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ABSTRACT 
 

Duchenne muscular dystrophy (DMD) is the most common inherited pediatric muscle 

dystrophy. It is characterized by muscle degeneration, resulting in fibrosis that is a significant 

impediment to both endogenous muscle repair and any potential regenerative strategy. At 

present, there are few therapies that specifically address fibrosis and microenvironment 

improvement, but one possibility rests in targeting the Wilms’ tumour 1 (Wt1) protein. Wt1 is a 

zinc finger transcription factor, recently shown to be expressed in fibrotic conditions such as 

Dupuytren’s disease and pulmonary fibrosis. This thesis examines the expression pattern of Wt1 

in several mouse models of DMD, through both histological quantification of Wt1 protein, and 

quantification of Wt1 isoform mRNA. Additionally, fibrosis is quantified through Masson’s 

trichrome staining of collagen. An increased proportion of Wt1 immunoreactive nuclei was 

found in the diaphragm and gastrocnemius of DMD disease models prior to and during early 

fibrosis, but returned to basal levels during late fibrosis. These results suggest that nuclear Wt1 

immunoreactivity may precede college deposition, and that it should be investigated further in 

the future.  
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SUMMARY FOR LAY AUDIENCE 
 

Duchenne muscular dystrophy (DMD) is a severe muscle disorder affecting children. 

DMD has no cure, and most patients with the disease are expected to only live to their mid-

twenties. The most recognizable symptoms of DMD are muscle weakness and muscle loss. 

DMD is a genetic condition, caused by a mutation in the gene that normally produces dystrophin 

protein. Genes make proteins by first making RNA, which can then be read by cells to assemble 

the protein. Dystrophin is an important protein for maintaining the structure of muscle cells. 

Mutations in the gene which produces dystrophin can make the dystrophin it produces not 

function properly. When the function of dystrophin is reduced, muscle cells become more likely 

to die. Over time, this increased muscle cell death causes scarring inside of muscles, preventing 

muscles from functioning properly. This scarring acts as a barrier, preventing both normal 

muscle repair and treatments to increase muscle function. Presently, there are few treatments that 

specifically target this scarring, but one possibility rests in targeting the Wilms Tumor 1 (Wt1) 

protein. Wt1 is a protein which can alter the production of other proteins. It was originally found 

in cancer, but it has recently been shown to be expressed in some diseases where scarring occurs, 

such as Dupuytren’s disease. This indicates its production might occur when scarring occurs. 

This thesis examines the patterns of Wt1 production in several mouse models of DMD. This is 

done by, in these models, staining Wt1 protein and looking at it under a microscope, and also 

examining how much RNA of Wt1 is made. Additionally, scarring is examined by staining the 

scar tissue and examining it under a microscope. The percent of cell nuclei which had Wt1 inside 

of them was found to be increased prior to, and during, scarring, but decreased back down to 

normal levels after scarring had taken place. These results suggest that an increased presence of 

Wt1 in the nucleus may take place before scarring, and that it should be investigated further. 
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1 LITERATURE REVIEW 
 

1.1 Duchenne Muscular Dystrophy (DMD) 

1.1.1 Overview 

Duchenne muscular dystrophy (DMD) is a progressive neuromuscular disorder and the 

most common inherited pediatric muscle dystrophy. It is characterized by muscle wasting and 

muscle weakness, which worsens throughout development. Initial presentation in children takes 

place at three to five years of age1–3. DMD follows an X-linked recessive pattern of inheritance, 

producing pathology at a far higher rate in males rather than females. It arises due to spontaneous 

or inherited mutations in the dystrophin gene4. In most cases, the muscle degeneration present in 

DMD ultimately results in cardiac and respiratory complications that reduce life expectancy to 

the mid-twenties5–8 .  

1.1.2 Clinical Features 

In DMD patients, muscle degeneration is most severe in skeletal and cardiac muscle. 

Newborns exhibit no symptoms of pathology, but slowly become more affected over time, 

occasionally with mild delays in gross motor development as early as age two2,3. Weakness 

begins centrally in the proximal lower limbs and trunk, and progresses to eventually include the 

upper limbs and distal muscles9–11. Calf hypertrophy, waddling gait, and increased lumbar 

lordosis become more common by six years of age. Gowers’ sign may also become visible at this 

time2,3,11. This disorder often culminates in orthopedic complications, such as scoliosis, and 

frequent joint contractures in the lower limbs11–13. By the onset of puberty, both extensive 

postural distortion and substantial loss of motor function have taken place, forcing use of 

orthopedic aids to maintain mobility2,11.  
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As muscles throughout the body weaken, the heart and lungs begin to fail7. Loss of 

musculature needed for respiration produces several secondary conditions, such as obstructive 

sleep apnea and hypoventilation14. Pulmonary infection affecting the respiratory tract can further 

complicate this. Heart failure can occasionally remain masked until late into the disease course 

due to inactivity2. Early pre-clinical cardiac involvement is present in 25% of patients under six 

years of age. This transitions into full cardiac involvement over time, affecting all patients over 

eighteen years of age15.  

Females which possess only a single mutant allele often have a much milder form of 

DMD, and act as carriers for the condition. Generally, symptoms in females are limited to mild 

muscle weakness, and elevated creatine kinase (CK) levels, with a small chance of cardiac 

involvement16,17. 

1.1.3 Diagnosis 

Diagnosis of DMD involves several strategies. Serum CK levels are often used as an 

initial criterion, and are usually ten or twenty fold the norm in children with the condition2,11,18. 

Genetic testing is the standard method to confirm a diagnosis of DMD, though it still struggles 

with cost and availability issues, and does not account for other factors influencing dystrophin 

function or expression2,19,20. In the case that genetic testing is not conclusive, muscle biopsy must 

be utilized. Immunostaining21 and western blot analysis22 can be used to evaluate dystrophin 

size, expression level, and expression location. Unfortunately, this technique also has marked 

downsides2,7,11,22. DMD patients already experience reduced ability to replenish dying muscle 

tissue, and the process of the biopsy may exacerbate issues associated with this.  
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1.1.4 Pathology 

The pathology in DMD results from minimal dystrophin function, or decreased synthesis 

of functional dystrophin23–25. The gene coding for dystrophin is over 2000 kb in length, and is the 

largest in the human body. It is expressed as early as nine weeks during human fetal 

development26. Dystrophin has multiple isoforms, and is expressed in various organ systems. 

Some isoforms are expressed near-ubiquitously, while others are restricted to particular organ 

systems. Nonetheless, the major burden of the DMD pathology is linked to muscle decline, and 

dystrophin’s function therein27. The most common mutations which produce cases of DMD are 

deletions of one or more exons, usually those which cause disruption of the reading frame. This 

produces dystrophin transcripts which are vulnerable to nonsense mediated decay28–31. This 

contrasts with Becker’s muscular dystrophy (BMD), another condition produced by mutations in 

the dystrophin gene, where in-frame mutations are the cause of the condition. This results in 

production of still partially functional dystrophin. Individuals with BMD usually experience 

milder symptoms, and may live 50-60 years before serious complications develop23,31,32.  

Normally, dystrophin expressed in muscle cells localizes to the cytoplasmic face of the 

sarcolemma, where it can form the dystrophin-associated protein complex33 (Fig. 1). This 

complex spans the sarcolemma, and its components can be divided into three categories of 

protein dependent on their location. In the intracellular compartment, neuronal nitric oxide 

synthase (nNOS), dystrobrevin, syntrophins, and dystrophin can be found. Dystrobrevin and the 

syntrophins mediate binding of nNOS to dystrophin, and dystrophin itself acts as the key protein 

connecting these intracellular proteins to the other components of the dystrophin-associated 

protein complex. The transmembrane proteins forming part of this complex are β-dystroglycan, 

sarcoglycans and sarcospan. β-dystroglycan links these proteins to dystrophin, and to the 
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extracellular components of the dystrophin-associated protein complex31,34. Sarcoglycans and 

sarcospan play additional roles in stabilizing the complex through interactions with dystrobrevin, 

and securing the complex to the sarcolemma35,36.  
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Figure 1. Dystrophin-associated protein complex 

Dystrophin’s amino-terminus interacts with the actin cytoskeleton, while its carboxyl-terminus 

forms the dystrophin-associated protein complex alongside several other proteins, including 

dystroglycans and sarcoglycans. This complex can then interact with the extracellular matrix, 

through mediators such as laminin. This provides integrity to the muscle cell sarcolemma. This 

complex, additionally, allows localization of other proteins to the plasma membrane, such as 

neuronal nitroc oxide synthase (nNOS).  
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The major extracellular component is α-dystroglycan, which binds to β-dystroglycan, and 

enables the connection of the complex to components of the extracellular matrix, such as 

laminin34. Few mutations in dystroglycans are identified, though this appears to be as a result of 

these mutations being embryonically lethal, as opposed to any protective mechanism33,37,38. 

Dystrophin itself mediates the connection of these components to microtubules and the actin 

cytoskeleton. Its absence can lead to a disorganization of the microtubule network31,39,40. The 

dystrophin-associated protein complex interacts with several other proteins to form rib-like 

lattices around the cell, termed costameres41,42. These structures distribute contractile forces 

laterally throughout the sarcolemma to the basal lamina43. The dystrophin-associated protein 

complex additionally enables transduction of mechanical signals between the intracellular and 

extracellular environments44. The absence of dystrophin increases the permeability of muscle 

cells, as confirmed by dye incorporation rates45,46. 

There are several theories linking dystrophin loss to the dystrophic phenotype present in 

DMD. The first, and most widely accepted theory, is that with the loss of the dystrophin-

associated protein complex, cells lose the ability to cope with mechanical stress. During 

contraction, the sarcolemma tears, allowing accumulation of extracellular protein inside the 

muscle cell, ultimately triggering cell death42,45,47. In X chromosome-linked muscular dystrophy 

(Mdx) mice, a dystrophin knockout model which experiences muscle degeneration and thus a 

higher proportion of centrally-nucleated myofibers, immobilization has been shown to reduce the 

proportion of centrally-nucleated myofibres48. Beyond the mechanical implications of dystrophin 

loss, other cell functions also become dysregulated, indirectly bringing about cell death. 

Stretching of the sarcolemma inappropriately opens calcium channels, and compounded with 

Ca2+ influx through microlesions, it becomes impossible to maintain cytosolic Ca2+ 
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concentration. Consistent high Ca2+ levels prompt a positive feedback loop, as calpain proteases 

become active and cleave proteins in the plasma membrane, eventually causing apoptosis45,49. 

Neuronal nitric oxide synthase (nNOS) is normally sequestered to the sarcolemma by 

dystrophin-associated proteins. It is delocalized into the cytoplasm in cases of DMD50. This 

impedes adequate vasodilation, reducing the ability for muscle to regulate oxygen exchange, and 

can thus cause muscle ischemia. However, studies using nNOS knockout mice show different 

phenotypes than those observed in dystrophin knockout mice, suggesting that the loss of nNOS 

localization regulation does not alone account for the pathophysiology of DMD45,51,52. 

Nonetheless, experimental models have shown that boosting NO signaling may ameliorate some 

of the skeletal muscle pathology in DMD53. A portion of muscle cell mechanotransduction is lost 

when the dystrophin-associated protein complex fails to form, leading to dysregulation of 

multiple genes. Unfortunately, little research has so far been conducted on this topic, and there is 

a poor understanding in the literature of how this interacts with DMD pathology44,45. It is likely a 

combination of these pathways which results in the DMD dystrophic phenotype. As muscle cells 

die, the tissue becomes chronically inflamed, and is remodeled into fatty and fibrous connective 

tissue through fibrosis47.  

1.1.5 Initiation of Fibrosis in DMD 

Fibrosis is a pathological deposition of extracellular matrix, resulting in damage to the 

architecture of the tissue in which the fibrosis is occurring. Tissue injury is the initial cause of 

fibrosis54,55. This can be through external means, such as chemical or physical insult, or 

internally, such as in the case of genetic conditions. Some extracellular matrix deposition occurs 

normally in the process of tissue repair, but when this lasts too long, or is too severe, clearance 

becomes difficult, and permanent scarring takes place54,55. Conditions where fibrosis is a major 
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component of pathology affect a wide range of organ systems: chronic renal disease56, fibrotic 

pulmonary diseases57, alcoholic liver disease58, and DMD59, are all examples. Estimates place the 

number of United States (US) adults with chronic renal disease alone at several million cases60. 

DMD itself makes up a comparatively smaller proportion of fibrotic conditions in the US, but the 

disease course and outcomes are much more severe, with muscle loss and ensuing fibrosis 

causing death. For some fibrotic conditions, addressing the underlying causes of fibrosis 

initiation may be difficult or impossible. It is therefore pertinent that research is conducted on 

methods to predict, halt, and even reverse fibrosis, in order to reduce disease burden in the 

future.  

The fibrogenic response, in broad terms, consists of four phases. The first phase is 

initiation, where the structure to become fibrotic is injured. In the case of DMD, this is through 

the uncontrolled death of muscle cells. This triggers release of inflammatory mediators such as 

cytokines and chemokines, recruiting inflammatory cells55,61. There are several types of 

inflammatory cells, but some of the most common are lymphocytes and macrophages55,62. The 

macrophage population at the site of damaged muscle is heterogenous, with some portion being 

M1 and another portion being M263,64. Once they arrive at the site of cell death, macrophages and 

lymphocytes can induce the second and third phases of fibrosis. These are, respectively, effector 

cell activation, and extracellular matrix production55. The activated effector cells can engage in 

signaling feedback with the inflammatory cell population, potentially modifying their behavior 

further65–67. The initial M1 macrophage population can furthermore prompt myogenic precursor 

cell growth68. Some of the key effector cell types are fibroblasts and myofibroblasts, which both 

synthesize extracellular matrix proteins69. This new matrix consists primarily of type I and III 

collagen, basement-membrane proteins, and fibronectins55,70, but also has several other elements, 
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such as proteoglycans, and fibrinogen71–73. Myofibroblasts also function to contract this matrix 

and surrounding tissue structure together55,63. There are numerous pathways used by 

inflammatory cells in this process, such as the transforming growth factor beta (TGF-β) pathway. 

TGF-β is not only secreted by inflammatory cells, but is also secreted by effector cells to sustain 

the fibrogenic response once it is active55,62. TGF-β may act through a canonical pathway in 

which its binding to one of the TGF-β receptors mediates SMAD signaling, or through non-

canonical mitogen-activated protein kinases (MAPKs) and c-abl pathways that upregulate the 

transcription of other fibrotic signals73–75. Under normal circumstances, these effects can be 

beneficial, allowing repair of damaged structures55,63,69. The initial matrix scaffold set down in 

the inflammatory response is gradually replaced by new cells. The M1 macrophages give way to 

their M2 counterparts. In muscle, they prompt differentiation of myogenic precursor cells into 

myofibers, and the tissue is repaired63,68. In chronically inflamed tissue, this process is 

unbalanced. There can be persistence of the M1 macrophage population, or an unbalanced 

activation of M2 macrophage population subsets. This leads into the fourth phase of the 

fibrogenic response, where there is excessive deposition and insufficient resorption of 

extracellular matrix, ultimately resulting in pathogenesis55,63.  

The fibrosis experienced in DMD is profound. It is one of the major pathological factors 

of DMD that brings about ultimate muscle dysfunction. Newly regenerated muscle tissue in 

DMD patients is vulnerable to cell death, creating a cyclical state of degeneration. This produces 

chronic inflammation characterized by incomplete muscle regeneration, and an absence of 

extracellular matrix remodeling. Over time, muscle tissue is increasingly replaced by 

extracellular matrix, further reducing the muscle strength, and making it prone to increased 

damage in the future. The ability of satellite cells to repair the tissue deteriorates over time, 
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though there is some uncertainty whether this is either due to an inability to replicate, or an 

inability to produce additional functional muscle tissue63,76,77. There has been a long-standing 

body of evidence which suggests that, even before the onset of muscle loss, there is an increase 

in collagen deposition in the endomysium78–81. A 2009 study evaluated several histological 

features in DMD patients, including fibrosis, fatty degeneration, myofiber size, and 

necro/basophilic fibers, and compared these to several motor outcomes. These outcomes 

included quadriceps strength, ages at loss of walking and wheelchair confinement, scoliosis, and 

manual muscle testing. Of all the parameters assessed, only fibrosis in the endomysium 

correlated with poorer motor outcome. This was possibly mediated through fibrosis-induced 

separation of the muscle tissue from associated vessels. Layers of extracellular matrix would 

reduce the efficiency of oxygen diffusion to muscle, possibly causing ischemia of the muscle80. 

1.1.6 The Fibrotic Microenvironment in DMD 

The normal muscle microenvironment is compromised in fibrosis, taking on 

characteristics which promote further fibrosis, rather than healing. There are shifts not only in the 

cell populations which compose the tissue, but also in the formulation of the extracellular matrix 

which is produced. In terms of cell types, the fibrotic microenvironment leads to changes in cells 

responsible for regeneration, for inflammation, and for production of extracellular matrix. There 

is evidence that the myoblast population’s ability to replenish cells, and differentiation 

capability, may be altered in the fibrotic microenvironment. Although many mediators of this 

event have been identified, one major candidate has been TGF-β73. TGF-β has been shown to 

block myoblast differentiation82, trigger its apoptosis83 or myofibroblast transdifferentiation84, 

and promote myostatin expression in myoblasts85. Hypoxia has also been implicated as a 

possible factor influencing the ability of myoblasts and muscle satellite cells to differentiate and 
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proliferate, though there is disagreement in the literature over whether it promotes stemness or 

differentiation in myoblasts73,86–88. The combination of these factors can result in imbalances in 

the myoblast population that can lead to exhaustion of the population, or, through interactions 

with other factors, overcrowding of the stem cell niche. As mentioned previously, inflammatory 

cells also play a key role in the fibrotic microenvironment, with persistence of the M1 

macrophage population55. M2 macrophages also become elevated in dystrophic muscle, though 

this activity is insufficient to clear fibrosis89. Furthermore, M2 macrophages may actually 

contribute to the fibrotic microenvironment, as they produce a significant fraction of 

inflammatory cell derived TGF-β, thus promoting pro-fibrotic signalling90. With regards to other 

inflammatory cells, mice which have had their T and B cell populations depleted experience 

reduced fibrosis compared to control animals91. Although several cell types are responsible for 

the production of extracellular matrix in healthy skeletal muscle, the major cell candidate for 

type I collagen production, and basal lamina protein production in general, are fibro/adipogenic 

progenitor (FAP) cells73,92. After proliferating to support normal repair, FAP cells apoptose, but 

in the case of fibrosis, they remain chronically elevated without this apoptotic event93–95. This 

apoptosis is driven by tumour necrosis factor (TNF), but can be halted by overexpression of 

TGF-β, as takes place in fibrosis96. FAP cells are able to differentiate into adipocytes or 

myofibroblasts73,93. During fibrosis, it suggested that myofibroblasts can arise from many cells 

types besides FAP cells alone, including pericytes, resident fibroblasts, fibrocytes, endothelial 

cells, and epithelial cells, as well as locally specific cell types such as myoblasts84,97,98. 

Both the mechanical properties and the composition of the extracellular matrix are altered 

in fibrosis. Collagen content typically increases in fibrosis, with a greater degree of cross-linking, 

resulting in a dense collagen network80,99,100. DMD patients have additionally shown to have 
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several proteoglycans, the proteins responsible for water retention and viscous mechanical 

properties, enriched in their tissue101. Fibronectin is also increased in cases of DMD73,102. The 

secretion of matrix metalloproteinases (MMP)s into the extracellular matrix rises, and deletion of 

particular MMPs, such as MMP-9, has been shown to reduce levels of fibrosis103,104. The 

combination of these changes results in an extracellular matrix which is much stiffer than in 

healthy conditions. This not only reduces the function of the surrounding muscle tissue, but also 

has downstream effects due to the deleterious changes in mechanoregulation this has in other cell 

types. Stiffness has been shown to prompt macrophages to adopt a more M1 phenotype, and 

prevent differentiation and formation of contractile sarcomeres in myoblasts73,105–107. The 

recognition of the fact the microenvironment in DMD is transformed into one contributing to 

fibrosis is of vital importance, as it enables the tailoring of therapies to be able to function 

despite this impediment. 

1.1.7 Detection of Fibrosis in DMD 

In order to determine the progression of fibrosis, biopsy is often considered the gold 

standard for staging purposes108,109. Although this method does allow accurate assessment of 

fibrosis stage, it also comes with key downsides in the form of invasivity and limited 

accessibility. In some patient groups, biopsy may be considered an unnecessary risk due to 

complicating factors such as the chance of infection, or lasting damaging which the biopsy may 

produce. This is a concern for DMD patients7,110. Investigating other methods to analyze fibrosis, 

such as the use of imaging technologies or serological markers, is therefore pertinent. 

With regards to current imaging technology, this takes several forms. Magnetic resonance 

imaging (MRI) is able to effectively resolve muscle, fat, and connective tissue, but suffers from 

difficulties separating fat from water. There is current work being done on fat suppression 
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techniques that allow better resolution of increased water content brought about by 

inflammation81,111,112. Unfortunately, equipment for MRI is often prohibitively expensive, and 

may not necessarily be available for DMD patients to use. Elastography-based techniques, which 

evaluate tissue stiffness using MRI or ultrasound imaging of mechanical sheer waves113, and 

impedantometry, which examines tissue water content through propagation of electrical current, 

are both promising new techniques to examine muscle tissue114,115. However, little work has been 

conducted examining their use in DMD patients. Similarly, myography, which involves 

examining the physical properties of near-surface muscle through palpation, also shows promise, 

but requires investigation with regards to specific applications in DMD patients81,116. Positron 

emission tomography-computed tomography (PET-CT) techniques, combining modern imaging 

with radiolabeled substances which localize to fibrotic regions, have also seen some exploration 

in recent years117. However, little focused has been placed on PET-CT in DMD patients. In 

general, these imaging techniques are still in development, and may require combination with 

serological marker evaluation to accurately gather information about fibrosis. 

In terms of current serological markers for fibrosis, a great deal of focus has been placed 

on liver and cardiac fibrosis markers, with a lesser, though still considerable, amount of analysis 

on skeletal muscle fibrosis markers. There have been several large-scale studies on markers in 

DMD patient and mouse model sera. A 2014 study which evaluated 355 mouse sera proteins 

found 23 which were significantly elevated in the Mdx mouse model, of which twenty were also 

elevated in serum derived from human DMD patients. These could be divided into several 

categories, and primarily consisted of glycolytic enzymes, transport proteins, and myofibrillar 

proteins. There were several possible candidate proteins detected which had links to fibrosis, as 

opposed to muscle degeneration alone. Some examples include thrombospondin 4 (TSP4), an 
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extracellular remodeling protein, and matrix metalloproteinase 9 (MMP9), an extracellular 

protease118. MMP9 has been previously correlated with DMD disease severity over time in 

patients119. Another study analyzing DMD and BMD patients found similar results with regards 

to markers of muscle degeneration, but elucidated difficulty with regards to separating cases of 

DMD from BMD utilizing MMP9 alone. It did not examine TSP473,120. Exploration of these and 

similar markers in the future is vital to accurately determine levels of fibrosis. Combining 

multiple markers into a panel-based measure may be necessary.  

1.1.8 Treatment 

There are several treatments available for DMD. Corticosteroids are most commonly 

used to increase muscle strength and slow rate of decline, but often have complications. Other 

drug therapies, such as anabolic steroids and immunosuppressive agents, which attempt 

respectively to boost muscle strength, and prevent inflammatory responses, are in early stages of 

exploration. Respiratory dysfunction often results in repeated infections, necessitating chest 

physiotherapy and antibiotic use4,7–9. Cardiac symptoms also require monitoring, though 

treatment of these is limited to beta blockers and angiotensin converting enzyme inhibitors7. 

Despite advances in physical therapies and steroid treatments, no cure or long-term treatment for 

DMD has been found.  

Several promising new therapies have also appeared in recent years, primarily in the form 

of gene therapy variants. Some of the most common versions of these are viral vector strategies, 

which normally make use of recombinant adeno-associated viral vectors carrying components of 

the dystrophin gene. These are capable of restoring some dystrophin expression in mouse 

models. However, the size of the dystrophin gene creates challenges for this therapy, as the 

normal gene is too large to be transported within adeno-associated virus. Attempts have been 
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made to supply truncated, but still functional, versions of the gene. However, many of these 

attempts result in either sacrifice of some dystrophin gene functions, or reduced transduction 

efficiency121,122. Nonetheless, there are ongoing clinical trials utilizing this technique, such as 

with rAAVrh74.MHCK7.micro-dystrophin or PF-06939926123. Another strategy which still 

utilizes adeno-associated viral vectors is CRISPR/Cas9 delivery. This can be targeted toward 

single mutations bringing about DMD, and past studies have showed some success in mouse 

models. This has included measures such as force generation, evaluation of CK level, and 

histological examinations such as rate of tissue necrosis121,124–126. Nonetheless, these strategies 

still face problems, generally associated with delivery and specificity. Fibrotic environments, 

such as those found in DMD, often have reduced blood perfusion, and therefore poorer delivery 

of viral carriers. Effectively targeting adeno-associated virus to a single cell type can also be 

challenging, Additionally, these strategies do not directly target the muscle microenvironment or 

the fibrosis that is associated with DMD. Even if these treatments were successful, loss of 

muscle strength may persist for months, or last indefinitely. Drugs which induce exon-skipping, 

such as Eteplirsen, are also under investigation127. These produce partially-functional dystrophin 

which ignores critically mutated exons. Unfortunately, only cases with mutations in particular 

vulnerable exons are possible candidates for this form of treatment. Stem cell therapy has been 

considered in the past as a possible treatment for DMD, but complications have arisen due to the 

nature of the therapy. Nonetheless, novel methods to adjust the therapy to make it suitable for 

DMD are still being studied. Stem cell therapy involves supplying DMD patients with new 

muscle stem cells which produce dystrophin, and which can replace their normal dystrophin null 

stem cells. However, immune responses to myogenic stem cells derived from donor sources limit 

their applicability, as the body may destroy these before any therapeutic benefit is yielded. 
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Additionally, the stem cell niche, which enables stem cell proliferation and differentiation, can 

often be destroyed through the process of fibrosis73,128,129. Autologous myogenic stem cell 

sources are a possible solution to the immune response issue. Ex vivo gene correction 

techniques, such as chimeraplasty and small fragment homologous replacement therapy, can be 

used prior to expansion of these myogenic stem cell colonies. These can then be transplanted 

back into the host from which the cells were derived. Unfortunately, dystrophic muscle often has 

a low population of myogenic stem cells, making it difficult to extract a sufficient number to 

begin this process121,130–132. Even techniques involving bone marrow-derived stem cells with 

myoremodeling capacity need other measures to acquire a sufficiently large population133. 

Satellite cell transplantation has been shown to be improved by initial treatment with a 

neutralizing antibody against connective tissue growth factor73,134. It is clear that these upcoming 

techniques still require refinement before being candidates for DMD treatment.  

Another group of upcoming therapies, rather than focusing on correcting mutations in the 

dystrophin gene, attempt to address the fibrosis associated with the condition. Anti-inflammatory 

drugs, such as TNF inhibitors, and nuclear factor kappa-light-chain-enhancer of activated B cells 

(NF-κB) inhibitors, are possible candidates to be repurposed for an antifibrotic role81,135.  

TGF-β is a possible target for this therapy. In radiation-induced fibrosis in cancer 

treatment, and in scleroderma cases, halofuginone is able to block the canonical TGF-β pathway, 

inhibiting synthesis of type I collagen, slowing fibrosis73,74. Another activator of the MAPK and 

SMAD pathways is the renin-angiotensin system, where angiotensin-converting enzyme 1 

(ACE1)-mediated conversion of angiotensin I into angiotensin II allows it to bind to the 

angiotensin II (AT1/2) receptors, which can promote these pathways136. Inhibitors of ACE1, 

such as Enalapril and Lisinopril, and the AT1/2 blocker Losartan, are all potential antifibrotic 
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treatments73,137–139. Nitric oxide enhancers such as the phosphodiesterase 5 inhibitor sildenafil 

may also serve a role, as hypoxia has been shown to increase fibrosis, and treatment with these 

enhancers may reduce it140. Antioxidants such as idebenone141 and resveratrol142, and 

mineralocorticoid antagonists like eplerenone81,143, are also possible candidates. Combining 

nutrition, physiotherapy, and temperature-based techniques with these drugs can create a holistic 

approach to addressing fibrosis in DMD patients81. However, additional research will need to be 

conducted in order to determine how applicable these drugs are for use in DMD patients, and at 

what stages of fibrosis they can be used at.  

This suggests two major directions in which to continue research. Firstly, to develop new 

treatments aimed at improving the microenvironment and reducing fibrosis. Secondly, to develop 

techniques to identify areas that will become fibrotic before permanent damage takes place. To 

meet these goals, it is necessary to identify biomarkers of the fibrotic microenvironment. 

1.1 Wilms’ Tumour 1 (Wt1) 

1.1.1 Overview 

Wilms’ Tumour 1 (Wt1) is a zinc-finger transcription factor with additional roles in post-

transcriptional regulation, and control of other transcription factors. In mammals, the gene is 

composed of ten exons, and is approximately 50 kb in length144. The human protein Wt1 was 

originally identified in Wilms’ tumour, but has since been implicated as a factor in multiple other 

conditions, such as the Denys-Drash and Frasier syndromes144–146. It has numerous isoforms, 

which act in related but distinct cellular roles. Twenty-four different forms of Wt1 protein have 

been identified in murine and human models. However, recent research suggests that there are 

additional Wt1 isoforms which have so far been uncharacterized in the literature147,148. The 

different Wt1 isoforms arise primarily from alternative starts sites where translation of Wt1 
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protein takes place, and from alternative splicing, though there is some evidence that RNA 

editing may also play a role148,149.  

1.1.2 Wt1 Expression during Development 

Wt1’s most well-known functions, apart from pathogenesis, are its roles in the regulation 

of mammalian embryonic development. Wt1 has been found to have roles in several major organ 

systems, most prominently the gonads and kidneys, but also the cardiac, nervous, and respiratory 

systems. In mice with mutations in their Wilms’ tumour 1 gene, Wt1, these organs often develop 

poorly, or not at all, resulting in embryonic lethality148,150–152. 

In the gonads and adrenal glands, Wt1 serves a variety of roles. It has been shown to 

reduce Leydig cell formation while promoting Sertoli cell differentiation through its promotion 

of the sex-determining region Y (SRY) gene153. Mice which are Wt1 null fail to develop adrenal 

glands or the gonads154. In kidney development, Wt1 is expressed in the metanephric 

mesenchyme. There are multiple Wt1 target genes vital for proper mesenchymal function during 

this stage, including spalt-like transcription factor 1 (Sal1), bone morphogenetic protein 7 

(Bmp7), and paired box gene 2 (PAX2). Wt1 also controls several other key regulators of 

mesenchymal proliferation and apoptosis144,155,156. Not only does Wt1 maintain the mesenchyme 

of the developing kidney, it also supports the formation of the proximal nephron and podocytes. 

Wt1 expression becomes localized to the arising nephron during nephrogenesis, and eventually is 

confined to the proximal developing nephron, and then the developing podocytes144,152.  

Wt1 expression during cardiac development is primarily in the epicardium. Eliminating 

expression of the Wt1 mouse protein has been shown to prevent proper cardiac vascularization. 

Wt1 appears to be required for epithelial and mesothelial to mesenchyme transitions, and this 

transition is necessary for epicardial derived coronary vascular cell progenitor formation144,157. 
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Furthermore, Wt1 deletion can cause incomplete formation of the diaphragm, leading to 

herniation of the abdominal organs into the chest cavity144,158.  

1.1.3 Wt1 Expression during Adulthood  

Beyond development, Wt1 and its isoforms also serve functions in adult organisms, 

primarily in the kidneys, gonads, and bone marrow. Deletion of Wt1 in adult mice triggers severe 

glomerulosclerosis in the kidney, as well as bone loss, and atrophy of the spleen and exocrine 

pancreas. Insulin growth factor 1 (IGF1), a regulator for both bone and fat growth, was reduced 

in circulation in these models, suggesting that Wt1 may serve a role in controlling it159. In the 

cortex of the adult adrenal gland, research has indicated the presence of rare Wt1 expressing cells 

which, through adulthood, can still differentiate into steroidogenic cells. Gonadectomy appears 

to stimulate this differentiation144,160. In the kidneys, Wt1 serves roles in regulating nephrin and 

podocalyxin in podocytes144,161,162. Expression of Wt1 additionally takes place in the adult mouse 

heart, serving a role in coronary vascular cell proliferation following ischemia147,163. There is 

evidence that transcription of the Wt1 mouse gene can be directly upregulated by hypoxia-

inducible factor 1 (HIF1)144,164.  

1.1.1 Wt1 Protein Structure 

The role a particular Wt1 isoform fulfills is largely determined by how it has been post-

transcriptionally modified, though there are nonetheless some common functions between 

variants. The capacity for Wt1 to bind certain DNA and RNA sequences is mediated through its 

zinc finger domains, and these are present in all major isoforms, though there is evidence the 

affinity for particular DNA or RNA sequences can differ between different Wt1 isoforms165. Wt1 

isoforms can be divided into four major groups (Fig. 2), defined through their inclusion of exon 
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five (EX5), and through inclusion of a lysine, threonine, and serine (KTS) amino acid sequence 

toward the end of exon nine147. Commonly, the isoforms of Wt1 are referred to as A  

(EX5-/KTS-), B (EX5+/KTS-), C (EX5-/KTS+), and D (EX5+/KTS+). 

Exon five enables interactions with prostate apoptosis response factor 4, by encoding a 

protein-protein interaction domain. This modulates the ability of Wt1 to regulate cell 

proliferation144,166. In the adult mammary glands, exon 5 bearing isoforms are expressed167. 

Furthermore, there is preliminary evidence that exon 5 appears to partially compensate for some 

zinc finger function. Natoli et al. showed that so long as exon 5 is present, both the third and 

fourth zinc fingers of Wt1 can be deleted, with normal viability and kidney histology maintained. 

However, additional work is necessary to confirm this168.   
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Figure 2. Wt1 and Isoforms 

Diagram of Wt1 gene, some of its mRNA products, and the translated protein. Alternative 

translation initiation sites are indicated by the black arrows, alternative splice sites are indicated 

by dark coloration, and an alternate exon produced by an alternative translation initiation site is 

indicated by vertical hatching. Portions of this figure adapted from Kramarzova (2012).  
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The KTS sequence is suspected to be involved with the splicing machinery itself, and its 

regulation. However, the two isoforms do have some degree of overlapping function, as studies 

evaluating developing mice where only one of the two isoforms have been expressed reveal little 

to no differences in the development of the cardiovascular or genitourinary systems. Isoforms 

with the KTS sequence show stronger affinity for insulin growth factor 2 (IGF2) RNA than those 

lacking the sequence. However, those without the sequence still maintain some binding affinity, 

likely mediated through zinc finger activity165,169. This activity can be modulated by post-

transcriptional regulation. Inclusion of the KTS sequence likely limits the ability for Wt1 to bind 

early growth response-1 (EGR1) sequences in the genome. Wt1 increases the stability of p53, 

inhibiting its apoptotic effects170.  This interaction not only has been shown to modulate the 

transcriptional activity of p53, but also that of the Wt1 isoform lacking the KTS sequence171. The 

binding partners of Wt1 may have distinct interactions with it dependent on the particular 

isoform to which they are bound.  

Regardless of the presence of the KTS sequence, Wt1 can bind sequences for several 

other genes, including IGF2, platelet derived growth factor subunit A (PDGF-A), PAX2, and its 

own Wt1 gene sequence. Wt1 is capable of both transcriptional activation and repression, and 

debate is ongoing over which comprises its major role147,172–176. Although Wt1 has many roles in 

the nucleus, it is also found to some extent in the cytoplasm. For example, in developing skeletal 

muscle, myocardium, and the endothelial cells of blood vessels177. One possible explanation for 

this localization is interactions with translation. Wt1 has previously been shown to associate with 

translating polyribosomes, and that regardless of the presence of exon 5 or the KTS sequence, 

this activity is maintained. This may indicate active involvement of Wt1 with the translation of 

protein, or interactions with RNA outside the nucleus178.  
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1.1.2 Wt1 in Fibrosis 

Although its discovery was through its appearance in forms of cancer, recent research has 

shown Wt1 to also be involved with fibrosis, for example, in idiopathic pulmonary fibrosis and 

Dupuytren’s Disease (DD). One 2015 study by Sontake and colleagues showed that Wt1 

expression was present in subpleural fibrotic lesions in the lungs of human idiopathic pulmonary 

fibrosis patients, but not in healthy patients. Cultures of mesenchymal cells taken from these 

tissues showed increased Wt1 transcript presence. When knocked down with siRNA against Wt1, 

these cultures showed significant decreases in production of several extracellular matrix genes. 

Mice which had subpleural fibrotic lesions induced by TGF-α overexpression showed similarly 

increased Wt1 expression in vimentin-positive mesenchymal cells and alpha smooth muscle 

actin (α-SMA) expressing myofibroblasts, though not in fibrocytes. However, fibrocyte infusion 

did appear to increase the number of Wt1 positive cells in mice179. Lineage tracing experiments 

have furthermore shown that Wt1-positive mesothelial cells are a major source of mesenchymal 

cells, and specifically, myofibroblasts, in subpleural fibrotic lung lesions. Transfection with Wt1-

overexpressing lentivirus increased fibroblast-to-myofibroblasts transformations in fibroblast 

cultures derived from mice, and Wt1 knockdown is able to reduce rates of proliferation in 

fibroblast cultures derived from human idiopathic pulmonary fibrosis lung tissue. Partial 

knockout of Wt1 in TGF-α mice is able to reduce lung hydroxyproline levels and improve lung 

compliance, and reduce Masson’s trichrome staining in bleomycin treated wildtype mice180. 

However, other research has run contrary to this narrative. A 2014 study by Karki and colleagues 

found reduced Wt1 expression in idiopathic pulmonary fibrosis lung tissue pleural mesothelial 

cells. Treatment of pleural mesothelial cells with shRNA against Wt1 was found to cause a 

mesothelial to mesenchymal transition, with upregulation of fibronectin and α-SMA, an altered 
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morphology, and increased collagen gel contractility181. Another area of particular interest has 

been research concerning the upregulation of Wt1 expression in primary fibroblasts derived from 

DD. Immunohistochemistry of fibrotic tissues taken from DD patients revealed clusters of cells 

expressing Wt1, and quantitative polymerase chain reaction (qPCR) analysis of Wt1 expression 

in fibroblast cultures derived from these tissues showed upregulation of Wt1 compared to control 

fibroblast cultures. Control cultures in this study were derived from syngeneic fibroblasts, 

suggesting that neither genetic variability or systemic effects were the cause of the Wt1 

upregulation, but that it was brought about by fibrosis itself.182. This suggests that, if it is the case 

that Wt1 is a marker for fibrosis, it may be a marker in several fibrotic disorders, including 

fibrosis induced by DMD. Nonetheless, the literature is currently divided on this topic, so it 

would be worthwhile to gather a deeper understanding of Wt1 overall.  

1.2 Animal Models of DMD 

1.2.1 Dystrophin Knockout Mice 

Numerous animal models of DMD have been engineered, across a range of species, but 

some of the most well-studied have been mice183. Particularly, the X chromosome-linked 

muscular dystrophy (Mdx) mouse, a dystrophin-null model, has received the most examination as 

a model of the disease (Fig. 3). The Mdx mouse model possesses a point mutation in the 

dystrophin gene, resulting in production of no functional dystrophin184.  
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Figure 3. Different Mouse models of Duchenne Muscular Dystrophy 

Representative images of wildtype (A), Mdx (B), Mdx/Utrn+/- (C), and Mdx/Utrn-/- (D) mice. 

Table depicting the number of alleles expressing dystrophin and utrophin, as well as the age 

ranges utilized, for each mouse model (E).  
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There are increased muscle creatine and pyruvate kinases in the Mdx mouse model, 

alongside muscle lesions typical of human DMD patients185. The Mdx model exhibits 

histological features characteristic of muscle degeneration, including centrally-nucleated 

myofibers and the presence of inflammatory infiltrate. Other DMD-like symptoms also occur, 

such as fibrosis, but not as extreme as in the case of most human DMD. Fibrosis is often limited 

to certain muscle groups, such as the diaphragm, with muscle groups like the hind limb 

experiencing negligible fibrosis. Furthermore, the Mdx mouse model exhibits little weakness186–

188. A 2015 study characterized the Mdx model, alongside several others, compared to the 

wildtype. Examination of muscle weakness via a grip duration test, measuring the duration 

which mice can support their body weight by gripping to a mesh, showed only minor deficits in 

the Mdx mouse compared to the wildtype prior to six months of age. Furthermore, after six 

months, the durations both groups could grip the mesh had become indistinguishable. Rotarod 

testing, which evaluates how long a mouse can remain on a rotating rod, found similar results, 

with Mdx mice performing marginally poorer than the wildtype for the first six months of life, 

and then becoming similar to the wildtype thereafter. Triceps myofiber cross-sectional area was 

significantly smaller than the wildtype in the Mdx model until twelve months of age, and the 

distribution of different myofiber areas differed from the wildtype until approximately six 

months of age. Furthermore, the myosin isoforms expressed in this tissue did not differ in the 

Mdx model compared to the wildtype. In the Mdx mouse, density of collagen IV was shown to be 

significantly increased from the wildtype in the triceps after twelve months, though density of 

collagen I was increased from as early as three months189. The Mdx mouse model additionally 

has altered presentation of cardiac symptoms compared to human DMD patients. Cardiac 

fibrosis does not occur in this model until later in life, and furthermore exhibits other differences, 
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such as the absence of hypokinesia and dyskinesia, uniform distribution of the fibrotic material, 

and a reduced amount of fibrosis compared to DMD patients. Additionally, Mdx mice have an 

increased life expectancy compared to DMD patients, with a 25% reduction  in life expectancy 

compared to wildtype mice, in contrast with the 75% reduction from normal life expectancy as 

seen in human DMD patients183,190. This makes the Mdx mouse an incomplete model for DMD, 

as the more severe features of the disease are not accurately represented. It is therefore pertinent 

that other models be utilized, in order to recapitulate the condition as seen in humans more 

clearly.  

1.2.2 Dystrophin and Utrophin Knockout Mice 

The literature suggests that, in mice, the presence of utrophin, a dystrophin homolog, 

provides a compensatory effect which alleviates some of the pathology produced by dystrophin 

loss. In mice, use of a utrophin transgene has been shown to ameliorate pathology caused by the 

absence of dystrophin. Furthermore, muscle regions which normally have high utrophin exhibit 

lower muscle degeneration in mice188,191–193. Knocking out utrophin, either partially, as in the 

case of Mdx/Utrn+/- mice, or totally, as in the case of Mdx/Utrn-/- mice, provides an avenue by 

which pathology more similar to human DMD can be evaluated. 

The Mdx/Utrn+/- model has been shown to experience greater muscle weakness than 

Mdx or wildtype mice. In the 2015 study previously discussed, this was determined by grip 

duration and rotarod testing. Grip duration evaluations showed Mdx/Utrn+/- mice performing at 

less than a quarter of the ability of either the Mdx or wildtype mice at the initial one month of age 

examination point, and they remained lower than both of these other models effectively during 

all evaluation points. Rotarod testing indicated significant deficits for Mdx/Utrn+/- mice 

compared to both Wildtype and Mdx genotypes, until roughly eighteen months of age. The 
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Mdx/Utrn+/- model mice exhibit differences in the distribution of the sizes of their myofibers, as 

well as differences in the expression of myosin isoforms, which are not present in the Mdx 

model. Analysis of deposition of collagen I and collagen IV showed significant increases in this 

deposition compared to the wildtype at all of the age points examined in this study, as well as 

from the Mdx model, except for the 6 month age point for collagen I189. The differences in 

collagen deposition observed have been replicated in other studies, and indicate that particular 

tissues may become fibrotic in the utrophin knockout models which do not become fibrotic in the 

Mdx model. As fibrosis is a significant cause of human DMD patient mortality, this is an 

important feature to focus on189,194. An independent 2012 study showed similar results for 

rotarod and grip duration testing of Mdx mice, though it showed that all of Mdx, Mdx/Utrn+/-, 

and Mdx/Utrn-/- mice perform similar on fore limb grip strength tests. This study additionally 

showed a nonsignificant correlation between the number of utrophin alleles knocked out and the 

expression of inflammatory and fibrotic genes in mouse quadriceps muscle195. Single utrophin 

allele knockout in the Mdx model has been shown to significantly reduce diaphragm function, 

and causes both increased inflammation and fibrosis in the diaphragm and other skeletal muscle 

groups186,187. Some research has indicated that there is a correlation between the number of 

utrophin alleles knocked out, and the increasing presence of centrally-located nuclei indicative of 

muscle fiber regeneration195 

In the Mdx/Utrn-/- model, where there is no utrophin or dystrophin expression, lifespan is 

reduced to 3-4 months, approximately only 11% of the normal lifespan of a wildtype mouse183. 

For the purposes of evaluating these mice, this can be problematic, as it limits long-term studies, 

and complicates animal care and handling. These mice experience severe muscle weakness at an 

age earlier than even that of the Mdx/Utrn+/- model. Examination has shown that these mice are 
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unable to maintain their grip or remain on a rotarod at even one month of age. Furthermore, they 

also experience different expression of myosin isoforms and distribution of myofiber sizes, 

similar to the Mdx/Utrn+/- model. Their collagen deposition is also not significantly different 

than that of the Mdx/Utrn+/- model189. Past research has shown that tibialis anterior muscle 

degeneration is only transient in the Mdx model, while persistent in the Mdx/Utrn-/- model, and 

furthermore that cardiac manifestations are more severe in the Mdx/Utrn-/- model188. Utilization 

of additional Mdx/Utrn+/- and Mdx/Utrn-/- models provides a deeper understanding of disease 

progression.  

1.3 Research Outline 

In this thesis, wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice were utilized. 

Collectively, an analysis of all of these genotypes allow exploration of various DMD 

severities194. Furthermore, this study included mice at 4-5 weeks old, 8-10 weeks old, and 10-14 

months old, representing immature, mature, and aged mice. These ages allow an interrogation of 

Wt1 expression changes with respect to the progression of fibrosis over time. Heart, diaphragm, 

and gastrocnemius muscle tissue were examined for these mice, as prior work suggests that 

fibrosis does not arise in all muscle groups in DMD model mice simultaneously, allowing 

examination of these differences. However, only 8-10 week old wildtype and Mdx/Utrn+/- 

gastrocnemius muscles were used to evaluate mRNA expression. This provides examples of non-

fibrotic tissue, in the form of the 8-10 week old wildtype gastrocnemius muscle tissue, and 

fibrotic tissue, in the form of the 8-10 week old Mdx/Utrn+/- gastrocnemius muscle tissue194. 
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2 HYPOTHESIS AND OBJECTIVES 
 

2.1 Hypothesis 

Previous studies indicating that Wt1 is both a marker for fibrosis in DD182 and idiopathic 

pulmonary fibrosis179,180 suggest that Wt1 may be a marker for multiple fibrotic conditions. 

Therefore, this has led to the hypothesis that Wt1 immunoreactivity is a marker for fibrosis in a 

mouse model of DMD.  

2.2 Rationale and Objectives 

1. To evaluate the timing and location of expression of Wt1 with respect to the onset of 

fibrosis in a mouse model of DMD.  

The rationale behind this objective was that it will provide a thorough understanding of 

the changes in Wt1 immunoreactivity throughout the aging process and at multiple levels of 

fibrosis in these models, allowing a comparison with DMD patient fibrosis more accurately. In 

order to address this objective, immunohistochemistry was used to assess Wt1 immunoreactivity 

location, as well as its quantity as a function of the proportion of a tissue and its structures which 

were immunoreactive for Wt1. Furthermore, Masson’s trichrome staining was also used to 

determine the level of fibrosis, and hematoxylin and eosin staining was used to identify 

candidate cell types that Wt1 may be found in. 

2. To determine which isoforms of Wt1 are altered during the onset of fibrosis in a mouse 

model of DMD. 

The rationale behind this objective was that it will elucidate how Wt1 expression changes 

with regards to the particular isoforms that are expressed in fibrotic conditions. This may enable 

more specific targeting in reference to treating isoforms responsible for tissue fibrosis. In order 

to address this objective, qPCR was utilized to assess total Wt1 expression, as well as the fraction 
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of the sum of expression of its four major isoforms which each of the four major isoforms was 

responsible for.  
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3 MATERIALS AND METHODS 
 

3.1 Samples 

3.1.1 Animal Care and Tissues 

All animal protocols were approved by the Institutional Animal Use Subcommittee 

(Western University, London, ON, Canada) and conducted according to guidelines set by the 

Canadian Council on Animal Care (CACC); ethics approval documentation can be found in 

Appendix A. Mice were maintained in the Animal Care Facility at St. Joseph’s Health Care 

(SJHC), under controlled conditions (19–23˚C, 12 hour light/dark cycles), and allowed water and 

food ad libitum. Wildtype, Mdx, and Mdx/Utrn+/- mice were obtained from the Jackson 

Laboratory (Bar Harbor, ME), with additional wildtype mice purchased from Charles Rivers. An 

additional portion of the Mdx/Utrn+/- mice were provided by Dr. Robert Grange (Virginia 

Polytechnic and State University), originally generated by Dr.’s Mark Grady and Josh Sanes 

(Washington University, St. Louis)188. Production of Mdx/Utrn-/- mice was conducted by 

breeding together Mdx/Utrn+/- mice. Mice that declined in health, characterized by a loss of 15% 

body mass, lethargy, dehydration, labored breathing, and lack of appetite, were euthanized to 

prevent suffering. Genotyping was conducting by polymerase chain reaction (PCR), using tail 

snips or ear notch tissues.  

Cohorts used in this study consisted of three mice of a particular age range, either 4-5 

weeks old, 8-10 weeks old, or 10-14 months old, as well as a particular genotype, being either 

wildtype, Mdx, Mdx/Utrn+/-, or Mdx/Utrn-/- mice (n = 3 for all groups). However, 10-14 month 

old Mdx/Utrn-/- mice were not utilized due to a short life expectancy prohibiting study. Mice 

from a C57B1/6ScSn and C57B1/10ScSn background were pooled for each cohort. Upon 

reaching the desired age, mice were sacrificed through cervical dislocation following gas 
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euthanasia. Immediately after this, diaphragm, heart, and gastrocnemius muscles were dissected 

and fixed in 10% formalin for 24-48hrs. These tissues were then embedded in paraffin. For some 

of the 8-10 week old wildtype and Mdx/Utrn+/- mice, a second gastrocnemius muscle was 

extracted and either immediately flash frozen, or placed into RNAlater™ (Thermo Fisher 

Scientific) reagent and stored at -20oC, for later RNA extraction.  

3.1.2 Human Tissues 

Human muscle tissue samples were acquired from the University of Maryland Brain and 

Tissue Bank, fixed in 10% formalin, and embedded in paraffin. One sample of skeletal muscle 

from a DMD patient, and one from a healthy control, were used. These were subjected to 

staining in an identical fashion to the mouse tissue blocks, but were used exclusively for 

immunohistochemistry and Masson’s trichrome staining. These samples underwent solely 

qualitative analysis through visual inspection. 

3.2 Histology 

3.2.1 Tissue Preparation 

Immunohistochemical staining (performed in-house) and Masson’s trichrome staining 

(performed at the Pathology Department at University Hospital, London, ON) were performed 

on all cohorts as well as on human DMD patient muscle tissue, with three biological replicates 

for each mouse cohort, and one biological replicate for human samples. Hematoxylin and eosin 

staining (performed at the Molecular Pathology Lab at Robarts Research Institute, London, ON) 

was performed on a single biological replicate for each mouse cohort. Furthermore, three 

technical replicates were utilized for Masson’s trichrome and immunohistochemistry of mouse 

tissues. Single technical replicates were used for human tissues, as well as hematoxylin and eosin 

staining. Sections produced from each block were 5μm in thickness.  
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3.2.2 Immunohistochemistry 

For those tissue sections proceeding with immunohistochemistry, a modified protocol 

based on Abcam standards was performed. The sections were first deparaffinized and rehydrated 

in a series of xylene and ethanol washes. This was followed by heat-mediated antigen retrieval in 

a Tris-ethylenediaminetetraacetic acid (EDTA) buffer for 20 minutes. Slides were then cooled 

slowly to room temperature, and incubated in a 3.0% hydrogen peroxide solution for 10 minutes 

to block endogenous peroxide activity. The slides then underwent nuclear permeabilization via 

treatment with 0.3% Triton X-100 in phosphate buffered saline (PBS) for 10 minutes, with an 

additional two washes for five minutes in PBS before and after this treatment. Background 

Sniper (Biocare Medical) was applied for 8.5 minutes as a blocking reagent to reduce non-

specific background staining. Tissue sections were then incubated overnight with either anti-Wt1 

(Abcam, 1:250), or no antibody, the latter as a negative control (Fig. 4). A negative control was 

conducted in this fashion for every tissue stained and quantified (Appendix B-D). The anti-Wt1 

antibody is a rabbit monoclonal antibody against the 50-250 amino acids of the Wt1 protein. As 

a positive control and true negative control one section of mouse kidney was stained with anti-

Wt1. This staining followed the same protocol, alongside each group of slides stained, for those 

slides which would be quantified. Kidney podocyte staining was used as a positive control, while 

negative staining of the medulla was used as a true negative control144 (Fig. 5). Sequential 

dilutions of antibody were tested in order to determine 1:250 as an appropriate working 

concentration. All incubations were conducted in 1% bovine serum albumin (BSA) PBS. After 

washing twice in PBS for five minutes, tissue sections were then incubated with a biotinylated 

secondary antibody (Vector Labs, 1:200) for one hour, and following two additional five minutes 

PBS washes, with ExtrAvidin®−Peroxidase (Millipore Sigma, 1:100). Oxidization of 3,3'-
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diaminobenzidine (DAB), with the substrate left on each sample for 2.5 minutes, was then used 

to visualize these sections, with nuclei counterstained using Carazzi’s hematoxylin. Sample 

diaphragm and gastrocnemius tissue sections derived from 8-10 week old Mdx/Utrn-/- mice then 

underwent eosin staining to enable identification of cell types. Additionally, one sample of each 

tissue type did not undergo Carazzi’s hematoxylin counterstaining (Appendix F-H) 
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Figure 4. Representative images of diaphragm assessed for Wt1 immunoreactivity, 

alongside a negative control, in 8-10 week old Mdx mice. 

An example section of 8-10 week old Mdx diaphragm evaluated immunohistochemically for 

Wt1, with nuclei counterstained using hematoxylin (A). Additionally, the same procedure was 

conducted without primary antibody as a negative control (B). In the bottom left corner, a section 

of magnified nuclei are provided for examination (scale bar = 100μm).  
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Figure 5. Positive control validation of Wt1 antibody binding in kidney podocytes, and 

negative control validation of Wt1 antibody binding in kidney medulla. 

An example section of 4-5 week old Mdx/Utrn-/- kidney evaluated immunohistochemically for 

Wt1, with nuclei counterstained using hematoxylin. Podocytes immunoreactive for Wt1 can be 

identified in the clustered regions of nuclei indicative of Bowman’s capsules, one of which have 

been identified with arrows, while Wt1 immunoreactive cytoplasm can be identified in the 

proximal portion of developing nephrons (A). Additionally, an image of the medulla of this same 

section, showing no Wt1 immunoreactivity (B) (scale bar = 100μm). 
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3.2.3 Microscopy and Image Analysis  

For imaging of collagen content, and Wt1 DAB stain intensity, images were acquired on 

a Zeiss Axioskop 50 Microscope under a 40x objective, for Wt1, or a 20x objective, for collagen 

content, using Eclipse Image Software. Up to ten images were taken from each tissue section, 

with a minimum of five images. For immunohistochemistry images, care was taken not to image 

regions of fat where false-positive signal was generated due to sequestering of DAB reagents. 

For nuclear Wt1 quantification in tissue sections, nuclei and the number of nuclei positive 

for Wt1 were quantified using Fiji196,197 and QuPath198. Images were pre-processed in Fiji, 

through background subtraction, and manual selection of the tissue component of the image and 

application of a color balancing macro. This was to ensure that nuclei were considered positive 

only if they have darker staining than the surrounding region. Positive nuclei were then 

determined through the positive cell detection module in QuPath, first quantifying the number of 

nuclei by identifying regions of the image which were significantly ‘blue’ compared to the 

background, and then determining if those nuclei were positive for Wt1 by either having a mean 

or max ‘brown’ color above two separate threshold parameters (Fig. 6).  

For muscle cytoplasm and non-muscle tissue quantification, regions of tissue positive for 

Wt1 were assessed using a simple thresholding algorithm in Fiji. Images were pre-processed in 

Fiji, through background subtraction, and manual selection of the non-tissue component of the 

image and application of a color balancing macro. For each image, if possible, separate regions 

of interest were manually outlined containing muscle cytoplasm or non-muscle tissue. This was 

determined through examination of these regions for typical histological features of muscle and 

non-muscle tissues (Appendix E). Images which did not contain one of these regions were not 

included in the evaluation of that region for the respective tissue section. These regions were, 
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after selection, then given a standard threshold, to determine the percent area which is 

sufficiently brown, deemed Wt1 positive. This was conducted for both the experimental sections 

as well as the negative controls for each sample. The negative control signal was subtracted from 

the experimental sections, to yield a true Wt1 immunoreactivity (Appendix B-D). 

Collagen content was assessed across all Masson’s trichrome images for a particular slide 

and automatically quantified using an in-house colour thresholding algorithm written in 

MATLAB 2019b (Mathworks, Natick, MA, USA). Briefly, all images were transformed into 

Lab colour space allowing the isolation of the colour and lightness components of each pixel. A 

k-means clustering algorithm was then applied to the colour components of each individual 

image to partition the pixels into groups of relatively ‘red’ or ‘blue’ colour values. A uniform 

threshold was applied to all images to mask regions with high lightness (appearing as white). 

Finally, morphological closing operations were performed on the ‘red’ and ‘blue’ regions to fill 

any gaps less than 3 pixels in radius. The area of the image which was composed of tissue was 

determined by brightness threshold. The percent of collagen present in each image was 

calculated as the area of the remaining ‘blue’ region divided by the area considered tissue. 

Automatic thresholds were manually verified with labelled colour overlays on the original 

histology images to ensure that collagen presence was accurately identified (Fig. 7).  
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Figure 6. Example division of image into Wt1 immunoreactive and Wt1 non-

immunoreactive nuclei. 

An example of 4-5 week old Mdx/Utrn+/- gastrocnemius stained immunohistochemically for 

Wt1, with nuclei counterstained using hematoxylin. QuPath positive cell detection has identified 

negative nuclei in blue, and positive nuclei in red, with 181 nuclei detected, at a 29.83% 

immunoreactivity rate. Manual quantification by eye found 178 nuclei, at a 26.40% 

immunoreactivity rate (scale bar = 100μm). 
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Figure 7. Quantification of collagen content in Masson's trichrome stained muscle tissue 

sections. 

Sections of 10-14 month old gastrocnemius tissue stained with Masson’s trichrome, either 

wildtype (A) or Mdx/Utrn+/- (C). Images were transformed into Lab colour space, allowing the 

isolation of the colour and lightness components of each pixel. A k-means clustering algorithm 

was then applied to the colour components of each individual image to partition the pixels into 

groups of relatively ‘red’ or ‘blue’ colour values (B, D) (scale bar = 100μm). 
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3.3 Quantification of mRNA 

3.3.1 RNA Extraction and Preparation 

Samples of gastrocnemius tissue up to 50mg in size were weighed and homogenized in 

Trizol Reagent (Ambion), using an Ultra-Turrax T25 Homogenizer. Samples were then 

transferred to Phasemaker Tubes (Invitrogen), mixed with chloroform, and centrifuged at 

16000G at 4oC for 15 minutes. The aqueous layer was then pipetted off into a new tube, 

combined with an equal volume of isopropanol, and incubated for 20 minutes at room 

temperature. Following centrifugation at 16000G at 4oC for 10 minutes, samples were washed 

twice in chilled 70% ethanol, with this centrifugation step repeated at the end of each wash. 

Samples were allowed to dry for 15 minutes after removal of ethanol, and then resuspended in 

40ul RNAse free water through a 10 minute incubation at 60oC. The amount of RNA in these 

samples was then quantified through analysis on a DeNovix DS-11 spectrophotometer. 

RNA was then converted into cDNA using a High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems), in accordance with the manufacturer’s instructions.  

3.3.2 Primer Creation and Validation 

For the purposes of quantifying total Wt1 and its isoforms, the primers and probe 

published by Kramarzova et. al (2012), originally for use in humans, were adopted199. Primers 

and probe were adjusted to match the mouse genome, and ordered from Sigma-Aldrich. This 

consisted of a 6FAM-TAMRA conjugated fluorescent probe, and two groups of forward and 

reverse primers. The first primer group is a primer pair to quantify total Wt1. The second primer 

group are two sets of two primers, one set being forward primers for the presence and absence of 

exon 5, and the other being reverse primers for the presence and absence of the KTS sequence. 
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Combining the primers in the latter group allows amplification of all the major isoforms of Wt1 

(Table 1). These primer combinations were assayed using PCR on a mouse cDNA sample. The 

PCR products were then run on a 2.0% agarose gel in tris-acetate-EDTA (TAE) buffer at 80V. 

After the bands had been adequately separated, those bands reflecting the molecular weight of 

the PCR products were extracted and processed using the QIAEX II gel extraction kit according 

to the manufacturer’s instructions. The PCR products were then sequenced (performed at the 

DNA Sequencing Facility at Robarts Research Institute, London, ON) to confirm that the correct 

region of the genome was being amplified.  

3.3.3 qPCR 

With three technical replicates each, qPCR runs for total Wt1, as well as for each major 

Wt1 isoform, were conducted for 8-10 week old wildtype and Mdx/Utrn+/- gastrocnemius 

samples. The qPCR and fluorescence quantification was conducted using the QuantStudio5 

system, with Taqman Fast Advanced Master Mix (Applied Biosystems) used for the reaction. 

The reactions were considered positive if at least one of the technical replicates yielded 

fluorescent signal. Wt1 isoform fluorescence was normalized as a fraction of the sum of all 

isoforms for a particular sample. Total Wt1 was normalized based on the geometric mean of 

three control genes: glyceraldehyde 3-phosphate dehydrogenase (Gapdh), β-Actin (Actb), and 

Cyclophilin A (Ppia). These were chosen due to their past history of use as control genes for 

examination of RNA in the Mdx mouse, as well as their individual efficiencies and the geometric 

mean’s efficiency being similar to that of the primers used to quantify total Wt1 (Appendix I).  
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Table 1. qPCR primers and probes for total Wt1 and major isoforms 

Table listing the sequences for the primers and probes used in this experiment. Exons spanned by 

primers or probes are defined below the relevant sequence by arrows. Bases which have been 

changed between human and mouse primers and probe are underlined, showing conversion of 

human sequence into homologus mouse sequence. Portions of this figure adapted from 

Kramarzova (2012).  

 

 

 

 

 

 

 

 

 



45 

 

 
 

3.4  Data Analysis 

For quantified images, one of two analysis techniques were used. For comparisons 

between the wildtype and disease models within an age group, a standard one-way analysis of 

variance (ANOVA) was performed. If significant differences were detected, this was followed 

by Bonferroni’s post-hoc test to determine differences between the wildtype and disease models. 

For comparisons between age groups and tissue types, Brown-Forsythe and Welch ANOVA 

tests, and Welch’s t-tests, were used. Where significant differences were found in the former 

case, Dunnett’s T3 multiple comparison test was used to determine differences between different 

age groups and tissue types. In both forms of ANOVA analysis, data are assumed to be normally 

distributed, with each sample independent from each other. However, in the case of comparing 

samples at different time points, the third requirement for standard ANOVA, that there be equal 

variances between treatments, may be violated here. With increased age, there is more time for 

samples to diverge, hence older samples would have more variance than younger samples, and so 

this assumption would be violated. Different tissue types may diverge within an animal at 

different rates as well, so they would not have consistent variances between them. Hence, 

Brown-Forsythe and Welch ANOVA, or Welch’s t-tests, which compensates for this, must be 

utilized. A two-way ANOVA was additionally conducted, to evaluate the strength of associations 

of time and genotype to the outcomes analyzed, though this does not account for the differences 

in variation (Appendix J). 

For qPCR, student’s t-tests were used to compare the differences in the mean expression 

of Wt1 and its isoforms between the 8-10 week old wildtype and Mdx/Utrn+/- gastrocnemius 

tissue. Differences between groups were considered significant at a p-value less than 0.05. 
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4 RESULTS 
 

4.1 Relative to the age-matched wildtype, the proportion of Wt1 

immunoreactive nuclei is increased in the absence of collagen 

deposition in 4-5 week old mouse skeletal muscle 

In order to determine whether the proportion of Wt1 immunoreactive nuclei was 

increased in the absence of collagen deposition in disease model muscle, gastrocnemius, 

diaphragm, and heart muscle in 4-5 week old wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice 

were evaluated, examining general histology (Fig. 8), tissue collagen deposition (Fig. 9), and 

nuclei positive for Wt1 (Fig. 10) .  

Evaluation of general histological features of these gastrocnemius (Fig. 8A, D, G, J), 

diaphragm (Fig. 8B, E, H, K), and heart (Fig. 8C, F, I, L) tissues was conducted to determine 

patterns in tissue organization and nuclear Wt1 immunoreactivity. Primarily peripheral nuclei 

were observed in wildtype diaphragm and gastrocnemius tissues (Fig. 8A-B). Central nuclei, 

typical of regenerating skeletal muscle, were observed in all disease models, in both the 

diaphragm and gastrocnemius (Fig. 8D-E, G-H, J-K). However, particularly for the Mdx model, 

these myofibers with central nuclei were uncommon (Fig. 8D, E). Histology characteristic of 

inflammatory infiltrate, such as increased cellularity and polymorphonuclear cells, was visible in 

both the Mdx/Utrn+/- and Mdx/Utrn-/- model skeletal muscle (Fig. 8G-H, J-K), while none was 

found in the wildtype model (Fig. 8A-B). Nuclear Wt1 immunoreactivity was often observed to 

be more abundant than that of the surrounding muscle in these regions (Fig. 10J). However, the 

presence of these infiltrates alone did not appear to prompt nuclear Wt1 immunoreactivity. 

Muscle cells undergoing active degeneration were common in skeletal muscle of all disease 
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models (Fig. 8D-E, G-H, J-K). Tissue morphology characteristic of the presence of adipocytes 

was observed only in Mdx/Utrn+/- and Mdx/Utrn-/- diaphragm tissue (Fig. 8H, K). In contrast to 

the skeletal muscle, the heart muscle examined showed negligible pathological changes at this 

age (Fig. 8F, I, L).  

At this age, the diaphragm exhibited a significant increase in collagen deposition in the 

Mdx/Utrn-/- (p = 0.019) model compared to the wildtype, as well as significant increases in 

proportion of Wt1 immunoreactive nuclei in the Mdx (p = 0.021), Mdx/Utrn+/- (p = 0.048) and 

Mdx/Utrn-/- (p = 0.003) models. The gastrocnemius exhibited statistically significant collagen 

deposition in the Mdx/Utrn+/- model (p < 0.001), and significant increases in proportion of Wt1 

immunoreactive nuclei in the Mdx/Utrn+/- (p < 0.001) and Mdx/Utrn-/- (p < 0.001) models. The 

heart exhibited neither significant differences in collagen deposition nor changes in proportion of 

Wt1 immunoreactive nuclei across all models assessed (p > 0.050) (Fig. 11A-C).  
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Figure 8. Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice demonstrate histopathological changes 

in the diaphragm and gastrocnemius at 4-5 weeks of age.  

Gastrocnemius, diaphragm, and heart muscle was acquired from 4-5 week old mice of several 

genotypes, and stained with hematoxylin and eosin (H&E) to characterize general muscle 

histology. Representative H&E stained sections for wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- 

(G-I), and Mdx/Utrn-/- (J-L) mice (scale bar = 100μm) One biological and one technical 

replicate was used. 
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Figure 9. Mdx/Utrn+/- gastrocnemius muscle and Mdx/Utrn-/- diaphragm muscle 

demonstrate collagen deposition at 4-5 weeks of age.  

Gastrocnemius, diaphragm, and heart muscle was acquired from 4-5 week old mice of several 

genotypes, and stained with Masson’s trichrome to distinguish collagen deposition (blue) from 

muscle (red). Representative images of Masson’s trichrome stained muscle are shown for 

wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice (scale bar = 

100μm). Three biological and three technical replicates were used. 
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Figure 10. Relative to the age-matched wildtype, there is an increase in number of Wt1 

immunoreactive nuclei in the Mdx diaphragm, as well as both the Mdx/Utrn+/- and 

Mdx/Utrn-/- diaphragm and gastrocnemius, at 4-5 weeks of age.   

Gastrocnemius, diaphragm, and heart muscle was acquired from 4-5 week old mice and assessed 

for Wt1 immunoreactivity. Representative images of Wt1 IHC analysis of muscle are shown for 

wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice. In the bottom left 

corner, a section of magnified nuclei are provided for examination. Asterisks indicate large 

example regions containing cells resembling inflammatory infiltrate (scale bar = 100μm). Three 

biological and three technical replicates were used. 
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Figure 11. Relative to age-matched wildtype, there is an increased proportion of Wt1 

immunoreactive nuclei in the absence of collagen deposition in 4-5 week old skeletal 

muscle, as examined in wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

Following immunostaining or Masson’s trichrome staining, percent of tissue area composed of 

collagen, and percent of nuclei positive for Wt1, was determined, and is expressed as mean +SD. 

This is displayed for the gastrocnemius (A), diaphragm (B), and heart (C). Asterisks indicate 

significant differences with wildtype (* < 0.050, ** < 0.010, *** < 0.001). Three biological and 

three technical replicates were used. 
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4.2 Relative to the age-matched wildtype, the proportion of Wt1 

immunoreactive nuclei is increased during early collagen deposition 

in 8-10 week old mouse skeletal muscle 

That the proportion of Wt1 immunoreactive nuclei was increased in Mdx/Utrn-/- 

diaphragm and Mdx/Utrn+/- gastrocnemius at 4-5 weeks of age despite significant collagen 

deposition suggested that this increase might persist during early collagen deposition. To explore 

this, gastrocnemius, diaphragm, and heart muscle in 8-10 week old wildtype, Mdx, Mdx/Utrn+/-, 

and Mdx/Utrn-/- mice were evaluated for general histology (Fig. 12), collagen deposition (Fig. 

13), and nuclei positive for Wt1 (Fig. 14).  

Once again, gastrocnemius (Fig. 12A, D, G, J), diaphragm (Fig. 12B, E, H, K), and heart 

(Fig. 12C, F, I, L) tissue general histology was evaluated. Wildtype skeletal muscle showed 

primarily peripheral nuclei (Fig. 12A-B), with central nuclei observed in all disease model 

skeletal muscle (Fig. 12D-E, G-H, J-K). To a small extent in the Mdx model, and to a greater 

extent in both the Mdx/Utrn+/- and Mdx/Utrn-/- models, histology was exhibited in skeletal 

muscle which was characteristic of inflammatory infiltrate, such as increased cellularity and 

polymorphonuclear cells (Fig. 8G-H, J-K). In these inflammatory infiltrate candidate regions, 

nuclear Wt1 immunoreactivity was often observed to be higher than that of the surrounding 

muscle. However, the presence of these infiltrates did not alone appear to prompt Wt1 expression 

(Fig. 14E, J). Muscle cells undergoing active degeneration were common in skeletal muscle of 

all disease models (Fig. 12D-E, G-H, J-K). Tissue morphology characteristic of the presence of 

adipocytes was observed only in Mdx/Utrn+/- and Mdx/Utrn-/- diaphragm tissue (Fig. 12H, K). 

In contrast to the skeletal muscle, the heart muscle examined showed negligible pathological 

changes at this age (Fig. 12F, I, L). 
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At this age, the diaphragm exhibited significant increases in collagen deposition in the 

Mdx/Utrn+/- (p = 0.006) and Mdx/Utrn-/- (p < 0.001) models compared to the age-matched 

wildtype control, and showed significant increases in the proportion of Wt1 immunoreactive 

nuclei in the Mdx (p < 0.001), Mdx/Utrn+/- (p = 0.004), and Mdx/Utrn-/- (p < 0.001) models. 

The gastrocnemius exhibited statistically significant increases in collagen deposition in the 

Mdx/Utrn+/- (p < 0.001) and Mdx/Utrn-/- (p = 0.001) models, and showed a significantly 

increased proportion of Wt1 immunoreactive nuclei in the Mdx/Utrn+/- (p < 0.014) model. The 

heart exhibited neither significant differences in collagen deposition nor changes in the 

proportion of Wt1 immunoreactive nuclei (p > 0.050) (Fig. 15A-C).  

This corroborates past research in the Hoffman lab which describe the diaphragm and 

gastrocnemius muscles of these mice models at these ages, indicating a fibrotic phenotype at a 

similar timepoint194.  
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Figure 12. Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice demonstrate histopathological changes 

in the diaphragm and gastrocnemius at 8-10 weeks of age.  

Gastrocnemius, diaphragm, and heart muscle was acquired from 8-10 week old mice of several 

genotypes, and stained with hematoxylin and eosin (H&E) to characterize general muscle 

histology. Representative H&E stained sections for wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- 

(G-I), and Mdx/Utrn-/- (J-L) mice (scale bar = 100μm). One biological and one technical 

replicate was used. 
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Figure 13. Mdx/Utrn+/- and Mdx/Utrn-/- gastrocnemius muscle and diaphragm muscle 

demonstrate collagen deposition at 8-10 weeks of age.  

Gastrocnemius, diaphragm, and heart muscle was acquired from 8-10 week old mice of several 

genotypes, and stained with Masson’s trichrome to distinguish collagen deposition (blue) from 

muscle (red). Representative images of Masson’s trichrome stained muscle are shown for 

wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice (scale bar = 

100μm). Three biological and three technical replicates were used. 
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Figure 14. Relative to the age-matched wildtype, there is an increase in number of Wt1 

immunoreactive nuclei in Mdx, Mdx/Utrn+/- and Mdx/Utrn-/- diaphragm, and Mdx/Utrn+/- 

gastrocnemius, at 8-10 weeks of age.   

Gastrocnemius, diaphragm, and heart muscle was acquired from 8-10 week old mice and 

assessed for Wt1 immunoreactivity. Representative images of Wt1 IHC analysis of muscle are 

shown for wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice. In the 

bottom left corner, a section of magnified nuclei are provided for examination. Asterisks indicate 

large example regions containing cells resembling inflammatory infiltrate (scale bar = 100μm). 

Three biological and three technical replicates were used. 
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Figure 15. Relative to the age-matched wildtype, there is an increased proportion of Wt1 

immunoreactive nuclei during early collagen deposition in skeletal muscle, as examined in 

8-10 week old wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

Following immunostaining or Masson’s trichrome staining, percent of tissue area composed of 

collagen, and percent of nuclei positive for Wt1, was determined, and is expressed as mean +SD. 

This is displayed for the gastrocnemius (A), diaphragm (B), and heart (C). Asterisks indicate 

significant differences with wildtype (* < 0.050, ** < 0.010, *** < 0.001). Three biological and 

three technical replicates were used. 
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4.3 Relative to the age-matched wildtype, the proportion of Wt1 

immunoreactive nuclei is not increased during late collagen deposition 

in 10-14 month old mouse skeletal muscle 

Finally, it was important to determine whether the increase in proportion of Wt1 

immunoreactive nuclei remained during late collagen deposition in skeletal muscle. Therefore, 

10-14 month old wildtype, Mdx, and Mdx/Utrn+/- gastrocnemius, diaphragm, and heart muscle 

proportion of Wt1 immunoreactive nuclei and tissue collagen deposition were quantified. To 

explore this, gastrocnemius, diaphragm, and heart muscle in 10-14 month old wildtype, Mdx, 

Mdx/Utrn+/-, and Mdx/Utrn-/- mice were evaluated for general histology (Fig. 16), tissue 

collagen deposition (Fig. 17) and nuclei positive for Wt1 (Fig. 18).  

General histological features of these gastrocnemius (Fig. 16A, D, G, J), diaphragm (Fig. 

16B, E, H, K), and heart (Fig. 16C, F, I, L) tissues were examined, once again showing primarily 

peripheral nuclei in wildtype skeletal muscle tissues (Fig. 16A-B) and central nuclei in all 

disease model skeletal muscle (Fig. 16D-E, G-H). Histology characteristic of inflammatory 

infiltrate, such as increased cellularity and polymorphonuclear cells, were common in the 

skeletal muscle of the Mdx/Utrn+/- model, and to a lesser extent in the Mdx model (Fig. 16D-E, 

G-H). However, no differences were found in Wt1 immunoreactivity patterns across these 

regions. Muscle cells undergoing active degeneration were found in the skeletal muscle of all 

disease models (Fig. 16D-E, G-H). Tissue morphology consistent with adipocyte presence, was 

present in disease model skeletal muscle, aside from the Mdx gastrocnemius (Fig. 16E, E-H). All 

disease models showed muscle cells undergoing active degeneration (Fig. 16D-E, G-H). The 

Mdx/Utrn+/-, but not Mdx, heart, was observed to have small, localized regions of inflammatory 

infiltrate and fatty deposition (Fig. 16I). 
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At this age, the diaphragm exhibited significant tissue collagen deposition in the Mdx (p 

< 0.001) and Mdx/Utrn+/- (p < 0.001) models, compared to the wildtype, but did not show 

differences in the proportion of Wt1 immunoreactive nuclei (p > 0.050). The gastrocnemius 

exhibited a statistically significant increase in collagen deposition in only the Mdx/Utrn+/- model 

(p < 0.001), but similarly did not show differences in proportion of Wt1 immunoreactive nuclei 

(p > 0.050). The heart exhibited neither significant differences in collagen deposition nor 

changes in proportion of Wt1 immunoreactive nuclei (p > 0.050) (Fig. 19A-C).  

In all of the tissues which would become fibrotic by the 10-14 month old timepoint, those 

being the Mdx diaphragm, as well as the Mdx/Utrn+/- and Mdx/Utrn-/- diaphragm and 

gastrocnemius, there was a statistically significant increase in proportion of Wt1 immunoreactive 

nuclei at the 4-5 week old timepoint.  

The patterns of fibrosis described here corroborates past research in the Hoffman lab 

which describe the diaphragm and gastrocnemius muscles of these mice models at these ages, 

indicating a fibrotic phenotype at a similar timepoint194.  
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Figure 16. Mdx and Mdx/Utrn+/- mice demonstrate histopathological changes in the 

diaphragm and gastrocnemius, and Mdx/Utrn+/- mice additionally in the heart, at 10-14 

month of age. 

Gastrocnemius, diaphragm, and heart muscle was acquired from 10-14 month old mice of 

several genotypes, and stained with hematoxylin and eosin (H&E) to characterize general muscle 

histology. Representative H&E stained sections for wildtype (A-C), Mdx (D-F), and 

Mdx/Utrn+/- (G-I) mice (scale bar = 100μm). One biological and one technical replicate was 

used. 
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Figure 17. Mdx and Mdx/Utrn+/- mice demonstrate collagen deposition in the diaphragm, 

and Mdx/Utrn+/- mice additionally in the gastrocnemius, at 10-14 month of age. 

Gastrocnemius, diaphragm, and heart muscle was acquired from 10-14 month old mice of 

several genotypes, and stained with Masson’s trichrome to distinguish collagen deposition (blue) 

from muscle (red). Representative images of Masson’s trichrome stained muscle are shown for 

wildtype (A-C), Mdx (D-F), and Mdx/Utrn+/- (G-I) (scale bar = 100μm). Three biological and 

three technical replicates were used. 
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Figure 18. Relative to the age-matched wildtype, there are no differences in number of Wt1 

immunoreactive nuclei in Mdx, or Mdx/Utrn+/- diaphragm, gastrocnemius, or heart, at 10-

14 months of age.   

Gastrocnemius, diaphragm, and heart muscle was acquired from 10-14 month old mice and 

assessed for Wt1 immunoreactivity. Representative images of Wt1 IHC analysis of muscle are 

shown for wildtype (A-C), Mdx (D-F), and Mdx/Utrn+/- (G-I) mice. In the bottom left corner, a 

section of magnified nuclei are provided for examination. Asterisks indicate large example 

regions containing cells resembling inflammatory infiltrate (scale bar = 100μm). Three biological 

and three technical replicates were used. 
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Figure 19. Relative to the age-matched wildtype, there are no differences in proportion of 

Wt1 immunoreactive nuclei during late collagen deposition in skeletal muscle, as examined 

in 10-14 month old wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

Following immunostaining or Masson’s trichrome staining, percent of tissue area composed of 

collagen, and percent of nuclei positive for Wt1, was determined, and is expressed as mean +SD. 

This is displayed for the gastrocnemius (A) and diaphragm (B). Asterisks indicate significant 

differences with wildtype (* < 0.050, ** < 0.010, *** < 0.001). Three biological and three 

technical replicates were used. 
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4.4 Wt1 immunoreactivity patterns in muscle cytoplasm and non-muscle 

tissue do not change in mouse skeletal and cardiac muscle, and are not 

significantly different from an absence of expression  

Although Wt1’s principle function is as a transcription factor, it was nonetheless 

important to also characterize its appearance in areas outside the nucleus. Wt1 is also found to a 

degree in the cytoplasm, and furthermore has been shown to possibly be involved in translation, 

such as through interactions with translating polyribosomes177,178.  

The percent of the muscle cytoplasm and non-muscle tissue was thus also evaluated for 

the presence of Wt1 in 4-5 week old (Fig. 10), 8-10 week old (Fig. 14), and 10-14 month old 

(Fig. 18) Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- gastrocnemius, diaphragm, and heart tissue, 

comparing them with age-matched wildtype controls. These analyses were conducted on the 

sections previously presented. 

No statistically significant differences in either the percent area positive for Wt1 in the 

muscle cytoplasm or non-muscle tissue were found (p > 0.050). For several of these tissues, 

subtraction with the negative control showed no area positive for Wt1 whatsoever, and that none 

of the other tissues are significantly different from these suggest that there is no significant Wt1 

immunoreactivity in the muscle cytoplasm or non-muscle tissue (Appendix K).  
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4.5 Proportion of Wt1 immunoreactive nuclei and collagen deposition 

patterns show weak respective trends over time toward decreasing and 

increasing in skeletal muscle  

As collagen deposition has previously been identified to differ between ages and disease 

models, it was important to determine whether the proportion of Wt1 immunoreactive nuclei 

varied over time in skeletal or cardiac muscle, and how this related to collagen deposition194. 

Therefore, the proportion of Wt1 immunoreactive nuclei, as well as well as collagen deposition 

throughout the tissue, were evaluated for 4-5 week old, 8-10 week old, and 10-14 month old 

wildtype (Fig. 20A, C, E), Mdx (Fig. 20B, D, F), Mdx/Utrn+/- (Fig. 20G, I, K), and Mdx/Utrn-/- 

(Fig. 20H, J, L) gastrocnemius, diaphragm, and heart. For each measure, within each tissue and 

genotype, all age points were compared to all other age points. These analyses were conducted 

on the sections previously presented (Fig. 9-10, 13-14, 17-18). 

Of the wildtype tissues, only the gastrocnemius showed significant differences. The 8-10 

week old wildtype gastrocnemius was found to have a significantly higher proportion of Wt1 

immunoreactive nuclei (p = 0.008) than the 10-14 month old wildtype gastrocnemius, though no 

differences (p > 0.050) were found in the wildtype collagen deposition (Fig. 20C). 

With regards to the Mdx tissues, only the diaphragm showed significant differences. The 

8-10 week old Mdx diaphragm was found to have a significantly higher proportion of Wt1 

immunoreactive nuclei than the 10-14 month old Mdx diaphragm (p = 0.004), while the 10-14 

month old Mdx diaphragm was found to have significantly greater collagen deposition than at 

either the 4-5 week old (p = 0.003), or 8-10 week old (p < 0.001) timepoints (Fig. 20B).  

Turning attention to the Mdx/Utrn+/- tissues, both the diaphragm and gastrocnemius 

showed significant differences, though only for collagen deposition. For the gastrocnemius, the 
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10-14 month old tissue was found to have significantly more collagen deposition than both the 4-

5 week old (p = 0.016) and 8-10 week old (p = 0.007) timepoints (Fig. 20I). The 4-5 week old 

Mdx/Utrn+/- diaphragm was found to have significantly less collagen deposition compared to 

the 8-10 week old (p = 0.030) and the 10-14 month old (p = 0.029) diaphragm, and the 8-10 

week old Mdx/Utrn+/- diaphragm was similarly found to have significantly less collagen 

deposition compared to the 10-14 month old (p = 0.037) diaphragm (Fig. 20G).  

Finally, turning focus to the Mdx/Utrn-/- tissue, only the gastrocnemius showed 

significant differences. The 4-5 week old Mdx/Utrn-/- gastrocnemius was found to have a 

significantly higher proportion of Wt1 immunoreactive nuclei (p = 0.012), and lower collagen 

deposition (p = 0.013), compared with the 8-10 week old Mdx/Utrn-/- gastrocnemius (Fig. 20J).  

In contrast to these results, relative to the age-matched wildtype, proportion of Wt1 

immunoreactive nuclear was consistently elevated prior to, or at the same time as, increases in 

collagen deposition throughout affected models, for both forms of skeletal muscle examined. 

However, that the significant differences in proportion of Wt1 immunoreactive nuclei and 

collagen deposition relative to the age-matched wildtype respectively occur earlier, and later, 

would support the results of the time-based analysis (Fig. 22).  

The topic of time-based variation was also examined in the muscle cytoplasm and non-

muscle tissue, with each timepoint compared against each other timepoint within each genotype, 

for the diaphragm, gastrocnemius, and heart. No significant differences were found (p > 0.050) 

(Appendix L). 
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Figure 20. Over time, proportion of Wt1 immunoreactive nuclei, and tissue collagen 

content, show weak relationships toward decreasing and increasing, respectively.   

Graphs depicting proportion of Wt1 immunoreactive nuclei as a percent of nuclei positive, along 

with the collagen content of the tissue as a percent of the tissue, for wildtype (A, C, E), Mdx (B, 

D, F), Mdx/Utrn+/- (G, I, K), and Mdx/Utrn-/- (H, J, L) diaphragm, gastrocnemius, and heart. 

Percent of positive nuclei or tissue area is expressed as mean +SD. Solid lines are used for 

comparisons between collagen at different timepoints, while dotted lines are used for 

comparisons between proportion of Wt1 immunoreactive nuclei at different timepoints. Asterisks 

indicate significant differences (* < 0.050, ** < 0.010, *** < 0.001). Three biological and three 

technical replicates were used. 
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Figure 21. Line-graph summary showing that, relative to the age-matched wildtype, for the 

examined muscles in a model which developed significant collagen deposition, proportion 

of Wt1 immunoreactive nuclei was also significantly increased at either the same, or an 

earlier, timepoint.  

Graphs depicting proportion of Wt1 immunoreactive nuclei as a percent of nuclei positive, along 

with the collagen content of the tissue as a percent of the tissue, for diaphragm (A, B), 

gastrocnemius (C, D), and heart (E, F), of wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/-  mice. 

Percent of positive nuclei or tissue area is expressed as a mean. Triangle markers indicate a 

significant difference, with p < 0.050. Three biological and three technical replicates were used. 
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4.6 Collagen deposition, but not Wt1 immunoreactivity patterns, differ 

between healthy diaphragm, gastrocnemius, and heart tissue  

To explore whether Wt1 immunoreactivity differed with respect to the level of collagen 

deposition in different tissues, Wt1 immunoreactivity in the nucleus, muscle cytoplasm, and non-

muscle tissue, as well as collagen deposition throughout the tissue, were compared for 8-10 week 

old wildtype diaphragm, gastrocnemius, and heart. For each measure, each tissue type was 

compared to all other tissue types. These analyses were conducted on the sections previously 

presented (Fig. 9-10, 13-14, 17-18).  

A significantly greater amount of collagen was found in the diaphragm than the heart (p = 

0.003) (Appendix M).  
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4.7 Total Wt1 mRNA is upregulated during early collagen deposition in 

mouse skeletal muscle without a change in the ratios of its major 

isoforms 

In order to determine whether the increase in proportion of Wt1 immunoreactive nuclei 

was accompanied by an increase in Wt1 mRNA, primers were first generated for Wt1 and its 

isoforms. To confirm they amplified the correct sequence, the PCR product of these primers was 

first separated on a gel, extracted, and sequenced (Fig. 22A-B). Following this confirmation, 

qPCR was used to compare expression of Wt1 mRNA in gastrocnemius of 8-10 week old 

Mdx/Utrn+/- mice with the expression in age-matched wildtype control gastrocnemius (Fig. 

22C). There was a statistically significant increase in Wt1 mRNA expression (p = 0.049). 

To examine this question further, it was important to analyze how the individual isoforms 

of Wt1 mRNA varied. Therefore, whether there was a particular Wt1 isoform which was 

upregulated was analyzed, quantifying the mRNA of each isoform in the same tissue as the total 

Wt1 mRNA was quantified (Fig. 22D). However, no significant differences were found in the 

ratios of the isoforms expressed (p > 0.050).  
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Figure 22. Wt1 total mRNA increases with respect to an age-matched wildtype control in 

gastrocnemius muscle of 8-10 week old Mdx/Utrn+/- mice. 

Following PCR amplification, total Wt1 and Wt1 isoform PCR products were separated on 2.0% 

agarose gel (A). Bands at molecular weights corresponding to total Wt1 and each of the Wt1 

isoforms were then excised and sequenced to confirm amplification. Alignment of sequencing 

results on the top with the correct sequences is shown (B). Additionally, graphs are presented 

depicting Wt1 mRNA expression. For total Wt1, this is represented as the concentration relative 

to the wildtype (C). For Wt1 isoform comparison, this is represented as the fraction of the sum of 

the isoforms which a particular isoform makes up (D). Values are expressed as mean +SD. 

Asterisks indicate significant differences with age-matched wildtype. (* < 0.050, ** < 0.010, *** 

< 0.001). Three biological and three technical replicates were used. 
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4.8 Wt1 immunoreactivity in mouse skeletal muscle during early collagen 

deposition is also present in myotubes 

 In order to determine which cell types were immunoreactive for Wt1, an examination of 

differences in histology of 8-10 week old wildtype and Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/-  

diaphragm and gastrocnemius tissues (Fig. 15A-B, D-E, G-H, J-K) was conducted to establish 

changes between tissue which were not dependent on immunostaining. To expand on this, 

immunostaining of diaphragm and gastrocnemius muscle derived from 8-10 week old Mdx/Utrn-

/- mice was followed with counterstaining of this tissue with Carazzi’s hematoxylin and eosin. 

Nuclear Wt1 immunoreactivity was not only limited to the nuclei of cells external to the muscle, 

but also within the nuclei of developing myotubes (Fig. 23A-B).  
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Figure 23. Wt1 immunoreactivity is present in myotube nuclei of eosin counterstained Wt1 

immunostained diaphragm and gastrocnemius of 8-10 week old Mdx/Utrn-/- mice. 

Representative images of 8-10 week old Mdx/Utrn-/- diaphragm (A) and gastrocnemius (B), 

already immunostained for Wt1, which was counterstained with Carazzi’s hematoxylin and 

eosin. In the bottom left corner, a section of magnified immunoreactive nuclei are provided for 

examination. To the right of each image, a section of magnified non-immunoreactive nuclei are 

provided for examination. For further clarity, example immunoreactive and non-immunoreactive 

nuclei are circled in black (scale bar = 100μm). One biological and one technical replicate was 

used. 
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4.9 There is nuclear Wt1 immunoreactivity in late-stage DMD human 

skeletal muscle, where the tissue has been replaced primarily by 

fibrosis and adipose tissue 

In order to determine whether these results applied to human cases of DMD, Wt1 

expression and tissue collagen deposition in healthy human muscle and highly fibrotic human 

DMD muscle was examined. Wt1 immunoreactivity was not detected in the healthy human 

muscle, but was detected in nuclei in the highly fibrotic human DMD muscle (Fig. 24A-D). At 

this advanced stage, most of the tissue had been replaced by fibrosis and adipose tissue. 
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Figure 24. Wt1 immunoreactivity is present in late-stage DMD human skeletal muscle, 

where the muscle has been replaced primarily by fibrotic and adipose tissues. 

Representative images of Wt1 immunostained human skeletal muscle, in highly fibrotic human 

DMD tissue (A), and in healthy tissue (B). In the bottom left corner, a section of magnified 

nuclei are provided for examination. Additionally, representative images of Masson’s trichrome 

stained human skeletal muscle, in highly fibrotic human DMD tissue (C), and in healthy tissue 

(D) (scale bar = 100μm). One biological and one technical replicate was used. 
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5  DISCUSSION 
 

5.1 Summary 

Adequate treatment of Duchenne muscular dystrophy (DMD) and other muscular 

dystrophies is often impeded due to extensive muscle fibrosis throughout the body, reducing the 

ability of therapeutic agents to penetrate affected tissues. It is therefore a high priority to 

determine biomarkers for pre-fibrotic and early fibrotic states, as well as therapy candidates to 

reduce fibrosis. Wt1 is a protein which can potentially address both of these issues, having been 

linked to fibrosis in idiopathic pulmonary fibrosis, and DD179,181.  This has led to the hypothesis 

that Wt1 immunoreactivity is a marker for fibrosis in a mouse model of DMD. The specific aims 

of this study, to address this hypothesis, were to evaluate the timing and location of expression of 

Wt1 with respect to the onset of fibrosis in a mouse model of DMD, and to determine which 

isoforms of Wt1 are altered during the onset of fibrosis. 

This study has produced several major results concerning Wt1 expression in DMD. 

Firstly, it demonstrated that the proportion of Wt1 immunoreactive nuclei is increased prior to 

and during the onset of fibrosis in the diaphragm and gastrocnemius skeletal muscles. Secondly, 

it showed that the proportion of Wt1 immunoreactive nuclei, following a period of increase, 

returns to wildtype levels after the onset of skeletal muscle fibrosis. Thirdly, it showed that 

proportion of Wt1 immunoreactive nuclei does not change in Mdx, Mdx/Utrn+/-, or Mdx/Utrn-/- 

heart tissue, but that it is nonetheless expressed in these tissues, possibly indicative of some roles 

in the maintenance of these tissues. Thirdly, it indicated that neither in the gastrocnemius, 

diaphragm, or heart, are there significant changes in Wt1 immunoreactivity in the muscle 

cytoplasm or non-muscle tissue. Additionally, it provided initial evidence that Wt1 mRNA 

upregulation may coincide with the increase in proportion of Wt1 immunoreactive nuclei, but 
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that there is no change in ratio of major Wt1 isoforms. Furthermore, it indicated that nuclear Wt1 

immunoreactivity takes place in developing myotubes, in addition to possibly fibrogenic cells or 

cells present in inflammatory infiltrate. Finally, it demonstrated that there is nuclear Wt1 

immunoreactivity in fibrosis produced by DMD in human patient muscle.  

5.2 Implications of Experimental Findings 

5.2.1 Proportion of Wt1 immunoreactive nuclei is increased prior to and 

during early collagen deposition in mouse skeletal muscle, but not 

during late collagen deposition 

In order to begin addressing the timing and location of Wt1 immunoreactivity with 

respect to the onset of fibrosis, the proportion of Wt1 immunoreactive nuclei, and collagen 

deposition, were evaluated in skeletal muscle.  

Aside from the Mdx gastrocnemius, the disease model skeletal muscles examined all 

expressed a significantly increased proportion of Wt1 immunoreactive nuclei relative to the age-

matched wildtype at some timepoint. Either simultaneously, or at an older timepoint, these 

tissues also showed significant collagen deposition relative to the age-matched wildtype (Fig. 11, 

15, 19). This is the first study to indicate the expression of Wt1 in a disease model of DMD. Wt1 

is a complex protein with conflicting past research suggesting it may both promote and inhibit 

fibrosis. Much of this prior body of work has focused primarily on its contribution to lung 

fibrosis. One such study by Sontake and colleagues found that Wt1 was upregulated in 

mesenchymal and mesothelial cells in idiopathic pulmonary fibrosis. Transduction of human 

fibroblasts with lentivirus containing Wt1 was shown to increase expression of a major 

myofibroblast marker, α-SMA, and its knockdown with siRNA was shown to decrease it. This 

knockdown additionally downregulated many transcripts associated with extracellular matrix 
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production, including integrin 7 (Itg7), integrin 2 (Itg2), and collagen 4 (Col14)180. In contrast to 

this, a 2014 study investigating pleural mesothelial cell plasticity suggested that Wt1 serves a 

role in preventing conversion of cells into a myofibroblast phenotype. Loss of Wt1, through short 

hairpin knockdown, was shown to promote this transformation, and actually led to an increase in 

α-SMA expression181. Past research by the O’Gorman lab examining fibrosis in DD patients 

indicated that Wt1 is expressed in fibrotic palmar fascia of the hand in DD patients. This was 

shown through both qPCR and immunohistochemical staining. However, no difference in Wt1 

expression compared to the control, either through qPCR or through immunohistochemical 

staining, was found in palmar fascia of DD patients which had not already become fibrotic182. In 

order to acquire an adequate understanding of Wt1, these conflicts will need to be resolved. In 

the context of this literature, this study’s results agree with those of the Sontake and O’Gorman 

groups, that the expression of Wt1 is increased in association with fibrosis.  

In several of the tissues examined, such as the Mdx and Mdx/Utrn+/- diaphragm, and the 

Mdx/Utrn-/- gastrocnemius, the increase in proportion of Wt1 immunoreactive nuclei occurred in 

the absence of a significant increase in collagen deposition. The significant increase in collagen 

deposition was only detected, instead, at a later timepoint. This contrasts the results from the 

O’Gorman lab, as the non-fibrotic palmar fascia of DD patients which had not already become 

fibrotic showed no increase in nuclear Wt1 immunoreactivity182. This may speak to the 

differences in Wt1 expression in the fibrosis of different tissues, or it may indicate that nuclear 

Wt1 immunoreactivity is increased only immediately antecedent to fibrosis. The syngeneic 

tissues evaluated in the O’Gorman study may not have yet reached this antecedent point, or were 

not to become fibrotic at all. Nevertheless, the results of this study indicate that the proportion of 

Wt1 immunoreactive nuclei may be increased by pre-fibrotic conditions that persist into the early 
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stages of fibrosis. These may be the same conditions which prompt fibrosis itself, but additional 

research would be required before this could be confirmed.   

Of all the disease models analyzed, the only skeletal muscle which did not show a 

significant increase in the proportion of Wt1 immunoreactive nuclei, or a significant increase in 

collagen deposition, was the Mdx gastrocnemius. The differences in proportion of Wt1 

immunoreactive nuclei and collagen deposition between diaphragm and gastrocnemius muscle in 

the Mdx model may be explained through differences in progression of fibrosis. This may 

additionally elucidate the differences between the Mdx gastrocnemius muscle and the other 

disease models’ examined skeletal muscles. The Mdx mouse model does not perfectly 

recapitulate the pathology of DMD as seen in humans. Instead, it experiences lower rates of limb 

fibrosis, as the presence of utrophin within this model is suggested to ameliorate muscle cell 

death186–188. Past work in the Hoffman lab has indicated that the 10 month old Mdx diaphragm 

(Fig. 17E), but not the Mdx gastrocnemius (Fig. 17D), becomes fibrotic. This past work has also 

found that both skeletal muscles have similar rates of regeneration as quantified by the percent of 

centrally-nucleated myofibers. This would suggest that it is fibrosis, and not muscle 

regeneration, which is triggering this increase in proportion of Wt1 immunoreactive nuclei194. 

Established literature exists describing the expression of Wt1 in developing, though not 

regenerating, skeletal muscle. There is immunohistochemical evidence for Wt1 being 

upregulated in the cytoplasm of muscle cells during development. However, an absence of 

nuclear Wt1 expression was also found in these studies, which would appear to contradict the 

nuclear immunoreactivity pattern in this study200. Other past research does show the presence of 

nuclear Wt1 in developing skeletal muscle, though does not describe its presence in regenerating 
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muscle201. It may the case that some form of cross-talk occurs where regenerating skeletal 

muscle expresses Wt1 only in the presence of the pre-fibrotic, or early fibrotic, environment.  

The return in proportion of Wt1 immunoreactive nuclei to levels similar to the wildtype 

in the 10-14 month old skeletal muscle during late collagen deposition is a novel finding (Fig. 

19A-B). This supports, though does not confirm, its role as a protein expressed in advance of 

fibrosis. Were the proportion of Wt1 immunoreactive nuclei increased as a result of fibrosis, it 

would consistently occur regardless of the time after fibrosis onset. This would suggest that it is 

the early fibrotic environment which promotes, or at least tolerates, nuclear Wt1 

immunoreactivity. The proportion of Wt1 immunoreactive nuclei may be reduced once the 

fibroblast population ceases to divide and enters quiescence181. Another possibility is that the 

nuclear Wt1 immunoreactivity that took place in developing myotubes may no longer be visible, 

as the regenerative capacity of the muscle tissue is exhausted, but this seems unlikely due to the 

presence of developing myotubes at the 10-14 month timepoint. 

5.2.2 Proportion of Wt1 immunoreactive nuclei does not change in Mdx, 

Mdx/Utrn+/-, or Mdx/Utrn-/- heart tissue 

Beyond skeletal muscle, it was also important to evaluate the timing and location of 

changes in the proportion of Wt1 immunoreactive nuclei with respect to the onset of fibrosis in 

cardiac muscle. Quantification of collagen deposition in the heart showed surprising results, with 

none of the cohorts showing a statistically significant difference in collagen deposition compared 

to their age-matched wildtype controls (Fig. 11C, 15C, 19C). Earlier data on 4-5 week old and 8-

10 week old heart collagen deposition corresponded well with the literature, but past studies 

evaluating the hearts of aged Mdx and Mdx/Utrn+/- mice have indicated that beyond ten months, 

the organ is fibrotic202,203. The small sample size and increased age range utilized in this study 



82 

 

 
 

may be one possible explanation for this, as the average collagen deposition present in the 10-14 

month old Mdx and Mdx/Utrn+/- hearts was still higher than that of the 10-14 month old 

wildtype hearts. The lack of a statistically significant increase in proportion of Wt1 

immunoreactive nuclei in 8-10 week old Mdx/Utrn-/- mice hearts furthermore compounds this 

issue. This absence is peculiar, as previous work has suggested that as early as 16 weeks of age, 

Mdx/Utrn-/- hearts are fibrotic204. As collagen deposition and the proportion of Wt1 

immunoreactive nuclei in both ventricles was evaluated as part of this study, and past work 

primarily evaluated left ventricle fibrosis, it may be pertinent to evaluate the proportion of Wt1 

immunoreactive nuclei and its relationship to fibrosis in this component of the heart alone. 

An alternative explanation for the differences in proportion of Wt1 immunoreactive 

nuclei when compared to the skeletal muscle is that there appears to be a higher, though not 

significantly so, basal level of nuclear Wt1 immunoreactivity in the heart than in either skeletal 

muscles analyzed. This may mask slight changes in the proportion of Wt1 immunoreactive 

nuclei which arise as a result of fibrosis initiation. The existing literature supports Wt1 

upregulation in the heart following myocardial infarction and ensuing hypoxia. Primarily, this is 

through Wt1’s roles in managing the proliferation of coronary vascular cells148,157,163,205. This 

study’s results, however, show high basal nuclear Wt1 immunoreactivity even in the wildtype, 

which may be indicative of other unknown roles Wt1 may be playing in adult cardiac muscle. To 

address the issue of statistical power with this particular outcome, it will be necessary to explore 

Wt1’s role in the heart to a greater extent in the future. 
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5.2.3 Wt1 immunoreactivity patterns in muscle cytoplasm and non-

muscle tissue do not change in mouse skeletal and cardiac muscle, 

and are not significantly different from an absence of expression 

Although Wt1’s principal role is often thought to be in the nucleus, it is important 

nonetheless to also consider its possible roles in the muscle cytoplasm and non-muscle tissue. 

With regards to Wt1 immunoreactivity in the skeletal muscle cytoplasm, results indicated no 

significant differences in the area positive for Wt1 in any of the disease models compared to the 

age-matched wildtype control (Appendix K). In many of the tissues examined, the presence of 

Wt1 in the muscle cytoplasm and non-muscle tissue were low enough that they were 

indistinguishable from the signal in the negative control (Appendix B-D). None of the other 

tissues compared showed significant difference from tissues where this was the case.  

Wt1 has previously been identified to be expressed in the cytoplasm in other muscle 

groups. Expression of Wt1 is linked to skeletal muscle development, so its elevation earlier in 

development would be in accordance with established literature177. One possibility is that the 

antibody used in this study may not necessarily target all isoforms of Wt1, and that those 

isoforms which localize to the cytoplasm are not among the ones targeted. Alternatively, Wt1 

expression may be low enough that only when a significant amount of the protein localizes to a 

relatively small location, such as the nucleus, is the immunohistochemical system that was 

utilized sensitive enough to pick it up.  

Turning attention to Wt1 immunoreactivity in the cardiac muscle cytoplasm, results 

indicated, similar to the skeletal muscle, that there were no significant differences in the area 

positive for Wt1 in any of the disease model tissue compared to the age-matched wildtype 

control (Appendix K). Wt1 has been shown to be associated with early cardiac development. 
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Particularly, it plays roles in vascular cell proliferation, and its knockout causes reduced 

coronary vascularization, as well as epicardial thinning and smaller ventricles152. As little cardiac 

damage was observed in the models utilized, it may be possible that a more severely affected 

model, such as an older Mdx/Utrn-/- or Mdx/Utrn+/- model, may have Wt1 signal in the muscle 

cytoplasm of the heart. With increased cardiac injury, Wt1 expression may be more greatly 

promoted so as to prompt vascularization.  

The absence of any change in percent immunoreactivity for Wt1 in the non-muscle tissue 

seems to conflict with prior observations in DD patients182. However, it may be the case that the 

possible Wt1 upregulation found in DMD tissues is not high enough, is not of the proper 

isoforms, or is not in the proper cell types, that it would appear in non-muscle tissues.   

5.2.4 Proportion of Wt1 immunoreactive nuclei and collagen deposition 

patterns show weak respective trends over time toward decreasing 

and increasing in skeletal muscle  

As it had been determined that proportion of Wt1 immunoreactive nuclei and collagen 

deposition varied compared to the wildtype in several of the disease models, it became 

worthwhile to examine if Wt1 immunoreactivity and collagen deposition formed any pattern 

over time. Proportion of Wt1 immunoreactive nuclei in skeletal muscle showed a weak trend 

toward decreasing over time, with several earlier timepoints showing significantly greater signal 

than later timepoints. In contrast, tissue collagen deposition showed a weak trend toward 

increasing over time, with several earlier timepoints showing a significantly lower signal than 

later timepoints (Fig. 20). This may speak to Wt1’s roles in early disease progression, and 

potentially cell proliferation. As an organism ages, the number of cells which actively divide, or 

which begin to divide when stimulated by inflammation, may be reduced181. If it is the case that 
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these cells are the ones expressing Wt1, then it would be reasonable to see this reduction with 

time. The increase in collagen deposition with time seems to occur solely for the disease models, 

and is likely representative of the gradual production of collagen.  

However, it should be noted that for both proportion of Wt1 immunoreactive nuclei and 

collagen deposition, these observed patterns were weak. Although there was never a case of a 

later timepoint showing lower collagen deposition, or greater Wt1 expression, there were many 

cases where a significant difference was not found whatsoever. This speaks to the need for 

additional power when conducting an analysis in this fashion, as well as the importance of 

putting the tissue signal in the context of the age-matched wildtype control.    

5.2.5 Total Wt1 mRNA is upregulated during early collagen deposition 

in mouse skeletal muscle without a change in the ratios of its major 

isoforms. 

To explore which of the different isoforms of Wt1 were being upregulated, as well as 

changes in total Wt1 expression, both of these measures were evaluated through qPCR. An 

approximately 6-fold upregulation in total Wt1 mRNA in the Mdx/Utrn+/- model gastrocnemius 

muscle at 8-10 weeks of age was identified. This corresponds well with past literature evaluating 

other forms of fibrosis (Fig. 22C)182.  

Examination of whether the four major isoforms of Wt1 changed in ratio showed no 

significant differences between the 8-10 week old wildtype and Mdx/Utrn+/- models (Fig. 22D). 

As mentioned previously, Wt1 has numerous isoforms with multiple distinct roles, largely 

divisible into four major groups. Its roles envelope transcriptional regulation, post-transcriptional 

modification, and the binding of other proteins, giving it a wide range of means to enact its 
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function. The role Wt1 plays in fibrosis may be mediated by only a single isoform of the protein. 

However, these results suggest that either the upregulation of Wt1 that is associated with fibrosis 

is across all variants of the protein or that an isoform, distinct from the four major forms, is being 

upregulated.  

Another interesting result of note is that the observed ratio of the isoforms, for A, B, C, 

and D, was 0.32:0.19:0.27:0.22. This is in contrast to past research studying Wt1 isoforms in 

certain forms of cancer, and may reflect changes of the isoform ratios between different 

tissues199.  

5.2.6 Nuclear Wt1 immunoreactivity in mouse skeletal muscle during 

early collagen deposition is also present in myotubes 

Nuclear Wt1 immunoreactivity in developing myotubes was also noted, identified 

through the central positions of the nuclei, both in tissues which showed (Fig. 23A) and did not 

show (Fig. 23B) significant increases in proportion of Wt1 immunoreactive nuclei overall. This 

provides evidence that the muscle is recapitulating part of development during the regeneration 

process, as Wt1 immunoreactivity has previously been seen to be upregulated during early 

skeletal muscle development. However, this upregulation in past investigations has been subject 

to some debate. Studies on the topic disagree on whether Wt1 is expressed primarily in the 

cytoplasm or the nuclei of developing muscle tissues200,201. It may be that with the recapitulation 

of development during the regeneration process, there is increased overall expression of Wt1. 

This may promote not only cytoplasmic Wt1, but also nuclear Wt1, resulting in increased nuclear 

Wt1 signal in skeletal muscle. The absence of a significant increase in proportion of Wt1 

immunoreactive nuclei in the Mdx gastrocnemius, despite its undergoing muscle regeneration, 

further complicates this issue. This may play back into the possibility of cross-talk where 
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regenerating skeletal muscle expresses Wt1 only in the pre-fibrotic, or early fibrotic, 

environment. 

However, not all of the nuclear Wt1 immunoreactivity detected was found in skeletal 

muscle, as a significant portion was also present in areas of inflammatory infiltrate (Fig. 10J, 

15E). Although this may be possible fibroblast expression of Wt1, there are other potential cell 

candidates in these regions. These include mast cells, neutrophils, basophils, eosinophils, 

macrophages, and lymphocytes. These areas of inflammation may, furthermore, be the arrival 

site of fibrocytes, and the location where pericytes migrate to after beginning their transition into 

myofibroblasts55,206. One cell type of interest in this location that may be Wt1 positive are 

lymphocytes.  A 2006 study showed that Wt1 was expressed in adult human lymphocytes, but 

additionally indicated that neither monocytes nor granulocytes express the protein207. There are, 

additionally, Wt1 positive cells on the periphery of myofibers (Fig. 10, 14). This expression may 

instead be endogenous fibroblasts, FAP cells, or satellite muscle cells, which are exiting 

quiescence and either beginning to divide, differentiate, or participate in the inflammatory and 

fibrotic processes.   

5.2.7 There is nuclear Wt1 immunoreactivity in late-stage DMD human 

skeletal muscle, where the muscle has been replaced primarily by 

fibrotic and adipose tissues 

In order to determine how well the results found carried over from the mouse model to 

human subjects, highly fibrotic DMD patient muscle tissue and non-fibrotic human muscle tissue 

were evaluated for Wt1 immunoreactivity. While immunoreactivity in the highly fibrotic human 

DMD patient muscle tissue was found, no immunoreactivity was found in the non-fibrotic tissue 

(Fig. 24). This contrasts the results in the mouse model in this study, which would indicate that 
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immunoreactivity in humans should become absent toward the peak of fibrosis. A greater 

replicative capacity in human fibroblasts, or a greater resistance to initial muscle death, may be 

possible explanations, though this would require additional human samples for statistical power. 

5.3 Limitations 

There are some limitations associated with this project which will need to be resolved in 

future experiments. Several of these issues concern immunohistochemical work. The 

immunohistochemistry performed to detect the presence of Wt1 is problematic in that the 

fibrogenic process is inherently heterogeneous throughout muscle tissue, with particular sections 

of the tissue becoming fibrotic long before others55. Some parts of the tissue may never become 

fibrotic. For this reason, only in regions of the tissue where fibrosis begins, or will begin, can 

expression of Wt1 be expected. This may lead to an inaccurate assessment of Wt1 expression 

across the entire tissue, should an appropriate proportion of fibrotic regions not be captured 

during sectioning. Addressing this may necessitate additional immunohistochemical staining, or 

alternative whole-tissue based analyses, such as western blotting. The antibody used for this 

evaluation was a rabbit monoclonal antibody against the 50-250 amino acids of the Wt1 protein. 

This may introduce some uncertainty, as well. The isoforms adopted by the protein may not 

necessarily still maintain the epitope for this antibody to bind to, so particular forms of Wt1 may 

be undetected by this antibody. This may be a possible explanation for why the heart showed no 

significant differences in Wt1 positivity in the affected tissues, if the Wt1 isoform which 

increased in expression in the heart was not one to which the antibody bound. Furthermore, this 

may explain why the overall Wt1 positivity in the diaphragm tended to be higher than that of the 

gastrocnemius. The isoforms that the antibody detects may not be as highly expressed in the 

gastrocnemius, compared to the diaphragm. A possible solution to the antibody issue may be 
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through using a polyclonal antibody against the whole Wt1 protein, though this would introduce 

potential off-targeting effects. An additional issue with the immunohistochemistry performed is 

that it takes the form of DAB staining, which is only semi-quantitative. The absorbance of light 

by oxidized DAB is not linear with respect to the quantity of DAB present. Therefore, 

quantification of total DAB stain intensity is not a direct measure for Wt1 expression, and 

instead it is only possible to identify whether particular nuclei are positive for Wt1, or whether a 

region is positive for Wt1. This can introduce uncertainty regarding whether Wt1 is being 

upregulated, as it may be the case that it is merely being localized to the nucleus or cytoplasm 

instead. This is in contrast with fluorescent immunohistochemistry, where the fluorescent signal 

is proportional to the number of fluorophores bound to the protein of interest. A fluorescent 

signal produced in this fashion is representative of the total amount of that protein present. 

Unfortunately, for proteins which are expressed in very small quantities, such as transcription 

factors like Wt1, fluorescent techniques may not be strong enough to resolve the protein. Thus, 

chromogenic reporters such as DAB must be used, as in the case of this study. Western blotting 

may be a potential supplementary technique to address this in the future. Finally, as Wt1 was 

identified in cell types besides only what were apparently fibroblasts, we cannot say for certain 

that the proportion of Wt1 immunoreactive nuclei was increased in fibroblasts. It may be the case 

that this increase was exclusively limited to non-fibroblast cell types. In order to address this in 

the future, co-staining for other markers of fibroblasts would be required.  

Regarding limitations concerning Masson’s trichrome staining, other literature identifies 

10-14 month old Mdx and Mdx/Utrn+/- heart tissue as being fibrotic, while the results produced 

by this study indicated otherwise202,203. This is possibly explained through the increased age 

range and smaller sample size used in this study. The variation introduced by these factors may 



90 

 

 
 

be enough to make the differences between 10-14 month old Mdx and Mdx/Utrn+/- heart tissue 

and 10-14 month old wildtype heart tissue insignificant. Addressing this limitation would require 

additional samples of aged tissue in order to determine if the 10-14 month old heart tissue is 

fibrotic.  

Concerning additional limitations regarding the heart, it may be the case that the basal 

Wt1 expression is high enough as to mask increases in Wt1 expression in the disease models. 

Fortunately, much as is the case with the Masson’s trichrome staining, addressing this limitation 

would involve utilizing additional samples of heart in these age ranges. This would be able to 

identify whether or not there are significant differences in Wt1 immunoreactivity between these 

ages and genotypes. 

Finally, regarding limitations in qPCR, there are some issues with respect to quantifying 

the total amount of each Wt1 isoform. Although the inclusion of exon 5 and the KTS sequence 

are often considered the major features which differentiate isoforms, these are not the only 

features which can differ among isoforms. Wt1 has multiple start sites for translation, capable of 

producing isoforms of different lengths. This may play a role in altering the ultimate function of 

the protein208. In order to address this issue, designing primers which are capable of reliably 

performing qPCR on the differing Wt1 isoforms will be a priority in the future.  

5.4 Future Directions 

With regards to future research, the next experiments to perform to expand on this 

project, besides those listed in the previous section, can take several forms. The evidence of 

substantial inflammatory infiltrate suggests that exploring immune cells, such as macrophages 

and lymphocytes, may be one possible future path to pursue. These cells may become Wt1 

positive either as a result of expressing Wt1 themselves or phagocytosing it. Secondary 
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infiltration of immune cells which have phagocytosed Wt1 and then travelled into a nearby 

lymph node may provide a unique diagnostic tool, as sampling of lymph node fluid for Wt1 

positive immune cells would allow detection of fibrotic tissue downstream of the node. Western 

blots can be performed to analyze differences in Wt1 level in the diaphragm as well as in the 

gastrocnemius muscle. This would provide definitive evidence regarding in which genotypes and 

age groups Wt1 is upregulated. Expanding the qPCR exploration to include variants of Wt1 

mRNA that begin at different start sites may also be a future direction. Rather than analyze all 

Wt1 isoforms, however, it may be beneficial to evaluate the Wt1 isoforms that begin at different 

start sites independently of those created through the selective inclusion of exon five and the 

KTS sequence. Another possible experiment is fluorescence activated cell sorting, followed by 

western blots, in order to separate out different cell types and quantify differences in Wt1 

expression within them. This could target cells such as developing myotubes, fibroblasts, or 

immune cells. RNAseq is also a possible follow-up to fluorescence activated cell sorting, as it 

would allow determination of differences in mRNA variant regulation in fibroblasts, and allow 

us to determine which mRNAs are upregulated or downregulated in response to, or alongside, 

Wt1 upregulation. Examining different ages of tissues through this method would allow us to 

determine which Wt1 isoforms are upregulated at the start and end of fibrosis, and determine if 

any isoforms remain upregulated following the broad downregulation at 10-14 months of age. A 

final experiment to pursue, prior to trials using Wt1 immunotherapy in Mdx, Mdx/Utrn+/-, and 

Mdx/Utrn-/- mice, is the creation of conditional knockout mice. This involves the crossing of 

Wt1 conditional knockout mice with Mdx, Mdx/Utrn+/-, or Mdx/Utrn-/- mice, in order to produce 

a murine model which can be used to simulate Wt1 inhibition by an external method. Following 

induction of Wt1 knockout, these mice can be evaluated for performance in muscle strength and 
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endurance tests. Furthermore, they can be sacrificed such that their muscle tissue can be 

examined for fibrosis compared to the wildtype control and mice which do not have Wt1 

knocked out. Expanding on this, specifying this conditional knockout exclusively to fibroblasts 

may be beneficial in elucidating the function of Wt1 in fibrogenesis, but would require that 

future therapies also be fibroblast-specific. A number of existing therapies which downregulate 

Wt1 in cancers, such as Wt1 peptide vaccines and anti-Wt1 immunotherapies, may still be 

potentially used in treatments for fibrosis209,210. That Wt1 was shown to be upregulated in this 

model of fibrosis bodes well for this, as targeting Wt1 for downregulation may serve as a general 

therapy for fibrosis, as opposed to one for several specific fibrosis forms.  

5.5 Significance 

Significance for this research can be found primarily in how an understanding of fibrosis 

may benefit a number of novel and existing therapies for DMD. Existing therapies are largely 

palliative, intended to reduce symptoms of DMD. At the least, being able to determine when 

fibrosis is occurring will allow rapid treatment in order to delay the onset of symptoms and 

guarantee a higher quality of life. This supports early corticosteroid use when the 

microvasculature of the muscle is not damaged due to excessive buildup of extracellular matrix, 

allowing better perfusion of the tissue. If the case is that Wt1, or other proteins, may act as a 

marker for skeletal muscle fibrosis, but not cardiac fibrosis, then treatments can be refined to 

explicitly target those muscle groups undergoing fibrosis. Corticosteroids and physical therapy 

can be employed solely to affect those regions which are at highest risk of progressing to true 

fibrosis. This will reduce strain on the health care system, as it will no longer need to contribute 

resources to target many muscle groups simultaneously. Furthermore, this will reduce the need 
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for high corticosteroid use, moderating side effects such as weight gain and Cushingoid 

symptoms9.  

In terms of novel therapies, there are several techniques which may benefit from this 

research. As mentioned previously, viral vector strategies normally make use of recombinant 

adeno-associated viral vectors which carry components of the DMD gene, and have been shown 

to be able to restore dystrophin expression in mouse models. Challenges in delivery due to tissue 

fibrosis may be alleviated by identifying tissues which will become fibrotic early on in this 

process, allowing treatment before these difficulties arise. Other strategies involving delivery of 

key components, such as CRISPR/Cas9 delivery, may also appreciate accurate identification of 

fibrotic and pre-fibrotic regions121. Stem cell therapy is another exciting domain in which fibrosis 

detection may find substantial use. Myogenic stem cells from donors suffer from immune 

responses which limit their applicability, whereas autologous stem cells do not cause immune 

responses. Chimeraplasty and small fragment homologous replacement therapy, forms of ex vivo 

gene correction technique, can be used in autologous colonies to correct the dystrophin gene. 

Transplantation without an immune response then becomes possible, but low numbers of 

myogenic stem cells present in dystrophic muscle makes this process a challenge121,130,131. 

Through examination of biomarkers predictive of muscle fibrosis, myogenic stem cells can be 

harvested early on, allowing for circumvention of this issue entirely7. It is clear that an 

understanding of fibrosis, including its biomarkers, has innumerable benefits for health care, not 

just for DMD patients, but for all patients with progressive fibrotic conditions.  

5.6 Conclusions 

In conclusion, the hypothesis that Wt1 immunoreactivity is a marker for fibrosis in a 

mouse model of DMD was supported. The results obtained suggest that Wt1 levels do increase 
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prior to onset of fibrosis in the gastrocnemius and diaphragm muscles of a DMD mouse model. It 

is clear that the mechanisms regulating Wt1 expression are complex, and future research will be 

needed to understand them in full. 
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APPENDICIES 
 

Appendix A: Approval of Animal Protocol 
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Appendix B: Representative images of negative control muscle in 4-5 week old wildtype, 

Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 4-5 week old mice of several 

genotypes, and immunohistochemically stained without an antibody. Representative images of 

IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and 

Mdx/Utrn-/- (J-L) mice. In the bottom left corner, a section of magnified nuclei are provided for 

examination. Asterisks indicate large example regions of cells resembling inflammatory infiltrate 

(scale bar = 100μm). 
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Appendix C: Representative images of negative control muscle in 8-10 week old wildtype, 

Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 8-10 week old mice of several 

genotypes, and immunohistochemically stained without an antibody. Representative images of 

IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), Mdx/Utrn+/- (G-I), and 

Mdx/Utrn-/- (J-L) mice. In the bottom left corner, a section of magnified nuclei are provided for 

examination. Asterisks indicate large example regions of cells resembling inflammatory infiltrate 

(scale bar = 100μm). 
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Appendix D: Representative images of negative control muscle in 10-14 month old 

wildtype, Mdx, and Mdx/Utrn+/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 10-14 month old mice of 

several genotypes, and immunohistochemically stained without an antibody. Representative 

images of IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), and Mdx/Utrn+/- 

(G-I) mice. In the bottom left corner, a section of magnified nuclei are provided for examination. 

Asterisks indicate large example regions of cells resembling inflammatory infiltrate (scale bar = 

100μm). 
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Appendix E: Example division of image into muscle cytoplasm and non-muscle tissue 

components. 

 

An example section of 10-14 month old Mdx/Utrn+/- gastrocnemius evaluated 

immunohistochemically for Wt1, with nuclei counterstained using hematoxylin. The region of 

muscle cytoplasm has been identified with red coloring, while the region of non-muscle tissue 

has been identified with teal coloring. In the case where the border of the image is present, a 

prominent edge is present between tissue structures, or where there is uncertainty over whether 

the region is muscle or non-muscle tissue, no coloring has been conducted (scale bar = 100μm).  
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Appendix F: Representative images of immunohistochemically stained, hematoxylin 

negative, muscle in 4-5 week old wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 4-5 week old mice of several 

genotypes, and immunohistochemically stained for Wt1, in the absence of hematoxylin. 

Representative images of Wt1 IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), 

Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice. In the bottom left corner, a section of magnified 

nuclei are provided for examination. Asterisks indicate large example regions of cells resembling 

inflammatory infiltrate (scale bar = 100μm). 
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Appendix G: Representative images of immunohistochemically stained, hematoxylin 

negative, muscle in 8-10 week old wildtype, Mdx, Mdx/Utrn+/-, and Mdx/Utrn-/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 8-10 week old mice of several 

genotypes, and immunohistochemically stained for Wt1, in the absence of hematoxylin. 

Representative images of Wt1 IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), 

Mdx/Utrn+/- (G-I), and Mdx/Utrn-/- (J-L) mice. In the bottom left corner, a section of magnified 

nuclei are provided for examination. Asterisks indicate large example regions of cells resembling 

inflammatory infiltrate (scale bar = 100μm). 
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Appendix H: Representative images of immunohistochemically stained, hematoxylin 

negative, muscle in 10-14 month old wildtype, Mdx, and Mdx/Utrn+/- mice. 

 

Gastrocnemius, diaphragm, and heart muscle was acquired from 10-14 month old mice of 

several genotypes, and immunohistochemically stained for Wt1, in the absence of hematoxylin. 

Representative images of Wt1 IHC analysis of muscle are shown for wildtype (A-C), Mdx (D-F), 

and Mdx/Utrn+/- (G-I) mice. In the bottom left corner, a section of magnified nuclei are 

provided for examination. Asterisks indicate large example regions of cells resembling 

inflammatory infiltrate (scale bar = 100μm). 
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 Appendix I: Primer efficiency validation for total Wt1 and Wt1 isoform controls. 

 

Graphs depicting primer validation for qPCR experiments, where the absolute value of the slope 

of the graph is ≤0.1. For whole Wt1, validation was conducted against the geometric mean of 

Gapdh, Actb, and Ppia (A). For each major Wt1 isoform, A (B), B (C), C (D), and D (E) 

validation was conducted against the sum of all isoforms together.  
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Appendix J: Two-Way ANOVA with Tukey's Multiple Comparisons Tests for all groups 
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P-values for two-way ANOVA on gastrocnemius (A), diaphragm (B), and heart (C), with 

Tukey’s multiple comparisons test, conducted for collagen content, proportion of Wt1 

immunoreactive nuclei, muscle cytoplasm immunoreactivity, and non-muscle immunoreactivity, 

for age point. Asterisks indicate significant differences between groups (* < 0.050, ** < 0.010, 

*** < 0.001). Three biological and three technical replicates were used.  
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Appendix K: Wt1 immunoreactivity does not change in muscle cytoplasm or non-muscle 

tissue compared to the age-matched wildtype. 

 

Graphs depicting Wt1 immunoreactivity as a fraction of the muscle cytoplasm, for the 

gastrocnemius (A), diaphragm (C), and heart (E), or as a fraction of the non-muscle tissue, for 

the gastrocnemius (D), diaphragm (E), and heart (F). Percent of positive tissue area is expressed 

as mean +SD. Asterisks indicate significant differences with age-matched wildtype (* < 0.050, 

** < 0.010, *** < 0.001). Three biological and three technical replicates were used. 
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Appendix L: Wt1 immunoreactivity does not change in muscle cytoplasm or non-muscle 

tissue over time.  

 

Graphs depicting Wt1 immunoreactivity as a fraction of the muscle cytoplasm, for the 

gastrocnemius (A), diaphragm (C), and heart (E), or as a fraction of the non-muscle tissue, for 

the gastrocnemius (D), diaphragm (E), and heart (F). Percent of positive tissue area is expressed 

as mean +SD. Asterisks indicate significant differences with age-matched wildtype (* < 0.050, 

** < 0.010, *** < 0.001). Three biological and three technical replicates were used. 
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Appendix M: There is significantly greater collagen deposition in 8-10 week old diaphragm 

compared to 8-10 week old heart. 

 
Graphs depicting Wt1 immunoreactivity as a fraction of nuclei positive (A), area of the muscle 

cytoplasm positive (C), and area of the non-muscle tissue positive (D), as well as the collagen 

content of the tissue (B), for 8-10 week old wildtype mouse diaphragm, gastrocnemius, and 

heart. Percent of positive nuclei or tissue area is expressed as mean +SD. Asterisks indicate 

significant differences. (* < 0.050, ** < 0.010, *** < 0.001). Three biological and three technical 

replicates were used. 
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