overnight to Biomax Film and X-Omatic Intensifying 

Screens (Kodak) at -80 °C.  Band intensity was measured using a phosphoimaging 

screen (Amersham) and the Typhoon 9200 (Amersham).   
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Figure 4-1.  Primers used for RT-PCR, Mbnl3∆E2/+ genotyping, probe generation, and 

subcloning.   
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