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NON-CODING RNA IN MAMMALIAN DEVELOPMENT AND DISEASE  

By 

Jason O’Rourke 
 

May 2009 
 
Chair: Maurice Swanson 
Major: Medical Sciences--Genetics 
 
 The mammalian genome is a remarkable blueprint for a sophisticated and complex being 

consisting of trillions of cells that have the ability to rapidly respond to internal and external 

stimuli.  During embryonic development, a single fertilized egg undergoes multiple cellular 

divisions while regulating a variety of biochemical processes inside the mother to morph into a 

physiologically complicated fetus that must be prepared for life outside the womb.  Postnatally, 

thriving neonates continue to develop and adapt to a dynamic intracellular environment and 

external world.  Although it is clear that an organism’s DNA encodes its ability to develop and 

react to its surroundings, the precise mechanisms by which genes and gene products regulate 

morphogenesis and disease are only beginning to be uncovered.  Recent mapping of functional 

sequence elements in the human genome has revealed that non-protein coding RNA (ncRNA) 

gene products are abundant and comprise a significant portion of the transcriptome.  This study 

aims to examine fundamental aspects of ncRNA during mammalian development and to 

determine how mutations in ncRNA result in disease pathogenesis. 

We investigated the role of Dicer-dependent ncRNAs during skeletal muscle development 

by mutating Dicer specifically in the myogenic compartment during mouse embryogenesis.  Our 

analysis demonstrates that Dicer-dependent ncRNAs are critical components required for normal 



 

10 

muscle development during embryogenesis and postnatal life.  Dicer mutant embryos display 

decreased skeletal muscle mass accompanied by abnormal myofiber morphology.  Dicer mutants 

also show increased muscle apoptosis and reduced cell proliferation.  Our findings demonstrate 

key roles for ncRNAs in mammalian development.   

We also took a disease orientated approach to determine how mutations in non-coding 

regions of mRNA cause congenital myotonic dystrophy (CDM), a disease characterized by 

delays in embryonic and postnatal development.   CDM results from the expansion of a non-

coding CTG repeat in the DMPK gene.  Although molecular defects underlying CDM have not 

been uncovered, there is evidence that MBNL sequestration by toxic CUG repeat containing 

RNA and altered expression of DMPK-linked genes may be involved in pathogenesis.  Here, we 

test the hypothesis that CDM results from MBNL1 loss combined with reduced expression of 

DMPK and/or the DMPK-linked gene SIX5.  Knockout mice lacking Mbnl1 and/or Dmpk and 

Six5 were evaluated for embryonic developmental delays characteristic of CDM.  Mbnl1;Dmpk 

and Mbnl1;Six5 double knockout mice do not recapitulate the delayed myofiber maturation and 

joint contractures observed in CDM.  These observations argue against a role for DMPK and 

SIX5 haploinsufficiency in CDM pathogenesis and highlight the necessity for further 

investigation into identifying CDM molecular defects. 
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CHAPTER 1 
DICER DEPENDENT ncRNAS ARE ESSENTIAL FOR MUSCLE DEVELOPMENT 

Introduction 

NcRNAs Constitute Most of the Human Genome 

The central dogma of modern biology states that protein synthesis results from an 

irreversible linear process by which genetic information encoded by DNA is transcribed into 

intermediate messenger RNA (mRNA) molecules that are translated into protein (1).  Nirenberg, 

Ochoa and Khorana discovered the genetic code in 1961 and until recently it has been presumed 

that proteins are the molecules responsible for specifying human form and function.  Indeed,  

proteins are exquisite macromolecules that have been shown to have catalytic and regulatory 

functions which enable them to have diverse affects on cellular processes.  However, other non-

protein molecules have recently emerged that regulate human physiology.  ncRNAs are RNA 

molecules that are transcribed from a DNA template and are not translated into protein (2).  

ncRNAs are gaining greater status due to recent studies demonstrating that approximately 70-

80% of the human genome is transcribed, yet only 1-2% is translated into protein (3).  This 

observation suggests that the bulk of the human transcriptome consists of ncRNA.  This is in 

contrast to less complex organisms such as bacteria that translate 80-95% of their RNA (4).  

Further, the proteomes of simple and complex organisms are strikingly similar.  For example, 

humans, which consist of trillions of cells, have proteomes that are greater than 70% identical to 

the worm C. elegans that has only ~ 1,000 somatic cells.  Taken together, these observations 

suggest that ncRNAs contribute to the developmental and physiological complexity associated 

with humans. 

Once transcribed, ncRNAs are processed in similar fashion to mRNAs.  They are capped, 

polyadenylated and often spliced and edited (5).  In contrast to mRNAs, ncRNAs can also be 
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cleaved and processed into smaller functional units (6).  There are also different classes of 

ncRNA (2).  Some have house-keeping roles and are constitutively and ubiquitously expressed.  

These infrastructural ncRNAs include ribosomal RNAs (rRNAs), transfer RNAs (tRNAs) and 

small nucleolar RNAs (snoRNAs) that function during translation, and small nuclear RNAs 

(snRNAs) that regulate pre-mRNA splicing.  Other ncRNAs show restricted spatiotemporal 

expression and have evolved more specialized functions.  For example, XIST is a ncRNA 

involved in X chromosome activation (7), and microRNAs (miRNAs) are a different class of 

ncRNA that function primarily to regulate gene expression post-transcriptionally (8). 

Discovery of 22 Nucleotide (nt) Regulatory ncRNAs 

microRNAs (miRNAs) were discovered as 22 nt ncRNAs that control developmental 

timing in C. elegans (9).  lin-4, the first miRNA cloned, was shown to regulate the 

developmental transition between L1 and L2 stages of C.elegans larval development by post-

transcriptionally regulating the expression of lin-14 (10).  Seven years later the second miRNA, 

let-7, was identified and it too was essential during worm larval development (11).  The finding 

that let-7 was evolutionarily conserved from worms to mammals (12) led to the identification of 

numerous miRNAs in worms, flies, zebrafish, plants and mammals (13-19) (Table 1-1).  Further, 

it is estimated that there are thousands of miRNAs encoded by the human genome which may 

regulate 20-30% of known genes (20,21). 

MiRNA Biogenesis and Maturation 

Although functional miRNAs are 21-23 nt long, they originate as transcripts consisting of  

hundreds to thousands of nucleotides (Figure 1) (22).  miRNAs are located throughout the 

genome and have been found in exons, introns, and intergenic regions and can be found alone or 

clustered together (18,23).  They are transcribed by RNA polymerase II into monocistronic or 

polycistronic primary (pri)-miRNAs that form double-stranded hairpin structures containing a 5’ 
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7-methyl guanosine cap and a 3’ poly-A tail (24,25).  Pri-miRNAs are processed in the nucleus 

by the double-stranded endoribonuclease Drosha into ~70 nt double-stranded precursor (pre)-

miRNAs which are exported to the cytoplasm by Exportin 5 (26-28).  Pre-miRNAs then undergo 

a final cleavage reaction by another RNase III endonuclease, Dicer, to generate double-stranded 

21-23 nt RNA molecules (27).  Subsequently, these short dsRNAs are unraveled by a helicase to 

generate mature 22 nt functional miRNAs in the cell cytoplasm (29). 

MiRNAs Inhibit Protein Synthesis in Mammals 

In the cytoplasm, the 22 nt miRNA incorporates into the ribonucleoprotein complex known 

as the RNA-induced silencing complex (RISC) (30).  RISC identifies target messenger RNAs 

(mRNAs) based on complementarity between the miRNA and its target.  It was originally 

proposed that the degree of complementarity determined the mechanism by which the 

miRNA/RISC repressed translation of the target mRNA (31-34).  According to this model, if the 

miRNA and its target are perfectly complementary then the mRNA is degraded.  If there is only 

partial complementarity the message is stable but is not translated.  Evidence against this model 

came from experiments which showed that partial complementarity between let-7 miRNA and 

it’s target lin-41 resulted in degradation of lin-41 message in C. elegans (35).  This raised the 

possibility that another mechanism, or factor, determines if a miRNA/RISC degrades or inhibits 

the translation of the mRNA.  mRNA degradation occurs by the slicer activity of Argonaute2, 

one of the RISC-associated factors (36).  Argonaute2 cleaves mRNAs at a site near the middle of 

the miRNA:mRNA hybrid (37).  The precise mechanism of translational repression by 

miRNA/RISC is unknown.  However, cap-dependent translation initiation of the targeted mRNA 

is inhibited and there is evidence that miRNA/RISC docking on mRNA 3’UTRs prevents mRNA 

circulariztion by interfering with interactions between factors that bind the mRNA 5’ and 3’ ends 

(38,39).  
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MiRNA Targets and Target Prediction 

In order to understand the biological roles of miRNAs, the mRNAs they target must be 

identified.  Bioinformatic approaches have resulted in the prediction of thousands of miRNA 

targets.  These algorithms predict targets based on various features of the miRNA or the target, 

such as the 5’-end nucleotide seed of the miRNA, evolutionary conservation between species, 

and thermodynamic free energy calculations (40-47).  Although thousands of targets have been 

predicted in silico, in vivo target identification remains a challenge.  Biologically relevant targets 

are difficult to identify because the precise biochemical mechanism of miRNA/RISC targeting of 

mRNAs is poorly understood.  Further, it is not clear if the in vitro 3’ UTR reporter assays 

currently used to validate miRNA targets mimic in vivo regulation.  Gaining a better 

understanding of miRNA targeting biochemistry combined with the development of accurate 

high throughput target validation techniques is required to determine if the in silico predicted 

targets are biologically relevant. 

MiRNAs Display Restricted Spatiotemporal Expression 

miRNAs show tissue-specific expression patterns in fish, mice and humans.  Weinholds et 

al. used locked-nucleic acid-modified oligonucleotide probes to determine the spatial and 

temporal expression pattern of 115 conserved vertebrate miRNAs in zebrafish embryos (48).  

They reported that the majority of these miRNAs were observed to be expressed in a highly 

tissue-specific manner during development.  For example, miR-206 was specifically expressed in 

zebrafish muscles.  In addition, Sempere et al. used Northern blots to characterize the expression 

of 119 previously reported miRNAs in adult organs from mice and humans (49).  Their results 

showed that 30 of these miRNAs were specifically expressed or greatly enriched in a particular 

organ.   miR-1, miR-133 and miR-206 were examples of miRNAs expressed specifically in 



 

15 

skeletal muscle and heart of both mice and humans.  These studies suggest that different miRNA 

groups may function to regulate conserved developmental or physiological pathways. 

MiRNA Knockout Mice Reveal Subtle Roles for Individual MiRNAs 

Different groups have used a reverse genetics approach to understand miRNA function in 

mammals.  To date, five miRNA knockout mouse lines have been generated (50)(51)(52)(53).  

Interestingly, all miRNA knockout mice are viable and show mild phenotypes.  For example, 

targeted deletion of miR-208, a heart-specific miRNA, does not appear to have any effect on 

normal cardiac function and it is not until miR-208 mutant hearts are stressed that a role for miR-

208 in cardiac remodeling is observed (52).  In addition, miR-1-2, another miRNA specifically 

enriched in muscle, knockout mice were not observed to have any skeletal muscle phenotype and 

had only minor defects in heart morphogenesis and electrical conduction (50).  The mild 

phenotype associated with miR-1-2 mutants could be attributed in part to a compensatory affect 

by miR-1-1, another miR-1 family member that is expressed at a different genetic locus.  The 

subtle phenotypes observed in miRNA knockout studies suggest that miRNAs may share 

functional redundancy or have subtle effects on cellular processes.  Indeed, two recent studies 

showed that individual miRNAs function as rheostats to fine-tune protein output (54,55).    

Dicer Mutations Give Clues to MiRNA Global Functions 

In order to determine the global functions of miRNAs, several laboratories mutated Dicer, 

the endonuclease responsible for processing pre-miRNAs into their functional forms.  Loss of 

Dicer in tissues and cells results in the accumulation of the pre-miRNA and loss of the functional 

22 nt miRNA.  Mice that lack Dicer die at embryonic day 7.5 (56).  Further, Dicer deficient 

embryonic stem cells have proliferation defects and increased expression from centromeres (57).  

Dicer has also been conditionally inactivated in a variety of mouse tissues including limbs (58), 

skin (59), retina (60), sperm (61), lung (62), female reproductive tract (63), heart (50), and 



 

16 

various regions of the central nervous system (64-66).  In all cases, Dicer deficient mice have 

reduced miRNA levels and most Dicer mutants have a variety of developmental and/or 

physiological abnormalities in the tissue where Dicer was inactivated.  There was also a 

considerable amount of cell death in several different Dicer knockout lines.  Thus, the Dicer 

mutant studies demonstrate that Dicer and miRNAs are essential for proper tissue morphogenesis 

and suggest that miRNAs may be negative regulators of cell death. 

Results 

Muscle MiRNA Levels are Reduced Following Dicer Inactivation in Skeletal Muscle 

To bypass the early embryonic lethality associated with a Dicer null allele and investigate 

its role in skeletal muscle, we inactivated Dicer specifically in skeletal muscle using mice 

containing a Dicer conditional allele and a MyoDcre transgene (58,67). The Dicer conditional 

allele used in this study has the exon encoding one of the RNase III domains flanked by loxP 

sites (Fig. 1-2A).  Cre-mediated recombination of this exon has been shown to be effective in 

reducing Dicer’s ability to process miRNAs into their functional forms (58).  The MyoDcre 

transgene contains Cre recombinase downstream of MyoD core enhancer and promoter elements 

(Fig. 1-2A).  MyoDcre activity is consistent with endogenous MyoD mRNA expression (67).  It 

is active in the mandibular arch at E9.75, somitic myotomes at E10.5, developing limbs buds at 

E11.5 and all trunk musculature by E12.5.  Mice containing two wild type alleles, Dicer 

conditional and wild type alleles (c/+), conditional and deletion alleles (c/-) or conditional and 

wild type alleles together with MyoDcre (c/+; MyoDcre) were phenotypically indistinguishable 

from one another and are referred to as controls.  Mice containing Dicer conditional and deletion 

alleles combined with MyoDcre (c/-; MyoDcre) are designated as mutants.   

We assessed Dicer inactivation in E17.5 tongue muscle by RT-PCR with primers flanking 

floxed exon 24 (Fig. 1-2B).  The neomycin resistance cassette is in intron 24 and would not have 
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been amplified.  The majority of Dicer transcripts contained exon 24 in Dicerc/+ tongue while 

those lacking exon 24 were present at much lower levels (lane 1).  The absence of exon 24 

containing mRNA may be explained by low level alternative splicing.  This suggests that Dicer 

isoforms lacking the exon 24 encoded RNAse III domain might be required for properties other 

than miRNA processing.  As expected, Dicerc/- tongue muscle showed relatively equal amounts 

of Dicer mRNA containing and missing exon 24 (lane 2).  Dicerc/-; MyoDcre mutant skeletal 

muscle displayed higher Dicer transcript levels that lacked floxed exon 24 (lane 3).  The 

presence of exon 24 containing transcripts in mutants could have been due to expression of Dicer 

in non-muscle cells of the tongue that did not express MyoDcre, such as neurons and 

vasculature, or was a result of inefficient MyoDcre-mediated recombination.  These data 

revealed that MyoDcre was capable of deleting the floxed region of Dicer in skeletal muscle.     

To confirm that miRNA processing was blocked in mutant embryos we performed RNA 

blot analysis specific for three miRNAs that are enriched in skeletal muscle, miR-1, miR-133 and 

miR-206, using whole limb RNA from E13.5 and E14.5 embryos (Fig. 1-2C).   miR-1 levels 

were reduced by 52% at E13.5 and 76% at E14.5 in mutants compared to controls, and miR-133 

and miR-206 RNAs each decreased by 74% at E13.5 and 90% at E14.5.  Similar reductions were 

observed in mutants at later developmental stages (data not shown).  Interestingly, the mature 

miRNA level reduction was most dramatic at E14.5, two days after MyoDcre is activated 

throughout E 12.5 limb muscle.  This delay has been observed in other tissues and cells where 

Dicer was inactivated and most likely reflects the long half-life of Dicer and/or miRNAs(59).  

The residual amount of functional miRNA present in mutant limbs may have resulted from 

incomplete Cre-mediated recombination or from possible expression of these miRNAs in non-

muscle cell types in limbs, including bone and cartilage.  These results demonstrated that mice 
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containing Dicer conditional alleles with a MyoDcre transgene showed an increase in Dicer exon 

24 deleted transcripts which resulted in decreased skeletal muscle miRNA levels.  

Dicer Inactivation Results in Perinatal Lethality And Skeletal Muscle Hypoplasia 

All Dicer skeletal muscle mutants died within minutes following birth.  Therefore, 

phenotypic analysis was performed on newborns and embryos.  We observed that the gross 

anatomy of late stage mutant embryos differed from that of control littermates.  Specifically, 

mutant embryonic limbs appeared to be less developed (Fig. 1-3A).  To visualize muscle 

morphology, we X-gal stained embryos and newborns containing ROSA26 reporters (68) to 

specifically stain those cells in which Cre was active and lacZ was expressed (Fig. 1-3B).  We 

found that mutant embryos showed a decrease in muscle mass in both limbs and tongue.  

Histological examination of H&E and anti-desmin, a pan myofiber marker, stained distal 

forelimb cross sections confirmed that there was less skeletal muscle for all muscles of mutant 

embryonic limbs (Fig. 1-3C, Fig. 1-4A).  This decrease was first observed in E14.5 mutant 

embryos and became more pronounced during subsequent stages of embryogenesis.  By E18.5 

the amount of muscle in mutant limbs was drastically reduced compared to control littermates.  

Furthermore, a patterning defect was not observed in mutant embryos as each of the individual 

muscles was present albeit in smaller proportions.   

We next sought to determine if the reduction in skeletal muscle was due to skeletal muscle 

hypoplasia (fewer fibers) and/or hypotrophy (smaller fibers).  To distinguish between these two 

possibilities, we counted the number of myofibers per given area and measured myofiber cross-

sectional area for each distal limb muscle of E16.5 embryos (Fig. 1-4B, C).  These measurements 

showed that all mutant limb muscles contained fewer fibers and that the mutant fibers were 

larger than the controls.  An overall increase in average myofiber size was observed because 

mutant muscles contained fewer smaller fibers compared to controls.  We also examined fiber 
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type distribution in control and mutant limbs by immunohistochemistry with antibodies specific 

for myosin isoforms present in fast or slow fibers.  We observed the presence of both fast and 

slow fibers and similar staining patterns in distal forelimbs of control and mutant embryos at 

E13.5-E16.5 (data not shown).  These data suggested that the reduction in muscle mass observed 

in Dicer mutant embryos resulted from skeletal muscle hypoplasia, rather than an inability to 

pattern skeletal muscle or specify myofiber type. 

Defective Morphogenesis and Maintenance of Dicer Mutant Myofibers 

To address if Dicer is important for myofiber formation or maturation we examined 

myofiber development in limb and tongue musculature using immunohistochemistry with 

antibodies specific for desmin, a pan myofiber marker (Fig. 1-5).  Initiation of myofiber 

formation at E15.5 in limb (Fig. 1-5A) and tongue (Fig. 1-5B) appeared similar in mutant 

embryos compared to control.  We observed small circular desmin-positive myotubes with 

centralized nuclei that are indicative of immature fibers.  By E16.5, early maturation was mildly 

affected in mutant fibers in limb and tongue (data not shown). Control and mutant fibers had 

increased in size and the majority of nuclei migrated to the periphery.  However, mutant fibers 

were slightly disorganized compared to control.  The E16.5 control fibers began to become 

organized in rows while mutant fibers showed less organization and this continued in E17.5 

embryos and was especially noticeable in tongue (Fig. 1-5B).   The E17.5 control tongues 

displayed a regular lattice of longitudinal and transverse myofibers that was not observed in 

mutants.  Furthermore, the morphology of mutant fibers was considerably different than control 

at later developmental time points.  Mutant fibers lacked desmin staining in the center, varied in 

size and were irregularly shaped.  These results indicated that Dicer activity was dispensable for 

initiating myofiber formation, but was required for myofiber morphogenesis. 
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Increased Apoptosis in Dicer Mutant Muscle 

Increased cell death has been observed when Dicer was inactivated in limb mesoderm, 

lung epithelium and cultured cells (58,62,69).  Therefore, we hypothesized that increased cell 

death of myogenic cells contributed to the decreased skeletal muscle in mutant embryos.  To test 

this hypothesis, we performed TUNEL, a specific marker of DNA fragmentation associated with 

apoptotic nuclei, on control and mutant forelimb sections at different developmental stages (Fig. 

1-6).  At E13.5, both control and mutant limb muscles were observed to have an appreciable 

number of apoptotic nuclei although the number was slightly higher in mutant skeletal muscle 

(Fig. 1-6A).  By E14.5, the number of TUNEL positive nuclei diminished drastically in control 

embryos but remained high in mutants (P<0.001).  We observed a similar significant increase in 

apoptosis in mutant skeletal muscle compared to control at E15.5 and E16.5.  By E18.5, the 

number of apoptotic nuclei was similarly low in control and mutant skeletal muscle.  This is 

most likely because the majority of mutant muscle cells had already died.     

Although the apoptotic nuclei were present in skeletal muscle masses, we wanted to 

determine if the TUNEL positive nuclei were indeed myonuclei.  Unfortunately, we were unable 

to detect MyoD or myogenin in TUNEL-positive nuclei probably due to apoptosis-associated 

protein degradation which precedes DNA fragmentation. As an alternative, we examined the 

level of cleaved caspase-3, an earlier marker of cell apoptosis.  Dicer mutants showed increased 

cleaved caspase-3 levels compared to controls (Fig. 1-6B, C).  Importantly, the majority of 

cleaved caspase-3 positive cells were present within skeletal muscles although the cleaved 

caspase-3 staining did not appear to completely overlap with MHC on E15.5 mutant transverse 

sections (Fig. 1-6C inset).  However, sagittal limb sections revealed that mutant myofibers 

expressed both cleaved caspase-3 and MHC and that the cleaved caspase-3 signal was not 
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homogeneously distributed throughout individual myofibers (Fig. 1-6D).  This result confirmed 

that Dicer mutant skeletal muscle cells were indeed dying.   

Loss of Dicer in Myoblasts also Leads to Enhanced Cell Death 

We also investigated the effect of Dicer inactivation on myogenic differentiation in vitro.  

We were unable to derive myoblasts from mutant embryos, although we successfully cultured 

control myoblasts.  This was likely due to impaired growth and/or increased apoptosis of mutant 

myoblasts.  To circumvent this problem, we collaborated with Sara Georges from Stephen 

Tapscott’s laboratory to convert Dicer conditional mouse embryonic fibroblasts (MEFs) to 

myoblasts by Myod overexpression and mutated Dicer by ectopically expressing Cre to yield a 

relatively pure population of Dicer mutant myoblasts.  More specifically, we infected 

spontaneously immortalized Dicer conditional fibroblasts with a retroviral construct that 

constitutively expresses a fusion protein between mouse Myod and the hormone binding domain 

of the estrogen receptor (70).  Under conditions of low serum and in the presence of !-estradiol, 

the transcriptional activity of the Myod-ER fusion (MDER) is induced and is sufficient to 

convert fibroblasts to the muscle phenotype (71).  To inactivate Dicer in conditional MDER 

MEFs, we infected cells with an adenovirus harboring the Cre recombinase gene regulated by the 

CMV promoter (Ad-CMV-Cre).  We confirmed Dicer exon 24 recombination in Ad-CMV-Cre 

cultures by genomic PCR analysis (data not shown).  We also determined if muscle miRNA 

levels decreased in Cre-infected Dicer conditional MDER by RNA blotting (Fig. 1-7A).  As 

previously reported (72), we observed increased levels of muscle-specific miR-206 in !-estradiol 

induced Dicer conditional MDER that have Myod activated.  Importantly, miR-206 levels 

decreased when these cells were infected with Cre.  miR-16, which is not sensitive to Myod 
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activation, was not affected by !-estradiol and decreased upon Cre infection.  Therefore, muscle 

miRNAs increased upon Myod activation and decreased when Cre was expressed.      

We then examined the ability of the Dicer conditional MDER and Cre-infected Dicer 

conditional MDER cells to differentiate into myotubes in vitro.  Strikingly, we found that while 

the Dicer conditional MDER cells were competent to form myotubes, the Cre-infected cultures 

exhibited a marked level of cell death during differentiation, as revealed by phase-contrast 

microscopy (Fig. 1-7B, panels 2 and 4).  Importantly, this increased cell death was dependent on 

the induction of MDER activity, as Cre-infected cells that were cultured in DM without !-

estradiol did not exhibit the same level of cell death (Fig. 1-7B, panels 3 and 4).  To quantify this 

apparent increase in cell death and to determine whether it reflected increased apoptosis in 

differentiating Cre-infected Dicer conditional MDER cultures, we performed Annexin V-

FITC/propidium iodide staining of the cultures and quantified the positively-stained cells by 

FACS analysis (Fig. 1-7).  AnnexinV-FITC staining identifies apoptotic cells by specifically 

detecting the translocation of phosphatidylserine from the inner face of the plasma membrane to 

the cell surface that occurs during the early stages of apoptosis.  To permit quantitative cell 

sorting by FACS, we chose to examine an early stage of myogenic differentiation (24 hours) 

when we expected that apoptosis may be initiated, but before the cells had fused to become 

multinucleated myotubes.  All samples were analyzed in the presence of both propidium iodide 

and Annexin V-FITC, and cell sorting revealed the percentage of cells that were viable, 

nonviable (either apoptotic or necrotic; propidium iodide positive), or apoptotic (Annexin V-

FITC positive) (Fig. 1-7C).  Consistent with the increased cell death observed in Cre-infected 

Dicer conditional MDER cells in the presence of DM plus !-estradiol, we observed a greater 

than two-fold increase in Annexin V-positive, apoptotic cells when Myod activity was induced in 
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the absence of Dicer function, compared to uninduced Cre-infected Dicer conditional MDER 

cells (Fig. 1-7C).  Although there was also an increase in the percentage of Dicer conditional 

MDER cells that were Annexin V positive when Myod activity was induced compared to 

uninduced Dicer conditional MDER cells, we note that the magnitude of increased apoptosis was 

significantly greater in differentiating cells that lack Dicer function.  Importantly, not all of the 

Cre-infected Dicer conditional MDER cells underwent apoptosis in the presence of DM with !-

estradiol, as evidenced by the development of myotubes at later stages of Myod-induced 

differentiation (Fig. 1-7B, panel 4). 

Examination of the propidium iodide-positive population and the dually positive Annexin 

V-FITC and propidium iodide positive cells, revealed an approximate 1.7-fold increase in cell 

death in the Dicer-/- MDER cells at 24 hours following Myod induction (Fig. 1-7C).  We cannot 

attribute these changes directly to apoptosis, but because propidium iodide can enter cells in the 

later stages of apoptosis, it is likely that the doubly positive cells represent late stages of 

apoptosis rather than necrosis.  As this effect was not observed in Dicer conditional MDER cells 

following the induction of Myod activity, and as the percentage of propidium iodide-positive 

cells was comparable in both Dicer conditonal MDER and Cre-infected Dicer conditional MDER 

cells in the absence of Myod activity, we attribute this effect specifically to Myod activation in 

the absence of Dicer function.     

Overall, these results are consistent with both the increased cell death that we observed in 

late-stage differentiated Cre-infected Dicer conditional MDER cultures in vitro (Fig. 1-7B, panel 

4) and with the increased apoptosis seen in Dicer mutant muscle in vivo.  Therefore, we conclude 

that the loss of Dicer function in skeletal muscle promoted increased apoptosis in both myofibers 

and myoblasts. 
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Decreased Cell Proliferation Following Loss of Muscle MiRNAs 

Premature differentiation of ventricular cardiomyocytes was observed when a miR-1 

transgene was overexpressed in mouse heart tissue (73).  Therefore, we postulated that reduced 

levels of miR-1 observed in our Dicer skeletal muscle mutants resulted in the inability of skeletal 

muscle precursors to differentiate, which ultimately led to less muscle overall.  We labeled 

proliferating cells in control and mutant limb muscles with an antibody specific for 

phosphorylated histone H3 using control and mutant limb sections throughout embryogenesis 

(Fig 1-8).  The E13.5 control and mutant limbs had a similar number of proliferating cells (Fig. 

1-8A).  The number of proliferating cells increased in controls from E14.5-E16.5 (Fig. 1-8B).  

However, cell proliferation decreased in mutant muscle during this timeframe and was 

significantly reduced compared to controls (P<0.001).  At E17.5, the number of proliferating 

cells decreased in control embryos and was slightly less in mutants compared to controls.  By 

E18.5, both control and mutant skeletal muscle had similarly low levels of cell proliferation.  

Therefore, inactivation of Dicer lead to decreased proliferation of skeletal muscle cells. 

Myogenic Regulatory Factors are Aberrantly Expressed after Dicer Inactivation       

 We examined the expression of several factors that are important during different stages of 

myogenesis in an attempt to delineate the molecular defects associated with abnormal muscle 

morphogenesis.  Immunoblotting was performed on E18.5 control and mutant tongue extracts 

(Fig 1-9).  MyoD and myogenin were chosen because they are transcription factors that initiate 

the myogenic cascade.  Myosin heavy chain (MHC) and desmin were also analyzed because they 

are myofiber structural components that are downstream in the myogenic program.  At E18.5, 

MyoD and myogenin protein levels were higher in mutant skeletal muscle compared to control.  

Interestingly, MHC was downregulated in mutant embryos while desmin expression was 

unaffected. 
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Discussion 

Dicer and miRNAs are important for a variety of developmental processes (74-76).  The 

objective of this study was to determine the role of Dicer and miRNA-mediated gene regulation 

in skeletal muscle.  Our analysis demonstrates that Dicer activity is essential for post-natal life 

and skeletal muscle development during embryogenesis.  Dicer inactivation in skeletal muscle 

results in lower levels of muscle-specific miRNAs and Dicer muscle mutants die perinatally and 

are characterized by skeletal muscle hypoplasia.  Reduced skeletal muscle is accompanied by 

abnormal myofiber morphology.  The skeletal muscle defects associated with loss of Dicer 

function may be explained by increased apoptosis together with decreased numbers of 

proliferating muscle cells.  This study is the first to provide in vivo evidence of the importance of 

Dicer function and miRNA-mediated gene silencing during mammalian skeletal muscle 

development. 

Dicer is Essential for Skeletal Muscle Morphogenesis 

The phenotype associated with Dicer inactivation and reduced muscle miRNAs in mice is 

similar to that observed in Drosophila miR-1 (dmir-1) mutants (77,78).  Knockout dmir-1 flies 

arrest during embryogenesis or larval development, display disorganized muscle morphology 

and have aberrant expression of muscle-specific genes.  Further, dmir-1 targets Delta, a 

membrane-bound ligand for Notch and dmir-1 mutants have disrupted Delta-Notch signaling.  

Notch signaling also plays an important role in mammalian myogenesis (79).  Therefore, 

potential defects in Notch signaling in mouse Dicer mutant embryos may contribute to abnormal 

muscle morphogenesis.  These observations argue that miR-1 plays an essential role in 

embryonic muscle development. 

Interestingly, Dicer skeletal muscle mutants are observed to have reduced skeletal muscle 

in the presence of increased levels of MRFs.  MyoD, myogenin and Mef2 promote miR-1, miR-
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133 and miR-206 expression by binding to upstream cis elements (80).  This raises the possibility 

that MRFs are upregulated to compensate for reduced miRNA levels in Dicer mutants.  

However, this does not explain why increased MRFs fail to promote myogenesis in Dicer mutant 

skeletal muscle.  One possibility is that myogenic inhibitory factors that antagonize MRFs are 

upregulated in Dicer mutants.  Examples of such factors are MyoR and Id family members 

(81,82).  These proteins function as myogenic antagonists by inhibiting binding of MRFs to E 

boxes in the promoters of muscle-specific genes.  Indeed, overexpression of miR-206 in cultured 

myoblasts results in decreased expression of MyoR, Id1, Id2 and Id3 (83).  Thus, muscle 

miRNAs may promote myogenesis by downregulating expression of inhibitory factors.  

The decrease in muscle mass in Dicer mutants is strikingly similar to phenotypes 

associated with muscular dystrophies and aged skeletal muscle.  It will be interesting to see if 

Dicer mutations, or disrupted miRNA-mediated gene regulation, contribute to skeletal muscle 

myopathy and age-related sarcopenia.  

Dicer is Required for Muscle Cell Survival and Proliferation during Embryogenesis 

Increased apoptosis in Dicer mutant skeletal muscle provides one explanation why mutant 

embryos are characterized by skeletal muscle hypoplasia and abnormal myofiber morphology.  

However, the relationship between Dicer, miRNAs and apoptosis is unclear.  Programmed cell 

death occurs in a variety of cell types during embryogenesis and is thought to be required for 

rapid tissue remodeling (84).  Productive tissue growth during development requires the rate of 

cell proliferation to exceed that of cell death and miRNA-mediated gene silencing may function 

to restrict or inhibit apoptosis during embryonic development by targeting pro-apoptotic factors.  

miR-21 has anti-apoptotic activity in glioblastoma cells and several other miRNAs are 

implicated in tumor suppression (85)(86).  It is possible that muscle miRNAs have an anti-

apoptotic activity that is required to ensure that the apoptosis required at early developmental 
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time points does not persist during later periods of rapid proliferation and growth.  For example, 

muscle miRNA(s) may function in the decline of apoptosis observed in limb skeletal muscle 

between E13.4 and E14.5 (Fig 1-6) by inhibiting the expression of pro-apoptotic factors.  Loss of 

this regulation may then result in increased apoptosis and decreased skeletal muscle.    

Alternatively, increased apoptosis in Dicer mutant muscle may be independent of miRNAs 

and result from uncharacterized Dicer functions.  Loss of Dicer in limb and lung also results in 

increased cell death and morphological defects (58,62).  In fission yeast, Dicer and RNA 

interference are important for regulating chromosome segregation and heterochromatic gene 

silencing (87,88).  Therefore, Dicer inactivation might lead to perturbations in chromosome 

segregation and condensation which trigger cell death to avoid aberrant cell division and gene 

expression. 

Reduced proliferative potential of skeletal muscle precursors may also explain why Dicer 

mutants possess less muscle.  Decreased numbers of proliferating cells in mutant muscle 

throughout embryogenesis can be explained by increased cell death of cells that would normally 

be actively dividing.  An alternative explanation is that miRNAs regulate cell proliferation and/or 

differentiation, and disruption of miRNA processing results in decreased cell proliferation in 

Dicer mutant skeletal muscle.  Evidence supporting this latter possibility comes from studies 

using C2C12 myoblasts and Xenopus embryos (86).  miR-1 and miR-133 have antagonistic 

effects in cultured cells.  miR-1 enhances myogenic differentiation while miR-133 promotes 

myoblast proliferation.  Therefore, the decrease in proliferating cell number and skeletal muscle 

hypoplasia in Dicer mutants may be attributed to reduced levels of functional miR-133 and miR-

1, respectively.  It is also interesting to note that miR-1 and miR-206 have identical seed 

sequences that recognize mRNA 3’UTR targets to inhibit protein expression which suggests that 
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miR-1 and miR-206 share some degree of functional redundancy.  Additionally, miR-206 targets 

the large subunit of DNA polymerase (Pola1) in cultured cells (83).  The potential for increased 

expression of Pola1 due to reduced levels of miR-206 in Dicer mutants may result in 

uncontrolled DNA replication and cell death.  Cumulatively, these data demonstrate that skeletal 

muscle miRNAs may regulate the balance between myogenic proliferation, differentiation and 

cell death during embryonic myogenesis.  Interestingly, several miRNAs and miRNA clusters 

are associated with specific cancers (89).   

Dicer’s miRNA processing ability has been shown to be essential for limb, lung, skin and 

hair development.  Our results demonstrate that Dicer and miRNAs are also indispensable for 

embryonic skeletal muscle development.  It will be interesting to see if Dicer and miRNAs 

function during post-natal myogenesis and myofiber regeneration.     
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Table 1-1.  miRNAs identified in a variety of different organisms 
Species Common name Number of miRNAs1 

Anopheles gambiae Mosquito 52 
Drosophila melanogaster Fly 152 
Caenorhabditis elegans 

Xenopus laevis 
Worm 
Frog 

154 
7 

Xenopus tropicalis Frog 184 
Gallus gallus Chicken 475 

Canis familiaris Dog 204 
Macaca mulatta Monkey 463 
Gorilla gorilla Gorilla 86 
Homo sapiens Human 695 

Pan troglodytes Chimpanzee 595 
Mus musculus Mouse 488 

Rattus norvegicus Rat 286 
Bos taurus Cow 117 
Danio rerio Zebrafish 337 

Fugu rubripes Pufferfish 131 
Arabidopsis thaliana 
Epstein Barr virus 

Herpes Simplex virus 
Human cytomegalovirus 

Flowering plant 
Virus 
Virus 
Virus 

187 
23 
6 
3 

1 This data is from miRBase on January 15, 2009. 

http://microrna.sanger.ac.uk/cgi-bin/sequences/browse.pl
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Figure 1-1. miRNA biogenesis, maturation and translation inhibition.  miRNAs are transcribed     
by RNA polymerase II into monocistronic or polycistronic primary (pri)-miRNAs 
that form double-stranded hairpin structures containing a 5’ 7-methyl guanosine cap 
and a 3’ poly(A) tail.  Pri-miRNAs are processed in the nucleus by the double-
stranded endoribonuclease Drosha into ~70 nt double-stranded pre-miRNAs which 
are exported to the cytoplasm by Exportin 5.  Pre-miRNAs then undergo a final 
cleavage reaction by another RNase III endonuclease, Dicer, to generate a double-
stranded 22 nt RNA molecule.  Subsequently, this short dsRNA is unraveled by a 
helicase to generate the mature 22 nt long miRNA in the cytoplasm.  The passenger 
strand is degraded and the miRNA becomes incorporated into a ribonucleoprotein 
complex known as the RNA-induced silencing complex (RISC).  The RISC identifies 
target mRNAs based on sequence complementarity between the miRNA and its 
target.  The miRNA targeted mRNAs are then trafficked to GW bodies when they 
undergo degradation or translational inhibition.  Degradation of the mRNA occurs by 
the slicer activity of Argonaute2, one of the RISC-associated factors.  Argonaute2 
cleaves mRNAs at a site near the middle of the miRNA:mRNA hybrid.  
miRNAs/RICS inhibit translation by preventing the interaction between the poly(A) 
tail and the 5’cap.  Reprinted from MiRNAs in Development and Tumorigenesis; 
O’Rourke JR, Swanson MS and Harfe BD; Copyright 2005.  Reprinted with 
permission of Wiley-Liss, Inc. a subsidiary of John Wiley & Sons, Inc.” 
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Figure 1-2. Inactivation of skeletal muscle Dicer and decreased muscle-specific miRNAs.  A) 

Dicer conditional allele and MyoDcre transgene.  Dicer conditional allele contains 
loxP sites (triangles) flanking the RNAse III domain encoded by exon (filled boxes) 
24 (gray box).  A neomycin resistance cassette (neo) is retained in intron 24.  
MyoDcre transgene contains Cre recombinase (filled box) downstream of the MyoD 
core enhancer and proximal promoter elements (open box).  B) RT-PCR on E17.5 
tongue cDNA using primers flanking targeted exon 24 (filled box).  Primers (arrows) 
were positioned in exon 23 and 25.  Mice contained a combination of Dicer 
conditional (c), wild type (+) or Dicer deleted exon 24 (-) alleles and a MyoDcre 
transgene.  Transcripts containing (+E24) or missing exon 24 (-E24) result in 431 and 
199 bp fragments, respectively.  C)  RNA blot analysis of E13.5 and E14.5 control 
and mutant littermate limbs to detect muscle-specific miRNAs (miR).  U6 snRNA is 
the loading control.  Direct comparison between miR levels cannot be made because 
probe specific activities and film exposure times varied for each miR.  Reprinted from 
Essential Role for Dicer during Skeletal Muscle Development; O’Rourke JR, Georges 
SA, Seay HR, Tapscott SJ, McManus MT, Goldhamer DJ,  Swanson MS and Harfe 
BD; Copyright 2005, with permission from Elsevier. 
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Figure 1-3. Dicer mutants display less skeletal muscle.  A) Skinned E18.5 control and mutant  

littermates.  Note the impaired development of mutant forelimb muscle.  B) X-gal 
stained P0 control and mutant littermate forelimbs (top panels), hindlimbs (middle 
panels) and E18 tongues (bottom panels).  Mice contained the R26 reporter in which 
X-gal specifically stains cells that express MyoDcre.  C) H&E staining of control and 
mutant transverse distal forelimb sections at different developmental time points 
(E13.5-E18.5).  Each muscle is labeled in the E15.5 control section.  Muscle and 
bones are brachioradials (BR), extensor carpi radialis brevis (ECR), extensor 
digitorum commusis (EDC), extensor digitorum lateralis (EDL), flexor carpi radialis 
(FCR), flexor carpi ulnaris (FCU), flexor digitorum profundus caput fadiale (FDP), 
pollicis longus (PL), and pronator teres (PT) muscles and ulna (U) and radius (R) 
bones.  Reprinted from Essential Role for Dicer during Skeletal Muscle Development; 
O’Rourke JR, Georges SA, Seay HR, Tapscott SJ, McManus MT, Goldhamer DJ,  
Swanson MS and Harfe BD; Copyright 2005, with permission from Elsevier. 
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Figure 1-4. Dicer mutants show skeletal muscle hypoplasia.  A) Desmin immunohistochemistry 

of control and mutant transverse distal forelimb sections at different developmental 
time points (E13.5-E18.5).  Scale bars equal 250 µm.  B-C) Quantification of 
myofiber number (B) and cross sectional (C) area for each muscle group of E16.5 
control and mutant littermate distal forelimbs.  Asterisk signifies P<0.05.  Muscle 
abbreviations are listed in Fig. 2 legend.  Reprinted from Essential Role for Dicer 
during Skeletal Muscle Development; O’Rourke JR, Georges SA, Seay HR, Tapscott 
SJ, McManus MT, Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 2005, 
with permission from Elsevier.   
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Figure 1-5. Abnormal myofiber morphology and organization in Dicer mutants.  A-B) Control 
and mutant littermate extensor carpi radialis transverse sections (A) or tongue sagittal 
sections B) stained with antibody specific for desmin at E15.5 and E17.5.  DAPI 
(blue) stains nuclei.  Insets show representative higher magnification images of 
tongues.  All scale bars equal 25 µm.  Reprinted from Essential Role for Dicer during 
Skeletal Muscle Development; O’Rourke JR, Georges SA, Seay HR, Tapscott SJ, 
McManus MT, Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 2005, with 
permission from Elsevier. 
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Figure 1-6. Increased apoptosis in Dicer mutant skeletal muscle.  A) Quantification of TUNEL 

positive nuclei in control and mutant littermate distal forelimb muscle masses at 
different developmental stages.  At least three sections from each of two control and 
mutant embryos were counted for each time point.  Please refer to Supplemental Fig. 
S2 for images.  Asterisk indicates P<0.05. B-C) Cleaved caspase-3 (red) and myosin 
heavy chain (green) coimmunohistochemistry on E15.5 control (B) and mutant 
littermate (C) transverse distal forelimb sections (10X).  Inset (40X) shows higher 
magnification of a mutant section.  D) Cleaved caspase-3 (red) and myosin heavy 
chain (green) coimmunohistochemistry on E16.5 mutant sagittal distal forelimb 
section.  Nuclei are stained with DAPI (blue).  Reprinted from Essential Role for 
Dicer during Skeletal Muscle Development; O’Rourke JR, Georges SA, Seay HR, 
Tapscott SJ, McManus MT, Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 
2005, with permission from Elsevier.   
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Figure 1-7. Decreased muscle miRNAs and increased apoptosis of Dicer mutant muscle cells in 

vitro.  A) RNA blot analysis of Dicer condtional MDER (- Cre) and Cre-infected 
Dicer conditional MDER (+ Cre) fibroblast (- !-estradiol) and muscle cell (+ !-
estradiol, 24 hrs.) cultures.  miR-206 (which is induced by Myod-ER expression) and 
miR-16 (which is constitutively expressed in these cells and can be used as a loading 
control for first two lanes) were analyzed by stripping and sequential hybridization of 
the same blot. B) Phase-contrast images of unfixed Dicer conditional MDER (- Cre) 
and Cre-infected Dicer conditional MDER (+ Cre) cells, following 96 hours in DM 
with or without !-estradiol, as indicated. 10X magnification.  C) Flow cytometric 
analysis of Dicer conditional MDER (- Cre) and Cre-infected Dicer conditional 
MDER (+ Cre) cells.  Cells were cultured in DM with (+) or without !-estradiol (-) 
for 24 hours, as indicated.  Cells were trypsinized, stained with Annexin V-FITC and 
propidium and sorted and quantified by FACS.  Shown are summary data of the 
percentage of positively-stained cells, representing three independent trials. *: 
P<0.05, **: P<0.01 and ***: P<0.001.  Reprinted from Essential Role for Dicer 
during Skeletal Muscle Development; O’Rourke JR, Georges SA, Seay HR, Tapscott 
SJ, McManus MT, Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 2005, 
with permission from Elsevier.      
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Figure 1-8. Decreased cell proliferation in Dicer mutant skeletal muscle.  A) Phosphohistone H3 
(PH3) immunohistochemistry of E13.5 and 14.5 control and mutant littermate distal 
forelimb cross sections.  Arrowheads point to PH3 positive nuclei within skeletal 
muscles.  Inset shows a higher magnification of an arrowhead and a PH3 positive 
nucleus.  Scale bars equal 100 µm.  B) Quantification of PH3 positive nuclei in 
control and mutant littermate distal forelimbs at different developmental stages.  At 
least three sections from each of two control and mutant embryos were counted for 
each time point.  Asterisk indicates P<0.05.  Reprinted from Essential Role for Dicer 
during Skeletal Muscle Development; O’Rourke JR, Georges SA, Seay HR, Tapscott 
SJ, McManus MT, Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 2005, 
with permission from Elsevier. 
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Figure 1-9. Dicer mutants show aberrant expression of myogenic factors.  Immunoblot analysis 
of E18.5 control (n=3) and mutant (n=3) tongue extracts with antibodies specific for 
MyoD, Myogenin, myosin heavy chain fast isoform and desmin.  Gapdh was the 
loading control.  Reprinted from Essential Role for Dicer during Skeletal Muscle 
Development; O’Rourke JR, Georges SA, Seay HR, Tapscott SJ, McManus MT, 
Goldhamer DJ,  Swanson MS and Harfe BD; Copyright 2005, with permission from 
Elsevier. 
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CHAPTER 2 
COMBINATORIAL LOSS OF MBNL1 AND DMPK-LINKED GENE EXPRESSION FAILS 

TO MODEL CONGENITAL MYOTONIC DYSTROPHY 

Introduction 

Adult-Onset Myotonic Dystrophy 

The myotonic dystrophies are a group of neuromuscular diseases that are caused by 

microsatellite expansions in the non-coding regions of two different genes, and both diseases 

show an autosomal dominant pattern of inheritance.  Myotonic Dystrophy type 1 (DM1) is 

estimated to affect 1:7000 individuals making it the most common form of adult muscular 

dystrophy and the second most prevalent of all the muscular dystrophies, behind Duchenne 

Muscular Dystrophy (DMD) (90).  While Myotonic Dystrophy type 2 (DM2) is less prevalent, 

the hallmark features of DM2 are very similar to DM1 (91).  The clinical presentation common 

to DM1 and DM2 includes cataracts, skeletal muscle weakness/wasting, and myotonia (delay in 

muscle relaxation after contraction), and cardiac defects. 

 DM1 is caused by a (CTG)n repeat expansion in the 3’-untranslated region (3'-UTR) of 

the DMPK gene (Fig. 2-1A) (92-95).  Healthy individuals typically have between 5 and 35 CTG 

repeats (CTG)5-35 while DM1 patients have an allele with (CTG)35-3000.   These repeats are 

unstable and are capable of expanding in successive generations, and the severity of this disease 

correlates directly with the size of the expansion and indirectly with the age of onset.  The most 

severely affected DM1 patients have (CTG)>1,000 and present with a myriad of congenital defects.    

 DM2 results from a similar mutation, a (CCTG)n expansion in intron 1 of the ZNF9 gene 

(Fig. 2-1B) (96).  Typically, (CCTG)11-75 alleles are present in the normal population while DM2 

individuals carry (CCTG)75-11,000 alleles.  (CCTG)n are unstable and expand between generations 

but no correlation between increased repeat number and disease severity has been observed nor 

have there been any reported cases of congenital DM2. 



 

41 

RNA Dominance Model for Myotonic Dystrophy 

The discovery of DM1 and DM2 mutations led to the following question: How do similar 

mutations in noncoding regions of two completely unrelated genes result in dominantly inherited 

disorders that show similar clinical symptoms?  The RNA Dominance Model proposes that DM1 

and DM2 (CUG)n and (CCUG)n expansion mRNAs provide novel specific binding sites which 

sequester the MUSCLEBLIND (MBNL) proteins away from their normal targets resulting in 

MBNL loss-of-function and disease (Fig. 2-2).  Evidence supporting the RNA Dominance Model 

came from biochemical studies demonstrating that MBNL bind to and colocalize with DM1 and 

DM2 pathogenic expanded repeat RNAs (97-102).  Importantly, Mbnl1 knockout mice 

(Mbnl1"E3/"E3) recapitulate several DM1 and DM2 hallmark features (103).  Mbnl1 mutant mice 

develop myotonia, cataracts, and cardiac conduction defects.  Further, MBNL1 was identified as 

an alternative splicing factor and Mbnl1 knockout mice and DM patients have similar splicing 

abnormalities (103-106).  These results demonstrated that MBNL loss is a primary pathogenic 

event causing adult-onset DM clinical and molecular defects.   

Congenital Myotonic Dystrophy (CDM) 

CDM is caused by the same (CTG)n expansion found in adult-onset DM1 (90).  However, 

CDM manifests when the repeat expansion exceeds a threshold of (CTG)>1,000 and the initial 

clinical outcome is very different from adult-onset DM.  CDM affects newborns who present 

with neonatal hypotonia, respiratory defects, facial weakness, feeding and swallowing 

difficulties, delayed motor and mental development, talipes and other contractures.  If CDM 

patients survive the neonatal period there is a high frequency of childhood mental retardation and 

they gradually develop the classical adult-onset features of DM1.  DM2 is also associated with 

extremely long (CCUG)>10,000 although no congenital defect is observed in these patients (107).  
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This suggests that the impaired embryonic myogenesis and neurogenesis seen in CDM is specific 

to the DM1 locus. 

The Dm1 Locus: DMWD, DMPK And SIX5 

The (CTG)n mutation observed in CDM is located in the 3’ UTR of the DMPK gene.  

Immediately upstream of DMPK lies DMWD and directly downstream is SIX5.  These three 

genes are clustered together in ~20kb of genomic DNA and will be referred to as the DM1 locus 

(Fig. 2-3).  The cellular functions of these proteins are unknown, but each contains specific 

motifs that are present in a variety of proteins with known function.  

The gene upstream of DMPK is named DMWD because it is associated with the DM1 

locus and its protein product contains four tryptophan-aspartic acid (WD) repeats.  Mouse Dmwd 

is expressed in all adult tissues, but is most prominent in brain and testes (108).  It is present in 

all areas of the brain, but is enriched in the cell body, nucleus, and dendrites of neurons.  In the 

testes, Dmwd is expressed in spermatocytes and Sertoli cells (109).    Although the function of 

DMWD remains to be elucidated, other proteins have been identified that have four to eight WD 

repeats and these repeats fold into a twisted propeller structure which creates a stable platform 

that can form complexes with other proteins (110).  WD repeat containing proteins have been 

shown to function in signal transduction, RNA processing, transcription, cytoskeleton assembly, 

cell division, and vesicular trafficking.   

 Immediately downstream of DMWD is DMPK.  Mouse Dmpk is expressed in most cell 

types but the highest expression occurs in skeletal muscle, heart, and the smooth muscle linings 

of organs in adults and in the developing limbs and brain of the embryo (111,112). DMPK 

encodes a serine/threonine protein kinase related to protein kinases C and A, and the Rho family 

of kinases.  It has been shown to phosphorylate the ! subunit of the dihydropyridine receptor 

(DHPR), myosin phosphatase (MYPT1) and phospholamban (PLN) in vitro (113-115).  DMPK 
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mRNA is alternatively spliced and different C-termini dictate the cellular localization and 

substrate specificity of this kinase (116).  Isoforms with a hydrophobic C-terminus are attached 

to the ER, those with a hydrophilic C-terminus are located at mitochondria, and isoforms with a 

short C-terminus are cytoplamic.  DMPK localizes to the neuromuscular junction (NMJ) in 

muscle and to gap junctions in the heart (117).  These areas are populated by numerous types of 

ion channels and substrates identified in vitro are involved in regulating calcium ion levels.  This 

suggests that one function of DMPK is to regulate Ca2+ ion levels in various tissues. 

 SIX5 encodes a homeodomain transcription factor and is located directly 3’ to the (CTG)n 

in the DMPK 3’ UTR.  A CpG island surrounds the (CTG)n and the SIX5 promoter elements are 

located immediately downstream of this repeat (118).  Like DMWD and DMPK, SIX5 is 

expressed in several tissues; however, SIX5 protein does not appear to be enriched in any 

particular organ system (119).  SIX5 is a member of a gene family which is characterized by the 

presence of Six and homeo domains, both of which play roles in DNA binding and protein-

protein interactions (120).  The SIX5 homeodomain acts as a sequence-specific DNA binding 

domain and the Six domain is required for the formation of a stable homodimeric complex that 

enhances DNA binding.  Both domains are required for SIX5 binding to the ARE, a 

transcriptional regulatory element in the Na-K ATPase 1 gene (ATP1A1) (121).  SIX5 also 

shows binding specificity for myogenic enhancing factor 3 motifs (MEF3) which are present in a 

variety of skeletal muscle specific regulatory genes including myogenin (122). To uncover 

potential targets of SIX5, expression profiling was carried out on P19 cells that overexpressed 

this factor (123).  Twenty one genes showed increased expression in the cells that overexpress 

SIX5, the majority of which are expressed in skeletal muscle and brain.  This implies that one of 

the functions of SIX5 is to regulate muscle and brain function. 
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 Although the precise cellular functions of DMWD, DMPK and SIX5 have yet to be 

revealed, each is expressed in the tissues that are affected in CDM patients and aberrant 

expression of these proteins may contribute to the manifestation of this disease. 

The Dmpk Expanded CTG Repeat alters Dm1 Locus Chromatin Conformation 

It was originally hypothesized that the clinical presentation observed in DM1 results from 

decreased expression of the DM1 locus.  Support for this model came from studies showing that 

a (CTG)n expansion alters the chromatin structure surrounding the repeat.  Electron microscopy 

and in vitro nucleosome reconstitution assays revealed that there was a direct correlation 

between the number of (CTG)n repeats and the efficiency of nucleosome formation (124).  In 

addition, long CTG repeats can serve as nucleosome positioning elements that alter local 

chromatin conformation, making it less accessible to nuclease digestion, a characteristic of 

heterochromatin (125).  Furthermore, normal (CTG)n are flanked by CTCF binding sites that are 

methylated on CDM mutant alleles and prevent CTCF binding (126).  CTCF is an insulator 

binding protein that functions to prevent heterochromatin spread or to block enhancers from 

acting on nearby promoters (127).  Therefore, alleles containing expanded (CTG)n mutations 

may be in more of heterochromatin conformation that results in decreased expressed from DM1-

linked genes.  

 In order to test the DM1 locus loss-of-function hypothesis, many labs conducted a battery 

of experiments to examine the effects of the (CTG)n expansion on the expression of DMWD, 

DMPK and SIX.  Several reports have demonstrated that DMPK and SIX5 RNA levels are 

reduced in DM1 and CDM tissues and cultured cells although other studies report no change or 

an increase in expression (128-139). The results of these experiments raise the possiblity that 

CDM may result from haploinsufficiency of one or more of the DM1 locus genes. 
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Disruption of The Mouse Dm1 Locus 

If the hypothesis is true that the expanded (CTG)n causes reduced expression from the 

DM1 locus thereby resulting in CDM, then decreased expression from these genes outside the 

context of the (CTG)n should recapitulate the phenotypes associated with this disease.  To test 

this hypothesis, gene targeting experiments against mouse Dmpk and Six5 were conducted.  Mice 

are a valuable genetic tool since the DM1 locus is relatively conserved between humans and 

mice within in a large segment of syntenic DNA (140).  To date, no Dmwd knockout mice have 

been generated. 

 Dmpk+/- and Dmpk-/- were generated by two independent laboratories to investigate the 

effect of lowered levels of Dmpk on mouse development.  Both groups used homologous 

recombination in mouse embryonic stem cells to replace the first seven exons of Dmpk with an 

antibiotic resistance cassette resulting in the complete absence of Dmpk protein in knockout 

homozygotes (141,142).  These mice appeared to be phenotypically normal although closer 

examination revealed a mild skeletal muscle myopathy characterized by decreased force 

generation, increased fiber degeneration and regeneration and loss of sarcomeric organization 

(142).  This same mouse line exhibited cardiac conduction abnormalities which include first, 

second, and third degree atrioventricular block in Dmpk-/- mice and first degree heart block in 

Dmpk+/- (143).  The second line of mice showed a very mild decrease in skeletal muscle fiber 

diameter.  Additionally, in vitro differentiation of myotubes from myoblasts isolated from these 

animals suggested an altered response to calcium (141,144).  Furthermore, abnormal sodium 

gating was reported in the first mouse line and abnormal calcium cycling in the second, both in 

isolated cardiomyocytes (145,146).  The subtle differences observed in the two different Dmpk/- 

lines may be attributed to strain background differences.  However, it appears evident both from 

the in vitro and gene targeting studies that Dmpk is involved in regulating ion homeostasis.  It is 
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quite possible that loss of DMPK can explain some of the symptoms associated with DM1, 

particularly with regard to cardiac conduction defects and abnormal skeletal muscle physiology.  

However, it is also evident that the loss of Dmpk alone does not result in symptoms associated 

with CDM. 

 To determine if a decrease in SIX5 dosage could explain the DM1 and/or CDM 

phenotype, Six5 knockout mice were created by two independent laboratories (147,148).  The 

first group replaced the first exon of Six5 with the !-galactosidase gene and the second line was 

constructed by replacing all three exons with a neomycin resistance cassette.  Both lines of mice 

developed ocular cataracts and showed elevated Dmpk mRNA levels in heart and eye tissues of 

Six5+/- and Six5-/- mice.  SIX5 was also shown to bind to ATP1A1 in vitro and therefore mRNA 

levels of Atp1A1 were examined in the Six5 knockouts.  The first knockout line showed no 

change in Atp1a1 mRNA levels while the second line displayed Atp1a1 mRNA levels that were 

inversely proportional to Six5 dosage.  The reason for this discrepancy is unknown.  The second 

line of Six5-/- mice showed male sterility and a decrease in testicular mass with age which may 

result from decreased c-Kit levels (149).  Six5+/- and Six5-/- mice from this line were also reported 

to have cardiac conduction defects (150).  These data suggest that Six5 functions in the 

development of the lens. It is important to note that the nuclear cataracts observed in these mice 

differ from the subcapsular dust-like opacities observed in DM1 patients.   These results also 

provide evidence that a decrease in SIX5 expression may contribute to the cardiac conduction 

and hypogonadism defects observed in adult-onset DM1 patients.  However, Six5 loss was not 

reported to cause any congenital abnormalities. 

 In summary, these transgenic animal studies indicate that decreased expression of DMPK 

and SIX5 may account for some of symptoms that are associated with adult-onset DM1. Yet, it 
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appears clear that a decrease in dosage in each of these genes alone does not result in the 

neonatal defects observed in CDM.  

Results 

Normal Neonatal Phenotype for Mbnl1;Dmpk and Mbnl1;Six5 Double Knockout Mice 

Mbnl1"E3/"E3 mice lack Mbnl1 isoforms that bind expanded (C)CUG expansion RNAs and 

develop several features of adult-onset DM including myotonia and skeletal muscle 

histopathology, cataracts and alternative splicing defects around six weeks of age (103).  

However, these mice appear normal until 6-8 weeks of age when myotonia is first observed.  

Because previous studies have suggested that loss of DMPK or DMPK-linked genes might be 

involved in the congenital form of this disease, we used a genetic approach to test the hypothesis 

that CDM results from MBNL loss combined with reduced DMPK and SIX5 protein levels.  

Mbnl1"E3/"E3;Dmpk-/- and Mbnl1"E3/"E3;Six5-/- mice were generated by crossing Mbnl1+/"E3 

heterozygotes to Dmpk-/- and Six5-/- homozygous knockouts.  We performed genomic DNA 

genotyping and RT-PCR to verify that Mbnl1, Dmpk and Six5 levels were compromised in 

mutant mouse lines (Fig. 2-4 and data not shown).  Mbnl1 and Dmpk mRNAs were undetectable 

in Mbnl1"E3/"E3; Dmpk-/- mice as were Mbnl1 and Six5 in Mbnl1"E3/"E3; Six5-/- when compared to 

control muscle.              

CDM clinical manifestations include neonatal respiratory insufficiency, feeding problems 

and failure to thrive.  However, Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; Six5-/- double knockouts 

appeared overtly normal at birth, lived to be >1 year of age and were indistinguishable from 

Mbnl1"E3/"E3 single knockouts in terms of perinatal viability, longevity and mobility as assayed 

by cage behavior.  Therefore, loss of either Dmpk and/or Six5 expression does not significantly 

alter the Mbnl1 knockout phenotype.          
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Combinatorial Mbnl1, Dmpk And Six5 Knockouts Fail to Model CDM-Relevant Delays in 
Muscle Development  

Several studies have suggested that CTG repeat expansions in the DMPK gene have a 

repressive global effect on the expression of genes at the DMPK locus and this coordinate loss is 

responsible for the CDM phenotype.  CDM manifests during embryogenesis and is thought to 

result from delays in myogenesis and neurogenesis.  Thus, we next investigated the possibility 

that MBNL1 loss together with loss of both DMPK and SIX5 would result in CDM-associated 

embryonic and neonatal muscle defects.  Wild type, Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; 

Six5-/- late-stage embryos and newborn pups were phenotypically similar and did not appear to 

have gross anatomical defects (Fig. 2-5 and data not shown).  Skeletal muscle development was 

examined in detail because it is the most well characterized abnormality in CDM.  Late-gestation 

embryos and neonates show immature skeletal muscle with an unusual abundance of myotubes, 

thin disorganized myofibers and centralized nuclei (151-153).  Myogenesis is similar in humans 

and mice where muscle precursors initially differentiate and fuse to form elongated myotubes 

with nuclei positioned in the center (154).  At later embryonic stages myofibers mature, 

contractile proteins accumulate in the myofiber center and nuclei migrate to the periphery.  We 

examined skeletal myofiber development in Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; Six5-/- mice 

by desmin immunohistochemistry on forelimb cross-sections of E15.5 and E18.5 embryos (Fig. 

2-5).  Desmin is a skeletal muscle structural protein and was used to specifically label myofibers.  

Embryonic (E)15.5 wild type, Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; Six5-/- mutant muscles 

were indistinguishable and consisted primarily of immature myofibers that presented as 

myotubes with centralized nuclei (Fig. 2-5A, C and E).  By E18.5, all wild type, Mbnl1"E3/"E3; 

Dmpk+/-; Six5+/- and Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; Six5-/- myotubes developed into 

mature myofibers with strong desmin and myosin heavy chain (MHC) staining in the center of 
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myofibers and the nuclei were positioned near the sarcolemma (Fig. 2-5A, D, F and data not 

shown).  These results demonstrated that loss of Mbnl1 expression combined with either Dmpk 

and/or Six5 haploinsufficiency or ablation does not delay skeletal myofiber development and 

maturation.                 

Absence of Limb Deformities in Late Stage Knockout Embryos 

Another distinguishing feature of CDM newborns is the occurrence of talipes, commonly 

referred to as clubfoot (155).  Talipes may result from congenital restriction of joint movement, 

or arthrogryposis, which occurs due to developmental changes that impair (neuromuscular 

weakness) or restrict (abnormal fetal positioning) movement in utero (Dr. John Day, personal 

communication).  To determine if Dmpk and/or Six5 loss in addition to Mbnl1 deficiency was 

associated with limb deformities in CDM we compared skeletal preparations of late gestation 

wild type, Mbnl1"E3/"E3; Dmpk-/- and Mbnl1"E3/"E3; Six5-/- embryos (Fig. 2-6).  None of the 

examined mice developed limb defects and there were no detectable differences in skeletal 

structure between wild type and mutant embryos.  These observations indicate that Mbnl1 loss 

combined with Dmpk and/or Six5 does not lead to skeletal malformations during embryogenesis. 
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Discussion 

Although considerable progress has been made in the past decade to elucidate pathogenic 

mechanisms causing adult-onset DM, the molecular defects associated with CDM remain a 

mystery.  This study was designed to specifically test the hypothesis that CDM results from 

decreased expression from the DM-linked genes DMPK and SIX5 combined with MBNL 

sequestration.  Our results provide evidence against this hypothesis because mice lacking Mbnl1 

and Dmpk and/or Six5 live for over a year and mutant embryos do not display the characteristic 

embryonic developmental defects observed in CDM patients.  This study is the first, to our 

knowledge, to directly test and provide evidence against the idea that combinatorial Mbnl loss 

and Dmpk and/or Six5 reduction causes CDM.  Our results demonstrate that alternate hypotheses 

need to be generated and tested to uncover CDM molecular pathogenesis. 

DMPK and SIX5 were originally proposed to be involved in DM1 pathogenesis because of 

the proximity of their genes to the expanded CTG repeat tract and the observation that DMPK 

and SIX5 levels may be compromised in DM1 tissues and cells.  However, Dmpk and Six5 

knockout models have subtle phenotypes and fail to recapitulate major DM1 clinical and 

histological features such as skeletal muscle myotonia, weakness or wasting, cardiac 

dysfunction, cognitive impairment and CDM (156).  This suggests that loss of DMPK or SIX5 

alone is not sufficient to cause adult-onset DM or CDM, and that additional or different 

molecular defects dictate disease.  Since MBNL sequestration is clearly a primary pathogenic 

event in adult-onset DM; and MBNL, DMPK and SIX5 may function in the same or parallel 

physiological pathways, we reasoned that combinatorial loss of MBNL and/or DMPK may 

underlie CDM.  However, our data show that mice containing disrupted Mbnl1, Dmpk and Six5 

fail to model CDM.  What are other possible explanations for CDM molecular defects? 
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CDM may result from sequestration of all MBNL proteins.  The MBNL family consists of 

three family members (MBNL1, MBNL2 and MBNL3), all of which have been shown to bind 

expanded CUG repeats and are expressed in embryonic muscle and brain, the two tissues that 

seem to be most affected in CDM (112,157,158).  Therefore, as CUG repeats get longer they 

may titrate more MBNL and it is not until a threshold of (CTG)>1,000 is reached before enough 

MBNL is depleted to cause embryonic defects and CDM.  Evidence against this possibility is 

that Mbnl1-/- mice, which develop several features of adult-onset DM, have no embryonic or 

congenital phenotype (103).  However, it is possible that Mbnl2 and/or Mbnl3 have overlapping 

functions with Mbnl1 and compensate for Mbnl1 loss.  Another argument against the MBNL 

loss-of-function model is that DM2 repeat expansions with (CCTG)>1000 also sequester MBNL 

but are not associated with congenital disease (159).  Evidence showing that MBNL has varying 

affinities for, or form different structures on, expanded (CTG)n compared to (CCTG)n would 

provide evidence against this argument.  Nonetheless, it will be interesting to see if Mbnl1, 

Mbnl2, Mbnl3 double or triple constitutive and tissue-specific knockout mice display CDM 

features.  Alternatively, MBNL 1, 2, and 3 loss combined with reduced DMPK and/or SIX5 may 

be required to model CDM.  This hypothesis is interesting but difficult to test in mice due to the 

complex nature of the required breeding scheme.  Alternative approaches need to be considered 

to determine if and how MBNL and the DM1 locus contribute to CDM.   

A different model to explain CDM pathogenesis proposes that (CTG)>1,000 alter DM1 locus 

regions other than, or in addition to, DMPK and SIX5.  The DM1 locus is particularly interesting 

because it contains three genes clustered together in 20 kb of genomic DNA and a variety of 

regulatory elements and antisense transcripts have been mapped to the locus.  The DM1 locus 

consists of DMWD, DMPK and SIX5.  Our study focused specifically on DMPK and SIX5 
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because there are numerous reports that DMPK and SIX5 levels are reduced in DM1 and CDM.  

However, there are also reports describing DM tissues and cells with reduced DMWD (134).  

DMWD encodes a tryptophan-aspartic acid (WD) repeat protein with unknown function and is 

immediately upstream of DMPK.  DMWD is specifically enriched in testes and the central 

nervous system (108).  Therefore, it is possible that (CTG)>1,000 positions nucleosomes in a 

manner that reduces DMWD expression and consequently results in delayed embryonic 

neurogenesis and CDM.  Unfortunately Dmwd mouse knockouts that would be useful in testing 

this hypothesis are not currently available and we were unable to target Dmwd in mouse 

embryonic stem cells.   

Promoter and insulator elements are also positioned proximal to the (CTG)n and are 

differentially modified in normal and DM cells (160).  SIX5 promoter elements and promoters 

for antisense transcripts are positioned immediately downstream of the (CTG)n and upstream of 

SIX5.  Insulators, cis elements that bind CTCF proteins and function as boundary elements to 

inhibit heterochromatin spread or prevent nearby promoters from activating adjacent genes, flank 

the (CTG)n(126).  Interestingly, these insulators are methylated on CDM alleles and CTCF is 

unable to bind.  Lack of insulator activity has the potential to alter gene expression or local 

chromatin conformation at the DM1 locus.  For example, heterochromatin may be able to spread 

on alleles with expanded CTG repeats which could ultimately cause CDM by decreasing DM1 

locus gene or antisense transcription.  Alternatively, promoter elements upstream of SIX5 may be 

activated and upregulate DM1 locus expression.  If this hypothesis is correct, then increased, 

rather than decreased DMPK levels may contribute to CDM.    

Another possibility is that CDM is caused by expanded CUG toxicity combined with locus 

specific effects.  For example, expanded (CUG)n not only bind and sequester MBNL proteins but 
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also trigger PKC-mediated hyperphosphorylation and increased stability of CUGBP1(161).  

CUGBP1 is an alternative splicing factor that functions antagonistically to MBNL by promoting 

embryonic alternative splicing patterns (104).  Therefore, MBNL loss combined with increased 

CUGBP1 levels and/or reduced DMPK and/or SIX5 have the potential to contribute to CDM 

pathology.  Evidence supporting a role for increased CUGBP1 in CDM is that transgenic mice 

which overexpress Cugbp1 die shortly after birth and are reported to have delayed myogenesis 

(162).  However, CUGBP1 levels are normally low in adults and it is not clear if the Cugbp1 

transgenic mutant phenotype results from overexpressing an embryonic protein in postnatal 

tissue or if there is a direct relationship to CDM (163).  In addition, CUGBP1 levels are 

increased in adult-onset DM patients that do not have CDM.  Therefore, further investigation 

into the role of increased CUGBP1 in CDM is required. 

It is also possible that (CTG)>1,000 have toxic deleterious affects in addition to or 

independent of MBNL sequestration, increased CUGBP1 and potential disrupted DM1 locus 

expression.  For example, long CUG repeat containing RNAs may form structures different from 

shorter CUG repeats which provide novel binding sites for and sequester unidentified factors.  

Alternatively, (CTG)>1,000 may activate double stranded RNA pathways.  Indeed, Krol and 

collegues demonstrated that long CUG repeats are processed into small interfering 21 nucleotide 

RNAs that can function in trans to downregulate (CAG)n containing mRNAs in CDM 

fibroblasts(164).  Small RNA byproducts from antisense transcripts originating upstream of SIX5 

have also been observed in DM cells (160).  Further, expanded CUG repeat RNAs can activate 

the double-stranded RNA (dsRNA)-dependent protein kinase that normally functions to inhibit 

translation and promote cell death during the innate immune response (165).  These observations 



 

54 

suggest that CDM associated (CTG)n may activate dsRNA pathways above a threshold that 

ultimately disrupts and delays embryonic development. 

In conclusion, CDM is a debilitating disease that affects newborns and adults.  The 

development of potential CDM therapeutics relies on elucidating the molecular mechanisms that 

cause disease.  Our report provides evidence against a model for combinatorial loss of MBNLl1 

and/or the DM-linked genes DMPK and SIX5.  Further, we describe alternative hypotheses to 

account for CDM.  These models are not mutually exclusive and we believe warrant further 

investigation.
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Figure 2-1. DM1 and DM2 are caused by microsatellite expansion in non-coding regions or 

DMPK and ZNF9, respectively.  A) Mutant DMPK mRNA (black line) with the ORF 
(grey box labeled DMPK), CUG expansions in the 3’-UTR and a poly(A) tail ([A]n 
are indicated.  Note that expansions can exceed 2,000 repeats.  B) The mutant ZNF9 
gene (line, introns; open boxes, UTRs; closed boxes, ORF) with the CCTG expansion 
in intron 1 (expansions can exceed 11,000 repeats).   
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Figure 2-2. RNA Dominance Model.  Normal allele DNA (black box) repeats (green) can expand 
(red) to generate pathogenic dsRNA (red hairpin) that sequesters MBNL proteins 
(blue circles).   
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Figure 2-3.Three tightly-linked genes at the DM1 locus.  The structure of the human DM1 locus 
is illustrated.  Also shown are the DMWD (red boxes), DMPK (orange boxes) and 
SIX5 (blue boxes) exons for all three genes.   
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Figure 2-4. Late stage embryos lacking Mbnl1 and Dmpk or Mbnl1 and Six5 do not show 
developmental defects.  A) RT-PCR analysis on E18.5 quadriceps cDNA.  
Cyclophilin (Ppia) primers were used as loading control.  B)  E17.5 whole and fixed 
embryos.    
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Figure 2-5. Myofiber development is not delayed in Mbnl;Dmpk or Mbnl;Six5 double knockouts.  
Wild type (A and B), Mbnl1!E3/!E3, Dmpk-/-(C and D), and Mbnl1!E3/!E3, Six5-/-(E and 
F) extensor carpi radialis transverse muscles on E15.5 (left panel) and E18.5 (right 
panel) desmin (green) stained transverse sections.  DAPI (blue) stains nuclei. 
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Figure 2-6. Bone deformities are not observed in Mbnl;Dmpk or Mbnl;Six5 double knockouts.  
Wild type, Mbnl1!E3/!E3;Dmpk-/-, and Mbnl1!E3/!E3;Six5-/- skeleton preparations.  
Alcian blue stains cartilage and alizarin red stains bone.   
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CHAPTER 3 
CONCLUDING REMARKS AND FUTURE DIRECTIONS 

This study investigated the impact that ncRNAs have on mammalian development and 

how mutations in ncRNA result in impaired development and disease.  We took a global 

approach to understand fundamental aspects by which ncRNAs regulate embryonic muscle 

development by mutating Dicer during mouse myogenesis.  Our results showed that Dicer is an 

essential component required for muscle development.  Since Dicer’s only known function is to 

process long ncRNAs into smaller functional units, it is likely that our Dicer mutant phenotype 

resulted specifically from decreased Dicer-dependent ncRNAs, the most prominent of which are 

miRNAs.  However, it is less clear how miRNA reduction results in the skeletal muscle 

hypoplasia and increased cell death observed in Dicer mutants.  One possibility is that miRNAs 

function to negatively regulate apoptosis.  While it is reasonable to think that a subset of muscle 

miRNAs may have anti-apoptotic activity, it is less likely that miRNAs collectively function to 

regulate cell death.   miRNAs have been characterized to regulate virtually all cellular processes 

in most cell types.   An alternative explanation for the Dicer mutant phenotype is that loss of 

miRNA function results in the dysregulation of so many genes that the cell dies.  miRNAs are 

predicted to regulate hundreds to thousands of mRNAs and it is uncertain how many miRNAs 

are present in developing muscle.  Further, miRNAs have been recently been shown to have 

properties other than negatively regulating gene expression post-transcriptionally.  For example, 

miRNAs can directly upregulate translation (166).  In addition, miRNAs can bind promoter 

elements and induce gene expression (167,168).  It is likely that thousands of mRNAs are 

dysregulated in Dicer mutants.  Thus, mutating Dicer may have been too crude an approach to 

elucidate the precise molecular mechanisms by which miRNAs contribute to embryonic muscle 

development.  Future studies should take a more refined approach and focus on evaluating 
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individual or small groups of miRNAs to better understand their role in mammalian 

development. 

We also investigated how long CTG expansions in the DMPK 3’ UTR result in CDM, a 

disease resulting in part from impaired embryonic myogenesis.  Our data demonstrated that 

reduced expression from the DM1-linked genes DMPK and SIX5 combined with MBNL1 loss is 

not sufficient to model CDM in mice.  These results argue against a role for DMPK and SIX5 in 

CDM pathogenesis.  We are hopeful that our observations highlight the necessity for future 

investigations into the molecular defects associated with CDM.   

What are other possible mechanisms to explain CDM?  It is clear that MBNL sequestration 

is a primary pathogenic mechanism in adult-onset DM and likely that MBNL loss also 

contributes to CDM.  Is it possible that sequestration of all MBNL family members results in 

CDM?  We are currently generating MBNL1, MBNL2 and MBNL3 constitutive and conditional 

mouse knockouts to test this hypothesis.  Alternatively, CDM may result from MBNL 

sequestration combined with other toxic RNA effects.  (CTG)n repeat expansions result in the 

upregulation of CUGBP1, an MBNL1 antagonist.  Therefore, disrupting the balance between 

both MBNL1 and CUGBP1 during embryogenesis my result in the delayed development 

associated with CDM.  This hypothesis could be tested by generating mice that lack MBNL 

proteins and have increased CUGBP1 levels in specific tissues during embryonic development.  

Toxic (CUG)n RNAs have also been shown to be processed into siCUGs that can act in trans to 

downregulate (CAG)n containing transcripts.  It will be interesting to see if mice overexpressing 

siCUGs recapitulate CDM features.  Lastly, it is formally possible that long (CTG)n expansions 

have additional toxic properties that have not been discovered yet.  We are hopeful that future 



 

63 

investigations into CDM will define the molecular defects that will enable researchers to develop 

therapeutics to treat CDM.     
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CHAPTER 4 
MATERIALS AND METHODS 

Mice Generation and Genotyping 

To inactivate Dicer specifically in skeletal muscle, mice containing a Dicer conditional 

allele (Dicercond) were crossed to those expressing a MyoDcre transgene (58,67).  The resulting 

Dicer+/cond;MyoDcre  male mice were mated to Dicercond/cond  females to generate Dicer-

/cond;MyoDcre mutant animals.  Some females also carried the ROSA26 reporter (68).  It is 

noteworthy that males carrying a Dicercond allele and MyoDcre transgene always transmitted a 

Dicer deleted allele (Dicer). This is likely due to leaky MyoDcre expression in the male 

germLine.  Therefore, all mutant embryos were Dicer-/cond;MyoDcre and males were never used 

to transmit the ROSA26 reporter. 

Mbnl1"E3/"E3, Dmpk-/- and Six5-/- mice have been previously described.  Briefly, Dmpk-/- 

mice have Dmpk exons 1-7 replaced with a hygromycin resistance cassette (141).   Six5-/- 

animals were engineered to have a !–galactosidase reporter gene substituted for Six5 exon1 

(147).  Mbnl1"E3/"E3 mice were generated by deleting Mbnl exon 3 which encodes two RNA 

binding motifs that are essential for binding expanded CUG repeat RNAs (103).  All strains were 

maintained on a C57BL/6J background.  C57BL/6J mice were bred to generate wild type 

embryos.  Mbnl1+/"E3; Dmpk-/- mice were crossed to yield Mbnl1"E3/"E3; Dmpk-/- animals.  

Mbnl1"E3/"E3; Six5-/- mice were generated by Mbnl1+/"E3; Six5-/- crosses and Mbnl1+/"E3; Dmpk+/-; 

Six5+/- intercrosses were used to generate Mbnl1"E3/"E3; Dmpk+/-; Six5+/- embryos.   

   All mice were genotyped by PCR.  Adult and embryonic mouse tail snips (~3 mm) were 

lysed in 500 µL K buffer (50 mM KCL, 10 mM Tris-Cl, pH 8.5, 2.5 mM MgCl2, 0.1 mg/mL 

gelatin, 0.45 % Igepal, 0.45 % Tween-20, 100 µg/mL Proteinase K) overnight at 55°C.  Tail 

lysates were heat inactivated by incubating at 100°C for 10 min, hair pelleted by centrifugation at 
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maximum speed for 5 min if necessary and 10 µL used in a 50 µL PCR reaction containing 2.5 U 

Taq polymerase (5 Prime PCR Extender), 1X tuning buffer, 0.375 mM dNTPs and the following 

primer sets (30 pmol of each per reaction): Dicercond: Dicer F1 

(CCTGACAGTGACGGTCCAAAG) and Dicer R1 (CATGACTCTTCAACTCAAACT).  

MyoDcre: Cre Fwd (TGCAACGAGTGATGAGGTTCGCAAGAAC) and Cre Rev 

(GAACGAACCTGGTCGAAATCAGTGCGTT).  ROSA26R: lacZ Fwd 

(TTATCGATGAGCGTGGTGGTTATGC) and lacZ Rev 

(GCGCGTACATCGGGCAAATAATATC).  Mbnl1:  

(CTACGATGGCTGGCTGCAATATGCCTCACTGTAAG), 

(CGTGGCAGACCCTTTGACACCGAATTTC) and 

(GGGTTGAATCTCGTTAGGGACACTGGGTGTCTGTAA).  Dmpk: 

(GCAAGTTTGGGGAGCGGAT), (GAATGAGGTCCTGAGCTT) and 

(GGCTGGCACTCTGTCGATACCC).  Six5: wild type primers 

(CCTCTCGCTTACACAGGTCAGCAAC) and (GACAAGCGACAGACCACGCTGTT).  Six5 

mutant oligos (TTATCGATGAGCGTGGTGGTTATGC) and 

(GCGCGTACATCGGGCAAATAATATC) are positioned in lacZ.  Genotyping reactions were 

PCR amplified through 30 (Mbnl1 and Dmpk) or 35 (Dicer, Cre, R26R and Six5) cycles of 94°C 

for 1 min, 60°C for 1 min and 68°C for 3 min.    PCR fragments were resolved on 2.5% agarose 

gels.  All experiments were performed under approved animal protocols according to the 

institutional guidelines established by the University of Florida IACUC committee. 

RNA Blots and RT-PCR 

RNA was isolated from fresh homogenized tongue, embryonic forelimbs or hindlimbs with 

TRI Reagent (Sigma).  For small RNA blots, approximately 20 µg of total RNA was resolved on 

10% urea/polyacrylamide gels and electroblotted to Hybond N+ membranes (Amersham) at 200 
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mA for 3 h.  Blots were crosslinked using a Stratalinker (Stratagen) and prehybridized for at least 

1 h at 37°C in ULTRAhybTM-Oligo (Ambion) hybridization buffer before overnight incubation 

at 37°C in hybridization buffer containing [32P]-end-labeled probe.  Probes were generated by 

end-labeling 20 pmols of DNA oligonucleotide (Invitrogen) complementary to miRNA or U6 

with T4 polynucleotide kinase (New England Biolabs) and 250 µCi [#-32P] ATP (Perkin Elmer) 

followed by purification with MicroSpinTM G-25 columns (Amersham).  Blots were washed (2X 

SSC, 0.1% SDS) at 37°C for 30 min followed by two 30 min room temperature washes.  Blots 

were exposed to Kodak BioMax film and quantification was determined by densitometry of 

autoradiographs using ImageQuant TL v2003.02 software.  For RT-PCR, 10 #g of total RNA 

was reverse transcribed in a 25µL reaction containing 750 ng random hexamers, 1.25µg (dT)12-

18, 0.2 mM dNTPs, 1X first strand buffer, 8 mM DTT, 50 U RNasin and 250 U Superscript III 

reverse transcriptase (Invitrogen).  PCR conditions were 25°C for 5 min, 50°C for 1 hr and 70°C 

for 15 min.  Following PCR, reactions were treated with 1µL (2 U) RNase H at 37°C for 20 min 

and 2 µL of cDNA were used as template for Dicer amplification in a 50 µL reaction containing 

2.5U Triplemaster Taq (Eppendorf), 1X buffer, 0.4 mM dNTPs, and 30 pmol of each of the 

following forward and reverse primers: Dicer: (CACACGCCTCCTACCACTACAACAC) and 

(GGCTGCATCATCGGATAGTACACC).  Mbnl1: 

(GTTAGTGTCACACCAATTCGGGACAC) and (GGGCATCATGGCATTGGCTAAC). 

Dmpk: (GAACAAGTGGGACATGCTGAAGAGG) and (CATCACGGATGGCTGGGACAA). 

Six5: (CTGCCCAAGACCATCTGGGATG) and (CTCAGACTGAGCCTCATCCAGTCG). 

Ppia: (GCGGCAGGTCCATCTACG) and (GCCATCCAGCCATTCAGTCT).  PCR conditions 

were 27 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 1 min and 15 µL of each PCR 

reaction was resolved on a 10% acrylamide gel and exposed to Kodak BioMax film.      
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Histology, X-gal Staining, Immunohistochemistry and TUNEL Assays 

Mouse embryos were collected after natural overnight matings and hematoxylin and eosin 

(H&E) staining was performed by standard procedures.  For whole mount X-gal staining, 

embryos were harvested in PBS and fixed in 0.4% formaldehyde overnight at 4°C.  Embryos 

were rinsed three times for 10 min in concentrated rinse buffer (0.1 M NaH2PO4, pH 7.4, 2 mM 

MgCl2, 0.2% Igepal, 0.1% sodium deoxycholate) and stained with 1 mg/mL X-gal in 

concentrated rinse buffer, 5 mM K3Fe(CN)6 and 5 mM K4Fe(CN)6 4-16 hr at 4°C with shaking.  

Embryos were rinsed three times for 5 min in PBS (pH 7.4), post-fixed in 4% formaldehyde 

overnight at 4°C and visualized with a Leica dissecting microscope.  For paraffin sectioning, 

embryos were fixed in 4% formaldehyde overnight at 4°C, washed in PBS three times for 10 min 

and stored in 70% EtOH at 4°C.  Embryonic limbs or tongue were dissected and dehydrated 

through 10 min washes in 70% EtOH, 95% EtOH, 100% EtOH and Citrisolv (Fisher).  

Dehydrated tissues were incubated in paraffin three times for 1 hr under vacuum at 65°C before 

routine embedding.  Serial sections (7 µm) were cut on a Leica rotary microtome, laid across 

45°C water to remove wrinkles, positioned on Superfrost Plus microscope slides (Fisher) and 

melted at 65°C for at least 30 min.  To compare similar planes of distal forelimbs for control and 

mutant littermates a reference point was established at the junction between humerus, radius and 

ulna bones.  The first section that did not contain any portion of humerus, but showed radius and 

ulna was deemed the reference.  Sections equidistant from the reference for control and mutant 

distal forelimbs were compared for all experiments.  For immunohistochemistry, slides were de-

paraffinized and rehydrated through 10 min washes in Citrisolv, 100% EtOH, 95% EtOH, 70% 

EtOH, water and PBS.  Antigen retrieval was performed for all antibodies by incubating slides in 

10 mM Tris (pH 9), 1 mM EDTA for 30 min at 97°C and cooling slides in the same buffer at 

room temperature (RT) for 20 min.  For monoclonal primary antibodies, slides were treated with 
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papain-digested mouse IgGs as described (169).  Slides were blocked in PBS, 1% BSA, 1% heat 

inactivated goat serum and 0.025% Tween-20 for 1 hr at RT.  Three PBS rinses were performed 

and slides were treated with primary antibody (see below) diluted in blocking buffer at 4°C 

overnight.  Slides were rinsed three times with PBS and incubated with secondary antibody 

diluted in blocking buffer for 1 hr at RT in the dark.  To reduce autofluorescence, slides were 

incubated with 10 mM CuSO4, 50 mM CH3COONH4 (pH 5.5) for 30 min at RT with shaking.  

Samples were rinsed three times in PBS, mounted with Vectashield containing DAPI (Vector) 

and visualized with a Leica fluorescence or confocal microscope.  Primary antibodies and 

dilutions were 1:100 desmin (D33, DAKO), 1:100 MHC (MY32, Sigma) and 1:200 cleaved 

caspase-3 (Cell Signaling). TUNEL (Roche) was performed according to the manufacturer’s 

protocol.  TUNEL combined with MyoD was performed by doing MyoD immunochemistry first 

as described above followed by TUNEL accordingly to manufacturer’s protocol.  Secondary 

antibodies used were 1:250 goat anti-mouse IgG1 conjugated to AlexaFluor 488 (Invitrogen). 

Cleaved caspase-3 was detected using the Rabbit IgG Vectastain kit in combination with Vector 

Red Substrate (Vector labs).  Co-immunohistochemistry specific for cleaved caspase-3 and 

myosin heavy chain was conducted by combining primary antibodies and followed with 

combined secondary antibodies.         

Immunoblotting 

Tongues were dissected and placed in 50-100 µL of 50 mM Tris·Cl (pH = 6.8), 1 mM 

EDTA, 2% SDS, 0.5 mM phenylmethylsulfonyl fluoride, 5 µg/mL pepstatin A, 1 µg/mL 

chymostatin, 1 mM aminocaproic acid, 1 mM p-aminobenzamidine, 1 µg/mL leupeptin, 2 µg/mL 

aprotinin and disrupted using a miniature pestle followed by brief sonication.  Extracts were 

centrifuged at 16,000 x g for 10 min, and supernatant proteins were fractionated on 12.5% SDS-

polyacrylamide gels (40 µg protein per lane).  Gels were electroblotted to nitrocellulose and 
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blocked 30 min in 5% Nonfat dry milk, 0.05% Igepal.  Blots were incubated with primary 

antibodies (below) diluted in 5% Nonfat dry milk, 0.05% Igepal for 1 hr at RT followed by three 

5 min washes in PBS, 0.05% Igepal.  Horseradish perioxidase conjugated secondary antibodies 

specific for mouse or rabbit IgG (Amersham) were diluted 1:5000 in 5% Nonfat dry milk, 0.05% 

Igepal and incubated with blot for 30 min at RT followed by three 5 min washes in PBS, 0.05% 

Igepal and one 5 min wash in PBS.  Immunoblots were visualized by ECL (Amersham).  

Specific primary antibodies and dilutions were 1:1000 anti-MyoD (5.8A, Dako), 1:500 anti-

myogenin (F5D, ascites fluid Developmental Studies Hybridoma), 1:1000 anti-myosin heavy 

chain fast isoform (MY-32, Sigma), 1:1000 anti-desmin (D33, Dako) and 1:10,000 anti-Gapdh 

(6C5, Abcam).  

Morphometric and Statistical Analysis  

Myofiber number and average cross-sectional area were quantified on E16.5 desmin-

stained distal forelimb transverse sections.  Images were captured on a Zeiss fluorescent 

microscope and myofibers were counted and measured using Axiovision 4 software (Zeiss).  

Specifically, a 60 µm2 box was arbitrarily placed in each individual muscle mass.  The box was 

small enough so that all edges were surrounded by muscle and no region of any box fell outside 

the muscle mass.  The number of myofibers was counted in each box and the data represented as 

number of myofibers per cm2 for each muscle.  A total of 398 and 264 fibers were counted for 

control and mutant sections, respectively.  To determine myofiber cross sectional area, the 

outline of desmin-stained fibers were traced and the area was calculated using Axiovision 4 

software.  Average myofiber area was calculated for fifteen randomLy chosen fibers in each 

control and mutant muscle.  Statistical differences were evaluated by Student’s t-test.  For 

TUNEL and PH3 quantification, at least three sections per animal from 1-4 sets of control and 
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mutant littermates were examined at each developmental time point.  Only stained nuclei within 

muscle masses were counted and statistical differences were determined using Student’s t-test. 

Cell Culture, Annexin-V-FITC/Propidium Iodide Staining and Cell Sorting 

 To create the Dicer conditional MDER cell line, mouse embryonic fibroblasts derived 

from embryos with two Dicer conditional alleles (see above) were infected with a retrovirus 

containing the pBABE vector expressing a hygromycin-resistance gene and MDER, a MyoD-

estrogen receptor fusion protein (Hollenberg et al. 1993).  To mutate Dicer, cells were infected at 

a high MOI with Ad-CMV-cre adenovirus (Vector Biolabs).  Cells were maintained in growth 

medium (GM), which consisted of Dulbecco’s Modified Eagle (DME, Gibco), without phenol 

red, containing 10% fetal bovine serum (Hyclone), and 1% L-glutamine.  pBABE-MDER 

infected cells were selected in 200 #g/mL hygromycin.  To induce expression of MDER, cells 

were switched to differentiation medium (DM), which consisted of DME containing 1% L-

glutamine, 0.5% horse serum, 10 #g/mL insulin, 10 #g/mL transferrin, and 10-7 M !-estradiol.  

Cells were genotyped under the same conditions as the mice (see above).  Phase-contrast images 

of unfixed, unstained Dicer conditional MDER and Cre-infected Dicer conditional MDER cells 

following 96 hours of treatment with DM with or without !-estradiol were captured on film on 

an Axiovert 10 microscope (Zeiss).  Images were digitized, and if needed, minor linear 

adjustments to contrast were made using Adobe Photoshop software. 

Dicer conditional MDER and Cre-infected Dicer conditional MDER cells were cultured in 

triplicate on 24 well tissue-culture treated dishes in DM with or without !-estradiol for 24 hours, 

as indicated.  Cells were trypsinized and co-stained with Annexin V-FITC and propidium iodide 

using the Annexin V-FITC Apoptosis Detection Kit (BioVision) per manufacturer’s instructions.  

Cells were sorted on a FACScan cytometer (Beckton/Dickson).  As a positive control for 
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apoptosis and to define gating parameters, cells were treated in parallel with 50 #M 

geldanamycin in GM for 24 hours prior to analysis, and either single-stained with Annexin V-

FITC or propidium iodide, or double-stained. 

  All experiments were performed under approved animal protocols according to the 

institutional guidelines established by the University of Florida IACUC committee. 

Skeletal preparations 

Mouse embryos were harvested in PBS, fixed in 4% formaldehyde overnight at 4°C, 

skinned and eviscerated the following day.  Cartilage was stained by incubating embryos in 0.2 

g/L Alcian Blue in 70% EtOH/30 % acetic acid overnight at room temperature.  The next day 

embryos were rehydrated by incubating in 100%, 95%, 70% and 40% EtOH and water for 30 

min each.  Next, bone was stained by rocking samples in 0.1% w/v Alizarin Red in 1% KOH for 

two days at room temperature.  The Alizarin Red staining solution was changed once after the 

first 24 hr.  Stained embryos were cleared in 1% KOH for up to 1-4 days followed by 1 hr 

incubations each in 25% glycerol/75% KOH, 50% glycerol/50% KOH and 75% glycerol/25% 

KOH.  Stained and cleared embryos were stored in 80% glycerol and photographed using a Leica 

stereoscope.
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