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Abstract 

Mutations in the DMD gene result in Duchenne (DMD) and Becker (BMD) 

muscular dystrophies. The DMD gene encodes the protein, dystrophin that is 

predominantly expressed in skeletal muscle. Dystrophin is part of a larger protein 

complex known as the dystrophin-glycoprotein complex (DGC) and, as part of the DGC, 

provides a mechanical link between the sub-sarcolemmal cytoskeleton and the 

extracellular matrix. BMD is typically caused by mutations that maintain the reading 

frame and most often produce variable levels of internally truncated, partially functional 

dystrophin wheras DMD is most frequently characterized by a complete loss of 

dystrophin protein or disruption of key ligand binding domains. Utrophin has a highly 

similar overall structure to dystrophin and is part of the homologous utrophin-

glycoprotein complex (UGC) present during fetal development and is localized to 

neuromuscular and myotendinous junctions in adult muscle.  

Our lab has previously demonstrated that dystrophin protein in vitro thermal 

stability is sensitive to disease-causing missense mutations and internal deletions. In 

contrast, utrophin displays uniform stability upon internal deletion or terminal truncation. 

Several therapeutic strategies to treat DMD utilize internally deleted dystrophins, 

including the recently FDA approved exon-skipping drug, eteplirsen, as well as adeno-

associated virus (AAV) mediated delivery of therapeutic micro-dystrophins. Here, we 

characterized therapeutically relevant, internally truncated dystrophin constructs that 

have been proposed by leading scientists in the field. We show that, as a group, gene 

therapy micro-dystrophins are significantly less stable in vitro than full-length dystrophin 

whereas exon-skipped dystrophins have stability profiles congruent with full-length 

dystrophin.  
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To address the consequences of dystrophin instability in vivo, we generated two 

novel transgenic mouse models expressing missense mutant dystrophins reported in 

human DMD (L54R) and BMD (L172H) patients. The L54R and L172H missense 

mutants were previously evaluated in cultured myoblasts and shown to have missense-

mutant dystrophin levels that were inversely proportional to in vitro stability and disease 

severity of the corresponding patients. Analysis of the L54R and L172H mouse lines as 

well as a homozygous L172H mouse reveal that disease severity inversely correlates 

with expression levels of dystrophin protein. Based on the increase of mutant dystrophin 

upon proteasome inhibition in cultured myoblasts, our hypothesis is that missense 

dystrophin proteins are being targeted to the proteasome for degradation through the 

ubiquitin-proteasome pathway.  To determine the specific ligases involved in targeting 

missense dystrophins to the proteasome, we screened an siRNA library of over 500 

ubiquitin-conjugating enzymes in cultured myoblasts and identified five putative 

dystrophin-specific E3 ligases. Two of the identified ligases, Amn1 and FBXO33, were 

observed in our transgenic mouse lines, with Amn1 protein levels showing significant 

increases correlating with the amount of missense dystrophin present. Our future studies 

will continue to evaluate the impact of Amn1 and FBXO33 activity on dystrophin protein 

levels in order to identify potential therapeutic targets.  

In addition to the characterization of dystrophin and utrophin stability, we have 

begun to interrogate a long-hypothesized but understudied function of dystrophin and 

utrophin, namely, their roles as molecular springs to mechanically stabilize the muscle 

membrane during muscle contraction. Using atomic force microscopy (AFM), we show 

here the first mechanical characterization of utrophin and functionally relevant utrophin 

fragments. Our data reveal striking differences in the mechanical properties of N- and C-

terminal halves of utrophin despite having nearly identical thermal stabilities and high 
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structural homology. The high unfolding forces observed in utrophin and the evidence of 

stiffening spring behavior suggest that utrophin may be acting as a stiff elastic element in 

series with the giant muscle protein, titin, at the myotendinous junction. Future studies 

will include evaluation of myotendinous defects in utrophin-deficient mice as well as 

mechanical characterization of full-length dystrophin.  
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Introduction 
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Duchenne Muscular Dystrophy and the DMD gene 

Disruptions in the structural components of the muscle fiber result in a wide 

variety of muscular dystrophies (Cohn and Campbell, 2000). One subtype, Duchenne 

muscular dystrophy (DMD), is an X-linked recessive disease and is the most prevalent of 

the muscular dystrophies affecting 1 in 4000 born males (Mendell et al., 2012). DMD, 

like many muscular dystrophies, is characterized by progressive muscle weakness and 

loss of motor function. The progression of DMD is typically high plasma levels of creatine 

kinase (CK) at birth (Zellweger and Antonik, 1975), muscle fiber hypertrophy during early 

childhood (Dennett et al., 1988), weakness of the proximal muscles (Gowers, 1886), loss 

of ambulation, and pulmonary and cardiac dysfunction towards the end of the second 

decade leading to death (Kohler et al., 2009). While there are some treatments to 

manage symptoms and improve quality of life, there is still no cure for DMD.  

 The gene mutated in DMD was identified in 1987 on the X chromosome and is 

the largest gene found in nature, spanning over 2.4 million base pairs (Koenig et al., 

1987). The DMD gene is transcribed into several different tissue specific transcripts from 

internal promoters and its full-length isoform contains 79 exons (Muntoni et al., 2003). 

The full length transcript encodes the protein dystrophin (discussed in greater detail 

below), which is predominantly expressed in skeletal muscle (Hoffman et al., 1987). 

One-third of DMD patients have de novo germline mutations with the remaining two 

thirds having heritable mutations passed down from asymptomatic or mildly affected 

female carriers (Flanigan, 2014).  

Mutations in the DMD gene can also lead to a milder form of the disease, Becker 

muscular dystrophy (BMD), which is typically caused by mutations that maintain the 

reading frame and most often produce variable levels of internally truncated, partially 
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functional dystrophin (Monaco et al., 1988; Koenig et al., 1989). In contrast, DMD is 

most frequently characterized by a complete loss of dystrophin protein or disruption of 

key ligand binding domains. Mutation types for DMD and BMD vary with 68.5% of 

patients harboring large deletions (>1 exon), 11% with duplications (>1 exon), 10% with 

non-sense mutations, 6% with smaller deletions or insertions (<1 exon), 3% with splice-

site mutations, and the remaining patients with rare mid-intronic or missense mutations 

(Figure 1.1, Bladen et al., 2015). Two mutational hot spots have been identified in exons 

2-20 and exons 45-55, with 80% of large deletions and 65% of duplications found in 

these regions (Oudet et al., 1992; Bladen et al., 2015). The genetic and phenotypic 

diversity found in DMD and BMD patients makes studying and treating the diseases very 

challenging but has also stimulated efforts to determine mechanisms of disease and to 

develop personalized therapies.  
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Dystrophin and Utrophin 

Dystrophin is a 427kDa rod-shaped protein comprised of an amino-terminal actin 

binding domain (ABD1), a central rod domain, a cysteine rich domain, and a carboxy-

terminal domain (Koenig et al., 1988). Due to its large size, a high-resolution structure of 

full-length dystrophin has not been determined, however, the crystal structures of 

individual domains have been solved.  The amino terminus contains a tandem calponin 

homology (CH) domain that binds actin filaments. The crystal structure revealed an α-

helical globular fold of the individual CH domains connected by an α-helix linker 

(Norwood et al., 2000). The carboxy terminus is composed of a cysteine rich (CR) region 

containing two EF-hand modules, a WW domain, and a ZZ domain, all of which are 

required for binding to the transmembrane protein β-dystroglycan. The central rod 

domain is the largest domain of dystrophin, containing 24 spectrin-type repeats. Spectrin 

repeats are independent motifs of left-handed, antiparallel, triple-helical coiled coils 

(Pascual et al., 1997). The dystrophin sequence was mapped using the spectrin repeat 

model that predicted similar triple-helical bundles but revealed unique, interspersed 

proline-rich regions within the dystrophin central rod domain (Koenig and Kunkel, 1990). 

These regions are designated as “hinges” and are thought to add flexibility to the rod-like 

structure or delineate three separate sub-domains (Legardinier et al., 2008). One 

proposed model for the structure of the central rod domain is that the spectrin-type 

repeat motifs are structurally “nested” within each other (Mirza et al., 2010). The crystal 

structure of dystrophin’s first repeat supports this model by revealing an extension of the 

structural domain at the C-terminus (Muthu et al., 2012).  

 Dystrophin is thought to function as a mechanical link between the cortical 

cytoskeleton and the extracellular matrix and has been shown to interact with a variety of 
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different proteins and lipids (Figure 1.2). At the N-terminus are binding domains for actin 

and keratin 19 (Way et al., 1992; Stone et al., 2005). Within the central rod is a second 

actin-binding domain (Rybakova et al., 1996) as well as domains for binding 

phospholipids, Par1b, neuronal nitric oxide synthase (nNOS), synemin, and microtubules 

(Legardinier et al., 2009b; Prins et al., 2009; Yamashita et al., 2010; Lai et al., 2013; 

Belanto et al., 2014). The cysteine-rich and C-terminal domains bind plectin, 

phospholipids, ankrin B/G, dystrobrevin, syntrophin, and β-dystroglycan (Suzuki et al., 

1992; Albrecht and Froehner, 2002; Hijikata et al., 2003; Ayalon et al., 2008; Legardinier 

et al., 2009b). Through these interactions, dystrophin is part of a larger, sub-

sarcolemmal protein assembly enriched at costameres, known as the dystrophin-

glycoprotein complex (DGC) (Figure 1.3, Ervasti and Campbell, 1991; Ervasti, 2007, 

2003). The core components of the DGC are dystrophin, α-dystrobrevin, and syntrophin, 

the sarcoglycans, sarcospan, β-dystroglycan, and α-dystroglycan. Mutations in many of 

the DGC proteins or proteins involved in their post-translational processing cause 

various forms of muscular dystrophy (reviewed in Rahimov and Kunkel 2013). Without 

the proper formation, localization, or function of the DGC, the sarcolemma becomes 

destabilized and more prone to contraction-induced damage with downstream effects of 

increased sarcolemmal permeability, cell death, and muscle degeneration. It is 

hypothesized that as a part of the DGC, dystrophin may potentially act as a molecular 

spring or “shock absorber” to mechanically stabilize the sarcolemma during muscle 

contraction (Ervasti, 2007). 

The protein utrophin was originally named dystrophin-related protein based on 

high sequence homology with dystrophin (Love et al., 1989). Due to its detection in 

tissues other than muscle and nerve (Khurana et al., 1990), it was later renamed 

utrophin, for ubiquitous dystrophin (Blake et al., 1992). The utrophin protein has a similar 
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organizational structure to dystrophin with an N-terminal actin binding domain, a large 

central rod domain of spectrin-like repeats with interspersed “hinge” regions, and CR 

and C-terminal domains (Figure 1.2). Some properties in which utrophin differs from 

dystrophin include two fewer spectrin-like repeats, a contiguous actin binding domain 

from the N-terminus to repeat 10 (Rybakova et al., 2006), lack of microtubule binding 

(Belanto et al., 2014) and nNOS localization activities (Li et al., 2010). Like dystrophin, 

utrophin forms a homologous utrophin-glycoprotein complex (UGC), but is most 

abundantly expressed during fetal development and subsequently replaced by 

dystrophin at the sarcolemma after birth (Rigoletto et al., 1995). In adult skeletal muscle, 

utrophin localizes to the neuromuscular and myotendinous junctions (Ohlendieck et al., 

1991).  
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Therapeutic Strategies to Treat DMD  

 Genetic approaches to treat DMD have shown tremendous promise in pre-

clinical studies and many have been fast-tracked to clinical trials where there has been 

variable success. Traditional gene therapy approaches of replacing the mutated DMD 

gene have focused on the use of an adeno-associated viruses (AAV). The limited 

capacity of AAV vectors requires the use of miniaturized dystrophins (or “micro-

dystrophins”) with large internal deletions in the central rod domain, of which there have 

been several proposed constructs showing efficacy in dystrophin-deficient animal 

models (Wang et al., 2000, 2007; Lai et al., 2009; Banks et al., 2010; Lai et al., 2013). 

One micro-dystrophin was used in a clinical trial that reported no recombinant dystrophin 

expression (Mendell, 2010) but improved constructs are now in the clinical trial pipeline. 

Another genetic approach involves restoring the reading frame of DMD transcripts 

carrying deletions using exon-skipping technologies of antisense oligonucleotides or 

phosphorodiamidate morpholino oligomers (van Deutekom et al., 2007; Aartsma-Rus et 

al., 2009; Kinali et al., 2009). Like gene therapy constructs, exon-skipping produces an 

internally truncated but partially functional dystrophin and both approaches aim to yield a 

Becker-like phenotype in DMD patients. The exon-skipping drug eteplirsen was recently 

approved by the FDA to treat patients with out-of-frame deletions corrected by exon 51 

skipping (Aartsma-Rus and Krieg, 2017). An additional genetic approach is “read-

through” drugs that suppress nonsense mutations which result in premature codons in 

dystrophin transcripts. The read-through drug ataluren was used in a clinical trial and 

was shown to be safe but did not show clinical efficacy (Bushby et al., 2014). Other 

read-through drugs have been developed and are moving into clinical trials (Karijolich 

and Yu, 2014). 
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With the advancement of gene editing technologies, recent studies have applied 

the CRISPR/Cas9 gene editing system to correct DMD gene mutations (reviewed in 

Hotta, 2015). Proposed CRISPR/Cas9 therapeutic approaches include transplantation of 

gene edited human induced pluripotent stem cells (hIPSCs) as well as AAV delivery of 

Cas9 and guide RNAs (gRNAs). Initial studies demonstrating proof of concept showed 

partial gene editing and dystrophin restoration in mdx mice and DMD patient myoblasts 

(Long et al., 2014; Ousterout et al., 2015). CRISPR/Cas9-mediated deletion of the DMD 

gene in hiPSCs carrying mutations surrounding exons 44 and 51 demonstrated 

expression of frame-corrected dystrophin and restoration of DGC components in hiPSC-

derived cardiomyocytes and myotubes (Young et al., 2016).   Multiple groups utilizing 

AAV mediated delivery of Cas9 and gRNAs in mdx mice have shown dystrophin protein 

restoration to varying degrees and improvement in the dystrophy phenotype (Xu et al., 

2016; Long et al., 2016; Nelson et al., 2016; Tabebordbar et al., 2016; Bengtsson et al., 

2017). While still in pre-clinical stages, CRISPR/Cas9-mediated correction of the DMD 

gene is a promising therapeutic strategy and in the case of AAV delivery, could establish 

a more permanent correction.  

 Utrophin replacement and upregulation therapies have been in development to 

compensate for the absence of dystrophin in DMD. AAV-delivery of a micro-utrophin and 

TAT-mediated protein transduction of full-length or micro-utrophins in mdx mice resulted 

in improvement of muscle function, demonstrating that utrophin can functionally 

substitute for dystrophin (Odom et al., 2008; Sonnemann et al., 2009; Call et al., 2011). 

Additionally, pharmacologic upregulation of endogenous utrophin has shown efficacy in 

mdx mice and the utrophin modulator drug SMT C1100 is currently in clinical trial 

(Tinsley et al., 2011; Ricotti et al., 2016).  Other therapy approaches of note include 

stimulation of muscle regeneration (Campbell et al., 2016), sarcolemmal stabilization 
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(Heller et al., 2015),  and inhibition of inflammatory and fibrosis pathways (Heier et al., 

2013; Bodanovsky et al., 2014).  
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Biophysical Characterization of Dystrophin and Utrophin 

There is a significant body of research that has focused on understanding the 

thermodynamic properties of dystrophin, particularly of the spectrin-like repeats in the 

central rod domain because of their unique sequence and structure compared to other 

spectrin repeats (Nicolas et al., 2014a) and because of their unclear functional 

significance (Legardinier et al., 2008). A meta-analysis of literature reports on the 

thermodynamic stability of dystrophin fragments, repeats, and deletion constructs using 

circular dichroism melting temperature as a common parameter is summarized in Figure 

1.4 (Henderson et al., 2010, 2011; Bhasin et al., 2005b; Legardinier et al., 2008, 2009b; 

Mirza et al., 2010; Singh et al., 2010; Ruszczak et al., 2009; Krieger et al., 2010a; Sahni 

et al., 2012). From this meta-analysis, it is evident that there exists substantial 

heterogeneity among spectrin-like repeats of dystrophin. It also demonstrates that the 

stability of tandem repeat fragments does not necessarily reflect the stability of the 

individual repeats that compose them and that stability is context dependent. Despite 

this heterogeneity, full-length dystrophin appears to behave as a single unit as 

evidenced by its cooperative unfolding during thermal denaturation (Henderson et al., 

2010), a property that is likely important for dystrophin’s function. 

Similar thermodynamic analyses of disease-causing missense mutations in the 

N-terminal actin binding domain and internal deletions have shown increased instability 

and insolubility in vitro (Singh et al., 2010; Henderson et al., 2010, 2011), suggesting 

that dystrophin is sensitive to sequence mutations and deletions. In contrast, utrophin 

exhibits remarkably consistent stability regardless of terminal sequence truncation or 

internal deletion (Henderson et al., 2011). Whether differences in the in vitro 

thermodynamic properties of dystrophin and utrophin impact their stability and function in 

vivo is still unclear but there is evidence that the instability of disease-causing missense 
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mutations in vitro inversely correlates with expression levels of missense mutant proteins 

in cultured myoblasts (Talsness et al., 2015).  

In conjunction with biophysical characterization, there have been efforts to 

evaluate the mechanical behavior of dystrophin given its proposed role as a molecular 

shock absorber. The mechanical stability of proteins differs from thermodynamic stability 

in that the free energy required for unfolding is dependent on spatial distribution (Rief et 

al., 1999). Forced mechanical unfolding data as measured by atomic force microscopy 

for dystrophin central rod domain fragments revealed mechanical properties similar to 

those measured for spectrin, a cytoskeletal scaffolding protein required for plasma 

membrane integrity (Rief et al., 1999; Law et al., 2003b; a; Bhasin et al., 2005b; Krieger 

et al., 2010a). Since dystrophin fragments display considerable heterogeneity in 

thermodynamic stability compared to the full-length protein, it would be important to 

mechanically characterize full-length dystrophin as well as utrophin in order to compare 

with established biophysical characterization.  
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The mdx mouse model of DMD 

Experiments in animal models of DMD have been critical for therapy 

development and for substantiating hypotheses about dystrophin function emerging from 

in vitro studies. The most widely used mouse model for DMD is the naturally occurring 

mdx mouse (named for X-chromosome linked muscular dystrophy) that was first 

discovered in 1984 (Bulfield et al., 1984). Thus, the muscular dystrophy phenotypes of 

the mdx mouse have been well documented. 

At the molecular level, mdx mice have a nonsense mutation in exon 23 of the 

DMD gene, rendering it a dystrophin-deficient mouse and resulting in the reduction of 

other DGC components at the sarcolemma (Hoffman et al., 1987; Sicinski et al., 1989; 

Ohlendieck and Campbell, 1991). The histopathology of mdx skeletal muscle is 

consistent with what is reported in patients, showing increases in central nucleation, 

indicating muscle degeneration and regeneration, and decreases in fiber size (Briguet et 

al., 2004). Mdx mice show elevated serum creatine kinase levels and increased uptake 

of cell-impermeable dyes in skeletal muscle, suggesting a loss of sarcolemmal integrity 

(Bulfield et al., 1984; Moens et al., 1993; Consolino and Brooks, 2004).  Physiologically, 

mdx mice have reductions in grip strength and whole body tension (Connolly et al., 

2001), show marked inactivity after mild exercise (Kobayashi et al., 2008), and 

demonstrate eccentric contraction-induced force loss both in vitro and in vivo (Petrof et 

al., 1993; Consolino and Brooks, 2004).  

Even though mdx mice display hallmark signs of DMD muscle pathology 

compared to wild-type mice, the phenotype is considerably milder than what is seen in 

DMD patients (Tanabe et al., 1986). A possible explanation for the milder phenotype is 

that mice compensate for lack of dystrophin through upregulation of utrophin 

(Matsumura et al., 1992; Dowling et al., 2002), a hypothesis supported by the more 
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severe phenotype seen in utrophin-deficient mdx mice and the rescue of dystrophic 

phenotype upon utrophin overexpression (Grady et al., 1997; Deconinck et al., 1997; 

Tinsley et al., 1998).  Another possible explanation is that the mice have an enhanced 

muscle regeneration response that may be dependent on the murine genetic 

background (Fukada et al., 2010). Mdx mice bred onto a background with decreased 

regenerative capacity (DBA/2) exhibit a more severe phenotype (Fukada et al., 2010; 

Rodrigues et al., 2016). Furthermore, mdx mice lacking MyoD, a transcription factor 

required for muscle regeneration, have a marked increase in dystrophic pathology 

(Megeney et al., 1996). Despite its imperfections as a model of DMD, the mdx mouse 

has been a critical resource in elucidating mechanisms of dystrophy and in the 

development of therapies that are now approved or in clinical trial. 

Additional animal models of DMD have been identified or developed to address 

the limitations of the mdx mouse. Mouse lines with different mutation types, modulated 

levels of dystrophin, or on different backgrounds have been particularly valuable 

(McGreevy et al., 2015). Non-mammalian animal models of dystrophin deficiency include 

C. elegans (Chamberlain and Benian, 2000), drosophila (Lloyd and Taylor, 2010), and 

zebrafish (Kunkel et al., 2006). Larger mammalian models that have been identified as 

naturally occurring are a golden retriever muscular dystrophy (GRMD) model that has 

become a standard for pre-clinical testing for DMD therapies (Valentine et al., 1986; 

Cooper et al., 1988; Kornegay et al., 2012) and a BMD porcine model with a missense 

mutation (Nonneman et al., 2012). 
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Questions Addressed by this Thesis 

Our lab has previously demonstrated that the thermal stability of dystrophin is 

sensitive to disease-causing point mutations and internal deletions (Henderson et al., 

2010, 2011). Several therapeutic strategies to treat DMD utilize internally deleted 

dystrophins, including the recently FDA approved exon-skipping drug, eteplirsen 

(Aartsma-Rus and Krieg, 2017), and viral delivery of therapeutic micro-dystrophins 

(Sakamoto et al., 2002; Wang et al., 2000). Thus my thesis seeks to answer the 

question: “How do deletions present in therapeutically relevant, internally 

truncated dystrophins affect in vitro protein stability?’  

My analysis of thermal stablity in vitro showed that micro-dystrophin gene 

therapy constructs are significantly less stable than full-length dystrophin whereas the 

exon-skipped dystrophins have stability profiles congruent with full-length dystrophin 

(McCourt et al., 2015).  My in vitro thermal studies also reinforce the need to better 

understand how differences in protein stability in vitro translate to therapeutic efficacy in 

vivo. A recent study in cultured myoblasts suggested that dystrophin proteins bearing 

DMD or BMD-causing missense mutations, the mutant proteins are targeted to the 

proteasome for degradation resulting in reduced steady state dystrophin protein levels 

(Talsness et al., 2015). Using the cell culture models and novel transgenic mice 

expressing missense dystrophins, we answered the questions: How are missense 

dystrophin proteins regulated in murine models of DMD and BMD missense 

mutants?  

While dystrophin stability is sensitive to missense mutations and internal 

deletions, the fetal homologue of dystrophin, utrophin, maintains stability upon terminal 

or internal deletions (Henderson et al., 2011). However, differences in thermodynamic 
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properties between dystrophin and utrophin do not address their proposed function as 

molecular springs to mechanically stabilize the muscle membrane during muscle 

contraction (Ervasti, 2007). Our aim is to use atomic force microscopy to address the 

question: What are the mechanical properties of full-length utrophin and 

functionally relevant utrophin fragments? 
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Figures 

 

 

 

 

 

Figure 1.1: Frequency of DMD/BMD mutation types. Data compiled from the Treat-

NMD DMD Global Database (Bladen et al., 2015).  
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Figure 1.2: Dystrophin and utrophin protein interacting domains. NT – amino 

terminus; CR – cysteine rich domain; CT – carboxy terminus; ovals – spectrin-like 

repeats; diamonds – unstructured “hinge” regions; ABD – actin binding domain; MBD – 

membrane binding domain; nNOS – neuronal nitric oxide synthase; MTBD – microtubule 

binding domain; DgBD – dystroglycan binding domain; AnkB/G – ankyrin B/G; Syn BD – 

syntrophin binding domain; DB BD – dystrobrevin binding domain.  
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Figure 1.3: The Dystrophin-Glycoprotein Complex. Diagram of the core members of 

the dystrophin-glycoprotein complex at the sarcolemma. On the inside of the cell are 

dystrophin, syntrophins, and α-dystrobrevin-2. Spanning the membrane are β-

dystroglycan, sarcospan, α-, β-, γ-, and δ-sarcoglycan. On the extracellular side are α-

dystroglycan, and laminin-2.  
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Figure 1.4: Meta-analysis of melting temperatures of dystrophin fragments (A) and 

exon-skipped constructs (B). Individual spectrin-type repeats are represented by 

rounded squares, hinge regions represented by diamonds. White boxes represent full-

length dystrophin with a melting temperature of 59.6°C. Blue and red shaded boxes 

indicate repeats/fragments that had melting temperatures below or above 59.6°C, 



 

 20 

respectively; purple shaded boxes indicate constructs that had multiple melting 

temperatures; orange bordered boxes indicate constructs that were not expressible.  
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Chapter 2 

 

In vitro stability of therapeutically relevant,  

internally truncated dystrophins* 
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Synopsis 

The X-linked recessive disease Duchenne muscular dystrophy (DMD) is caused by 

mutations in the gene encoding the protein dystrophin. Despite its large size, dystrophin 

is a highly stable protein, demonstrating cooperative unfolding during thermal 

denaturation as monitored by circular dichroism spectroscopy. In contrast, internal 

sequence deletions have been associated with a loss of the cooperative unfolding and 

cause in vitro protein aggregation. Several emerging therapy options for DMD utilize 

internally deleted micro-dystrophins and multi-exon skipped dystrophins that produce 

partially functional proteins but the stability of such internally-truncated proteins has not 

been investigated. In this study, we analyzed the in vitro stability of human dystrophin 

constructs skipped around exon 45 or exon 51, several dystrophin gene therapy 

constructs, as well as human full-length and micro-utrophin. Our results reveal that not 

all gene therapy constructs display stabilities consistent with full-length human 

dystrophin. However, all dystrophins skipped in-frame around exon 45 or exon 51 show 

stability profiles congruent with intact human dystrophin. Similar to previous studies of 

mouse proteins, full-length human utrophin also displays stability similar to human 

dystrophin and does not appear to be affected by a large internal deletion. Our results 

suggest that the in vitro stability of human dystrophin is less sensitive to smaller 

deletions at natural exon boundaries than larger, more complex deletions present in 

some gene therapy constructs.  
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Introduction 

The X-linked disease Duchenne muscular dystrophy (DMD) is caused by 

mutations in the gene encoding the protein dystrophin (Hoffman et al., 1987). Mutations 

causing this disease are variable with 65% of DMD patients harboring deletions which 

span exons, 5-15% having duplications, and the remaining populations having either 

point mutations or deep intronic deletions (Muntoni et al., 2003). Becker muscular 

dystrophy (BMD) is a milder allelic form of dystrophy typically caused by in-frame gene 

deletions that maintain reading frame, but presumably cause disease through diminished 

abundance or functionality (Koenig et al., 1989). 

 The dystrophin protein is a critical molecular component of the dystrophin-

glycoprotein complex (DGC) that functions to maintain skeletal muscle integrity during 

contraction (Rybakova and Ervasti, 1997; Ervasti, 2007). Dystrophin provides a 

structural link between the sub-sarcolemmal cytoskeleton and the extracellular matrix 

through interactions with actin (Rybakova et al., 1996, 2000), intermediate filaments 

(Stone et al., 2005; Bhosle et al., 2006; Rezniczek et al., 2007), microtubules (Prins et 

al., 2009; Belanto et al., 2014) and the membrane-associated dystroglycan complex 

(Jung et al., 1995; Ishikawa-Sakurai et al., 2004). The observation that milder BMD 

patients harbor deletions in the central rod domain suggests that dystrophin can tolerate 

such deletions to some degree and that the central rod domain is less critical to the 

function of dystrophin. 

Two avenues of therapeutic research have focused on producing internally 

truncated, Becker-like dystrophins in DMD patients. Exon-skipping approaches aim to 

restore the reading frame of mutated DMD transcripts using antisense oligonucleotides 

(ASOs) or phosphorodiamidate morpholino oligomers (PMOs), producing an internally 

truncated but partially functional protein (van Deutekom et al., 2007; Aartsma-Rus et al., 
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2009; Kinali et al., 2009). Alternatively, adeno-associated viral (AAV) gene therapy is 

under active investigation to express miniaturized dystrophin constructs in DMD patients 

due to the large size of the dystrophin gene and the limited capacity of AAV 

vectors(Harper et al., 2002; Sakamoto et al., 2002; Wang et al., 2000).  

The stability of the corresponding proteins produced from dystrophin exon 

skipping or AAV-mediated delivery of micro-dystrophins is unknown and may be an 

important factor to maximize therapeutic efficacy.  Previous in vitro work has 

demonstrated that the stability of mouse dystrophin was sensitive to disease-causing 

missense mutations and internal deletion (Henderson et al., 2010, 2011), raising the 

question of whether the stabilities of micro-dystrophins or exon-skipped dystrophins 

relevant to DMD therapies might also be compromised. In contrast, the stability of 

mouse utrophin, a fetal homologue of dystrophin, was insensitive to both terminal and 

internal deletion (Henderson et al., 2011).  

Here, we expressed and purified five dystrophins skipped around exon 45 or 51 

with an exon 43-skipped control, five recombinant dystrophin gene therapy constructs, 

and two utrophin constructs. The selected constructs represent the leading therapy 

approaches that have been shown to ameliorate the dystrophic phenotype in mdx mice 

with transition to clinical trials underway (Wang et al., 2000; Sakamoto et al., 2002; Lu et 

al., 2005; Alter et al., 2006; Odom et al., 2008; Sonnemann et al., 2009; Banks et al., 

2010; Call et al., 2011). In the current study, all constructs were expressed from human 

sequences, as opposed to the mouse constructs used previously (Henderson et al., 

2010, 2011). Our biophysical analysis revealed that the dystrophin gene therapy 

constructs exhibited more variable stabilities in vitro while exon-skipped dystrophin 

constructs showed stabilities not different from full-length dystrophin. Consistent with 

previous mouse studies, utrophin maintained stability despite internal deletion.  
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Methods 

Cloning 

Full-length human dystrophin was obtained from the DNASU vector repository in the 

pE223 Gateway entry vector. Human utrophin and micro-utrophin were cloned from 

HEK293 cells into the pENTR/D-TOPO vector (Invitrogen™) and sequence verified. An 

8-amino acid FLAG-tag (DYKDDDDK) was added to the N-terminus of both human 

dystrophin and utrophin constructs for use in purification. All human dystrophin deletion 

constructs were PCR amplified using primers designed around adjacent exons, repeats, 

or domains for the desired deletion based on reported repeat and domain 

boundaries(Winder et al., 1995). The PCR products were circularized using T4 

polynucleotide kinase and T4 DNA ligase (New England BioLabs) and sequence 

verified. Using the Gateway Recombination system (Life Technologies), the deletion 

constructs were recombined into the pDEST8 destination vector and subsequently 

transformed into DH10Bac competent E. Coli and purified according to the 

manufacturer’s protocol. 

Protein expression and purification 

Sf9 insect cells were maintained at 1 x 106 cells/mL in Sf-900™ II SFM (Life 

Technologies). Purified Baculovirus was transfected using Cellfectin® II (Life 

Technologies) and high-titer viral stocks were generated through successive infections 

of Sf9 cells in 3.5 cm plates (P0), 10 cm plates (P1), and 250 mL of 1 x 106 cells/mL 

suspended cells (P2). Ten mL of P2 virus were used to infect 250 mL of 1 x 106 cells/mL 

and cultured for 72-hour post-infection to maximize protein expression. Infected cells 

were centrifuged at 1,000 x g for 3 minutes and re-suspended in phosphate buffered 

saline (PBS) containing a cocktail of protease inhibitors [100nM Aprotinin, 10mg/mL E-

64, 10μM Leupeptin, 1mM PMSF, 1μg/mL Pepstatin]. Cells were lysed by sonication, 5 
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bursts of 30 seconds using a BioLogics Ultrasonic Homogenizer set at 30% power. The 

lysate was centrifuged at 14,000 x g for 10 min at 4ºC and the supernatant applied to an 

anti-FLAG M2 agarose column (Sigma Aldrich). The column was washed with >10 

column volumes of PBS and bound protein eluted with PBS containing protease 

inhibitors and 100µg/mL FLAG peptide. After dialysis overnight in 2L of PBS at pH 7.5, 

the purified protein was concentrated using the Amicon Centrifugal Filter unit 

(UFC801024) and protein concentration was determined using A280 and extinction 

coefficients calculated from the amino acid compositions for each construct. 

Concentrated proteins were run on a 3-12% SDS polyacrylamide gradient gel and run at 

150V for 1 hour. Gels were stained with Coomassie blue stain and visualized using 

Licor’s Odyssey® Infrared Imaging System. 

Tandem purification of full-length human dystrophin 

To optimize the purification of full-length human dystrophin, a Twin-Strep-tag® (IBA), 

with amino acid sequence SA-WSHPQFEK(GGGS)2GGSAWSHPQFEK, was cloned 

onto the C-terminus of pE223 dystrophin in addition to the N-terminal FLAG-tag. The 

dual-tagged dystrophin was then recombined into the pDEST8 expression vector and 

expressed in the Sf9 baculovirus system as described above. The cell lysate was 

applied to a Strep-Tactin ® Superflow ® high capacity resin (IBA), eluted with 100 mM 

Tris-HCl, 150 mM NaCl, 1 mM EDTA, 2 mM desthiobiotin, pH 8, and the eluent 

immediately applied to an anti-FLAG M2 agarose column as described above. 

Western Blotting 

Purification fractions from the tandem purification were run on a 3-12% SDS 

polyacrylamide gradient gel at 150V for 1 hour. The gel was transferred onto a 

polyvinylidene difluoride (PVDF) membrane at 100V for 1 hour. The PVDF membrane 
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was blocked using 5% milk in 1X PBS, 0.1% Tween and blotted using mouse 

monoclonal anti-FLAG M2 (Sigma Aldrich, F1804) and rabbit polyclonal anti-Strep-tag II 

(Abcam, ab76949) antibodies at 1:1000 dilution. The blot was visualized using anti-

mouse DyLight™ 800 (green channel) and anti-rabbit DyLight™ 680 (red channel) 

conjugate antibodies in Licor’s Odyssey® Infrared Imaging System. 

High-speed sedimentation 

Each purified protein was diluted to 0.3 mg/mL (for exon 51 skipped dystrophins) or 0.5 

mg/mL (for all other proteins) with PBS in a final volume of 120 µL and 60 µL was 

immediately aliquoted into 12 µL 6X LSB to prepare a “total” fraction. The remaining 60 

µL was centrifuged at 100,000 x g for 30 minutes at 4ºC. The supernatant was 

transferred into 12 µL 6X LSB and the pellet re-suspended in 72 µL of 1X LSB. Triplicate 

fractions were run on a 3-12% gradient polyacrylamide gel at 150V for 1 hour and 

stained with Coomassie blue stain. Gels were scanned using Licor’s Odyssey® Infrared 

Imaging System and band density calculated with Odyssey Software v2.1. Full-length 

human dystrophin was used as a control at both 0.3 mg/mL and 0.5 mg/mL 

concentrations and did not show any significant difference in percent aggregation 

between the different concentrations (17.6% ± 7.39 and 17.4% ± 7.30, respectively). 

Circular dichroism 

Each purified protein was centrifuged at 14,000 x g for 10 minutes at 4ºC and the 

supernatant diluted to 0.5 mg/mL (for gene therapy and utrophin proteins) or 0.3 mg/mL 

(for exon-skipped and full-length dystrophins) using PBS. Absorption spectra were 

acquired with a Jasco J-815 spectropolarimeter, initially at 20°C as controlled by a 

Peltier device, from 200 to 260nm wavelength. Spectra were then acquired at 1°C 

temperature intervals from 20-90°C and the characteristic ellipticity at alpha-helical 

wavelength (θ222) recorded. Molar ellipticity, [θ], was calculated using the following 
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equation: [θ] = θ / (10 x c x l) where c is the molar concentration of the sample (mole/L) 

and l is the path-length in cm. Molar ellipticity (with units of degrees, cm squared per 

decimole) was plotted against wavelength for the circular dichroism (CD) spectra. 

Ellipticity at 222nm (θ222) was normalized, plotted against temperature, and fit by 

regression analysis in Sigma Plot (Systat Software, Inc.) using equations for two state or 

three state unfolding (Legardinier et al., 2009a). 

Differential scanning fluorimetry 

Our method closely followed that described by Niesen et al(Niesen et al., 2007). Briefly, 

the fluorescent dye SYPRO Orange (Life Technologies™ #S6650) was incubated at a 

ratio of 1:1000 (w/w) with 0.5 mg/mL (or 0.3 mg/mL for exon-skipped proteins) of purified 

protein in PBS. The dye/protein solution was aliquoted into 50µL-technical triplicates and 

an emission of 610nm was measured in a real time PCR instrument (iCycler, Bio-Rad) 

as the temperature was increased from 20° to 90°C at 1°C temperature intervals. The 

fluorescence was normalized from 0 to 1, plotted against temperature, and fit by 

regression analysis in Sigma Plot (Systat Software, Inc.) using an equation for a two 

state unfolding model(Legardinier et al., 2009a). 

Statistical analysis 

Data for percentage aggregation and melting temperatures of single transition melt 

curves from CD and differential scanning fluorimetry (DSF) were analyzed using a one-

way analysis of variance (ANOVA) with a Tukey’s post hoc test in Prism software 

(GraphPad), all compared to full-length human dystrophin. 
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Results 

Basis for Choice of Recombinant Proteins and Gel Analysis 

The choice of constructs to analyze was based on current models for exon-

skipping and gene therapy in pre-clinical testing and clinical studies (Figure 2.1). The 

exon 45-skipped and exon-51 skipped dystrophins were analyzed because they could 

potentially treat 8% and 13% of DMD patients, respectively (Aartsma-Rus et al., 2009) 

and ASO and morpholino drugs targeting these exons are currently in clinical trials 

(Phase IIb Study of PRO045 in Subjects With Duchenne Muscular Dystrophy, A Study of 

the Safety, Tolerability & Efficacy of Long-term Administration of Drisapersen in US & 

Canadian Subjects). Therefore, we expressed a subset of exon-45 and exon-51 skipped 

human dystrophins, ∆ex44-45, ∆ex45-46, ∆ex45-51, ∆ex51-52, ∆ex51-63, as well as 

∆ex43-44, a control deletion that has been previously speculated to cause decreased 

stability (Ruszczak et al., 2009). While we initially attempted to generate a larger array of 

exon-51 skipped constructs, we analyzed the three (∆ex45-51, ∆ex51-52, and ∆ex51-63) 

that yielded products in the first stages of cloning. 

The gene therapy constructs µH2 hDys and µH3 hDys contain spectrin-like 

repeats (SLRs) 1-3 and 24 with hinge 2 or hinge 3, respectively. These constructs have 

been shown to ameliorate the dystrophic phenotype in mdx mice (Banks et al., 2010) 

and µH2 also showed significant expression with muscle improvement in the GRMD dog 

model of DMD (Wang et al., 2007, 2012). The ∆3990 hDys construct corresponds to the 

AAV-delivered micro-dystrophin used in a clinical trial that reported minimal recombinant 

dystrophin expression associated with a strong immune response to dystrophin (Wang 

et al., 2000; Mendell, 2010). Constructs ∆H2-R15/∆CT hDys and ∆R3-15/18-23/∆CT 

hDys are miniaturized dystrophins that retain SLRs 16 and 17 necessary for 
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sarcolemmal localization of neuronal nitric oxide synthase (nNOS) (Lai et al., 2009, 

2012). Full-length human utrophin and a micro-utrophin (µH2 hUtr, homologous to µH2 

hDys) correspond to constructs that are under investigation for gene, cell, and protein-

based therapies (Odom et al., 2008; Sonnemann et al., 2009; Call et al., 2011; Filareto 

et al., 2013). 

While gel analysis of the FLAG affinity-purified recombinant proteins revealed a 

predominant band of the expected molecular weight for each purified dystrophin gene 

therapy and utrophin constructs, full-length and exon skipped human dystrophins 

exhibited a near-stoichiometric contaminating fragment at ~230 kDa (Figure 2.2A) that 

was not previously observed in preparations of full length mouse dystrophin (Henderson 

et al., 2010) and was not present in gene therapy or utrophin preparations (Figure 2.2A). 

To identify the contaminating fragment, we generated and expressed a dual-tagged, full-

length human dystrophin containing a C-terminal Twin-Strep-tag® (IBA) in addition to the 

N-terminal FLAG-tag. Western blot analysis after tandem affinity purification of the 

dually-tagged dystrophin revealed that the near-stoichiometric, ~230 kDa contaminating 

fragment present in the FLAG affinity-purified samples was an N-terminal fragment 

(green band, Figure 2.2B) and was mostly likely caused by a cleavage from a protease 

in our expression system. The cleavage event was further confirmed by the presence of 

the corresponding C-terminal fragment in the load and elution fractions of the Strep-tag 

purification (red band, Figure 2.2B). The absence of the contaminating N-terminal 

fragment in constructs with deletions preceding repeat 16 combined with its presence in 

constructs with deletions after repeat 16 suggests that the proteolytic cleavage site 

resides within repeat 14 or 15, which would yield the predicted N-terminal fragment of 

~230 kDa. While the tandem purification was successful in identifying the contaminating 
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fragments and a more purified full-length dystrophin was recovered (yellow band), the 

resulting yield was not sufficient to support the planned biochemical or biophysical 

analyses. Therefore, single FLAG affinity-purified proteins were used in all subsequent 

analyses. 

Protein Aggregation 

High-speed sedimentation is a facile in vitro technique to quantify aggregation of 

purified proteins. Full-length human dystrophin exhibited 17.6% aggregation (Figure 2.3, 

Table 2.1), which is similar to the 14% aggregation previously reported for full-length 

mouse dystrophin(Henderson et al., 2010). Exon-skipped dystrophin proteins did not 

show significant increases in aggregation relative to full-length human dystrophin, 

however ∆ex43-44 showed a significant decrease in aggregation (gray bars, Figure 2.3). 

Four of the five gene therapy proteins showed a significant increase, with percent 

aggregation ranging from 31.7 to 44.4% (white bars, Figure 2.3, Table 2.1). Interestingly, 

the ∆3990 protein was the only gene therapy construct that exhibited protein aggregation 

congruent with full-length dystrophin. Similar to the exon-skipped dystrophins, utrophin 

and micro-utrophin did not vary significantly from full-length dystrophin aggregation 

(lined bars, Figure 2.3). 

Assessment of Secondary Structure Unfolding 

To assess secondary structure and protein unfolding, we analyzed the purified 

proteins by circular dichroism (CD) spectroscopy. All of the constructs exhibited CD 

spectra characteristic of proteins with high alpha-helical content and minima at 208 and 

222 nm (Figure 2.4A-C).  As the temperature was increased, loss of secondary structure 

(or unfolding) was monitored at 222nm to generate melt curves (Figure 2.4D-F) with a 

calculated melting temperature or temperatures (Table 2.1). Full-length human 
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dystrophin exhibited a single transition melt curve with a melting temperature of 48.1°C 

(Table 2.1, Figure 2.4), which is in contrast to the 59.6°C melting temperature reported 

for full-length mouse dystrophin (Henderson et al., 2010). Upon closer inspection of the 

melt curves from the previous report, it is apparent that full-length mouse dystrophin 

exhibited an additional melting transition similar to the dystrophin isoform DP260 

(Henderson et al., 2011), a property that is absent in CD melt curves of human 

dystrophin. Exon-skipped dystrophins exhibited single transitions all with comparable 

melting temperatures to full-length dystrophin (Figure 2.4D, Table 2.1). Two of the gene 

therapy constructs, ∆3990 and ∆R3-15/18-23/∆CT, also displayed a single transition but 

∆3990 had a significantly higher melting temperature of 56.1°C. However, the other gene 

therapy constructs displayed a second transition with two calculated melting 

temperatures ranging from 47° to 85°C (Figure 2.4E, Table 2.1). This indicates that the 

protein is either not unfolding cooperatively, or is composed of two populations of folded 

and unfolded states. Full-length human utrophin and µH2 hUtr displayed single transition 

melt curves with melting temperatures of 46.2 and 47°C, respectively (Figure 2.4F, Table 

2.1). These values are not significantly different from full-length dystrophin and are 

consistent with previously reported melting temperatures for mouse full-length and 

micro-mouse utrophins (Henderson et al., 2011). 

Assessment of Tertiary Structure Unfolding 

Differential scanning fluorimetry (DSF) utilizes a fluorescent dye that increases its 

fluorescence emission upon binding to hydrophobic moieties in proteins, which become 

more exposed and accessible as a protein unfolds during thermal denaturation (Niesen 

et al., 2007). Like CD, DSF can be used to obtain protein melt curves, but unlike CD, the 

signal measured reflects changes in tertiary structure rather than secondary structure. 
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By DSF analysis, full-length human dystrophin displayed a melt curve with a single 

transition at 45.7°C (Figure 2.5). This temperature was lower than that seen in CD, 

consistent with the concept that tertiary structure will be lost before secondary structure. 

Exon-skipped dystrophins displayed single transitions with similar melting temperatures 

to full-length dystrophin ranging from 43.7° to 48.1°C (Figure 2.5A, Table 2.1). In 

contrast to the CD data, all of the gene therapy constructs exhibited single transitions 

with melting temperatures ranging from 45.8° to 50.4°C (Figure 2.5B, Table 2.1). Both 

∆3990 and ∆H2-R15/∆CT hDys had significantly right-shifted melt curves from full-length 

dystrophin with melting temperatures of 50.4° and 49.8°C, respectively. Full-length and 

micro-utrophin both show a left-shifted melt curve with melting temperatures of 43.4° and 

42.9°C, respectively, but, like exon-skipped dystrophins, these values are not 

significantly different from full-length dystrophin (Figure 2.5C, Table 2.1). 
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Discussion 

In this study, we have analyzed the biophysical properties of several 

therapeutically relevant, internally truncated dystrophins and utrophins. Therapies that 

produce internally deleted dystrophins are based on observations that patients with the 

milder BMD can harbor large deletions in the central rod domain. In addition to 

conferring elasticity or flexibility to dystrophin (Koenig and Kunkel, 1990; Ervasti, 2007; 

Saadat et al., 2006), it is known that the central rod domain encodes a second actin 

binding domain (Rybakova et al., 1996; Amann et al., 1998; Warner et al., 2002), as well 

as domains for localizing nNOS to the sarcolemma (Lai et al., 2009, 2012), for in vitro 

binding to phospholipids (Legardinier et al., 2008, 2009b), intermediate filaments (Bhosle 

et al., 2006), and microtubules (Prins et al., 2009; Belanto et al., 2014). 

The biophysical properties of individual and tandem repeats of the rod domain 

have been extensively investigated and these findings demonstrate a wide range of 

stabilities (Mirza et al., 2010; Legardinier et al., 2008, 2009b; Bhasin et al., 2005b), 

whereas full-length dystrophin has remarkable cooperative stability (Henderson et al., 

2010). Additionally, there is evidence that certain internal deletions of the central rod 

domain are associated with increased protein aggregation and instability (Henderson et 

al., 2011). Together, these studies suggest that the stability of individual or tandem 

repeat fragments does not necessarily reflect that of larger fragments or full-length 

dystrophin proteins and that protein stability of individual regions within dystrophin is 

context dependent. 

Several groups have investigated the biophysical consequences of exon-skipping 

on dystrophin fragments within the central rod domain, particularly those spanning exons 

43 to 51 (Ruszczak et al., 2009; Krieger et al., 2010b; Sahni et al., 2012; Nicolas et al., 

2012). For constructs skipping exon 51, they concluded that some protein fragments are 
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more stable than others. Our results, however, suggest that for dystrophins skipped 

around exon 51, there is little measureable change in stability in vitro between exon-

skipped proteins and full-length human dystrophin. This conclusion is consistent with the 

conclusions of a recent report that assessed the structural differences and stability 

profiles of human dystrophin fragments with deletions around exon 51 (Nicolas et al., 

2014b). They found that while there were marked structural differences between the 

different deletion fragments, the stability was not significantly affected. 

For the common, out-of-frame deletion of exon 45 (∆45) in patients, exon-

skipping therapies are being designed to either delete exon 44 (∆ex44-45) or exon 46 

(∆ex45-46) to correct the reading frame. Based on another recent report, it was 

speculated that the ∆ex45-46 dystrophin protein might be highly unstable because this 

in-frame deletion is associated with the more severe DMD phenotype in patients (Findlay 

et al., 2015), and therefore a ∆ex44-45 skipping strategy would be more beneficial. 

However, based on our in vitro data, there does not appear to be any significant 

difference in stability between ∆ex44-45 and ∆ex45-46 and full-length dystrophin 

proteins. These different conclusions from the clinical and in vitro studies indicate that 

the source of pathogenesis from the exon 45-46 deletion may not depend on the stability 

of the resulting protein, but perhaps is caused by a regulatory or functional perturbation. 

Interestingly, all of the exon-skipped dystrophins evaluated in our study displayed in vitro 

stabilities congruent with full-length dystrophin, including the ∆ex43-44 protein that 

exhibited decreased stability when previously evaluated in the context of a smaller 

recombinant fragment encompassing SLRs 16-18 (Ruszczak et al., 2009). Because 

dystrophy-causing missense mutations also cause less dramatic instability in full-length 

dystrophin compared to small fragments (Henderson et al., 2010; Singh et al., 2010), it 
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seems possible that long-range and cooperative intra-protein communication may serve 

to buffer dystrophin against the destabilizing effects of sequence changes and deletions. 

We also expressed internally deleted human micro-dystrophins that are currently 

under investigation for gene therapy. We showed that several of these constructs have 

significantly different stability compared to the full-length human dystrophin protein. Both 

micro-dystrophins µH2, hDys, and µH3 hDys displayed increased aggregation and 

additional melting transitions upon secondary structure unfolding. One of the 

sarcolemmal nNOS-localizing constructs, ∆H2-R15/∆CT hDys, displayed similar 

behavior. Interestingly, the more truncated nNOS-localizing construct, ∆R3-15/18-

23/∆CT, exhibited a single melting transition similar to full-length dystrophin but also 

increased aggregation. These data suggest that the in vitro stability of dystrophin gene 

therapy constructs may be dependent on the stability of the non-native junction created 

by the internal deletion. The ∆3990 hDys construct was the only gene therapy construct 

that exhibited wild-type aggregation and it displayed significantly increased melting 

temperatures for both CD and DSF, suggesting that the ∆3990 protein is more stable 

than full-length dystrophin. However, a small clinical trial for AAV-mediated delivery of 

the ∆3990 was not successful (Mendell, 2010). 

Utrophin replacement therapies are also currently under investigation, therefore 

we analyzed the stability of full-length human utrophin and a micro-utrophin. A previous 

study demonstrated that mouse utrophin is a highly stable protein that does not appear 

to be sensitive to terminal truncation or internal deletion (Henderson et al., 2011). 

Consistent with these results, our data showed that both full-length and micro-utrophin 

have similar protein aggregation to dystrophin and maintain melting temperatures that 

are not significantly different from full-length human dystrophin. Investigation of utrophin 



 

 37 

as a dystrophin substitute therapy for DMD (Odom et al., 2008; Sonnemann et al., 2009; 

Call et al., 2011; Filareto et al., 2013) is based on its ability to rescue most phenotypes 

of the mdx mouse when transgenically overexpressed (Tinsley et al., 1998) and also the 

positive correlation between increased utrophin expression with improved prognosis in a 

small cohort of DMD patients (Kleopa et al., 2006). Utrophin maintains some functional 

properties of dystrophin, such as forming an analogous utrophin-glycoprotein complex 

(Matsumura et al., 1992) and binding actin filaments (Rybakova et al., 2006), but lacks 

the ability to localize nNOS to the sarcolemma (Li et al., 2010; Lai et al., 2012) and 

organize the sub-sarcolemmal microtubule lattice (Belanto et al., 2014). While utrophin 

cannot completely substitute for dystrophin in terms of protein-protein interactions, our 

results suggest that utrophin and micro-utrophin proteins are appealing as therapeutic 

targets in terms of protein stability, especially when compared to dystrophin gene 

therapy proteins. 

While the recombinant dystrophin and utrophin proteins used in this study were 

expressed in a eukaryotic cellular environment, their purification and characterization in 

more simple buffers leaves open the possibility that they exhibit unfolding and 

aggregation properties in vitro that are different from how they behave in the complex 

environment of a mammalian muscle cell. It will therefore be important to develop both 

cell and tissue-based model systems to better understand how deletions in dystrophins 

and utrophins affect stability in vivo. 

Our in vitro analysis of the biophysical consequences of internal deletion on 

dystrophin and utrophin suggests that dystrophin stability is context-dependent: relatively 

unaffected by small deletions at natural exon boundaries, but sensitive to larger and 

more complex rearrangements from deletions present in gene therapy constructs. In 

contrast, utrophin maintains uniform stability despite large internal deletion. Moreover, 
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our results also highlight the need to better understand how differences in protein 

stability in vitro translate to therapeutic efficacy in vivo.  
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Figures 

 
 
 

Figure 2.1: Dystrophin and utrophin constructs analyzed. A Diagram of full-length 

human dystrophin (hDys); NT – N-terminus, CR – cysteine-rich domain, CT – C-

terminus, circles – spectrin-like repeats, diamonds – unstructured “hinge” regions, 

ABD1/2 – actin binding domains, nNOS BD – neuronal nitric oxide synthase binding 
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domain, MTBD – microtubule binding domain, DgBD – dystroglycan binding domain, 

Syn BD – syntrophin binding domain, DB BD – dystrobrevin binding domain. B Diagrams 

of exon-skipped human dystrophin constructs analyzed. C Diagrams of gene therapy 

human dystrophins analyzed. D Diagrams of full-length human utrophin (hUtr) and a 

micro-utrophin (µH2 hUtr) analyzed. 
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Figure 2.2: Gel analysis of purified recombinant proteins. A Representative 

Coomassie-stained gels with 5 μg of exon-skipped dystrophins, gene therapy 

dystrophins, and utrophins loaded for comparison. B Western blot of purification 

fractions from tandem purification of dual-tagged full-length human dystrophin with N-

terminal (NT) FLAG-tag (green channel) and C-terminal (CT) Strep-tag (red channel); 

fractions from Strep affinity purification and FLAG affinity purifications: load (L), void (V), 

wash (W), and elute (E).   
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Figure 2.3: Analysis of protein aggregation by high-speed sedimentation. 

Quantification of high-speed sedimentation assay of supernatant (S) and pellet (P) 

fractions where % aggregation = S/(S+P); full-length human dystrophin (hDys) in black 

bar, exon-skipped dystrophins in gray bars, gene therapy dystrophins in white bars, and 

utrophins in lined bars; * p<0.05, ** p< 0.0001 using ANOVA statistical analysis 

compared to full-length human dystrophin.  
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Figure 2.4: Spectra and melt curves obtained by circular dichroism spectroscopy. 

(A-C) Circular dichroism absorption spectra from 200 to 260 nm for exon-skipped 

dystrophins (A), gene therapy constructs (B), and utrophins (C). Molar Ellipticity [θ], with 

units of degrees cm2 per decimole, was calculated as θ / (10 x c x l) where c is the molar 

concentration of the sample (mole/L) and l is the path-length in cm.  (D-F) CD absorption 

spectra monitored at 222nm from 20°C to 90°C for exon-skipped dystrophins (D), gene 

therapy dystrophins (E), and utrophins (F). Melt curves were normalized to θ222 from 0-1 

fraction unfolded and a representative curve plotted. See Table 1 for melting 

temperatures (CD Tm1 and Tm2).  
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Figure 2.5: Melt curves obtained by differential scanning fluorimetry. Differential 

Scanning Fluorimetry (DSF) melt curves for exon-skipped dystrophins (A), gene therapy 

dystrophins (B), and utrophins (C). Fluorescence monitored at 610nm from 20°C to 90°C 

and fluorescence normalized from 0-1 fraction unfolded and a representative curve 

plotted. See Table 2.1 melting temperatures (DSF Tm).  
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Construct Molecular 
Weight (kDa) 

CD Tm1 
(oC) 

CD Tm2 
(oC) 

DSF Tm (oC) % 
Aggregation 

hDys 427 48.1 ± 1.17 - 45.7 ± 2.62 17.6 ± 7.11 
∆ex43-44 414 46.7 ± 0.70 - 44.3 ± 0.35 3.4 ± 0.73* 
∆ex44-45 413 51.7 ± 1.51 - 48.1 ± 1.54 15.7 ± 2.83 
∆ex45-46 414 48.4 ± 2.38 - 46.0 ± 2.60 27.9 ± 5.28 
∆ex45-51 385 47.9 ± 4.07 - 44.6 ± 1.63 10.9 ± 7.00 
∆ex51-52 414 47.2 ± 0.87 - 43.8 ± 0.31 12.9 ± 6.70 
∆ex51-63 351 48.6 ± 3.08 - 43.7 ± 1.15 10.4 ± 7.11 

µH2 139 47.3 ± 1.25 85.1 ± 4.14 46.0 ± 1.28 44.4 ± 10.10** 
µH3 137 49.5 ± 1.78 79.0 ± 2.82 45.8 ± 0.86 31.7 ± 6.72** 

∆3990 154 56.1 ± 
1.97** 

- 50.4 ± 1.91* 11.7 ± 3.97 

∆H2-
R15∆CT 

242 53.7 ± 1.51 72.9 ± 4.11 49.8 ± 0.54* 36.2 ± 1.95** 

∆R3-
15,18-

23 ∆CT 

146 45.8 ± 2.96 - 47.3 ± 0.07 36.7 ± 3.96** 

hUtr 399 46.2 ± 1.42 - 43.4 ± 0.36 12.5 ± 1.40 
µH2 hUtr 138 47.0 ± 1.16 - 42.9 ± 0.25 25.6 ± 3.58 

 
Table 2.1: Biophysical properties of human dystrophin and utrophin constructs.  

All values are mean values of at least 3 experiments with standard deviations. CD Tm1 

and Tm2: Circular dichroism melting temperatures; DSF Tm: Differential scanning 

flourimetry melting temperatures. * p < 0.05; ** p < 0.0001 using ANOVA statistical 

analysis compared to full-length human dystrophin.  

 
 

 

 

 
 

 

 

 

 



 

 46 

Chapter 3 

 

Ubiquitin Proteasome Pathway in   

Novel Mouse Models of Missense Mutant Dystrophins* 
 

 

 

 

 

 

 

 

 

*Manuscript of co-first author paper with Dana M. Talsness to be submitted to Human 

Molecular Genetics in May of 2017.  

 

The initial siRNA screen was performed collaboratively with Dana Talsness and Robert 

Arpke with subsequent validation done by Jackie McCourt. Initial mouse-line 

development and analyses were performed by Dana Talsness collaboratively with Dawn 

Lowe, John Olthoff, Paul Chatterton, and Chris Chamberlain. Development of the 

homozygous mouse line and subsequence analyses was performed by Jackie McCourt 

with physiological analysis done in collaboration with Angus Lindsay.  
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Synopsis 

Missense mutations in the dystrophin protein are thought to cause Duchenne 

(DMD) or Becker (BMD) muscular dystrophy in 0.4% of patients through an undefined 

pathomechanism. In vitro studies suggest that missense mutations in the N-terminal 

actin binding domain (ABD1) cause protein instability and decreased expression levels 

in cultured myoblasts that were restored to wild type by treatment with ubiquitin 

proteasome inhibitors.  To identify the specific ubiquitin-conjugating enzymes 

responsible for targeting dystrophin to the proteasome, we screened a myoblast cell line 

expressing GFP-tagged L54R mutant dystrophin with an siRNA library of E1, E2, and E3 

ligases. The screen identified five putative dystrophin-specific E3 ligases. To further 

elucidate the role of the ubiquitin proteasome pathway in missense dystrophin biology 

and the effects of missense dystrophins in vivo, we generated two missense dystrophin 

mouse lines on the mdx background – L54R and L172H – corresponding to DMD- and 

BMD- associated mutations identified in human patients. The biochemical, histological, 

and physiological parameters measured for these new mouse models demonstrate that 

disease severity is inversely proportional to the amount of missense protein present in 

the muscle. While treatment of the mice with proteasome inhibitors was not effective at 

increasing missense dystrophin protein, increased expression of missense L172H 

dystrophin through the generation of homozygous mice revealed further improvements 

in muscle histology and physiology. Additionally, protein levels for one of the five 

putative dystrophin-specific E3 ligases identified in our screen showed increased levels 

correlating with the amount of missense mutant dystrophin present in each mouse 

model.   This work establishes two novel mouse models representing DMD or BMD 

where the level of dystrophin expression exceeds the accepted therapeutic level for wild 

type protein, and highlights the ubiquitin-proteasome pathway as a mechanism of 
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dystrophin protein regulation relevant for understanding the etiology of DMD/BMD and 

potential therapies.  
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Introduction 

The X-linked recessive disease Duchenne muscular dystrophy (DMD) is 

caused by mutations in the DMD gene encoding for the 427 kDa protein 

dystrophin(Koenig et al., 1988). Dystrophin is predominantly expressed in muscle 

cells and is a critical component of the dystrophin-glycoprotein complex (DGC) 

that functions to stabilize the muscle cell membrane during muscle contraction 

(Ervasti, 2003; Rybakova et al., 2000). Disease-causing mutations in the DMD 

gene vary with 68.5% of patients harboring large deletions (>1 exon), 11% with 

duplications (>1 exon), 10.2% with non-sense mutations, 6% with smaller 

deletions or insertions (<1 exon), 3% with splice-site mutations, 0.3% with mid-

intronic mutations, and 0.4% with missense mutations (Bladen et al., 2015). 

Typically, mutations that result in the absence of dystrophin protein (i.e. through 

nonsense mutations or out-of-frame deletions) cause the severe phenotype of 

Duchenne muscular dystrophy (DMD) whereas mutations that result in a partially 

functional dystrophin cause a milder form known as Becker muscular dystrophy 

(BMD) (Koenig et al., 1989). Exceptions to this categorization include the subset 

of patients with missense mutations that result in only one amino acid change. A 

patient with an L54R mutation in the N-terminal tandem calponin homology (CH) 

actin binding domain (ABD1) was reported as having a severe form of dystrophy 

diagnosed as DMD (Prior et al., 1993) and a patient with a missense mutation in 

a homologous region of ABD1, L172H, was diagnosed with the milder BMD 

(Hamed et al., 2005).  
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 Disease-causing mutations in ABD1 were expected to disrupt actin 

binding activity (Norwood et al., 2000). However, many missense mutations in 

this domain, including L54R and L172H, did not show large differences in actin 

binding affinity but instead demonstrated increased thermodynamic instability 

and aggregation (Henderson et al., 2010; Singh et al., 2010). Additionally, 

myoblast cell culture models expressing L54R or L172H dystrophins revealed 

missense-mutant dystrophin levels that were inversely proportional to in vitro 

stability and disease severity of the corresponding patients (Talsness et al., 

2015). Treatment of these cell lines with proteasome inhibitors or heat shock 

activators resulted in increased missense-mutant dystrophin levels suggesting 

that the mutations cause misfolding and are targeted to the proteasome. 

Because it is not therapeutically practical to treat chronic patients with broad-

spectrum proteasome inhibitors over the course of their lifetime, research has 

more recently focused on inhibitors specific to ubiquitin-conjugating enzymes 

unique for a given disease target (Weathington and Mallampalli, 2014). 

Therefore, we performed an siRNA screen to identify the ubiquitin-conjugating 

enzymes that may specifically target misfolded dystrophins to the proteasome.  

 In addition to understanding the molecular/cellular pathomechanism 

associated with missense-mutant dystrophins, there is also a need to understand 

the consequences of missense mutations within the context of an animal model. 

The first animal model with a missense mutation in dystrophin was reported in a 

line of pigs harboring a point mutation in exon 41 resulting in full-length 
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dystrophin with the amino acid change R1958W (Hollinger et al., 2014). 

Phenotypically, the R1958W pigs appear to most closely model mildly-affected 

BMD patients and express dystrophin at 30% of wild-type levels. While this 

porcine model will likely be a valuable tool in muscular dystrophy research and 

therapy development, there currently is no animal model that harbors a missense 

mutation reported in any patients with Duchenne or Becker muscular dystrophy. 

Here we report the generation of two novel transgenic mouse models expressing 

missense dystrophins reported in human DMD (L54R) and BMD (L172H) 

patients, which we previously modeled in cultured myoblasts (Talsness et al., 

2015).  Analysis of hemizygous L54R and L172H mice on the dystrophin-null 

mdx background, as well as a homozygous L172H line, revealed that disease 

severity inversely correlates with expression levels of dystrophin protein, 

corroborating the results from the cell culture models. These mouse models are 

valuable platforms to continue understanding the mechanism of dystrophin 

protein regulation and to develop new therapies to treat Duchenne and Becker 

muscular dystrophy. 
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Materials and Methods 

siRNA screen in myoblast model 

The L54R mutant dystrophin C2C12 cell line was grown according to (Talsness 

et al., 2015). Cells were seeded to 600,000 and adhered for 4 hours before being 

treated with mouse ON-TARGETplus siRNA library for Ubiquitin Conjugating 

Enzymes Subsets 1, 2, and 3 (Dharmacon). Cells were treated with 40nM siRNA 

pools according to manufacturer’s protocol or treated with 1uM bortezomib as a 

positive control. After 48 hours, cells were trypsinized and resuspended with 50ul 

microliters fluorescence-activated cell sorting (FACS) staining medium: 

phosphate-buffered saline (PBS) (Mediatech, Inc., Manassas, VA) containing 2% 

fetal bovine serum (FBS; HyClone, Logan, UT) supplemented with 1 ug/mL 

Propidium Iodide. FACS analysis was performed on a BD FACSAriaII (BD 

Biosciences, San Diego, CA) and data were analyzed using FlowJo (FlowJo 

LLC, Ashland, OR).  

Cloning and mouse generation 

Full-length mouse dystrophin cDNA (with missense mutations L54R and L172H) 

was subcloned into the Gateway system Entry vector (Life Technologies).  The 

cDNA was then recombined into a vector containing the human skeletal alpha-

actin (HSA) promoter and Vp1 intron that had been adapted to the Gateway 

system.  The expression cassette was cut out of the vector with restriction 

enzymes and sent to the University of Cincinnati Transgenic Mouse Core (L54R) 

or The Scripps Research Institute Mouse Genetics Core (L172H) for pronuclear 
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injection into fertilized eggs.  Injected eggs were transplanted into 

pseudopregnant mice. Progeny were screened for the transgene by genomic 

PCR.  Transgenic mice were crossed onto the mdx background (mL54R and 

mL172H), and transgenic male progeny were analyzed. Homozygous mice were 

generated by breeding transgene positive males with transgene positive females. 

Progeny were then analyzed for homozygosity by genomic quantitative PCR 

using HSA transgene promoter specific primers (see below). All analyses were 

performed on mice 10-14 weeks of age. 

RT-qPCR 

Tissue was pulverized with mortar and pestle in liquid nitrogen.  RNA was 

isolated with the Aurum Total RNA Fatty and Fibrous Tissue (BioRad 732-6870).  

Total RNA was reverse transcribed into cDNA using the iScript™ Advanced 

cDNA Synthesis Kit (Biorad 170-8843).  cDNA was amplified using 

SsoAdvanced™ Universal SYBR® Green Supermix (Biorad 172-5270).  Primers 

for endogenous mouse dystrophin: Forward [TGGCAGATGATTTGGGCAGA] 

and Reverse [CCATGCGGGAATCAGGAGTT].  Primers for transgenic mouse 

dystrophin (for HSA transgene promoter): Forward 

[ACAATGTAGAAGGGTGGGCG] and Reverse 

[GCGTAGAATCGAGACGCGAGG].  Primers for intragenic mouse dystrophin: 

Forward [GCGCCAACACAAAGGACGCC] and Reverse 

[GCTTCAGCCTGGGGCTGCTC].  All measurements were relative to reference 

transcript Hprt: Forward [CCCTGGTTAAGCAGTACAGCCCC] and Reverse 
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[GGCCTGTATCCAACACTTCGAGAGG]. Primers for RT-qPCR of the siRNA 

positive hits are listed in the table below. Measurements were collected with the 

C1000 Touch Thermal Cycler (Biorad) and analyzed with the CFX Manager 

software (Biorad).  

Target Forward Primer Reverse Primer 

ASB5 AAGCTGGGGCTAATGCAAAC CAGGACTCCAGTTGGGCTTT 

VPS41 GCCGAGTATGACCGACCAAA CCCATTCGGCTCAGAAGGTA 

Amn1 GTCAGCTCCTGGAACTATGTCT GTTATCCGACCCCGAATGCT 

FBXO33 TTGGCAATTCATGGTTACACCG GCCCAGTGATACCTGCTCAA 

FBXO16 GCTGCTGAGGTGTTGTCTTTC GATGGTTGAGAGGTGTCCAGG 

Zfand5 GTCACTCAGCCCAGTCCATC GCAGTCAAACCCTGTAAGGC 

SCEL CAATCAACCAAGACGCCAGC TGTGCTTGGAGAGGCATTGT 

NSD1 TCCAGAAGTACCCACCGACT GCGCATCAGACGACCTTTAG 

PHF5A GGTGTGGCTATCGGAAGACT CGGCCCTGGTAAGATCCATAG 

MYLIP TACAGGAGCAGACAAGGCAT TGTATTGGGCGGTGTTCTGG 

Pcgf3 CCAGGAAGCGGAAATGAGGA TGGTTTCACCATTTCGGGGA 

Rnf182 GGCTCTCGATCCTCCCATCG AAGGGCAGCTGAAGGATCTGAC 

TRAF2 GCTACTGCTCCTTCTGCCTG TGGAAAGGCCGAACTACTCTC 

 

Western blot analysis 

Tissue was pulverized with mortar and pestle in liquid nitrogen.  Tissue was then 

lysed with 1% SDS solution with added protease inhibitors [100nM Aprotonin, 
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10mg/ml E-64, 100μM Leupeptin, 1mM PMSF, 1μg/ml Pepstatin] proportional to 

mass of the tissue pellet.  Protein concentration was measured by A280 

absorbance.  Equal concentrations of lysate were then separated by 

electrophoresed at 150V for 1 hour, then transferred to PVDF membrane at 

100V/0.7Amp for 1 hour.  Membranes were blocked in either [5% non-fat milk in 

phosphate buffered saline 0.1% Tween solution] or [5% Bovine Serum Albumin 

in tris buffered saline 0.1% Tween solution] depending on the primary antibody 

for 1 hour. Primary antibodies used were anti-Dys1 (Leica) at 1:100, anti-Dys2 

(Leica) at 1:100, anti-utrophin (Santa Cruz 8A4) at 1:100, anti-α-dystroglycan 

(Millipore 05-593) at 1:1000, anti-β-dystroglycan (vector labs VP-B205) at 1:100, 

anti-dystrobrevin (BD labs 610766) at 1:1000, anti-syntrophin (Abcam 11425) at 

1:1000, anti-pan actin C4 (Seven Hills Bioreagent LMAB-C4) at 1:5000, anti-

Desmin D93F5 (Cell Signaling 5332) at 1:1000, anti-Hsp40 C64B4 (Cell 

Signaling 4871) at 1:1000, anti-Hsp70 (Cell Signaling 4872) at 1:1000, anti-

Hsp90 (abcam 19021) at 1:1000, anti-Phosph-Hsp90α (Cell Signaling 3488) at 

1:1000, anti-Phospho-Hsp27 (Cell Signaling 9709) at 1:1000, anti-Fbxo33 at 

1:500 (Abcam ab90046), and anti-Amn1 at 1:500 (Boster Bio A15649). Blots 

were then incubated in secondary antibodies anti-mouse or anti-rabbit IgG 

Dylight® 800 (Cell Signaling) at 1:10,000 in blocking buffer.  Secondary antibody 

signal was visualized on Licor’s Odyssey® Infrared Imaging System and band 

density calculated with Odyssey Software v2.1.   

Immunofluorescent analysis 
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Quadriceps and gastrocnemius muscles were dissected, frozen in melting 

isopentane, and embedded in optimum cutting temperature (OCT) compound 

submerged in liquid nitrogen.  Transverse sections of 10 µm were cut on a Leica 

CM3050 cryostat, air dried, and then fixed in 4% paraformaldehyde for 10 

minutes.  Sections were washed with PBS (150mM NaCl, 8 mM NaH2PO4, 42 

mM Na2HPO4) before being blocked with 5% goat serum/0.1% Triton X-100 for 

30 minutes.  A secondary block in Rodent Block M (Biocare Medical) was also 

performed for 30 minutes.  The sections were then incubated with primary 

antibodies overnight at 4°C.  Primary antibody dilutions were: NCL-Dys1 (1:20) 

(Leica), NCL-Dys2 (1:20) (Leica), Rb2 (1:20), Utrophin (1:50) (Santa Cruz), α-

Dystroglycan (1:50) (Millipore), β-Dystroglycan (1:50) (Vector Labs), Dystrobrevin 

(BD Biosciences), nNOS (1:50) (Invitrogen), and Laminin (1:1000) (Sigma).  

Sections were then washed with PBS and incubated with Alexa Fluor 488- or 

Alexa Fluor 568-conjugated secondary antibodies (1:500 dilutions) for 30 minutes 

at 37°C.  Sections were washed with PBS and coverslips were applied with a 

drop of Prolong Gold antifade reagent with DAPI (Molecular Probes).  Images 

were collected on a Deltavision PersonalDV microscope equipped with a 

20x/0.75 objective (Applied Precision) and viewed with GIMP (GNU Image 

Manipulation Program) software. 

Histology and CNF count 

Cryosections were cut from the same blocks prepared for immunofluorescence at 

10μm thickness.  Sections were stained with hematoxylin and eosin-phloxine and 
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imaged on Leica DM5500 microscope at 200x total magnification.  A total of at 

least 250 fibers were imaged from each muscle of each mouse and then centrally 

nucleated fibers (CNF) counted as a percentage of the total. 

Serum CK analysis 

Serum samples of the mice were collected by cheek bleed.  The samples were 

diluted 1:20 and then serum creatine kinase (CK) activity analyzed using CK DT 

slides (Ortho-Clinical Diagnostics) and a Kodak Ektachem DT 60 Analyzer.  CK 

activity is reported as U/L. 

Forelimb grip strength 

Mice were gripped at the base of their tail and positioned to grab the DFE series 

digital force gauge (Chatillon) with grip bar attachment. Once the mouse was 

gripping the bar with both hands, the mouse was slowly with consistent force 

pulled perpendicularly away from the grip bar. Five trials were run per mouse and 

the average force was calculated. 

Whole body tension 

Mice were placed between parallel barriers, allowing only for forward movement.  

A slipknot suture was used to attach the base of the mouse tail to a fixed range 

force transducer (BioaPac Systems).  The tail of the mouse was then lightly 

pinched and the subsequent force evoked was measured. Five minute traces 

were collected and the top 5 peaks were averaged for each mouse and then 

normalized to body weight.  Protocol adapted from (Carlson and Makiejus, 1990). 

Activity after exercise 
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Mice were acclimatized to the treadmill for 3 consecutive days, for 5 minutes at 

0m/min followed by 5 minutes at 9m/min at 0° decline.  On the fourth day, 

baseline pre-exercise activity was assessed for 30 minutes using laser-sensor 

activity cages (AccuScan Instruments Inc.).  Mice were then acclimatized to the 

treadmill for 5 minutes at 0m/min at 15° decline.  Without the use of electrical 

shock, mice were then encouraged to walk on the treadmill for 5 min at 5m/min 

followed by 10 minutes at 15m/min.  After exercise, activity was measured for 30 

minutes.  Total number of vertical episodes were counted and post-exercise 

activity reported as a percentage of the pre-exercise activity. 

Eccentric contraction analysis 

Mice were anesthetized with sodium pentobarbitoal and the extensor digitorum 

longus (EDL) muscle dissected out.  Silk suture was used to attach the proximal 

tendon to a static structure and the distal tendon to a force transducer (Model 

300B-LR, Aurora Scientific).  The EDL was suspended in Ringer’s solution 

[120.5mM NaCl, 4.8mM KCl, 1.2mM MgSO4 1.2mM Na2HPO4, 20.4mM NaHCO3, 

10mM glucose, 10mM pyruvate, 1.5mM CaCl2], while 95% O2/5% CO2 was 

bubbled in.  Muscles were lengthened to an optimal tension and this set as the 

optimal length (L0).  Maximal twitch and tetanus were measured.  For 10% length 

change experiments, the EDL muscle was subjected to an eccentric contraction 

protocol consisting of 5 or 10 maximal tetanic stimulations (5.7ms pulses at 

150Hz for 200 ms) while lengthening from 95% to 105% of the L0 at 0.5 lengths 

per second. For 5% length change experiments, the EDL muscle was subjected 
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to an eccentric contraction protocol consisting of 10 maximal tetanic stimulations 

(5.7ms pulses at 150Hz for 200 ms) while lengthening from 97.5% to 102.5% of 

the L0.  Three minutes recovery was allowed between each eccentric contraction 

and maximum force recorded.  Force production was plotted as percentage of 

the first contraction.  

Statistics 

All statistical calculation were performed with JMP® statistics software.  Data are 

presented as mean ± standard error of the mean.  To determine significance for 

all data with three or more groups, one-way ANOVA analysis was performed with 

α=0.05.  Upon significance of the ANOVA, the Tukey post hoc test was 

performed with all pairs of data at α=0.05.  
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Results 

The myoblast cell line expressing GFP-tagged L54R dystrophin was used 

to screen a commercial library of 512 E1, E2, and E3 ligases (Dharmacon/GE 

Life Sciences Ubiquitin Conjugation Subsets 1, 2, and 3) through fluorescence 

activated cell sorting (FACS, Figure 3.1). Sixteen positive hits were identified as 

those with fluorescence values significantly above a background threshold of 

2.5% (Figure 3.2) and were replicated in an identical but separate siRNA 

treatment and FACS analysis. The positive hits of the screen are listed in Table 

3.1. The majority of the hits are either confirmed or putative E3 ligases with only 

three E2 ligases identified in the screen (Ube2e3, DCN1, and Ube2i). Of the 16 

positive hits, 9 were subsequently validated by RT-qPCR to show significant 

transcript knockdown in cells after siRNA treatment (Figure 3.3) and 5 of the E3 

ligases further showed increased GFP-dystrophin fluorescence above the 

background when knocked down in the L172H cell line (Table 3.1).  

 To further characterize the E3 ligases implicated by the screen to target 

missense-mutant dystrophin to the proteasome, we generated transgenic mice 

expressing the L54R or L172H missense mutations in full-length dystrophin 

driven by the human skeletal actin (HSA) promoter and bred them onto the 

dystrophin-deficient mdx mouse line (labeled as mL54R and mL172H mice). 

Tibialis anterior (TA), gastrocnemius, and heart tissues were analyzed by RT-

qPCR and Western blot for dystrophin transcript and protein levels (Figure 3.4). 

The L54R mice had comparable levels of dystrophin transcript compared to wild 
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type mice (Figure 3.4A) but only 7-9% of wild type protein levels (Figure 3.4E). 

Transcript levels in L172H mice were also comparable to wild type (Figure 3.4B) 

but mutant protein levels were only 44% of wild type (Figure 3.4F). L54R and 

L172H protein levels were remarkably similar to the levels measured in the 

corresponding myoblast cell culture model (13% for L54R and 46% for L172H). 

  The mL54R and mL172H mouse lines were analyzed for quantity and 

localization of several components of the dystrophin glycoprotein complex (DGC) 

compared to wild type and mdx mice (Figure 3.5). Both mL54R and mL172H 

lines did not exhibit rescue of DGC component expression by western blot but 

did show proper localization at the membrane. Interestingly, utrophin expression 

in transgenic lines was similar to mdx but nNOS expression was increased and 

was membrane-localized in mL172H mice. Quadriceps muscle sections were 

stained with H&E and assessed for histological signs of dystrophy (Figure 3.6A). 

The mL54R line showed dystrophic features similar to mdx.  The mL172H was 

also dystrophic, but possibly to a lesser degree.  To quantify the histological 

features, the fibers which are centrally-nucleated (CNF) were counted as a 

percentage of total fibers (Figure 3.6B).  The data revealed that mdx had 

significantly more CNFs than wild type, as expected.  The mL54R and mL172H 

lines also had significantly increased CNFs over wild type, but with lower average 

values than mdx.  Indeed mL172H quadriceps had significantly lower CNFs than 

both mdx and mL54R.  Across the four phenotypes, CNF values were inversely 

proportional to the quantity of dystrophin protein measured (Figure 3.4) and 
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consistent with the severity of patient muscular dystrophy symptoms modeled by 

each line.  

 The transgenic mL54R and mL172H lines were assessed for several 

physiological impairments associated with muscular dystrophy in the mdx mouse, 

including grip strength, whole body tension, activity after exercise, and eccentric 

contraction-induced force loss (Figure 3.7) (Petrof et al., 1993; Connolly et al., 

2001; Kobayashi et al., 2008). Wild type mice displayed an average grip strength 

of 32 mN/g (Figure 3.7A), while all three dystrophic lines (mdx, mL54R, mL172H) 

had significantly decreased grip strengths.  Whole body tension, which measures 

the force of both the proximal and distal muscles in all four limbs at once, for wild 

type mice showed approximately 140mN/g of tension (Figure 3.7B).  The mdx 

line gave a large range of variability, but each of the transgenic lines mL54R and 

mL172H were significantly decreased compared to wild type.  The activity levels 

of mice were monitored before and after exercise (Figure 3.7C), and it was found 

that each of the dystrophic lines were significantly less active than wild type.  As 

a final assessment of physiological performance, extensor digitorum longus 

(EDL) muscle was analyzed ex vivo for force loss after eccentric contraction 

(Figure 3.7D).  Wild type mice maintained the same level of force after 5 

eccentric contractions, while mdx, mL54R, and mL172H all dropped to 

approximately 20% of initial force by the 5th eccentric contraction.  A summary of 

all the ex vivo parameters measured (Table 3.2) shows that all three of the 

dystrophic models were significantly different than wild type for specific force, 
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change in specific force after eccentric contractions, and total force drop during 

eccentric contraction.  Together, these data indicate that neither missense 

mutant line was different from mdx suggesting that the L54R and L172H 

dystrophin proteins cannot restore physiologic function.  

 Because we previously showed in the myoblast models of L54R and 

L172H dystrophins that the mutant proteins were being targeted to the 

proteasome (Talsness et al., 2015), we treated the mL54R and mL172H mouse 

models with several different proteasome inhibitors at various concentrations and 

by multiple delivery methods according to protocols previously published (Table 

3.3, Gazzerro et al., 2010; Yang et al., 2011; Stessman et al., 2013; Hurchla et 

al., 2013). None of the treatments showed evidence of an increase in dystrophin 

protein levels by Western blot (Figure 3.8). These results suggest that use of 

proteasome inhibitors is not a viable option for testing whether increasing 

missense dystrophin levels in muscle improved any of the dystrophic parameters 

or confirming whether mutant dystrophin protein was being targeted to the 

proteasome.  

To determine if the missense mutations in dystrophin were stimulating the 

heat shock pathway, the relative abundance of the major heat shock proteins 

was measured by western blot analysis (Figure 3.9).  Quantification from three 

separate sets of animals revealed no difference in the levels of Hsp40, Hsp70, 

Hsp90, or Hsp27P.  Hsp90P levels were almost undetectable.  While there was 

no significant increase, Hsp27P showed an upward trend for the mL54R line, 
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indicating that there may be a slight perturbance to the heat shock pathway. The 

lack of global heat shock response was similar to the missense myoblast model, 

and leaves the heat shock pathway as a possible therapeutic target for 

increasing dystrophin protein levels. 

 Given the ineffectiveness of proteasome inhibitors to elevate mutant 

dystrophin levels in the mL54R and mL172H mouse models (Table 3.3), we 

tested whether mice homozygous for the L172H missense mutant dystrophin 

transgene (mhomL172H) expressed more dytrophin than hemizygous mL172H 

animals and compared the phenotypes of mhomL172H animals with mL172H 

littermates. By Western blot, skeletal muscle from mhomL172H mice expressed 

significantly more dystrophin (~1.5X) than mL172H muscle (Figure 3.10). 

Histologically, mhomL172H mice showed similar fiber size and shape to 

mL172H, but showed a further significant decrease in the number of centrally 

nucleated fibers (Figure 3.11A-B). The mhomL172H animals demonstrated a 

modest but still significant protection from eccentric contraction-induced force 

loss compared to mdx and hemizygous littermates (Figure 3.11C). Protection 

was even more evident when the eccentric contraction protocol was adjusted to a 

5% length change (Figure 3.11D) compared to our standard 10% length change 

protocol (Figure 3.11C). Comparison of ex vivo parameters to other mouse 

models showed significant improvement in specific force of the homozygous 

mice over mL172H mice (Table 3.2). Furthermore, homozygous mice had 

significant improvement in specific force, change in specific force, and force drop 
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compared to mdx, a change that was not seen for mL172H mice. 

 Based on our in vitro studies in myoblasts that missense dystrophins are 

targeted to the proteasome (Talsness et al., 2015), we analyzed muscle tissue 

from each mouse line for changes in expression of the 5 E3 ligases identified 

from the siRNA screen (Table 3.1). Western blots of Rnf182, VPS41, and Zfand5 

using the commercially-available antibodies did not show specific bands of the 

expected molecular weight (data not shown). While the levels of FBXO33 did not 

vary in a pattern consistent with the level of dystrophin expressed, Amn1 

immunoreactivity increased proportional to the amount of missense protein 

expressed (Figure 3.12). These data suggest that Amn1 may be involved in 

regulating the level of missense mutant dystrophins and/or their targeting to the 

proteasome for degradation.  
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Discussion 

Using an siRNA screen in cultured myoblasts, we have identified five E3 

ligases that may be involved in targeting missense dystrophins to the 

proteasome. Rnf182, or ring-finger like protein 182, has been shown to have E3 

ubiquitin ligase activity in vitro, interacts with a complex that functions in gap 

junctions and neurotransmitter release channels, and has altered expression in 

Alzheimer’s disease (Liu et al., 2008). Zfand5, also known as Znf216, is a zinc-

finger and AN1-like domain containing protein that has been shown to interact 

with IKKgamma (Huang et al., 2004) and, more notably, has been implicated in 

muscle atrophy (Hishiya et al., 2006). VPS41 is a part of the regulated secretory 

pathway and endocytic pathways in mammalian cells(Wada, 2013) but contains 

a RING-H2 domain present in a number of ubiquitin ligases(McVey Ward et al., 

2001). FBXO33 is a component of the SCF (Skp1/Cul1/F-box) E3 ubiquitin ligase 

(Lutz et al., 2006), was identified as a seizure response gene (Flood et al., 2004) 

and as a target of the DUX4 transcription factor that is activated in 

facioscapulohumeral muscular dystrophy (Geng et al., 2012). Amn1 has been 

implicated in cell cycle regulation and a putative interactor with the E3 ligase 

APC (anaphase-promoting complex) (Wang et al., 2003). With the exception of 

FBXO33, the E3 ligases we identified have not been previously associated with 

muscular dystrophy and none of them have been reported to bind to or 

ubiquitinate dystrophin. 
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We have also generated two novel transgenic mouse lines, representing 

severe DMD (L54R) and mild BMD (L172H) caused by missense mutations in 

dystrophin.  The original reports of missense mutations L54R and L172H were 

more than a decade apart from each other and therefore could not be compared 

side by side (Prior et al., 1993; Hamed et al., 2005). While the physiology of the 

patients was well reported, the molecular analysis was minimal, with both groups 

estimating that the patient expressed 20% dystrophin levels. Here we measured 

steady state dystrophin levels  of 7-9% for L54R and 44% for L172H. These 

results correlate with the level of protein seen in the cell culture models and 

dystrophin expression can be ascribed to the degree of in vitro misfolding as 

seen by differential scanning fluorimetry (Talsness et al., 2015). The mL54R line 

presented with biochemical, histological, and physiological phenotypes 

synonymous with the mdx mouse, whereas the mL172H line was more 

consistent with an improved, BMD-like phenotype. Therefore dystrophin protein 

abundance inversely correlates with disease severity in mice and we believe this 

is the major mechanism of disease.  

Previous studies on the relationship between dystrophin protein 

expression and disease phenotype have also shown that disease severity 

inversely correlates with dystrophin protein levels (Wells et al., 1995; Phelps et 

al., 1995). Transgenic mice expressing only 20% of full-length or a therapeutic 

mini-dystrophin demonstrated rescue of dystrophic phenotype. Our mL172H 

mouse line expressing 40% dystrophin levels should thus theoretically be able to 
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ameliorate the dystrophic phenotype but instead only shows partial improvement 

in some parameters, suggesting that the L172H mutation disrupts dystrophin 

function in addition to protein stability. Other studies of dystrophin levels using 

non-transgenic mouse models with varying levels of dystrophin demonstrated 

that as little as 5% of wild-type dystrophin is sufficient to partially protect from 

some of the dystrophic phenotypes (Li et al., 2008; van Putten et al., 2012), 

suggesting that the L54R mutant expressed at 7-9% with no protection also has 

disrupted functionality.  

To address the question of quality (functionality) versus quantity 

(dystrophin levels), we sought to increase dystrophin protein levels by treating 

mice with various proteasome inhibitors and heat shock activators as seen in the 

myoblast cell culture models. In all cases, there was no evidence of increased 

dystrophin protein upon treatment. One study on the use of proteasome inhibitors 

in mdx mice showed an improvement in muscle phenotype and an increase in 

DGC complex members at the plasma membrane (Bonuccelli et al., 2003) but we 

did not see a similar response. It is possible that the drugs are not at sufficient 

levels to inhibit the proteasome in muscle to produce the intended effect of 

increased dystrophin protein, leading us to generate homozygous transgenic 

mice to genetically increase missense dystrophin levels. We hypothesized that a 

homozygous L54R mouse would not produce high enough dystrophin levels to 

see an improvement, thus we focused our efforts on generating and 

characterizing the L172H homozygous line. The homozygous mice showed >1.5 
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fold increase in dystrophin levels compared to hemizygous littermates, 

demonstrating that L172H mutant dystrophin levels are able to be manipulated. 

The homozygous L172H line showed significant improvements in central 

nucleation, specific force, and eccentric contraction-induced force drop compared 

to hemizygous mice, indicating that higher levels of missense dystrophin are able 

to partially compensate for impaired functionality.  

Finally, we were able to detect FBXO33 and Amn1 proteins in muscle 

tissue of wild-type, mdx, and missense dystrophin transgenic lines and observed 

that Amn1 levels increase as levels of missense dystrophin increase, with the 

highest level of expression in the homozygous L172H line. These data support 

our hypothesis that missense dystrophin proteins are being regulated by the 

ubiquitin-proteasome pathway. In future studies, we aim to knockdown Amn1 

levels in our mice and evaluate the effect on missense dystrophin expression. 

In summary, this work establishes two novel mouse models of missense 

dystrophins and, in particular for the L172H line, establishes the first animal 

model of BMD incorporating a mutation found in a patient. The proposed primary 

mechanism of disease in these models is through degradation of misfolded 

missense dystrophin proteins via the ubiquitin-proteasome pathway. The 

implications of this work are not limited to missense mutants only but can also 

apply to other potentially misfolded dystrophin proteins, such as internally deleted 

dystrophins (Henderson et al., 2011; McCourt et al., 2015) found in BMD 
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patients, those miniaturized dystrophins under investigation as therapeutic 

constructs for gene therapy, or  in exon skipping therapies.  
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Figures 

 

 

Figure 3.1: Experimental design for siRNA screen. The transgenic C2C12 cell line 

expressing GFP-L54R dystrophin was used to screen a library of 512 siRNAs targeting 

E1, E2, and E3 ligases. Fluorescence activated cell sorting (FACS) was used to screen 

for increased GFP fluorescence indicating an increase in L54R dystrophin protein levels.  
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Figure 3.2: FACS plots of positive hits from siRNA screen. FACS plots generated 

from FlowJo of untreated cells, 1µM bortezomib (Bz) treated cells, a representative 

negative hit of below the 2.5% GFP threshold (CUL5), and the 16 positive hits above the 

threshold in order of increasing GFP fluorescence.  
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Figure 3.3: Validation of specific siRNA knockdown of 16 positive hits. RT-qPCR 

analysis of siRNA treated cells for each of the 16 positive hits compared to untreated 

cells. ANOVA F<0.05, * p<0.05 to untreated control. 
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Figure 3.4: RNA and protein expression levels in transgenic mouse lines.  (A) and 

(B) RT-qPCR analysis for mouse lines L54R and L172H respectively.  Top panel shows 

amplification within the 3’UTR of endogenous mouse dystrophin. Middle panel shows 

amplification within the 3’UTR of the transgenic dystrophin. Bottom panel shows 

amplification within the coding region of dystrophin, amplifying both endogenous and 

transgenic dystrophin.  n=3 separate animals for each line.  ANOVA analysis of the 

intragene amplifications were F<0.05 for both L54R and L172H lines. Post hoc analysis 

between wild type and transgenic were n.s. (not significant).  (C) and (D) Representative 

western blot analyses of mouse lines L54R and L172H respectively.  (E) and (F) 



 

 75 

Quantification of western blots from n=3 separate animals for each line.  ANOVA 

analysis for both lines gave F<0.05.  Post hoc analysis ✱p<0.05 compared to wild type.   
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Figure 3.5: Expression levels and localization of components in the Dystrophin 
Glycoprotein Complex.  (A-C) Utr = utrophin, α-DG = alpha-dystroglycan, β-DG = beta-
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dystroglycan, DB = dystrobrevin, Syn = syntrophin, nNOS = neuronal nitric oxide 

synthase.  (A) Representative western blot analyses for several components of the DGC 

in tibialis anterior muscle, including two different antibodies for dystrophin corroborating 

results found in Figure 4.2.  (B) Quantification of western blots for n=3 separate animals 

for each line.  Values are all normalized to wild type for each blot. ANOVA with 

significance of F<0.05 were analyzed with post hoc statistics.  ✱p<0.05 compared to wild 

type.  #p<0.05 between mdx and L172H.  (C) Immunofluorescent analysis of 

components of the DGC in quadriceps muscle. Scale bar = 20μm. 
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Figure 3.6: Fiber morphology and permeability. (A) Representative quadriceps 

muscle sections stained with H&E and imaged at 20x magnification.  Scale bar = 20μm.  
(B) Quantification of centrally nucleated fibers (CNF) as a percentage of the total fibers.  

A minimum of 250 fibers were counted for each mouse.  n=5 for b6 and mdx, n=6 for 

mL54R and mL172H.  ANOVA analysis was significant at F<0.0001. Post hoc analysis 

gave ✱p<0.001 for wild type versus all disease models, and for mL172H versus mdx and 

mL54R.  (C) Serum creatine kinase (CK) activity from cheek bleeds of individual mice.  

n=5 for b6, n=9 for mdx, n=7 for mL54R, n=9 for mL172H. ANOVA analysis was 

significant at F<0.01.  Post-hoc analysis gave ✱p<0.01 for wild type versus mdx.  Both 

transgenic lines were not statistically different from wild type.   
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Figure 3.7: Physiology of transgenic mouse models. (A-C) n=6 for b6, n=9 for mdx, 

n=7 for mL54R, n=5 for mL172H. (A) Forelimb grip strength analysis.  Individual points 

are an average of 5 trials for each mouse. ANOVA was significant at F<0.001.  Post hoc 

analysis gave ✱p<0.005 compared to wild type.  (B) Whole body tension analysis.  

Individual points are an average of 5 trials for each mouse.  ANOVA was significant at 

F<0.01.  Post hoc analysis gave ✱p<0.05 compared to wild type.  (C) Activity after 

exercise analysis.  ANOVA was significant at F<0.005.  Post hoc analysis gave ✱p<0.05 

compared to wild type.  (D) Ex vivo EDL force measurement during eccentric 

contraction. n=4 for b6, n=5 for mdx, n=6 for mL54R, n=5 for mL172H. Data for b6 mice 

taken from Belanto et al. (PNAS 2014).  For ECC 2-5, all three dystrophic models were 

significantly different than wild type.   
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Figure 3.8: Dystrophin western blot analysis of drug-treated mice. Dystrophin 

western blot analysis of quad muscle lysates from mice treated with sham (solvent only) 

or various proteasome inhibitors (bortezomib – Bz, oprozomib – oproz, carfilzomib – 

carf, and MG132) or a heat shock activator (gedunin – ged) compared to an untreated 

b6 wild type mouse. Dosages, solvents, and delivery methods are outlined in Table 3.3.  
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Figure 3.9: Effect of missense mutations on the heat shock pathway of the mice.  
(A) Representative western blots of heat shock proteins in each of the mouse lines from 

tibialis anterior muscle.  Hsp90P was barely detectable.  (B) Quantification of n=3 sets of 

mice.  ANOVA analysis for each protein was not significant. 
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Figure 3.10: Protein expression levels in transgenic homozygous L172H mice. (A) 
western blot of wild-type (B10, n=3), hemizygous littermates (mL172H, n=4), and 

homozygous mice (mhomL172H, n=4) with GAPDH loading control (B) Quantification of 

western blots. Unpaired t-test, * p<0.05. 



 

 83 

 
 
Figure 3.11: Histological and physiological analysis of transgenic homozygous 
L172H mice. (A) Representative quadriceps muscle sections from homozygous mice 

(mhomL172H) and hemizygous mice (mL172H) stained with H&E and imaged at 20x 

magnification. Scale bar = 20µm. (B) Quantification of centrally nucleated fibers (CNF) 

as a percentage of the total fibers. A minimum of 250 fibers were counted for each 



 

 84 

mouse (n=3). Unpaired t-test, ✱p<0.05. (C-D) Ex vivo EDL force measurement during 

eccentric contraction at 10% lengthening (C) or 5% lengthening (D). B10 n=3, mdx n=3, 

mhemL172H n=6 (10%) or n=3 (5%), mhomL172H n=10 (10%) or n=4 (5%); ANOVA, 

post hoc analysis gave ✱p<0.05 compared to mdx.   
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Figure 3.12: FBXO33 and Amn1 protein expression levels in transgenic mouse 
models. (A) Western blot of wild-type (B10, n=3), mL54R (n=3), hemizygous littermates 

(mL172H, n=3) and homozygous L172H (mhomL172H, n=3). (B) Quantification of 

western blots. One-way ANOVA, * p<0.05, ** p<0.01, *** p<0.001 
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Table 3.1: Summary of positive hits from siRNA screen. Table of the 16 positive hits 

(above 2.5% GFP threshold in L54R cell line) with gene accession numbers, significant 

(*) or not significant (ns) knockdown by RT-qPCR, and %GFP in L172H cell line. Hits in 

red are those with both significant knockdown by RT-qPCR and above a 0.06% 

threshold in L172H cell line.  
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Table 3.2: Summary of ex vivo EDL parameters. For measurements of specific force, 

change in specific force, and force drop during eccentric contractions ANOVA was 

significant at F<0.01. Post hoc analysis gave # p<0.05 compared to wild type, † p<0.05 

compared to mdx, ǂ p<0.05 compared to mL172H. 
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Table 3.3: Protocols for drug treatment of mice from Figure 3.8. Specific dosages, 

solvents, and delivery routes for each panel of Figure 3.8.  
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Distinct mechanical properties in homologous  
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Synopsis 

 Patients with Duchenne muscular dystrophy (DMD) lack the protein dystrophin 

(Koenig et al., 1989), which is a critical molecular component of the dystrophin-

glycoprotein complex (DGC). Dystrophin is hypothesized to function as a molecular 

shock absorber or spring that mechanically stabilizes the sarcolemma of striated muscle 

through interaction with the cortical actin cytoskeleton via its N-terminal half with the 

transmembrane protein α-dystroglycan via its C-terminus (Rybakova and Ervasti, 1997; 

Ervasti, 2007).  Utrophin is a fetal homologue of dystrophin that can subserve many 

dystrophin functions (Matsumura et al., 1992; Rybakova et al., 2002b) and is therefore 

under active investigation as a dystrophin replacement therapy for DMD (Guiraud et al., 

2015). Here, we report the first mechanical characterization of utrophin using atomic 

force microscopy (AFM). Our data indicate that the mechanical properties of spectrin-like 

repeats of utrophin are more in line with the Ig-like repeats of titin rather than those 

reported for repeats in spectrin or dystrophin.  Despite exhibiting identical thermal 

denaturation profiles (Henderson et al., 2011), we also measured markedly different 

mechanical characteristics for the spectrin repeats within the N-terminal actin-binding 

half of utrophin compared to those in the C-terminal dystroglycan-binding half. Spectrin 

repeats in the N-terminal half displayed a “brittle” behavior where the unfolding forces of 

individual repeats were remarkably uniform upon extension. In contrast, spectrin repeats 

in the C-terminal half exhibited characteristics of a stiffening spring with unfolding forces 

increasing dramatically with extension. AFM measurements of full-length utrophin 

demonstrate mechanical properties most consistent with the C-terminal half showing 

increasing resistive force upon extension but with much larger forces. Our results 

demonstrate dramatic differences in the mechanical properties of two structurally 

homologous utrophin constructs both dominated by repetitive spectrin-like motifs and 
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suggest that utrophin may function as a stiff elastic element in series with titin at the 

myotendinous junction.  
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Introduction 

 Duchenne muscular dystrophy (DMD) is a fatal muscle disease afflicting one in 

every 4000 boys (Mendell et al., 2012) and is caused by mutations in the DMD gene 

encoding the 427 kDa cytoplasmic protein dystrophin (Hoffman et al., 1987). Dystrophin 

is predominantly expressed in striated muscle and through interaction with the 

dystrophin-glycoprotein complex (DGC) at the muscle cell membrane, or sarcolemma 

(Ervasti, 2003). Disease-causing mutations in the DMD gene lead to an absence or loss 

of function of dystrophin, resulting in loss of sarcolemmal integrity and muscle fiber 

death (Rybakova et al., 2000).   

 Dystrophin is composed of three major functional domains: the N-terminal calponin 

homology actin binding domain (ABD1), a large central rod domain containing triple 

helical spectrin-like repeats, and the cysteine-rich C-terminal (CRCT) domain that binds 

the transmembrane dystroglycan complex and other proteins. It has long been 

hypothesized that dystrophin acts as a molecular spring or shock absorber to 

mechanically stabilize the sarcolemma during muscle contraction (Ervasti, 2007). 

Because the homologous protein utrophin can compensate for dystrophin deficiency in 

the mdx mouse model (Tinsley et al., 1998), pharmacologic upregulation of utrophin is 

under investigation as a therapeutic approach for DMD (Guiraud et al., 2015). While 

many of the biochemical and biophysical properties of dystrophin and utrophin have 

been characterized, only two studies have mechanically characterized dystrophin 

(Bhasin et al., 2005; Krieger et al., 2010) and no studies have investigated the 

mechanical properties of utrophin. Here, we report atomic force microscopy analysis of 

single protein molecules representing the N-terminal actin-binding half (Utr NT-R10), the 

C-terminal dystroglycan-binding half (Utr R11-CT), and full-length utrophin (Figure 4.1A).  
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Methods 

Cloning 

Full-length mouse utrophin was previously cloned from an existing vector into a 

pENTR/D-TOPO vector (Invitrogen™) with an 8-amino acid FLAG-tag (DYKDDDDK) 

added to the N-terminus of utrophin for use in purification(Guo et al., 1996; Rybakova et 

al., 2002a). All utrophin truncation constructs were PCR amplified using primers 

designed around adjacent repeats for the desired deletion based on reported repeat and 

domain boundaries(Winder et al., 1995). The PCR products were circularized using T4 

polynucleotide kinase and T4 DNA ligase (New England BioLabs) and sequence 

verified. Using the Gateway Recombination system (Life Technologies), the deletion 

constructs were recombined into the pDEST8 destination vector and subsequently 

transformed into DH10Bac competent E. coli and purified according to the 

manufacturer’s protocol.   

Protein expression and purification 

Sf9 insect cells were maintained at 1 x 106 cells/mL in Sf-900™ II SFM (Life 

Technologies). Purified Baculovirus was transfected using Cellfectin® II (Life 

Technologies) and high-titer viral stocks were generated through successive infections 

of Sf9 cells in 3.5 cm plates (P0), 10 cm plates (P1), and 250 mL of 1 x 106 cells/mL 

suspended cells (P2). Ten mL of P2 virus were used to infect 250 mL of 1 x 106 cells/mL 

and cultured for 72-hour post-infection to maximize protein expression. Infected cells 

were centrifuged at 1,000 x g for 3 minutes and re-suspended in lysis buffer containing 

phosphate buffered saline (PBS), 1% Triton, and a cocktail of protease inhibitors [100nM 

Aprotinin, 10mg/mL E-64, 10μM Leupeptin, 1mM PMSF, 1μg/mL Pepstatin]. The lysate 

was centrifuged at 14,000 x g for 10 min at 4ºC and the supernatant applied to an anti-

FLAG M2 agarose column (Sigma Aldrich). The column was washed with >10 column 
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volumes of PBS and bound protein eluted with PBS containing protease inhibitors and 

100µg/mL FLAG peptide. After dialysis overnight in 2L of PBS at pH 7.5, the purified 

protein was concentrated using the Amicon Centrifugal Filter unit (UFC801024) and 

protein concentration was determined using A280 and extinction coefficients calculated 

from the amino acid compositions for each construct. Concentrated proteins were run on 

a 3-12% SDS polyacrylamide gradient gel and run at 150V for 1 hour. Gels were stained 

with Coomassie blue stain and visualized using Licor’s Odyssey® Infrared Imaging 

System. 

Circular Dichroism 

Each purified protein was centrifuged at 14,000 x g for 10 minutes at 4ºC and the 

supernatant diluted to 0.4 mg/mL using PBS. Absorption spectra were acquired with a 

Jasco J-815 spectropolarimeter, initially at 20°C as controlled by a Peltier device, from 

200 to 260nm wavelength. Spectra were then acquired at 1°C temperature intervals from 

20-90°C and the characteristic ellipticity at alpha-helical wavelength (θ222) recorded. 

Molar ellipticity, [θ], was calculated using the following equation: [θ] = θ / (10 x c x l) 

where c is the molar concentration of the sample (mole/L) and l is the path-length in cm. 

Molar ellipticity (with units of degrees, cm squared per decimole) was plotted against 

wavelength for the circular dichroism (CD) spectra. Ellipticity at 222nm (θ222) was 

normalized, plotted against temperature, and fit by regression analysis in Sigma Plot 

(Systat Software, Inc.) using equations for two state unfolding (Legardinier et al., 2009).  

Atomic Force Microscopy 

The single molecule force spectroscopy experiments were performed utilizing a MFP-3D 

atomic force microscope (AFM) from Oxford Instruments.  The AFM setup contains a 

flexible cantilever with a sharp tip, a laser-photodiode based sensor which measures the 
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position of the cantilever tip, and a piezo electric nano-positioner which can move a 

substrate in three spatial directions with respect to the cantilever base (Binnig et al., 

1986). We used a soft BioLever (BL-RC-150VB) from Asylum Research with a typical 

spring constant of 6 pN/nm and a 25±12 nm tip radius coated with Cr/Au. A droplet 

(~100 µl) of the protein solution is employed on freshly cleaved mica substrate and 

allowed to settle for 10 minutes before commencing the experiment to ensure that some 

proteins get adsorbed on the mica surface. The cantilever tip is brought towards the 

mica surface, pressed against the surface for 3 seconds with a force ranging from 1000-

2000 pN and then retracted with a specified retraction velocity. The approach-retraction 

cycle is repeated. During such a cycle, if a part of a protein molecule gets attached to 

the cantilever tip with another part adsorbed on the substrate, the interior is stretched 

during the retraction phase of the cantilever. The pulling force on the molecule is 

balanced by the force on the cantilever which can be measured by observing the 

deflection of the cantilever tip when the cantilever spring constant is known. The exact 

spring constant is measured before the pulling experiments by analyzing the thermal 

response of cantilever deflection. Forced extension causes the folded domains in the 

molecule to unfold, which can be detected by a characteristic saw-tooth pattern 

observed in the cantilever deflection (Rief et al., 1999) vs separation curve. Data from 

300-500 successful force spectroscopy experiments are collected for each protein 

construct which reveal the statistical behavior of the unfolding forces of these molecules.  

Data Analysis 

Data from each of the successful protein pulling experiments are collected and analyzed 

using the Igor Pro software from Oxford Instruments. Collected data include the 

separation of the cantilever base from the substrate surface from which the extension of 

the molecule is calculated. The data also include the measured deflection of the 



 

 96 

cantilever tip as a function of separation. Since the cantilever deflection is proportional to 

the force applied on it, the measured deflection can be converted to the force acting on 

the cantilever by multiplying by the spring constant of the cantilever. The extension of 

protein molecules in between successive unfolding events is fit with the worm like chain 

(WLC) models in Igor Pro software.  The WLC model (Rief et al., 1999), which relates 

the force (F) exerted on the molecule to its extension ( ) is shown in Equation 1.  

 

 

(1) 

The parameters of the model are the persistence length (P) and the contour length (L), 

whose statistics have been obtained for each utrophin construct. T is the temperature 

and  the Boltzmann constant. As a validation of our experimental setup and data 

analysis procedure, we also extracted the statistics of the persistent length and contour 

length for the reference protein titin I27O which matched well with the data reported in 

existing literature (Carrion-Vazquez et al., 1999). 



 

 97 

Results 

 Previous atomic force microscopy studies have defined the mechanical properties 

of titin as a “stiff’ spring (Rief et al., 1997; Carrion-Vazquez et al., 1999) and spectrin as 

a “soft” spring (Rief et al., 1999; Law et al., 2003b; a). In such experiments, the 

mechanical extensibility of single protein molecules is measured and the unfolding 

forces of individual domains upon extension are collected over a large number of 

experiments to obtain statistical properties of unfolding behaviors. We first obtained AFM 

data for a recombinant titin reference protein (Figure 4.2) and spectrin (Figure 4.3) that 

agree well with previously published values (Carrion-Vazquez et al., 1999; Rief et al., 

1999). AFM data for Utr NT-R10, Utr R11-CT and utrophin all showed characteristic 

saw-tooth patterns of individual domain unfolding (Figure 4.1B-D). From the force versus 

extension curves, we initially observed that the range of unfolding forces for utrophin 

proteins was significantly larger than the unfolding forces reported for spectrin and even 

in fragments of dystrophin (100 – 2000 pN in Figure 4.1B-D versus <50 pN; Bhasin et 

al., 2005; Krieger et al., 2010). More interestingly, Utr NT-R10 showed uniform unfolding 

forces upon extension whereas Utr R11-CT and full-length utrophin showed increasing 

unfolding forces with extension.  

 To determine if these initial observations were consistent statistically, we collected 

data for 300 – 500 successful pulling experiments for each protein construct and 

analyzed the force distribution and contour length, and persistence length (Figure 4.4 

and 4.5). The overall unfolding force distributions between the utrophin constructs do not 

show significant differences (Figure 4.4A-C). However, analysis of the force distribution 

as a function of the unfolding event count within individual force traces revealed unique 

behaviors for Utr NT-R10 and Utr R11-CT (Figure 4.6). For Utr NT-R10, the force 

distributions for increasing unfolding events overlapped with each other (Figure 4.6A), 
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demonstrating a “brittle” behavior. The force distributions for Utr R11-CT (Figure 4.6B) 

and full-length utrophin (Figure 4.6C) were right-shifted and broadened as the unfolding 

event increased, demonstrating a stiffening spring behavior. The mechanical differences 

demonstrated between Utr NT-R10 and Utr R11-CT are in striking contrast to previously 

published circular dichroism data showing nearly identical thermal melt profiles for these 

same proteins (Henderson et al., 2011). 

 One explanation for the different mechanical properties of Utr NT-R10 and Utr 

R11-CT is that their 10-12 homologous spectrin-like repeats are controlled by long-range 

intra-protein communication from the unique ABD1 and/or CRCT terminating domains. 

Thus, we expressed and purified (Figure 4.7A-B) three new utrophin constructs deleted 

for ABD1 (Utr R1-10), CRCT (Utr R11-22) or both ABD1 and CRCT (Utr R1-22). Circular 

dichroism spectroscopy revealed highly similar thermal melt profiles for all three 

constructs (Figure 4.7C). Despite the absence of terminal ABD1 and/or CRCT domains, 

all three utrophin constructs maintained the brittle, or stiffening behaviors (Figure 4.7D-

F) observed with the original domain-terminated constructs (Figure 4.6A-C).  

 Finally, we plotted the average peak forces as a function of unfolding events 

obtained from 300-500 successful pulling experiments (Figure 4.8 and Figure 4.9). 

Figure 4.9 visually demonstrates the striking differences between the N-terminal half (red 

and green plots) and C-terminal half (blue and cyan plots) of utrophin independent of 

their unique terminating domains (ABD1 and CRCT, respectively). Our results suggest 

the sequences of homologous spectrin-like repeats within the N-terminal and C-terminal 

halves of utrophin encode information that dramatically influences their respective 

mechanical behaviors. Additionally, Figure 4.9 reveals that full-length utrophin both with 

and without its terminating domains (pink and black plots) exhibits mechanical behavior 

directed by the C-terminal half.  
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Discussion 

 In comparison to single molecule force spectroscopy data for other spectrin-like 

repeat containing proteins (Bhasin et al., 2005; Krieger et al., 2010), our results for 

utrophin reveal much higher forces of unfolding and stiffening behavior more similar to 

the mechanically stiff spring titin (Zhu et al., 2009; Kellermayer et al., 2003). The 

consistently linear increase in the contour length with increasing unfolding events (Figure 

4.10) as well as contour length peak values that are consistent with single repeats 

(Figure 4.5) argues against the possibility that the high unfolding forces observed for 

utrophin are due to simultaneous unfolding of multiple repeats. It is more likely that the 

differences in measured forces of unfolding of spectrin repeat-containing proteins are 

influenced by sequence differences. Of the spectrin family of proteins, dystrophin and 

utrophin exhibit lower sequence similarity in comparison to the other family members 

(alpha-actinin, alpha-spectrin, and beta-spectrin) (Nicolas et al., 2014). Dystrophin and 

utrophin also have much weaker conservation between repeat units, with a lower 

number of conserved residues and greater number of insertions compared to repeats 

within the spectrins (Winder et al., 1995). Our data are the first to demonstrate markedly 

different mechanical behaviors for structurally homologous spectrin-like repeats within 

the same molecule. 

 In vivo mechanical studies of plasma membrane adhesion complexes such as 

integrins and cadherins have revealed unfolding forces that were more within the ~25 pN 

range of those measured for repeats in spectrin, or dystrophin measured in vitro (Chang 

et al., 2016; Buckley et al., 2014; Bhasin et al., 2005). The surprisingly high unfolding 

forces of utrophin measured here, particularly in Utr R11-CT and full-length utrophin, 

suggest that utrophin is too stiff to also function as a spring that protects the sarcolemma 

from mechanical stress.  Alternatively, the stiffness of utrophin is more consistent with its 
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localization to the myotendinous junction (MTJ) (Ohlendieck et al., 1991), the primary 

site of muscle force transmission to bone where perhaps utrophin may function in series 

with titin as a restorative elastic element (Charvet et al., 2012).  
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Figures 

 

Figure 4.1: AFM extension characteristics of utrophin terminal constructs. (A) 

Schematic of constructs analyzed by AFM. (B) Force vs extension representative trace 

curve for the N-terminal half of utrophin, Utr NT-R10, shows uniform unfolding forces 

upon extension. (C) Force vs extension representative trace curve for the C-terminal half 
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of utrophin, Utr R11-CT, shows increasing unfolding forces upon extension. (D) Force vs 

extension representative trace curve for full-length utrophin, Utr FL, also shows 

progressive increases in unfolding forces upon extension.  
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Figure 4.2: Statistics of Titin I27OTM from AthenaES® (an AFM Reference Protein 

with 8 repeats of the Ig 27 domain of human titin) (A) Histogram of unfolding forces 

with the mode at 220 pN when pulled at 1um/s with a cantilever of spring constant 6.67 
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pN/nm. This matches closely with the reported value of 224 pN (Carrion-Vazguez et al., 

1999).  (B) The histogram of contour length increments indicates that the most probable 

value is 27.5 nm, while 28.4 nm was the corresponding reported value (Carrion-Vazguez 

et al., 1999). (C) The peak persistence length was measured to be 309 pm compared to 

the reported value of 390±70 pm (Carrion-Vazguez et al., 1999). (D) Box plots of the 

unfolding forces classified based on the unfolding count, with the red line indicating the 

median value and the dotted black line indicating the mode. The edges of the box 

represent the 25% and 75% percentiles, with the whisker plots marking the minimum 

and maximum recorded values excluding the outliers.  Titin behaves like a stiff but 

‘brittle’ spring, with the unfolding forces (mode) ranging from 200 pN to 250 pN (a 25% 

increase) for unfolding counts of 1 to 8 respectively. 
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Figure 4.3: Statistics of Spectrin extracted from human erythrocytes from SIGMA-

ALDRICH®. (A) Unfolding force histogram shows that a mode of 26.3 pN for spectrin, 

when pulled at 0.25 um/s with a cantilever of spring constant 6.88 pN/nm.  A value of 28 
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pN was reported in literature under similar conditions (Rief et al., 1999). (B) The most 

probable contour length increment was found to be 25.8 nm, consistent with a value of 

31.7 nm from the earlier report (Rief et al., 1999). (C) The persistence length mode was 

measured at 79.3 pm. (D) The unfolding forces vary from 26 pN for the first unfolding 

event to 40 pN for the sixth (a 54% increase), indicating that the molecule exhibits a 

mildly stiffening spring behavior. 
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Figure 4.4: Unfolding Force histograms for Utr NT-R10, Utr R11-CT, and full-length 

utrophin. The unfolding forces are reported for a pulling speed of 1 um/s with cantilever 

spring constants between 5.04-9.06 pN/nm. 
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Figure 4.5: Contour Length Increment histograms for Utr NT-R10, Utr R11-CT, and 

full-length utrophin. The most probable contour length increments range between 35.2 

to 63.1 nm. 
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Figure 4.6: Unfolding force distributions for utrophin terminal constructs reveal 

markedly different mechanical behaviors. (A) The plot of the probability distribution of 

unfolding force (p(f)) vs the unfolding force for Utr NT-R10 is shown. Here, ‘N’ in the 

legend represents the unfolding event count. For example, the distribution corresponding 

to N = 4 represents the distribution of the 4th unfolding event. For Utr NT-R10, the 

distributions have significant overlap, indicating that the unfolding forces remain uniform 

across unfolding events (referred in this paper as ‘brittle’). (B) The distributions for Utr 

R11-CT differ both in their peak locations and widths across the different unfolding 
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events. We observe that the peak of the distributions shifts right with increasing 

unfolding events, resulting in a stiffening spring behavior. (C) The full length utrophin 

largely shows behavior similar to Utr R11-CT, a stiffening spring, with increasing 

distribution widths and a shift of the peak towards the right with increasing unfolding 

events.   
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Figure 4.7: Unique mechanical behavior of utrophin halves is maintained upon 

deletion of the terminal domains. (A) Schematic of constructs lacking terminal 
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domains. (B) Coomassie-stained gel of 5ug aliquots of purified utrophin proteins. (C) 

Circular dichroism melt curves of terminally-deleted utrophin constructs exhibit similar 

thermal melting compared to full-length utrophin. (D) Probability distributions vs 

unfolding forces for the actin binding half of utrophin without the N-terminus (Utr R1-10) 

maintains a brittle behavior compared to Utr NT-R10 (Figure 4.6A). The distributions for 

the different unfolding events overlap, with closely located peaks. (E) The dystroglycan-

binding half with the C-terminus removed (Utr R11-22) does not produce a substantial 

difference in its stiffening spring characteristic compared to Utr R11-CT (Figure 4.6B). 

(F) Similar to its halves, utrophin without the N and C termini (Utr R1-22) does not exhibit 

a change in behavior compared to full length utrophin (Figure 4.6C), and maintains a 

stiffening spring behavior.  
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Figure 4.8: Box plots of unfolding forces as a function of unfolding count. 

Unfolding events are represented as ‘Ni’, i = {1,2,3…} and ‘d’ denotes the number of 

pulling experiments that resulted in ‘Ni’ events. Utr NT-R10 and Utr R1-R10 can be seen 

to exhibit ‘brittle’ behavior, wherein the unfolding force for the 10th unfolding event is 

comparable to that of the 1st unfolding event. The dystroglycan-binding halves of 

utrophin (Utr R11-CT and UTR R11-R22) show a significantly different ‘stiffening’ spring 

behavior, wherein the unfolding forces have a 3 to 5-fold increase for the 10th unfolding 

event compared to the 1st. The full length Utrophin variants (two halves combined 

together to form Utr FL and Utr R1-R22) show a strongly stiffening spring behavior with 4 

to 6-fold increases for the 10th unfolding events compared to their 1st.  
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Figure 4.9: Comparison of peak unfolding force vs unfolding event count shows 

brittle vs stiffening behavior of utrophin constructs. Peak unfolding force expressed 

as a function of the number of domains unfolded (Rupture Count). Data is averaged over 

300-500 successful pulling experiments for each protein construct. Utr NT-R10 and R1-

10 show brittle behavior whereas Utr FL, Utr R1-22, Utr R11-CT, and Utr R1-22 all show 

stiffening spring behavior.  
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Figure 4.10: Box plots of contour lengths as a function of unfolding count. These 

figures show contour length increasing linearly with unfolding events, where unfolding 

events are represented as ‘Ni’, i = {1,2,3…} and ‘d’ denotes the number of pulling 

experiments that resulted in ‘Ni’ events. A nearly linear increase in the contour length is 

expected as the unfolding events occur. 
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Chapter 5 

 

Conclusions and Discussion 



 

 117 

Thesis Findings 

 In addressing the questions proposed at the beginning of my thesis, my major 

findings are as follows:  

         

How do deletions present in therapeutically relevant, internally truncated dystrophins 

affect in vitro protein stability? 

 Dystrophin stability is context-dependent: relatively unaffected by small deletions 

at natural exon boundaries but sensitive to larger and more complex rearrangements 

from deletions present in gene therapy constructs. 

 

How are missense dystrophin proteins regulated in murine models of DMD and BMD 

missense mutants?  

 Missense dystrophin protein abundance inversely correlates with disease severity 

and positively correlates with levels of an E3 ubiquitin ligase identified in an siRNA 

screen for dystrophin-specific ubiquitin-conjugating enzymes, supporting our hypothesis 

that missense mutants are targeted to the proteasome for degradation.  

 

What are the mechanical properties of full-length utrophin and functionally relevant 

utrophin fragments?  

 We demonstrated that there are dramatic differences in the mechanical properties 

of two structurally homologous utrophin constructs both dominated by repetitive spectrin-

like motifs and that full-length utrophin exhibits unfolding forces and stiffening behavior 

more similar to titin than to spectrin.  
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Analysis of Dystrophin Protein Stability In Vitro and In Vivo 

 Despite its large size, full-length dystrophin is a highly stable protein, 

demonstrating cooperative unfolding as measured by circular dichroism spectroscopy 

(Henderson et al., 2010). However, a meta-analysis of similar in vitro thermodynamic 

measurements of dystrophin spectrin-like repeats, functional domains, and exon-skipped 

fragments reveals substantial heterogeneity with a broad range of stabilities compared to 

full-length dystrophin (see Chapter 1, Figure 1.4) (Bhasin et al., 2005; Legardinier et al., 

2008, 2009; Ruszczak et al., 2009; Krieger et al., 2010; Mirza et al., 2010; Henderson et 

al., 2011; Sahni et al., 2012). We have shown here that internally deleted dystrophins 

representing therapeutic micro-dystrophins also display variability in in vitro stability 

while exon-skipped dystrophins exhibit stability profiles congruent with the full-length 

protein (Chapter 2, McCourt et al. 2015).  

 The variability we see in thermodynamic stability of AAV gene therapy micro-

dystrophins appears to be dependent on the nature of the non-native junction created by 

the internal deletion. In comparing our data to studies on the same micro-dystrophins in 

mdx mice and the GRMD dog model, it is surprising that proteins displaying significant 

instability in vitro demonstrate significant efficacy in rescuing the dystrophic phenotype in 

mouse and dog models, even for the µH2 and ∆H2-R15∆CT constructs exhibiting the 

greatest instability (Wang et al., 2007; Lai et al., 2009; Banks et al., 2010; Wang et al., 

2012; Lai et al., 2013; Shin et al., 2013). The levels of micro-dystrophins expressed in 

animal models, however, were substantially higher than native dystrophin in wild-type 

mice, raising the possibility that putatively misfolded micro-dystrophins are evading the 

protein quality control pathways in vivo. The stability profile for the ∆3990 construct was 

most similar to full-length dystrophin and that showed similar efficacy in mdx mice was 

used in a clinical trial that reported minimal recombinant dystrophin expression 
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associated with a strong immune response to dystrophin. Clinical trials of optimized 

micro-dystrophins are expected in the near future. It is evident from our work together 

with pre-clinical animal studies and a single clinical trial that it is difficult to predict clinical 

efficacy from in vitro and in vivo murine models and requires additional understanding of 

how micro-dystrophins behave in the complex environment of a human muscle cell.  

 The exon-skipped dystrophins analyzed in our study represent the predicted 

protein products of anti-sense oligonucleotide (ASO) and morpholino drugs targeting 

out-of-frame deletions around exon 45 or 51 that could potentially treat 8% and 13% of 

DMD patients, respectively (Aartsma-Rus et al., 2009). Natural history studies on BMD 

patients with deletions mimicking those in DMD patients treated with exon-skipping 

drugs suggested that deletions spanning exon 45 were associated with lower levels of 

dystrophin and a more severe phenotype than those spanning exon 51 (Findlay et al., 

2015; Bello et al., 2016). Interestingly, both exon-45 and exon-51 skipped dystrophins in 

our study displayed in vitro stabilities consistent with full-length dystrophin suggesting 

that in vitro stability does not predict functionality in vivo. Additional clinical data for exon-

51 skipped dystrophins is now available following the recent approval of the morpholino 

drug, eteplirsen. The primary endpoint for the clinical trial was dystrophin restoration and 

western blot analysis of dystrophin levels in patients treated with the drug revealed 

increases in dystrophin protein from 0.28% to 0.93% (Aartsma-Rus and Krieg, 2017; 

Center for Drug Evaluation and Research, Application Number: 206488Orig1s000, 

2016). Additionally, initial analysis of functional improvement as measured by the 6-

minute walk test demonstrated a slower decrease in the distance walked for eteplirsen-

treated patients but the significance of this result is debated. Despite the lack of robust 

dystrophin restoration and clinical improvement, the small increase in dystrophin levels 

establishes that eteplirsen is producing its intended effect. There are several factors that 
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might be influencing eteplirsen’s efficiency including drug uptake, pharmacokinetics, 

targeting efficiency, as well as protein stability. Thus, continuing to determine how 

deletions resulting from exon-skipping affect protein stability in vivo is important for 

optimizing exon-skipping therapies.  

 To address the consequences of dystrophin instability in vivo, we have generated 

two novel transgenic mouse models expressing missense mutant dystrophins reported 

in human DMD (L54R) and BMD (L172H) patients (Chapter 3). The L54R and L172H 

missense mutants were previously evaluated in cultured myoblasts and shown to have 

missense-mutant dystrophin levels that were inversely proportional to in vitro stability 

and disease severity of the corresponding patients (Talsness et al., 2015). Analysis of 

the L54R and L172H mouse lines as well as a homozygous L172H mouse revealed that 

disease severity inversely correlates with expression levels of dystrophin protein.  

 Because missense dystrophin protein was increased in response to proteasome 

inhibition in the cell culture models, we hypothesized that the L54R and L172H proteins 

were also being targeted for degradation to the proteasome in the mouse lines. The 

ubiquitin-proteasome pathway is the major pathway for selective protein degradation as 

a means of quality control and protein homeostasis and is a highly specific and 

coordinated cascade of events involving ubiquitin-conjugating enzymes (Cohen-Kaplan 

et al., 2016). Ubiquitin-conjugating enzymes are categorized as ubiquitin-activating 

enzymes (E1), ubiquitin-conjugating enzymes (E2), or ubiquitin protein ligases (E3) and 

together, an E1, E2, and E3 ligase coordinate the transfer of a ubiquitin molecule to a 

specific target protein (Iconomou and Saunders, 2016). To determine the specific ligases 

involved in targeting missense dystrophins to the proteasome, we used an siRNA library 

of over 500 E1, E2, and E3 ligases in cultured myoblasts and identified five E3 ligases – 

Rnf182, VPS41, Zfand5, Amn1, and FBXO33. We detected Amn1 and FBXO33 proteins 
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in muscle tissues from our mouse lines and measured significant increases in both 

Amn1 and FBXO33 in the missense mouse lines compared to wild type and mdx mice. 

Amn1 protein levels also correlated with the amount of missense dystrophin present. 

Since treatment of mice with broad-spectrum proteasome inhibitors did not increase 

missense dystrophin levels in the mice, we plan to continue to investigate the role of the 

five putative dystrophin-specific E3 ligases in missense dystrophin biology in mouse 

models and in patients with the goal of establishing new therapeutic targets.   

 In future studies, we aim to determine whether knocking out or knocking down any 

of the E3 ligases causes an increase in dystrophin levels in mice. Of the five E3 ligases 

we identified, there is currently only a knockout mouse of Zfand5 available that would be 

used for generating a knockout model on the transgenic missense dystrophin 

background (Hishiya et al., 2006). We will utilize siRNAs in complex with atelocollagen 

for cell delivery to target Rnf182, VPS41, Amn1, and FBXO33 for knockdown in muscle 

(Kawakami et al., 2013) and analyze for E3 ligase levels, dystrophin protein levels, 

dystrophin ubiquitination, and improvement in dystrophic phenotype. A recent study on 

miRNA regulation of dystrophin identified dystrophin-targeting miRNAs that inversely 

correlated with dystrophin protein levels in mdx mice treated with exon skipping 

morpholinos, the GRMD canine model, and patient biopsies (Fiorillo et al., 2015). 

Therefore, we will measure dystrophin-targeting miRNAs in muscle tissues from L54R, 

L172H, and homozygous L172H mice.  To apply our studies to human patients, we will 

evaluate dystrophin-specific E3 ligase expression in BMD patient samples that have 

reduced dystrophin expression.  

 The overall aim of our proposed studies is identification of a therapeutic target for 

missense dystrophins but any findings would have implications for other mutation types 

and other therapeutic strategies. Protein instability caused by in-frame deletions found in 
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BMD patients can manifest as decreased dystrophin expression and thus inhibiting the 

degradation of dystrophin by the proteasome would be clinically beneficial (Anthony et 

al., 2011). Furthermore, dystrophin-specific E3 ligase inhibition could be used as an 

adjuvant treatment to exon-skipping drugs or gene therapies to optimize dystrophin 

restoration.  
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Mechanical Properties of Muscle Proteins 

 In contrast to dystrophin, utrophin displays uniform thermal stability upon internal 

deletion or terminal truncation (Henderson et al., 2011). However, in the first ever 

mechanical characterization of utrophin presented in Chapter 4, we measured 

remarkably different mechanical stabilities for terminal halves of utrophin by atomic force 

microscopy (AFM). The N-terminal half that binds actin filaments displayed uniform 

unfolding forces upon extension, demonstrating a “brittle” behavior. The C-terminal half 

and full-length utrophin showed increasing unfolding forces with extension that is 

characteristic of stiffening spring behavior. We determined that the observed mechanical 

differences are not influenced by the unique amino- and carboxy-terminal domains but 

rather are likely influenced by sequence differences in the spectrin-like repeats 

themselves, a phenomenon that has not been previously reported for other spectrin 

repeats. Indeed, the spectrin-like repeats of dystrophin and utrophin have much weaker 

conservation between repeat units compared to repeats within the spectrins (Winder et 

al., 1995). 

 Another surprising finding from our study was that unfolding forces measured for 

utrophin are much higher than those measured for spectrin and fragments of the 

dystrophin central rod domain (>100 pN compared to ~25 pN) (Rief et al., 1999; Bhasin 

et al., 2005; Krieger et al., 2010). The high unfolding forces of utrophin are not consistent 

with forces measured for plasma membrane adhesion complexes such as integrins and 

cadherins where forces do not exceed 25 pN, likely ruling out a spring-like mechanical 

role for utrophin at the membrane. The mechanical properties of utrophin are more 

consistent with the mechanically stiff muscle protein, titin that has unfolding forces in the 

range of 100-300 pN (Rief et al., 1997; Kellermayer et al., 2003; Zhu et al., 2009). In 

adult skeletal muscle, utrophin is localized to the myotendinous junction (MTJ) where 
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titin functions as a restorative elastic element (Ohlendieck et al., 1991; Charvet et al., 

2012). 

 Titin is a giant muscle protein that spans the distance from the Z-disk to the M-line 

of a sarcomere with functions including regulation of assembly and length of the thick 

filament, signaling, and development of passive force (reviewed in Granzier and Labeit 

2007).  The elasticity of titin can be attributed to structures in the I-band composed of 

repeated immunoglobulin (Ig) domains made of β-sandwich folds and a PEVK (rich in 

proline, glutamate, valine, arginine) domain containing coiled structures (Linke et al., 

1998; Linke and Grutzner, 2008). Experiments on stretch-induced translational 

movement using antibodies against the I-band components demonstrated that the Ig-

domains and PEVK domains contribute differently to the elasticity of titin (Linke et al., 

1996). At short sarcomere lengths and low passive force, the Ig domains are lengthened 

whereas at moderate to long sarcomere lengths and high passive force, the PEVK 

domain lengthens while the remaining Ig domains resist force. By AFM, Ig domains 

display increasing unfolding forces upon extension (Kellermayer et al., 2003), 

characteristic of stiffening spring behavior and similar to what we observed for the C-

terminal half and full-length utrophin proteins. AFM measurements for the PEVK domain 

show unfolding forces that are uniform upon extension, a property that is comparable to 

what we observed the N-terminal actin-binding half of utrophin. Interestingly, the PEVK 

domain of titin also binds actin (Yamasaki et al., 2001; Kulke et al., 2001; Linke et al., 

2002; Nagy et al., 2004). Based on our initial observations on comparing mechanical 

properties and localization of utrophin and titin, we hypothesize that utrophin may be 

acting in series with titin at the myotendinous junction.  

 Here we report novel findings on the properties of structurally homologous 

spectrin-like repeats in utrophin and on the potential function of utrophin at the 
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myotendinous junction. In future studies, we aim to optimize our AFM protocols to more 

efficiently attach protein molecules to the cantilever tip. We will design protein constructs 

with N- and C-terminal sequence tags (SpyTag and yBBr)  that provide chemistries for 

covalent linkages to the cantilever tip and the substrate base (Yin et al., 2006; Li et al., 

2014), ensuring secure attachment at the termini for more efficient and complete 

extension. We will continue to design and evaluate utrophin spectrin-like repeat 

constructs to establish a mechanism of mechanical stability differences. Analysis of R6-

15, R4-13, R8-17, and R18-22 are some of the constructs we propose in order to 

determine the influence of N-terminal vs C-terminal repeats on mechanical properties. 

Much of the work in our lab has focused on the differences between dystrophin and 

utrophin thus we will extend our AFM studies on functionally- and therapeutically 

relevant dystrophins as well as full-length dystrophin. To address our hypothesis that 

utrophin is acting in series with titin, we aim to evaluate utrophin-deficient mice for 

myotendinous junction defects, particularly passive stiffness. A mouse line deficient for 

both utrophin and α7 integrin has already been investigated and shown to have 

myotendinous junction defects (Welser et al., 2009) but any conclusions about the 

unique role of utrophin are confounded by an α7 integrin phenotype. Our proposed 

future studies will provide critical assessment of the mechanical functions of utrophin 

and dystrophin.  
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