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Abstract 

 

 

 Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder that results in 

progressive damage to both skeletal and cardiac myocytes. As a result of improved ventilatory 

care, mortality in affected patients is increasingly attributed to cardiomyopathy. We have 

identified a novel dystrophin mutation in exon 21 in Australian Labradoodles. Affected dogs 

have poor weight gain and weight loss with gait abnormalities, exercise intolerance, skeletal 

muscle atrophy, macroglossa, ptyalism, dysphagia, kyphosis, and a plantigrade stance 

developing by 6 months of age. Concurrent echocardiographic and electrocardiographic 

abnormalities include hyperechoic foci in the left ventricular papillary muscles, septal 

hypokinesis, decreased left ventricular systolic and diastolic volume and internal diameter, and 

atrioventricular (AV) block. Skeletal muscle pathology in affected dogs is similar to what has 

been described in people with DMD and includes myocyte degeneration, necrosis, and 

regeneration, fibrofatty infiltration, lymphohistiocytic inflammation, and mineralization. 

Histopathologic findings in the heart were observed in the dog with the AV block and consisted 

of a focal area of mineralization adjacent to the sinoatrial node. Cardiac transcriptome 

sequencing on left ventricular myocardial samples found 29,740 genes expressed and 1267 

differentially expressed genes. Expression patterns from affected dogs were generally distinct 

from controls and there was a high correlation between samples. The ten gene transcripts with 
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the greatest up regulation (in descending order of fold change) included BDNF, MYL4, PENK, 

BSPRY, PRR32, NPPA, LOC490471, LYZF2, CDH10, and FGF6. We also found that the most 

down-regulated transcripts (in ascending order of fold change) included LOC612108, ST8SIA2, 

FOXR1, P2RX6, LOC610380, DAO, CNR2, SDC1, LRRC55, and TMEM171). The majority of 

the above-mentioned genes have known roles in cardiac compensatory changes secondary to 

dystrophinopathic-associated damage, including survival, remodeling, contractility, conduction, 

and immunoregulation. Differential expression of genes was also observed in pathways 

associated with cardiac oxidative stress, apoptosis, and contractility. These findings are 

significant because they support the use of the Australian Labradoodle as a novel animal model 

for the study of DMD cardiomyopathy, they elucidate pathways and differential gene expression 

involved in Labradoodle dystrophinopathic cardiomyopathy, and they may aid in the 

development of therapeutic targets to treat dystrophinopathy-associated cardiac disease. 
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Chapter 1: Literature Review 

 

 

Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder that is caused by 

mutations in the dystrophin gene. The result is a lack of functional dystrophin, or less commonly, 

a truncated, partially functional N-terminal dystrophin fragment. It inevitably causes progressive, 

degenerative changes in skeletal and cardiac muscle and also alters the functionality of other cell 

types within the body, such as cerebral and cerebellar neurons, depending on the mutation 

involved and isoform(s) affected (Table 1) (Hoffman et al., 1987). Boys with this disorder are 

often diagnosed when young (less than five-years-old), and generally become non-ambulatory by 

the age of ten. Wheelchair bound, these patients typically develop various medical problems 

associated with skeletal and respiratory muscle weakness (such as difficulty rising from a seated 

position, frequent falls, delayed motor-skill development, gait abnormalities, and respiratory 

infections), in addition to cardiomyopathy. Death often occurs in the second or third decades of 

life, historically attributed primarily to respiratory failure (Spurney et al., 2008). Complications 

of respiratory muscle weakness resulting in failure include progressive restrictive ventilatory 

defects, chronic hypoventilation, and various pulmonary infections (Wagner et al., 2007). 

According to a recent longitudinal study evaluating the cause of death in DMD patients over the 

last 50 years, mean age at death before initiation of mechanical ventilation (January 1977 - July 

1984) was 18.9±4.1 years. Following the use of mechanical ventilation, the mean age of death 

improved each decade to 31.1±5.4 years (January 2004 to December 2010). Prior to use of 
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mechanical ventilation, more than half of all deaths in DMD patients were due to respiratory 

failure. Based on the cohort of patients included in this longitudinal analysis, no DMD patients 

have died from respiratory failure since 2000 (Matsumara et al., 2011). 

In the last few decades, treatment of skeletal muscle and respiratory complications has 

improved, and as a result, mortality in DMD patients is increasingly attributed to cardiac-related 

disease. Between 1985 and 1989, greater than 30% of reported DMD deaths in Japan resulted 

from cardiac failure (Moriuchi et al., 1993). Similarly, a separate study conducted at the Naples 

Centre of Cardiomyology and Medical Genetics reviewed the records from 835 DMD patients 

who were examined between 1961 and 2006. Similar to the study published by Matsumara and 

colleagues, their findings also indicated that the major cause of death until the 1980’s was due to 

respiratory illness and that there has been a significant decade on decade improvement in the 

survival rate (the mean age of death in the 1960’s was 14.4 years, while the mean age of death 

for those ventilated since 1990 was 25.3 years). The same study found that cardiomyopathy 

significantly decreased life expectancy from a mean age of 19 years to 16.9 years (Passamano et 

al., 2012). 

 

DMD Epidemiology  

Duchenne muscular dystrophy is an X-linked recessive disorder caused by various types 

of mutations in the dystrophin gene, all of which result in the lack of a functional dystrophin 

protein product. As such, DMD is classified as a type of dystrophinopathy (literally meaning a 

disorder of dystrophin). Although the disease phenotypes vary, other forms of muscular 

dystrophies categorized as dystrophinopathies include: Becker muscular dystrophy (BMD), 

isolated quadriceps myopathy, muscle cramps with myoglobinuria, and X-linked dilated 
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cardiomyopathy (XLDCM) (Beggs, 1997; Sunohara et al., 1990; Wicklund, 2013). With Becker 

muscular dystrophy, partial functionality of dystrophin is maintained, and the disease phenotype 

can vary widely. With progression, the clinical course can resemble DMD; however, the severity 

of skeletal muscle weakness can vary substantially, with milder respiratory dysfunction and 

variable cardiac involvement compared to patients with DMD (Wicklund, 2013). 

According to the CDC, in 2007, 349 out of 2.37 million males between the ages of 5-24 

had either DMD or BMD in the United States. This means that 15 out of every 100,000 males 

aged 5-24 years were affected that survey year. Similar survey results were reported from 

Northern England in 2009: 233 out of 1.49 million males were reported to have DMD or BMD, 

equating to roughly 16 out of every 100,000 males (CDC, 2009; Norwood et al., 2009). In the 

United States, the prevalence of DMD and BMD is currently estimated to be 1 in every 7,250 

males aged 5-24 years with DMD being 3x more common than BMD (Romitti et al., 2015).  

 

DMD Clinical Findings 

Based on data compiled by the Muscular Dystrophy Surveillance, Tracking, and 

Research Network (MD STARnet), a definitive diagnosis of DMD typically does not occur until 

2.5 years after the parents first noticed physical developmental delays in their child (Ciafaloni et 

al., 2009). Because of this delay, boys with DMD are typically presented to the pediatrician 

between 3 and 5 years of age with difficulties rising from a seated position, frequent falls, and 

delayed milestones in motor-skill development. Physical examination findings often include 

(pseudo)hypertrophy of the calves (seen in about 2/3 of patients), variably severe lumbar 

lordosis, waddling gait, macroglossa (seen in about 1/3 of patients) and a distinctive way of 

rising from the floor (known as Gowers’ maneuver). Because of weakened leg muscles, boys 
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with DMD rise from the floor by first getting on hands and knees, then elevating the posterior, 

followed by “walking” their hands up the legs to raise the upper body (Gozal, 2000; MDA, 

2014). Muscle weakness becomes progressive over time, eventually resulting in wheelchair 

dependence at an early age (usually by 10-years-old). By convention, pediatricians consider boys 

with dystrophinopathies to have DMD if the ability to walk ceases before 12-years of age. Boys 

who are able to walk beyond their 16th birthday are considered to have BMD (Wicklund, 2013). 

Skeletal muscle biopsy samples from patients with DMD are characterized by necrotic 

and/or degenerating myocytes with foci of mineralization, myofiber size variability, and 

myofibers with centralized nuclei (evidence of regeneration from myoblasts). Necrotic 

myocytes/myofibers are often surrounded and/or infiltrated by macrophages and CD4+ T-

lymphocytes. As the regenerative capacity of the affected muscle wanes, there is gradual 

replacement of the tissue by fibrosis and infiltrating adipose tissue (Klinger et al., 2012). 

Because of dystrophin’s role in myocyte structural integrity (to be discussed at length in the 

section entitled “Dystrophin and the Dystrophin Associated Protein Complex”), it has been 

proposed that the occurrence of muscular necrosis is resultant from recurrent contraction-

associated mechanical damage. Others have proposed that altered myocyte calcium homeostasis 

is to blame for the presence of myocyte necrosis (Deconinck & Bernard, 2007). This second 

hypothesis seems short-sighted and lacks experimental evidence to support it. Mechanical 

cellular damage can and will cause altered sarcolemmal integrity, secondary calcium influx, and 

resultant cell death. Because inherently altered calcium channels have not been documented in 

dystrophin-deficient myofibers, calcium-associated muscular necrosis is likely secondary to 

contraction-related myocyte damage. Vascular anomalies, aberrant glycosylation of dystrophin-

associated proteins, and gene regulatory anomalies have also been proposed as potential causes 
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for the observed muscular necrosis; however, they lack supportive experimental data (Deconinck 

& Bernard, 2007). 

Another interesting finding in >50% of patients with DMD is the presence of rare 

“revertant fibers,” myofibers that have strong, seemingly counterintuitive, dystrophin 

immunolabeling (Nicholson et al., 1989). Studies have shown that although these revertant fibers 

produce a dystrophin protein that lacks the region encoded by the deleted exons, they do have a 

normal C-terminus, consistent with a restored reading frame (Hoffman et al., 1990; Klein et al., 

1992).  The prevalence of somatic mutations resulting in reading frame restoration is unknown. It 

has been hypothesized that many somatic mosaic males for DMD exist, and indeed there are 

numerous case reports describing somatic mosaicism in individual patients; however, most are 

likely not detected clinically because of genetic normalization (Klein et al, 1992). By utilizing 

exon-specific monoclonal antibodies against dystrophin, Le Thiet Thanh and colleagues 

demonstrated that somatic mutations in revertant-fiber nuclei result in the removal of additional 

exons from dystrophin mRNA, confirming the previous supposition that the reading frame was 

restored (Thanh et al., 1995). The clinical implications of revertant fibers continue to be 

explored. For example, in a recent phase I clinical trial (that sought to deliver a transgene that 

encoded a miniaturized version of human dystrophin), dystrophin-specific T-cell responses were 

unexpectedly detected in two patients prior to gene therapy delivery. Interestingly, the epitopes 

were mapped to myofibers with revertant dystrophin expression. It has been postulated that 

revertant dystrophin expression may participate in the poorly understood mechanisms behind 

DMD-related myositis (Campbell et al., 2010).  

 Additional physical examination findings in DMD patients often include fatigue, joint 

contractures, decreased cardiopulmonary functionality, and cognitive impairment. Joint 
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contractures typically develop in the hips and knees, owing to the time spent in a wheelchair as 

the disease progresses. Abnormal seating postures (i.e. kyphosis, lordosis, and scoliosis) are 

reported in 68-90% of ambulatory and non-ambulatory DMD patients. In non-ambulant patients, 

there is a much higher risk for scoliosis development, which can be rapidly progressive without 

aggressive orthotic measures and/or surgical interventions (Oda et al., 1993; Yamashita et al., 

2001). Respiratory complications are typically attributed to decreased thoracic compliance 

resulting from diaphragmatic, intercostal, and accessory respiratory muscle dysfunction and 

weakness. Ventilatory failure inevitably develops over time, necessitating the use of non-

invasive and invasive ventilation techniques (Boland et al., 1996; Gozal, 2000; Wicklund, 2013). 

DMD patients should remain up-to-date on vaccines in order to prevent pneumonia and they may 

require manual or mechanically assisted support to stimulate coughing when pulmonary 

infections do occur (CDC, 2016). The ability to better manage DMD-associated respiratory 

complications has resulted in prolongation of life, but it has also unmasked concurrent cardiac 

dysfunction in these patients (Bach, 1994).  

 Currently, most if not all patients with DMD that survive into their thirties will be 

diagnosed with cardiomyopathy at some point. Traditionally, recognition was often delayed due 

to a general lack of physical activity; however, in more recent years, clinicians are using more 

sophisticated screening techniques at earlier ages, regardless of outward symptomology 

(McNally, 2007). A study published in 2013 found that cardiac problems typically begin by 14 

years of age, and that for every year corticosteroids were taken by the patient (see “Therapeutic 

Strategies” below for more information on corticosteroid usage in DMD), the chance of 

developing heart problems decreased by 4% (Barber et al., 2013). Cardiac involvement in 
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patients with DMD can be associated with various cardiac alterations and therefore variable 

phenotypes.  

In 2008, the recommended cardiac screening protocol for boys with DMD included an 

electrocardiogram (ECG) and transthoracic echocardiography (TTE) every two years until the 

age of ten, and then once a year thereafter (Bouhouch et al., 2008). In 2010, the DMD Care 

Considerations were published; these too addressed cardiac care recommendations based on 

minimal surveillance standards. Similar to Bouhouch and colleagues, the working group 

recommended that minimum assessment include an ECG at least once every two years until the 

age of ten and then once a year thereafter. If ventricular functional abnormalities are noted, 

cardiac functionality should be evaluated at least every six months, and pharmacological 

interventions should be initiated immediately (Bushby et al., 2010). Most commonly, children 

with the most severe manifestations of DMD will have persistent sinus tachycardia, an increased 

R-S ratio in the right precordial leads, deep Q waves in the lateral leads, and conduction 

abnormalities (i.e. alterations in the progression of electrical impulses through the heart). In 

addition to persistent sinus tachycardia, other common arrhythmias in DMD patients include 

sinus bradycardia, atrial premature beats (usually isolated), and ventricular premature beats (also 

typically isolated). Often, patients with ventricular premature beats are in advanced stages of 

disease (Yanagisawa et al., 1992). In one study, cardiac conduction abnormalities were reported 

in 24 of the 50 patients examined (48%). Of the 24 patients, 23 had intra-atrial conduction 

abnormalities, five had infranodal conduction abnormalities, and one patient had prolongation of 

atrioventricular (AV) conduction. Of those with infranodal conduction defects, one patient had a 

right bundle branch block and three patients had a left anterior fascicular block (Sanyal & 
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Johnson, 1982). First- and second-degree AV blocks have also been documented in DMD 

patients (Perloff, 1984; Sanyal & Johnson, 1982; Yanagisawa et al., 1992). 

Heart blocks occur when the electrical signal is slowed or disrupted as it moves through 

the heart. In order of least to most severe, the three types of heart block are first-degree, second-

degree, and third-degree. With a first-degree block, the heart's electrical signals are slowed as 

they progress from the atria to the ventricles. Electrocardiographically, this is represented by a 

longer, flatter line between the P and the R waves. Second-degree heart blocks are characterized 

by atrioventricular electrical signals that are slowed to a large degree; as a result, a QRS wave 

doesn’t always follow each P wave as it should. Second-degree heart blocks can be further 

categorized as either a Mobitz type I or Mobitz type II block. In a Mobitz type I block, electrical 

conduction is progressively delayed with each heartbeat, until the heart skips a beat. When 

viewed using an ECG, the delay is shown as a PR interval that gets longer with each heartbeat 

until the QRS waves don't follow the subsequent P wave. Motbitz type II blocks are less 

common than type I and are generally more severe. With this type of block, some of the 

electrical signals fail to reach the ventricles, making the pattern less regular than that which is 

seen with Mobitz type I. Electrocardiographically, the QRS wave follows the P wave at a normal 

speed; however, when it is blocked, the QRS wave is missing. A third-degree block (also known 

as a complete heart block or complete AV block) is characterized by complete failure of the 

electrical signals to reach the ventricles. When this occurs, independent accessory pacemaker 

signals will attempt to activate the ventricles (known as an escape rhythm). The resultant ECG 

pattern is characterized by P waves that occur at a faster rate and aren’t coordinated with the 

QRS waves. This type of conduction anomaly can result in bradycardia, hypotension, sudden 

cardiac arrest, and death (NIH, 2012). 
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Histologically, myocardial changes consist of multifocal areas of fibrosis (most 

prominent in the inferolateral wall), myocyte vacuolation (consistent with degeneration), 

myocyte necrosis, myofiber size variation, and fatty infiltration. Specific areas of the conduction 

system that have been reported to be affected include the sinoatrial (SA) and AV nodes, AV 

bundle, left bundle branch, and right bundle branch. It has been postulated that the myocardial 

lesions result from mechanical stresses imposed on a metabolically and structurally abnormal 

heart; however, it remains to be determined why a segmental, rather than diffuse, pattern of 

myocardial injury occurs. Although other factors are likely at play, these microscopic changes 

presumably play a role in the development of the before mentioned conduction anomalies, 

arrhythmias (both subclinical and fatal), and compensatory changes (such as dilated 

cardiomyopathy (DCM)) (Sanyal & Johnson, 1982; Verhaert et al., 2011; Yanagisawa et al., 

1992). 

Recently, cardiac magnetic resonance imaging (MRI) has also been proposed as a useful 

(and perhaps better) diagnostic tool to identify early myocardial remodeling changes (Verhaert et 

al., 2011). Both echocardiography and MRI are able to identify abnormal left ventricular 

fractional shortening (FS), left ventricular hypokinesia, and left ventricular dilation; however, 

research shows that the majority of echocardiographic studies have suboptimal scanning 

windows and significantly over- or underestimated left-ventricular function compared to cardiac 

MRI. As an example, Brunklaus and colleagues performed a retrospective analysis of case 

records from 35 boys with DMD underwent cardiac evaluation for surgical procedures between 

2010 and 2013. They reported ECG found a median left ventricular FS of 29/%. 37% of boys 

(13/35) had abnormal FS <25%, 66% (23/35) had evidence of hypokinesia, and 26% (9/35) had 

left ventricular dilatation. Cardiac MRI revealed a median left ventricular ejection fraction 
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(LVEF) of 52%. 57% of boys (20/35) had abnormal LVEF <55%, 71% (25/35) had left 

ventricular hypokinesia, and 82% had late gadolinium enhancement. Data also showed that 

extensive late gadolinium enhancement is associated with reduced LVEF (48% vs 58%), 

consistent with more severe cardiac pathology (Brunklaus et al., 2015). In addition to cardiac 

MRI, cardiac magnetic resonance spectroscopy (MRS) is also being utilized to better evaluate 

cardiac functionality in patients with DMD and BMD. One of the benefits is that MRS can be 

used to noninvasively analyze the cardiac phosphocreatine to adenosine triphosphate ratio 

(PCr/ATP), a useful measure of cardiac energy metabolism. In a recent publication, 13 men with 

BMD, 10 female carriers, and 23 control patients were studied using phosphorus-31 MRS and 

conventional echocardiography. Results indicated that the PCr/ATP was significantly reduced in 

BMD patients (1.55 ± 0.37) and carriers (1.37 ± 0.25) when compared to controls (2.44 ± 0.33; p 

< 0.0001). Interestingly, the PCr/ATP did not correlate with LVEF or mass index. Because the 

reduced PCr/ATP lacked correlation with indices of left ventricular functionality, it has been 

posited that there may be a direct link between altered dystrophin expression and the 

development of cardiomyopathy (Grilley et al., 2000). 

Cognitive impairment is also a common manifestation in patients with Duchenne 

muscular dystrophy, and although it was first noted by Duchenne in his original description of 

the disease (Duchenne, 1868), it hasn’t been until much more recently that the underlying 

mechanisms involved in this process have been elucidated. Recent data suggests that 45% of the 

oldest males affected with DMD or BMD has at least one of the following mental health 

concerns: behavior anomalies, depression, or attention-deficit/hyperactivity disorder (ADHD) 

(Caspers et al., 2015). Behavioral studies have shown that roughly 30% of boys with DMD are 

intellectually disabled with an average IQ around 85 (one standard deviation below the mean). 
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Verbal IQ is reportedly more affected than performance IQ and developmental language delays 

are common. DMD patients also have an increased prevalence of obsessive compulsive disorder 

(5%) and autism spectrum disorder (3% to 6%) (Anderson et al., 2002; Bresolin et al., 1994; 

Hendriksen & Vles, 2008; Leibowitz & Dubowitz, 1981). Recently, in a sample of 80 boys with 

DMD, it was found that regardless of IQ, the patients displayed a specific cognitive profile, 

characterized by poor performance in digit span, story recall, and comprehension. The authors 

found that the degree of cognitive impairment did vary between patients (similar to variances 

seen in DMD-related skeletal and cardiac pathologies), which they surmised was due to 

variations in dystrophin gene mutations in the sampled patient population (Hinton et al., 2000). 

 

Therapeutic Strategies 

Currently, there is no cure for Duchenne muscular dystrophy and treatment is generally 

only palliative. One of the current mainstays of treatment is prolonged glucocorticosteroid use, 

which improves quality of life by increasing the potential years of ambulation, and likely plays a 

role in increased survival (Wagner et al., 2007). Clinical studies with glucocorticoids have 

demonstrated a prolongation of ambulatory abilities by approximately 2 years (Manzur et al., 

2008). These clinical effects likely result from the ability of glucocorticoids to up-regulate anti-

inflammatory mediators and inhibit pro-inflammatory molecules, including various cytokines, 

chemokines, arachidonic acid metabolites, and adhesion molecules (Velden, 1998). There are 

numerous documented side effects associated with glucocorticosteroid administration, such as 

weight gain, hirsutism, behavioral abnormalities, hyperglycemia, hypertension, shortened stature, 

cataracts, Cushing’s syndrome (hyperadrenalcortisolism), and osteoporosis. Unfortunately, these 

negative side effects are not infrequent; the most common reason for DMD patients to 
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discontinue corticosteroid use (specifically prednisone) is due to weight gain (Wagner et al., 

2007). 

Other available therapies are mainly supportive, such as: 

• Physiotherapy – Focusing on stretching the upper extremity musculature to decrease 

contractures. This daily routine of stretching often focuses on forearm pronators, elbow 

flexors, wrist flexors, and long finger flexors (Bushby et al., 2010; Collins & Morgan, 

2003). Stretching of the distal extremities, even when non-ambulatory, is also beneficial. 

• Implantable cardio-defibrillators - For those patients with an increased risk of fatal 

ventricular arrhythmias. 

• Cardiac medications – There are a wide range of clinical presentations associated with 

cardiomyopathy and heart failure. Based on the individual, several different medications 

may be prescribed, such as ACE inhibitors, spironolactone, loop diuretics, and digoxin 

(Bushby et al., 2010). 

• Wheelchair and other mechanical support (braces). 

• Scoliosis surgery – Often surgery is performed when DMD patients are adolescents in 

order to decrease respiratory compromise, pain and deformity. 

• Assisted ventilation – This includes noninvasive positive pressure ventilators, 

tracheostomy, and mechanical insufflation-exsufflation (Bushby et al., 2010; Passamano 

et al., 2012). 

• Treatment of respiratory infections. 

 

Although beneficial, none of these therapeutic measures impact the fundamental cause of DMD, 

the lack of dystrophin expression in skeletal and cardiac musculature. 
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Dystrophin and the Dystrophin Associated Protein Complex 

The dystrophin gene, the largest gene currently known in nature, measures 2.4-megabases 

at locus Xp21 (NCBI, 2020). It was isolated by Louis Kunkel and his colleagues in 1985 (Kunkel 

et al., 1985), 117-years after Duchenne first described the phenotype associated with the disease 

that now bears his name (Duchenne, 1868). This gene encodes the protein dystrophin, which is a 

large, 427-kD sub-membrane protein that links cytoskeletal F-actin to the extracellular matrix 

protein laminin via the transmembrane protein α/β-dystroglycan complex. Dystrophin is a 

member of the β-spectrin/α-actinin protein family; together, it and its associated sarcolemmal 

proteins form the dystrophin-associated protein complex (DAPC) (Fine et al., 2011; Holland et 

al., 2013; Koenig & Kunkel, 1990; Spurney et al., 2008). 

The overall role of the DAPC is to mediate signaling between the intracellular 

cytoskeleton and the extracellular matrix. As it pertains to muscular function, the role of this 

complex is to protect myocytes and myofibers from injury associated with contractile forces. 

When membrane degradation occurs (such is the case with dystrophinopathies), the 

histomorphologic changes include edema, inflammation, necrosis, and muscle fibrosis, resulting 

in the well-known physical manifestations of the disease (Frankel & Rosser, 1976). 

Dystrophin is composed of four, well-described functional domains. The N-terminal 

domain (composed of two calponin homology [CH] molecules) binds F-actin within the 

cytoplasm (Winder et al., 1995). The adjacent central rod domain is composed of greater than 

2800 amino acids that build 24 spectrin-like triple helical repeats with four intervening non-

helical segments (known as “hinge” regions) that are thought to result in protein flexibility 

(Ervasti & Campbell, 1993; Koenig & Kunkel, 1990; Sunada et al., 1994; Suzuki et al., 1994; 
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Sweeney & Barton, 2000; Yang, Jung, Rafael, et al., 1995). The third domain, the WW region, is 

a β-sheet motif involved in intracellular signaling via recognition of proline-rich or 

phosphorylated linear peptides. This domain recognizes a PPxY motif and plays a role in the β-

dystroglycan interaction.(Bork & Sudol, 1994) Adjacent to the WW domain is a cysteine-rich 

region composed of two ER-hand motifs (Koenig et al., 1988) and two ZZ modules (Ponting et 

al., 1996) that bind calmodulin. Studies later showed that this binding takes place in a calcium-

dependent manner (Anderson et al., 1996). 

The COOH terminal domain is composed of two regions that form α-helical coiled coils, 

which make up the binding site for dystrobrevin (Blake et al., 1995). This region also associates 

with syntrophin (alpha and beta subunits) and neuronal nitric oxide synthase (nNOS) indirectly, 

binding to dystroglycan within the transmembrane portion of the DAPC. Dystrophin, along with 

the syntrophins and dystrobrevin, form the subsarcolemma subcomplex. The dystrophin 

subcomplex is stabilized the sarcoglycan-sarcospan subcomplex, which is composed of alpha, 

beta, gamma and delta subunits of sarcoglycan, and sarcospan (Kobayashi & Campbell, 2012).  

Dystroglycan, a ubiquitously expressed protein, consists of an alpha and beta subunit 

(Ibraghimov-Beskrovnaya et al., 1992). The alpha subunit consists of a mucin domain and a C-

terminal domain, which has been shown to bind to laminin-2 (also known as merosin) with high 

affinity in a calcium-dependent manner (Ervasti & Campbell, 1991; Ibraghimov-Beskrovnaya et 

al., 1992). In addition, α-dystroglycan serves as an agrin receptor in muscle, regulating agrin-

induced acetylcholine receptor clustering at the neuromuscular junction. Related to this function, 

it has been shown that dystroglycan can cluster within the sarcolemma in response to rapsyn (a 

receptor-associated synapse protein), thus playing a pivotal role in neuromuscular junction 

formation and activity (Campanelli et al., 1994). Recently, it has been shown that neither 
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dystrophin nor utrophin are required for the expression of the DAPC in cardiac musculature; 

however, α-dystroglycan is differentially glycosylated in mdx and dystrophin/utrophin double 

knock-out mouse hearts with aberrant sarcolemmal localization. Of note is that these alterations 

do not affect laminin binding, and the implications of these changes are as of yet, unknown 

(Sharpe et al., 2013). 

Beta-dystroglycan is composed of a single transmembrane domain that spans the 

sarcolemma and an extracellular amino-terminal domain that binds the carboxy-terminal globular 

domain of the alpha subunit (Boffi et al., 2001; Di et al., 1999). The cytoplasmic COOH 

terminus has multiple proline residues necessary for dystrophin binding; it binds directly to the 

WW modules and the cysteine-rich domain that have the EF and ZZ regions (Ishikawa-Sakurai 

et al., 2004; Renschler et al., 1999; Suzuki et al., 1992). A separate study found that the WW-like 

domain within caveolin-3 recognizes the C-terminal end of β-dystroglycan which has a PPXY 

motif (Sotgia et al., 2000). Based on these findings, it was surmised that the interaction of 

caveolin-3 with β-dystroglycan may be able to competitively regulate dystrophin recruitment to 

the complex. 

In addition to the role of anchoring dystrophin to the sarcolemma, β-dystroglycan has 

also been shown to participate in MAPK (mitogen-activated protein kinase) signaling. 

Interaction with laminin results in recruitment of a Grb2 (Growth factor receptor-bound protein 

2) - Sos1 (Son of sevenless homolog 1) complex to dystroglycan (Oak et al., 2003). Within 

dystroglycan, the proline-rich motif then interacts directly with Grb2, an adaptor protein 

involved in signal transduction, cell communication and cytoskeletal organization (Yang, Jung, 

Motto, et al., 1995). The dystroglycan-Grb2 interaction results in activation of Rac1 which in 

turn activates JNK via the Cdc42-Race effector PAK1 (p21 activated kinase 1). The β-
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dystroglycan interaction with MEK and ERK may indicate the dystroglycan acts as a signaling 

scaffold (Spence et al., 2004).  

Interestingly, and contradictory to earlier research, a recent study indicates that most of 

the dystroglycan complexes at the sarcolemma do not in fact interact with dystrophin or utrophin 

in wild-type muscles. Evidence also suggests that a subset of dystroglycan that does not directly 

bind to dystrophin is also destabilized in the absence of dystrophin. Although much more work 

needs to be done to further characterize the potential differences in dystroglycan, this research 

seems to indicate that additional disease mechanisms may be involved in the variable disease 

phenotypes associated with dystrophinopathies and dystroglycanopathies (Johnson et al., 2013). 

As mentioned, the sarcoglycan complex is composed of α-, β-, γ- and δ-sarcoglycan 

subunits and sarcospan, and like other portions of the DAPC, this complex and its components 

can be secondarily disrupted and destabilized when dystrophin is mutated. The sarcoglycans are 

single transmembrane glycoproteins with N-terminal domains oriented extracellularly (α-

sarcoglycan) and intracellularly (β-, γ- and δ-sarcoglycans) (Lim et al., 1995; Noguchi et al., 

1995; Roberds et al., 1993). Sarcospan is composed of four transmembrane-spanning portions, 

homologous to the tetraspanin family (Crosbie et al., 1999). The sarcoglycan complex appears to 

function by strengthening the interaction between β-dystroglycan, α-dystroglycan and dystrophin 

(Ozawa et al., 2005). 

Unlike dystroglycan, which has been shown to be expressed in various cell types, the 

sarcoglycans have a much narrower tissue range and appear to only be expressed in skeletal and 

cardiac myocytes (Roberds et al., 1993; Roberds et al., 1994). In addition to being disrupted by 

dystrophin mutations, autosomal recessive mutations in any of the four main sarcoglycan 

isoforms result in autosomal recessive limb-girdle muscular dystrophy (LGMD-2C-2 F). When 
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δ-sarcoglycan is lacking, as seen with LGMD-2 F, the remaining three sarcoglycan members are 

unable to assemble and are thus degraded before transport from the Golgi (Draviam et al., 2006; 

Shi et al., 2004). 

Recently, additional sarcoglycans have been identified. Epsilon-sarcoglycan was 

discovered and found to be highly similar to α-sarcoglycan. Like the other four sarcoglycans, 

epsilon can also be found in cardiac and skeletal musculature; however, analysis has shown that 

it is not part of the sarcoglycan complex (Durbeej et al., 2000). Epsilon-sarcoglycan has been 

found to be highly expressed in the central and peripheral nervous systems and loss-of-function 

mutations in its associated gene result in myoclonus-dystonia syndrome in people (Zimprich et 

al., 2001). Zeta-sarcoglycan, which shows the most sequence similarity to γ- and δ-sarcoglycan 

isoforms, has also been discovered (Wheeler et al., 2002). 

Together with the sarcoglycan subunits, sarcospan helps form the link between the 

subsarcolemmal cytoskeleton and the extracellular matrix. As seen with sarcoglycans, sarcospan 

localization to the membrane is dependent on proper dystrophin expression; therefore, its 

expression is markedly decreased in patients with DMD. Interestingly, the gene encoding 

sarcospan maps to human chromosome 12p11.2, part of the locus for an autosomal dominant 

muscular dystrophy known as congenital fibrosis of the extraocular muscle (Crosbie et al., 1997; 

Crosbie et al., 2000). 

Not only does the DAPC play a role in protecting the myocytes from contraction-

associated damage, it also serves in scaffolding signaling molecules like nNOS. Sarcolemmal 

nNOS is lacking when dystrophin levels are low or absent due to deletions in critical regions of 

the rod domain. This results in deficiency in the normal contraction-induced cGMP-dependent 

attenuation of local vasculature leading to post-exercise vasoconstriction within muscles 
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(Kobayashi & Campbell, 2012; Torelli et al., 2004). The degree and extent of vasoconstriction 

can lead to muscle ischemia, as reported in DMD patients (Sander et al., 2000), in addition to 

exaggerated fatigue and intramuscular edema (Kobayashi & Campbell, 2012). 

The dystrophin gene produces a variety of different transcripts encoding various 

dystrophin isoforms (proteins of varying lengths that have different segments of the basic 

dystrophin sequence). Transcription of this gene is controlled by three different promoters whose 

names reflect the general tissue distribution of dystrophin expression: brain (B), skeletal and 

cardiac muscle (M) and purkinje (P) (Blake et al., 2002). The dystrophin gene also has four 

internal promoters that result in shorter transcripts encoding for several isoforms (Retinal [R], 

Brain 3 [B3], Schwann cells [S], and General [G]) (Constantin, 2014). The different isoforms, 

generated via splicing at a unique first exon, function in various tissue types and their functions 

are summarized in Table 1 (below): 
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Table 1. Dystrophin Isoforms 

Isoform Synonyms and 
Subtypes Tissue of Expression 

Dp427 

Dp427l  
(L-Dystrophin) 

Lymphoblastoid  (Nishio et al., 1994; 
Wheway & Roberts, 2003) 

Dp427c 
(Brain or C-
Dystrophin) 

Brain (hypothalamus and cortex)  
(Bovolenta et al., 2012; Muntoni et al., 
2003; Nudel et al., 1989; Tokarz et al., 1998) 

Dp427m  
(M-Dystrophin) 

Skeletal and cardiac muscle (Bovolenta et 
al., 2012; Holland et al., 2013; Muntoni et 
al., 2003; Tokarz et al., 1998) 

Dp427p  
(P-Dystrophin) 

Purkinje cerebellar neurons (Bovolenta et 
al., 2012; Gorecki et al., 1992; Muntoni et 
al., 2003) 

 Expression in other tissues: 
Fetal tissues (Feener et al., 1989; Muntoni et 
al., 2003), eye, intestine, kidney, liver, lung, 
spleen, stomach, testis, thymus, and uterus 
(Tokarz et al., 1998) 

Dp260 

 Retina (D'Souza et al., 1995), brain, cardiac 
muscle, intestine, kidney, liver, lung, 
skeletal muscle, spleen, stomach, testis, 
thymus, and uterus (Tokarz et al., 1998) 

Dp140 

Dp140b Kidney (Tokarz et al., 1998) 
Dp140ab Cerebellum and kidney (Lidov et al., 1990; 

Lidov et al., 1995) 
Dp140c Cerebellum (Lidov et al., 1990; Lidov et al., 

1995) 
Dp140bc Cerebellum and kidney (Lidov et al., 1990; 

Lidov et al., 1995) 
 Expression in other tissues: 

Other portions of brain, cardiac muscle, eye, 
intestine, liver, lung, skeletal muscle, spleen, 
stomach, testis, thymus, and uterus (Tokarz 
et al., 1998) 

Dp71 
apo-dystrophin 1  
(Liver or G-
Dystrophin) 

Expressed in all tissues (Tadayoni et al., 
2012), including: 
kidney (Austin et al., 1995; Haenggi et al., 
2005; Tokarz et al., 1998), CNS (numerous 
cell types) (Austin et al., 1995; 
Benabdesselam et al., 2012; Schofield et al., 
1994; Tokarz et al., 1998), liver (deLeon et 
al., 2006; Tokarz et al., 1998), skeletal 
muscle, heart, lung, testis (Austin et al., 
1995; Tokarz et al., 1998), eye, intestine, 
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spleen, stomach, thymus, and uterus (Tokarz 
et al., 1998) 

Dp116 

apo-dystrophin 2 
(S-Dystrophin) 

Typically described in Schwann cells (Byers 
et al., 1993) and brain (Schofield et al., 
1994); however, RT-PCR has revealed 
expression in multiple other organs: cardiac 
muscle, eye, intestine, kidney, lung, skeletal 
muscle, spleen, stomach, testis, thymus, and 
uterus (Tokarz et al., 1998) 

Dp40   Brain (synaptic vesicles in neurons) (Tinsley 
et al., 1993; Tozawa et al., 2012) 

 

Various types of dystrophin mutations have been documented (in both people and animal 

models). The majority of these mutations are deletions, accounting for nearly 43% -65% of all 

DMD mutations, depending on cohort evaluated (Dent et al., 2005; Flanigan et al., 2009). Two-

thirds of DMD patients inherit the mutation from a carrier mother and the remaining one-third of 

patients have de novo DMD mutations. These de novo mutations are believed to occur via the 

following situations: 

1. De novo mutations arise in meiosis either in the grand-parental generation or in the 

mother 

2. Mitotic de novo mutations arise during spermatogenesis of the grandfather, during 

oogenesis of the grandmother, or during oogenesis of the mother (Grimm et al., 2012) 

Several studies have reviewed the relative probabilities of de novo mutations per mutation type 

and have found that large deletions arise predominantly during oogenesis while point mutations 

and duplications more commonly result from errors during spermatogenesis (Grimm et al., 1994; 

Kawamura et al., 1997). Spontaneous DMD mutations have been reported in dogs (see DMD 
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Animal Models below); however, the prevalence of de novo DMD mutations in canine 

dystrophinopathies has not been reported. 

Roughly two-thirds of DMD deletions are reportedly greater than one exon and are 

typically found in the central rod domain around exons 44-53 and to a lesser extent, the 5’ 

terminus (Beggs et al., 1990; Dent et al., 2005; Johnson et al., 2012). In the mdx mouse, and in 

people with DMD, loss of the dystrophin C-terminal domain results in loss of the entire DAPC 

(Ohlendieck & Campbell, 1991). In addition to deletions, duplications and point mutations have 

also been identified in DMD patients. For example, in a study by Flanigan and colleagues, point 

mutations accounted for 46% of all mutations in the cohort evaluated. In that study, there were 

no point mutation hotspots; the mutations were evenly distributed across the exons of the DMD 

gene (Flanigan et al., 2009). 

Additional cardiac-specific, dystrophin-associated proteins (Cypher, Ahnak1, Cavin-1 

and CRYAB) have been identified in humans and mice (Johnson et al., 2012), and recently 

decreased Claudin-5 (a cell junction protein) was demonstrated in the cardiac tissue of 

dystrophin deficient mice (Delfin et al., 2012). It has been posited that variability in cardiac 

disease progression and severity may be due to differences in expression of these dystrophin 

associated proteins.  

 

DMD Animal Models 

Although the clinical course, disease severity, and microscopic lesions don’t completely 

recapitulate DMD-associated skeletal and cardiac disease, rodent models are frequently utilized 

to study DMD because they are convenient, reproduce quickly, have a short life-span, and are 

relatively inexpensive to maintain (compared to other laboratory animals). The mdx mouse, first 
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described in 1977 in mice from a C57BL/10ScSn background, is one of the conventional animal 

models of DMD. This model is genetically similar to DMD patients with a deletion in the 

Xp21.1 locus; it results from a T to C substitution at position 3185. The substitution creates a 

stop codon in exon 23 with the remainder of the protein being produced in frame (Sicinski et al., 

1989; Spurney et al., 2008). Although these spontaneous Dmdmdx mutant mice do not express 

dystrophin, the disease phenotype is generally milder than what is seen in people with DMD. 

Mechanical function and muscular changes are less severe, which result in an almost normal 

lifespan for these mice (Collins & Morgan, 2003). In the young mdx mouse, the resultant 

phenotype includes stunted growth and muscle atrophy. In aged mice, skeletal muscle atrophy, 

weakness, and extensive compensatory hypertrophy are typically observed (Lefaucheur et al., 

1995). Although not a consistent finding, prominent cardiac dysfunction has been reported as 

early as 9-10 months of age. Cardiac imaging in these mice shows decreased fractional 

shortening (Spurney et al., 2008). Over time, fibrosis occurs (Quinlan et al., 2004) as it does in 

humans, but it is much less severe. Histopathologic findings in mdx mice typically include 

skeletal myofiber degeneration, myonecrosis, chronic-active inflammation, numerous centralized 

nuclei, and increased numbers of satellite cells. With the notable exception of the diaphragm, 

mdx mice do not typically develop fibro-fatty muscular replacement, a frequent finding in people 

with DMD (Stedman et al., 1991). They do, however, develop “revertant fibers” within skeletal 

muscles and the myocardium (Danko et al., 1992). 

Another mouse model that initially held great promise for DMD therapeutic development 

is the double knockout (dko) model. This mouse model is deficient in both dystrophin and a 

dystrophin homologue known as utrophin. Utrophin is normally localized to the neuromuscular 

junction; however, it is also capable of sarcolemmal redistribution. At the neuromuscular 
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junction, utrophin co-localizes with the acetylcholine receptors and is thought to play a role in 

synaptic cytoskeletal stabilization. Because these two proteins have reciprocal roles in muscle 

function and development, it was initially theorized that utrophin could compensate for the lack 

of dystrophin. Although the dko mice have aided in the understanding of utrophin-dystrophin 

interactions and premature musculoskeletal aging, they develop a disease phenotype that 

resembles that which is seen in DMD, indicating that utrophin therapy is not the therapeutic 

breakthrough for which researchers and patients were hoping (Blake et al., 1996; Deconinck et 

al., 1997). 

Dystrophin-deficiency has also been discovered in various dog breeds; several of these 

have subsequently been studied as potential DMD animal models. Compared to other animal 

models, such as the mdx mouse, the disease phenotype that is noted in dogs is much more 

comparable to the disease manifestations characterized in humans. In Golden Retriever muscular 

dystrophy (GRMD), the most well-documented of the canine dystrophinopathies, a point 

mutation in intron 6 disrupts normal splicing, resulting in elimination of exon 7 and a premature 

stop codon (Cooper et al., 1988; Sharp et al., 1991). The effect of this mutation is stunted 

growth, altered gait, skeletal muscle atrophy, a plantigrade stance secondary to hyperextension of 

the carpal joints and flexion of the tibiotarsal joints, marked ptyalism, and lumbar kyphosis that 

can progress to lordosis. Paradoxical muscular hypertrophy, as well as cardiac failure associated 

with cardiomyopathy, can also occur in GRMD dogs just as in humans (Kornegay et al., 2012). 

Cardiac dysfunction is similar in presentation in both GRMD and DMD, but in both diseases, 

signs/symptoms can vary widely in severity, and may include a combination of findings. Table 2 

compares typical cardiac abnormalities in both GRMD and DMD (Kornegay et al., 2012; Mazur 

et al., 2012; Verhaert et al., 2011):   
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Table 2. Comparison of GRMD and DMD cardiac abnormalities 

Cardiac Findings/Diagnoses GRMD DMD 
Dilated cardiomyopathy ✓ ✓ 
Congestive heart failure ✓ ✓ 
Left ventricular dilation ✓ ✓ 
Left atrial enlargement ✓  
Left ventricular enlargement ✓ ✓ 
Decreased left ventricular fractional shortening ✓ ✓ 
Decreased left ventricular ejection fraction ✓ ✓ 
Mitral regurgitation ✓ ✓ 
Variable heart murmurs ✓ ✓ 
Ventricular arrhythmias ✓ ✓ 
Myocardial fibrosis ✓ ✓ 

 

Histopathologic changes in GRMD skeletal and cardiac myofibers include foci of 

degeneration, regeneration, mineralization, fibrosis, and fatty infiltration. Revertant fibers are 

also documented, resulting from alternative splicing out of exons 3-9 or 5-12 (Schatzberg et al., 

1998). 

Spontaneous dystrophinopathies have also been recognized and described in other dog 

breeds. For example, in Labrador retriever muscular dystrophy (LMD), disease results from an 

insertion in intron 19 (Smith et al., 2007). In the Pembroke Welsh Corgi model, a repetitive 

element-1 [LINE-1] insertion in intron 13 aborts dystrophin expression (Smith et al., 2011). In 

the Cavalier King Charles Spaniel, a missense mutation in the 5’ donor splice site of exon 50 

occurs, which results in the deletion of exon 50 in the mRNA transcripts (Walmsley et al., 2010). 

Additional dog breeds with known dystrophin mutations are summarized below: 

• Rottweilers - point mutation in exon 52 (Winand et al., 1994) 
• German Shorthaired Pointers - deletion of entire dystrophin gene (Schatzberg et 

al., 1999) 
• Tibetan Terriers - deletion of exons 8–29 (Kornegay et al., 2012) 
• Beagle - Point mutation in intron 6 accepter splice site (Shimatsu et al., 2003)  
• Cocker Spaniel - Deletion in exon 65 (Kornegay et al., 2012) 
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• Japanese Spitz - Inversion disrupts dystrophin and RPGR genes (Jones et al., 
2004) 
 

Although individual mutations have not yet been characterized, based on clinicopathologic data, 

dystrophinopathies are suspected in the Alaskan Malamute, Old English Sheepdog, Grand Basset 

Griffon Vendeen, and Norfolk Terrier (Beltran et al., 2015; Ito et al., 2011; Klarenbeek et al., 

2007; Wieczorek et al., 2006). 

Several other lesser-known DMD animal models have been studied. For example, 

dystrophin deficiency in domestic short-haired cats results in hypertrophic feline muscular 

dystrophy. Periods of degeneration and regeneration of muscle occur, but debilitating fibrosis, 

which is characteristic of DMD and GRMD, does not develop. Post-mortem evaluation of 

affected cats finds substantial glossal and diaphragmatic hypertrophy. Microscopic skeletal 

muscle changes include myofiber hypertrophy (with resultant size variation), foci of 

mineralization, myofiber splitting, and nuclear centralization. Endomysial fibrosis is typically 

minimal (Blunden & Gower, 2011; Carpenter et al., 1989; Kohn et al., 1993). Although affected 

cats lack outward evidence of cardiac disease, gross findings, histopathologic evaluation, and 

imaging studies indicate that cats can develop myocardial hypertrophy (Gaschen et al., 1999). 

Recently a large animal model of DMD was created via deletion of exon 52 in male pig 

cells. The resultant pigs exhibited absence of dystrophin in skeletal muscles, increased serum 

creatine kinase levels, progressive dysfunction of skeletal muscles, impaired mobility, muscular 

weakness and a maximum life span of 3-months resultant from respiratory impairment. Unlike 

human DMD patients, some dystrophin-deficient pigs in the study died shortly after birth 

(Klymiuk et al., 2013). Non-mammalian models of DMD, such as the Zebrafish and the 

nematode Caenorhabditis elegans, both express a dystrophin orthologue, resulting in their use in 

DMD-related gene analyses and drug discovery studies (Collins & Morgan, 2003). 
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Labradoodle History  

Labradoodles were first created in 1988 by Wally Conron (of The Royal Guide Dog 

Association of Australia) by crossing a Labrador Retriever with a Standard Poodle. This 

purposeful breeding occurred after Mr. Cochran received a request from a client to produce a 

guide-dog with a low allergen coat for people with allergies. Today, the Australian Labradoodle 

is the result of breeding a Labradoodle with a Cocker Spaniel (American or English), while the 

true Labradoodle is only a cross between the Labrador Retriever and Standard Poodle. Although 

the Labradoodle is popular among pet owners, the American Kennel Club (AKC) does not 

currently recognize it, or the Australian Labradoodle, as one of the 175 pure breeds of dogs. In 

order to be considered an official pure breed by the AKC, the breed must have at least 300 

Labradoodles within the U.S. and be distributed among at least 20 states, the dogs must have a 

national breed club demonstrating interest, and there must be at least a three generation pedigree. 

In addition, each recognized breed must also have predictable characteristics and fulfill a specific 

purpose (AKC, 2019; ALAA, 2018). 

The dystrophin deficient Labradoodle colony housed at the Scott Ritchey Research Center 

(SRRC), at Auburn University, was established via a carrier dam named “Scout” that was 

donated to the research center in 2008. This dam resulted from breeding two Australian 

Labradoodles. Subsequent breeding of “Scout” resulted in the following familial lines: 

• “Scout” x “Kodiak” (normal Australian Labradoodle)  Carrier female named “Bella” 

o “Bella” x “Yaz” (normal Labrador retriever)  1 dystrophin deficient male  

• “Scout” x “Tegan” (normal Australian Labradoodle)  1 dystrophin deficient male  

• “Scout” x “Rody” (normal Australian Labradoodle)  4 dystrophin deficient males  
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Additional breeding of “Bella” and her carrier female offspring have resulted in continued 

selection for this novel Dystrophin mutation. 

 

Transcriptomics 

RNA sequencing provides an excellent way to characterize transcriptomic variations by 

measuring the expression of thousands of genes in a tissue type at the same time. This expanding 

technology allows for long read lengths, which enables accurate de-novo transcriptome assembly 

and high-confidence identification of transcripts and isoform variants, essential for interpreting 

the functional elements of the genome and understanding disease pathogenesis. The goals of 

transcriptome sequencing are to determine all transcript species (i.e. mRNAs, non-coding RNAs 

and small RNAs), the transcriptional structure of genes, and to evaluate differential gene 

expression (Wang et al., 2009). 

The standard process of RNA sequencing can be broken down into a few main steps. 

Once RNA has been isolated and purified from the desired tissue sample, the process of 

sequencing begins by converting the RNA (total or fractionated) to a library of cDNA fragments. 

Library preparation involves generating the cDNA fragments, adding adapters, and amplifying 

the DNA for sequencing. The adapter sequences vary depending upon platform and contain 

various functional elements necessary for sequencing; regardless of the platform, adaptors must 

contain a terminal sequence (used for clonal amplification and attachment to the sequencing 

support) and sequencing reaction priming elements. Once the adapters have been added, 

generally via RT-PCR or ligation, the stranded cDNA libraries are prepared and checked for 

quality prior to sequencing. The cDNAs are then sequenced using the sequencing platform that 
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best matches the researcher’s needs (multiple platforms are now available to choose from, 

including Ion Torrent, PacBio, and Illumina) ("RNA-seqlopedia,"). 

Transcriptome sequencing has been performed on tissue samples from DMD patients in 

order to detect mutations, understand aberrant splicing events and variants, evaluate allelic 

imbalances, and to analyze differential gene expression. RNA sequencing on skeletal muscle 

from patients with Duchenne muscular dystrophy has found that 30% of human genes were 

expressed and detectable in skeletal muscle, of which, 3% showed differential expression in 

dystrophic muscle compared to controls. 1,324 of the 1,882 dysregulated probe sets 

corresponded to characterized genes/proteins. As part of the evaluation, members of the insulin-

like growth factor (IGF) pathway were preferentially investigated, as was the potential for 

cardiac gene expression in skeletal muscle and sex-specific transcripts. Results indicated that 

dystrophic skeletal muscle not only had up-regulation of IGF-I and IGF-II, but also upregulation 

of inhibitory IGF-binding proteins and regulators such as IGFBP-2, -4, -6 and -7 and IGFBP-5 

protease. Evaluation of six genes predominantly expressed in cardiac tissues, including Actin 

alpha cardiac muscle 1 (ACTC1), Cardiac ankyrin repeat protein (CARP), Calsequestrin 2 

(CASQ2), Troponin T2 cardiac-type (TNNT2), CUG triplet repeat RNA-binding protein 2 

(CUGBP2), and Connexin 43 (CX43), found that CARP and CX43 were macrophage-associated 

and TNNT2 activated-myoblast-associated. ACTC1 and CUGBP2 up-regulation were not 

associated with muscle regeneration. They also found two Y-linked genes only expressed in male 

muscle (Ribosomal protein S4 Y-linked 1 [RPS4Y] and DEAD-box helicase 3 Y-linked 

[DDX3Y]) and two autosomal genes with increased expression in female muscle (C-X-C motif 

chemokine ligand 2 [CXCL2; also known as GRO2] and Zinc finger protein 91 [ZNF91]) 

(Bakay et al., 2002). Although endomyocardial biopsies have been performed on DMD patients 
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with clinical and cardiac MRI-confirmed cardiovascular compromise, the biopsies were utilized 

for DNA and RNA viral genome extraction rather than cardiac RNA sequencing (Mavrogeni et 

al., 2010). 

RNA sequencing has also been performed in canine and murine models of DMD. In 

dogs, profiling in GRMD skeletal muscle has yielded differentially expressed genes associated 

with myogenesis/muscle regeneration, metabolism, and inflammation. Researchers also found 

up-regulation of Chitinase 3-like 1 (CHI3L1) in GRMD dogs with a more rapid clinical course, 

suggesting an association with disease progression in GRMD and potentially 

DMD.(Brinkmeyer-Langford et al., 2018) Though cardiac transcriptome sequencing has not 

previously been performed in a canine model of DMD, it has been utilized to study the 

consequences of obesity-related hypertension on cardiac gene regulation and end-stage heart 

failure (Gao et al., 2006; Philip-Couderc et al., 2003). To date, cardiac muscle RNA sequencing 

has only been performed in the Australian Labradoodle model. Transcriptome analysis of mdx 

mouse skeletal muscle has found significant differential expression of 3844 genes, of which 2695 

were upregulated and 1149 downregulated. Enrichment pathway analysis using Ingenuity 

Pathway Analysis (IPA) software found enrichment genes associated with inflammation, 

fibrosis, adhesion, apoptosis, muscle cell structure and metabolism. Additionally, there was 

enrichment of canonical signaling pathways (e.g. NF-kB, Wnt, calcium signaling, etc.) (Yanay et 

al., 2017). 

Because mortality in DMD patients is increasingly associated with cardiomyopathy and 

heart failure, it is imperative that we gain a better understanding of the possible pathways 

involved in the development of DMD-associated cardiac disease. We have identified a novel 

dystrophin mutation in Australian Labradoodles that develop early-onset cardiac disease in 
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addition to the typical clinical signs associated with skeletal myopathy. Based on these 

preliminary findings, we sought to study the Australian Labradoodle as a potential model for 

DMD cardiomyopathy. 

The first research objective was to fully characterize the disease phenotype that occurs in 

the Australian Labradoodle model. To that end, we performed monthly echocardiography and 

trimonthly cardiac Magnetic Resonance Imaging (MRI) / Magnetic Resonance Spectroscopy 

(MRS). The results of these cardiac analyses were then correlated to the observed clinical signs, 

necropsy findings, and histopathology data to determine if dystrophin-deficient Australian 

Labradoodles are an appropriate model for the study of DMD-associated cardiomyopathy.  

The second research objective was to compare the RNA profiles of normal and 

dystrophin-deficient Australian Labradoodle hearts via transcriptome sequencing. These 

transcriptomic comparisons allowed us to study how changes in the normal level of gene activity 

may reflect or contribute to the cardiac disease process. We hypothesized that cardiac 

transcriptome sequencing in the Australian Labradoodle model of DMD would reveal key 

genetic and epigenetic markers that may be associated with cardiomyopathy. Understanding the 

cardiac manifestation of DMD at the level of gene expression would potentially allow for future 

development of targeted therapeutics for both dystrophin-deficient dogs and Duchenne muscular 

dystrophy patients.  
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Abstract 

In humans, dystrophin mutations cause the X-linked recessive disorder known as Duchenne muscular dystrophy (DMD). These mutations 
result in skeletal and cardiac muscle damage with mortality increasingly associated with cardiomyopathy. We have identified a novel dystrophin 
mutation in exon 21 in a line of Australian Labradoodles; affected dogs develop progressive clinical signs including poor weight gain and 
weight loss, gait abnormalities, exercise intolerance, skeletal muscle atrophy, macroglossa, ptyalism, dysphagia, kyphosis, and a plantigrade 
stance. Echocardiographic abnormalities include hyperechoic foci in the left ventricular papillary muscles, septal hypokinesis, and decreased 
left ventricular systolic and diastolic volume and internal diameter. Holter recordings found a Mobitz type II second-degree atrioventricular 
(AV) block in one affected dog. Analysis of phosphocreatine-to-ATP ratios (PCr/ATP) (obtained via cardiac magnetic resonance imaging and 
spectroscopy evaluation), found no statistically significant difference in the mean PCr/ATP between groups. Histopathologic skeletal muscle 
changes included fibrofatty infiltration, myocyte degeneration, necrosis, and regeneration, lymphohistiocytic inflammation, and mineralization; 
cardiac changes were limited to a focal area of mineralization adjacent to the sinoatrial node in the dog with a second-degree AV block. 
Due to rapidly progressive clinical signs, a severe phenotype, and potential for cardiac involvement, Australian Labradoodle dystrophinopathy 
may be a useful model to further study DMD pathogenesis. 
© 2018 Elsevier B.V. All rights reserved. 

Keywords: Labradoodle; Dystrophinopathy; Duchenne; Myopathy; Cardiomyopathy; MRI. 

1. Introduction

Duchenne muscular dystrophy is an X-linked recessive
disorder in humans caused by mutations in the largest 
known gene in nature, dystrophin. Dystrophin measures 
2.4-megabases at locus Xp21 and encodes for a 427-kD 

sub-membrane protein that anchors cytoskeletal F-actin to 

the extracellular matrix protein laminin [1] . Mutations in the 
dystrophin gene result in a partially functional or completely 

non-functional protein product, causing affected individuals 
to develop progressive skeletal and cardiac myofiber damage 
with an early loss of ambulatory ability [2] . Historically, 
mortality in DMD patients has been attributed primarily to 

respiratory failure, most often associated with ventilatory 

∗ Corresponding author. 
E-mail address: sms0059@tigermail.auburn.edu (S.M. Shrader).

defects, chronic hypoventilation, and respiratory infections 
[3,4] . Over the past two decades, the treatment of skeletal 
muscle complications and respiratory disease has improved; 
however, these advances have unmasked DMD-associated 

cardiac disease in many patients. Recent retrospective studies 
indicate that death attributable to cardiac disease occurs in 

approximately 20–30% of DMD patients [5–7] . 
Early clinical findings in DMD patients include difficulties 

rising from a seated position, frequent falls, delayed motor- 
skill development, and learning disabilities. Physical examina- 
tion findings often include (pseudo)hypertrophy of the calves, 
lumbar lordosis, waddling gait, macroglossa, and a distinctive 
way of rising from the floor (known as Gowers’ maneuver). 
Progressive muscle weakness eventually results in wheel chair 
dependence, generally by ten years of age [8,9] . Histologi- 
cally, skeletal muscle changes in DMD patients are charac- 
terized by necrotic and/or degenerating myocytes with foci of 

https://doi.org/10.1016/j.nmd.2018.08.008 
0960-8966/© 2018 Elsevier B.V. All rights reserved. 
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mineralization, myofiber regeneration (characterized by my- 
ofiber basophilia, enlarged centralized nuclei with prominent 
nucleoli, and/or nuclear rowing), and resultant variation in 

myofiber cross-sectional diameter. Necrotic myofibers are of- 
ten surrounded and/or infiltrated by macrophages and lympho- 
cytes. As the regenerative capacity of the affected muscle de- 
clines over time, there is gradual replacement of the tissue by 

mature fibrous connective tissue and infiltrating adipose tissue 
(i.e. fibrofatty replacement). Individuals with cardiomyopathy 

may also have foci of degeneration, necrosis, inflammation, 
and fibrofatty replacement in the myocardium [10] . 

Cardiac pathology varies among DMD patients; however, 
findings can include dilated cardiomyopathy (DCM), conges- 
tive heart failure, left ventricular eccentric hypertrophy, de- 
creased left ventricular systolic function assessed by fractional 
shortening (FS) and ejection fraction (EF), mitral regurgita- 
tion, tricuspid regurgitation, and myocardial fibrosis [11,12] . 
Affected individuals may also show persistent electrophysio- 
logic abnormalities on ECG; sinus tachycardia, an increased 

R-S ratio in the right precordial leads, deep Q waves in
the frontal leads, and conduction abnormalities. In addition
to persistent sinus tachycardia, other common arrhythmias
in DMD patients include sinus bradycardia, atrial premature
beats, and ventricular premature beats. Conduction defects,
including right bundle branch blocks, left anterior fascicular
blocks, and first- and second-degree AV blocks have also been
observed [13–15] .

Recently, cardiac magnetic resonance imaging (MRI) has 
been proposed as a beneficial diagnostic tool to identify early 

myocardial remodeling changes [11] . Both echocardiography 

and MRI are able to identify abnormal left ventricular FS, left 
ventricular hypokinesia, and left ventricular dilation; however, 
research shows that the majority of echocardiographic studies 
have suboptimal scanning windows and significantly over- or 
under-estimate left-ventricular systolic function compared to 

cardiac MRI [16] . In addition to cardiac MRI, cardiac mag- 
netic resonance spectroscopy (MRS) is also being utilized 

to accurately evaluate cardiac functionality in patients with 

DMD. The metabolic demands of the heart necessitate the 
need for high-energy phosphate being transferred from ATP 

(via oxidative phosphorylation in the mitochondria) to creati- 
nine, generating phosphocreatine (PCr) and ADP. Phosphorus- 
31 is utilized for the detection of PCr, ATP, intracellular pH, 
and flux through the creatine kinase reaction. Analyzing these 
spectra via MRS is therefore beneficial because the PCr-to- 
ATP ratio (PCr/ATP) provides a useful measure of cardiac 
energy metabolism and functionality [17] . PCr/ATP has been 

shown to be significantly reduced in Becker Muscular Dystro- 
phy (BMD) patients and carriers when compared to controls; 
this change did not, however, correlate with left ventricular 
EF or mass index, indicating that a direct association be- 
tween altered dystrophin expression and the development of 
cardiomyopathy may be possible, and that MRS may be a use- 
ful diagnostic tool to detect early stage cardiomyopathy prior 
to echocardiographic identification of left ventricular systolic 
dysfunction [18] . 

Various animal models have been utilized in the study of 
DMD. The traditional model is the mdx mouse, which has a 
deletion in the Xp21.1 locus that results in a stop codon in 

exon 23 [19,20] . Compared to people with DMD, the disease 
phenotype in mdx mice is generally milder with an almost 
normal lifespan, stunted growth, skeletal muscle atrophy, and 

eventual compensatory hypertrophy [21,22] . Cardiac dysfunc- 
tion is not a consistent finding in mice, but has been reported 

as early as 9–10 months of age; decreased FS values have 
been demonstrated via echocardiographic analyses [19,23,24] . 
Spontaneous dystrophin mutations have been reported in mul- 
tiple dog breeds, though Golden Retriever muscular dystrophy 

(GRMD) continues to be the best documented of the canine 
dystrophinopathies. It results from a point mutation in intron 

6 that disrupts normal splicing and creates a premature stop 

codon [25–27] . Cardiac dysfunction has been documented in 

GRMD; however, clinical signs can vary widely in incidence 
and severity. Reported clinical, echocardiographic, and elec- 
trocardiographic findings in the GRMD model include DCM, 
congestive heart failure, left atrial enlargement, left ventricu- 
lar enlargement, decreased left ventricular FS, decreased left 
ventricular EF, mitral regurgitation, heart murmurs, ventricu- 
lar arrhythmias, and myocardial fibrosis [28,29] . 

We have identified a novel dystrophin mutation in exon 

21 in a line of Australian Labradoodles. The propositus of 
this pedigree died suddenly at six months of age with clinical 
signs suggestive of cardiac disease. Subsequent males in this 
line have consistently developed early clinical signs of skele- 
tal muscle pathology similar to what has been reported in 

other dog breeds. We therefore hypothesized that dystrophin- 
deficient Labradoodles would show echocardiographic, elec- 
trocardiographic, and cardiac MRI/MRS abnormalities indica- 
tive of cardiomyopathy and that cardiac MRI/MRS may be 
more sensitive than the other two diagnostic modalities for 
detecting early cardiac dysfunction. In addition to identify- 
ing early manifestations of cardiac disease in this model, 
we aimed to correlate these findings with clinical signs and 

necropsy and histopathology data, and to determine whether 
Labradoodle dystrophinopathy is an appropriate model for 
studying DMD-associated cardiomyopathy. 

2. Materials and methods

All animal experiments were approved by the Animal Care
and Use Committee of Auburn University. A 3-month old 

male Australian Labradoodle presented to the Auburn Univer- 
sity College of Veterinary Medicine for a suspected muscular 
dystrophy and genetic testing for the Labrador Retriever dys- 
trophin mutation (intron 19 insertion) after showing signs of 
muscle atrophy and exercise intolerance. PCR amplification 

of intron 19 from whole blood showed no insertion. mRNA 

was obtained from skeletal muscle and sequenced, demon- 
strating a C to T transition at position 2668 of the dystrophin 

open reading frame. This nonsense mutation results in a CGA 

codon (arginine) becoming a stop codon (TGA), causing a 
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truncated protein. This dog was used to establish a breeding 

colony of carrier females that continues to be maintained at 
the Scott Ritchey Research Center (SRRC) at Auburn Univer- 
sity; male offspring of the colony were used for the present 
study. 

Experimental dogs were produced using the semen from 

a normal Labrador retriever, a normal Australian Labradoo- 
dle, or a dystrophin-deficient Australian Labradoodle (male 
donor selection based on availability) to vaginally inseminate 
a carrier Australian Labradoodle (several related females were 
utilized). Multiple breeding cycles produced seven dystrophin- 
deficient and five control (normal) male littermates. 

For each dog in every litter produced during the course 
of the study, the dystrophin genotype was determined via 
DNA sequencing, performed on whole blood submitted to 

Eurofins Genomics (12701 Plantside Drive, Louisville, KY 

40299, USA). Male offspring with a correct dystrophin gene 
sequence (and lacking clinical signs of a muscular dystrophy) 
were used as controls. Female offspring, regardless of their 
dystrophin status, were not included in this study. 

The founder of this line died unexpectedly at 6-mos of 
age from a possible terminal arrhythmia or cardiac conduc- 
tion anomaly; therefore, all study dogs had monthly echocar- 
diographic and electrocardiographic evaluations, in addition 

to cardiac magnetic resonance imaging (MRI) and magnetic 
resonance spectroscopy (MRS) at three and six months of 
age. Echocardiographic examinations were performed by a 
board-certified veterinary cardiologist (SWJ) at monthly in- 
tervals starting at 1-month of age. Phased-array transducers 
between 5.0–8.5 MHz (Vivid E9, GE, Milwaukee, WI, USA) 
were used with a probe selection based on image optimiza- 
tion, gain, and filter settings that were required to reduce 
background noise and provide clear images of blood flow 

and tissue signals. Electrocardiogram (ECG) was simultane- 
ously recorded during echocardiographic evaluation. Ventric- 
ular end-diastole was defined as the frame before mitral valve 
closure, and ventricular end-systole was defined as the frame 
before mitral valve opening. Echocardiographic analyses in- 
cluded evaluation of left ventricular internal diameter during 

diastole (LVIDd), left ventricular internal diameter during sys- 
tole (LVIDs), left ventricular end diastolic volume (LVEDV), 
left ventricular end systolic volume (LVESV), ejection frac- 
tion (EF), epicardial velocity, endocardial velocity, left ven- 
tricular free wall thickness during diastole (LVFWd), and in- 
terventricular septum thickness during diastole (IVSd). FS% 

was calculated as [(LVIDd-LVIDs)/LVIDd] ∗100. Myocardial
velocity gradient was calculated as the difference between en- 
docardial velocity and epicardial velocity [31] . 

A 24 h ambulatory Holter recording was performed (Tril- 
lium 5000, Forest Medical Holter Analysis System, Syracuse, 
NY, USA) when ECG abnormalities were observed during 

echocardiographic evaluations. Manual adjustments and accu- 
racy verification of the arrhythmias were performed by SWJ. 

MRI/MRS evaluation was performed on eight of the study 

dogs (3 control, 5 affected) using a MAGNETOM 7 Tesla 
scanner (Siemens Healthineers, Malvern, PA) and a dual- 
tuned 1H- 31 P loop coil (RAPID Biomedical GmbH, Rimpar,

Germany) at the Auburn University MRI Research Center. 
Dogs were scanned using a 3-dimensional ultra-short echo 

time chemical shift imaging sequence [32] with 16 ×16 ×8
matrix, 11.25 mm × 11.25 mm × 22.5 mm voxel size, 2.3 ms
echo time, 1640 ms repetition time, 12 averages, 6 kHz band- 
width, and 2048 vector size. 31 P MR spectra were ana- 
lyzed using a custom implementation of AMARES [33] to 

obtain amplitudes of the PCr and gamma ATP resonances. 
PCr/gamma ATP amplitude ratios were computed from three 
voxels in the midventricular anterior and anteroseptal my- 
ocardium and averaged. For MRI/MRS evaluation, each study 

dog was premedicated with 0.2–1.0 mg/kg butorphanol (sub- 
cutaneous administration), and induced with 3–5 mg/kg of 
propofol (intravenous administration). General anesthesia was 
maintained with isoflurane and the dogs were placed in left 
lateral recumbency for imaging acquisition. 

All dogs were euthanized at 6 months of age (or earlier if 
a humane endpoint was reached). This terminal endpoint was 
established based on the founding dog’s sudden death at 6- 
mos of age and progressive clinical decline in other affected 

males from this line beginning at 4-mos of age (including di- 
minished/absent ambulation, weakness, and dysphagia requir- 
ing a gruel-based diet and supplemental fluid administration). 

At the time of death, each dog had a post-mortem exam- 
ination performed by a board certified veterinary pathologist 
(SMS), which included collection of blood for serum bio- 
chemistry analyses (performed by the Auburn University Clin- 
ical Pathology Laboratory), organ weight evaluation (heart, 
liver, kidneys, lung, spleen, brain), and measurement of car- 
diac parameters (left ventricular free wall thickness, right ven- 
tricular free wall thickness, septal thickness, aortic circum- 
ference, base-apex length, heart circumference [at the widest 
point], and pulmonic valve circumference). A complete set of 
tissues was collected for histopathologic evaluation (to include 
at a minimum: entire heart, entire diaphragm, tongue, spleen, 
liver, kidneys, pancreas, stomach, esophagus, duodenum, je- 
junum, ileum, colon, urinary bladder, adrenal glands, lung, bi- 
ceps femoris, gluteus medius, and triceps brachii). Additional 
tissue sites were collected if gross lesions were observed. 

All tissues were fixed in 10% neutral buffered formalin, 
processed routinely, and embedded in paraffin wax. Sections 
were cut to 5- μm thickness and stained with hematoxylin and 

eosin (H&E). Histopathologic evaluation of H&E stained tis- 
sue sections was performed by a board certified veterinary 

pathologist (SMS). For each dog, sections of heart that were 
histologically evaluated included the aorta, right ventricular 
free wall (including papillary muscle), interventricular sep- 
tum, and left ventricular free wall (including papillary mus- 
cle). Additional cardiac anatomic sites were evaluated based 

on individual animal clinical signs and cardiac imaging find- 
ings. 

Serum biochemistry values, gross findings, organ weights, 
cardiac measurements, and histopathologic findings were en- 
tered into Microsoft ® Excel. Group means, standard devia- 
tions, and statistical significance were calculated with a Stu- 
dent’s t -test (SAS® version 9.4) for independent samples. The 
level of significance was set at p < 0.05. 
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Fig. 1. Comparison of DNA sequences from exon 21 of the dystrophin gene from a normal male and affected male Labradoodle. Base pair 43 is indicated 
for each animal by an arrow; note the C to T transition in the affected dog. 

3. Results

Seven dystrophin-deficient and five littermate control male
Labradoodles were utilized for this study. Each affected 

Labradoodle had a C to T transition at base pair 43 in exon 

21 of the dystrophin gene ( Fig. 1 ). To the authors’ knowledge, 
this is a novel spontaneous dystrophin mutation that has not 
been previously reported in dogs. Clinically, the dystrophin- 
deficient dogs had stunted growth, exercise intolerance, poor 
weight gains, and eventual weight loss (typically beginning 

at 4-months of age). There was a statistically significant de- 
crease in the mean terminal body weight in the affected group 

(7.5-kg) compared to the control group (21.21-kg) 
( p < 0.0001). By 3-months of age, affected dogs devel- 
oped a stiff gait that progressed to shuffling with slight 
carpal valgus and a pronounced plantigrade stance. At the 
time of study termination, all affected dogs had moderate to 

severe appendicular and axial skeletal muscle atrophy (most 
pronounced in the proximal limb musculature), temporalis at- 
rophy, moderate to severe macroglossa, ptyalism, dysphagia, 
and kyphosis. 

The dogs had monthly echocardiographic evaluations 
which included qualitative cardiac assessment and measure- 
ment of various parameters for cardiac functionality. In one 
of the affected dogs (14.3%), multifocal to coalescing, mild, 
hyperechoic foci in the left ventricular anterior and posterior 
papillary muscles were noted ( Fig. 2 ). These changes became 
apparent at 2-months of age and remained static until study 

termination at 6-months of age. Trivial mitral valve regurgita- 
tion was observed in 1/7 affected dogs (14.3%) and 1/5 con- 
trol dogs (20%), both at the 6-month time point. Mild tricus- 
pid regurgitation was consistently present in 3/7 affected dogs 
(42.9%) throughout the study. Trivial to mild tricuspid regur- 
gitation was also seen in 1/5 (20%) of control dogs throughout 
the study. Non-progressive, decreased dynamic septal motion, 
consistent with septal hypokinesis, was present in 3/7 (42.9%) 
of affected dogs as early as one month of age ( Fig. 3 ). Two 

of the five control littermates, from related female carriers 
but different sires, also had a hypokinetic septal motion. Sep- 
tal hypokinesis was non-progressive, minimal, and apparent 
at one-month of age in one of the control dogs; in the other 

Fig. 2. Conventional echocardiographic image (right parasternal short axis 
view at the level of the papillary muscles) of one of the affected dogs show- 
ing multifocal hyperechoic foci in the left ventricular anterior and posterior 
papillary muscles (arrows). 

dog, it was first noted at 4-months of age and progressed from 

mild to severe by study termination. 
Quantitative echocardiographic parameters were evaluated 

at monthly intervals; a percent increase (%) of LVIDd, LVIDs, 
LVEDV, and LVESV from 3 month to 6 month was compared 

between control and affected dogs. The mean percent increase 
of LVIDs was significantly lower in affected dogs (7.6% ±5.2,
p = 0.0045) as compared to control dogs (29.8% ±2.1)
( Fig. 4 ). There was a trend that the mean percent increase 
of LVIDd was lower in affected dogs (9.5% ±6.6, p = 0.08)
as compared to control dogs (25.3% ±4.3). The mean per- 
cent increase of LVESV was markedly diminished in af- 
fected dogs (21.3% ±12.3) in comparison to control dogs
(98.1% ±6.1). A trend was noted in the mean percent in- 
crease of LVEDV that affected dogs had smaller diastolic 
filling volume (26.3% ±15.8, p = 0.075) than control dogs
(69.2% ±13.7). These findings are consistent with a signifi- 
cant developmental growth defect of cardiac size and volume 
in dystrophin-deficient Labradoodle dogs. 
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Fig. 3. Echocardiographic evaluation of the left ventricle on M-mode from a control dog (A) and an affected dog (B). (A) Normal dynamic motion of the 
left ventricular septum and free wall is seen in a control dog. (B) A marked hypokinetic motion of the interventricular septum is apparent in an affected dog. 
S: interventricular septum. W: left ventricular free wall. 

Fig. 4. Comparison of a percent increase (%) between control and affected dogs of echocardiographic dimensional parameters (LVIDd, LVIDs, LVEDV, and 
LVESV) from 3 month to 6 month. 

At the 3-month time point, affected dogs had a statisti- 
cally significant decrease in mean LVIDd (24.29 mm ±2.69;
p = 0.0287), LVIDs (16.14 mm ±1.46; p = 0.0195), LVEDV
(21.43 ml ±6.13; p = 0.0281 ) , and LVESV (7.43 ml ±1.81;
p = 0.0090) when compared to the control dogs. At
the 6-month time point, affected dogs had a statisti- 
cally significant decrease in mean LVIDd (27.20 mm ±3.56;
p = 0.0054), LVIDs (17.80 mm ±1.92; p = 0.0007), LVEDV
(28.40 ml ±9.34; p = 0.0028), and LVESV (9.60 ml ±2.70;
p = 0.0011) when compared to the control dogs. There were
no statistically significant differences in the remainder of the 
examined parameters (FS%, EF%, epicardial velocity, endo- 
cardial velocity, MVG, LVFWd, or IVSd). While perform- 
ing the 3-month echocardiographic evaluations, one of the af- 
fected dogs was noted to have marked arrhythmias. The dog 

was subjected to a 24 h Holter monitor. Holter recordings 
revealed the presence of low amplitude R-waves and pro- 
found S-waves and also showed intermittent, non-conducted 

P-waves (without progressive prolongation of the PR inter- 
val) that typically occurred at a frequency of 1–2 events/min.
The PR intervals of the conducted beats consistently remained
within normal limits (less than 130 ms). Findings were con- 
sistent with a Mobitz type II 2nd degree atrioventricular (AV)
block ( Fig. 5 ).

MRI/MRS evaluation was performed on eight of the study 

dogs (3 control, 5 affected). Only two of the dogs were evalu- 
ated at both the 3- and 6-month time points due to scheduling 

limitations and early euthanasia of two of the affected dogs 
following the 3-month MRI/MRS evaluation (at 100 days 
and 113 days of age). Both dogs were euthanized due to 
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Fig. 5. Two channel Holter monitor data from an affected dog with a Mobitz 
type II 2nd degree AV block. The image shows non-conducted P waves (black 
arrows) and constant PR intervals in the conducted beats. 

progressive dysphagia, dyspnea, inappetence, dehydration, 
lack of mobility, and weight loss. The relative amount of PCr 
was roughly 1.5x-2x that of ATP in the 31 P MR spectra of
control dogs, resulting in a mean PCr/ATP of 1.55 and 1.57 

at the 3- and 6-month time points respectively. Although the 
relative amount of PCr was decreased relative to ATP in the 
affected dogs, the 31 P MR spectra were highly variable and
had low signal-to-noise ratios. The mean PCr/ATP was lower 
in the affected dogs in comparison to controls at the 3- month 

time point (1.08; p = 0.1138); at the 6-month time point, mean
PCr/ATP was similar to controls (1.55; p = 0.9218).

Prior to euthanasia, each study dog had blood drawn for 
serum biochemistry analyses. Affected dogs had statistically 

significant increases in mean alanine aminotransferase (ALT) 
(492.83 ±282.30 U/L; reference interval = 13–151 U/L) and
aspartate aminotransferase (AST) (1,096.33 ±1,186.68 U/L;
reference interval = 18–55 U/L). They also had a sta- 
tistically significant increase in mean creatine kinase 
(CK) (88,487.50 ±112,058.30 U/L; reference interval = 53–
337 U/L) ( Fig. 6 ). 

Gross necropsy findings in all affected dogs consisted of 
moderate to severe peripheral diaphragmatic hypertrophy (up 

to 2-cm in thickness) with thinning of the central tendi- 
nous portion, generalized appendicular and axial muscle at- 
rophy, and macroglossa. In 2/7 (28.6%) of the affected dogs, 
macroglossa resultant from sublingual muscular hypertrophy 

was so severe that it resulted in oropharyngeal stenosis. The 
average body condition score of affected dogs was 1.7/9; the 
average body condition score of the control dogs was 7/9. One 
of the affected dogs (14.3%) had mild to moderate dilation 

of the cranial 2/3 of the esophagus. In 2/7 (28.6%) of the 
affected dogs, there was marked hypertrophy of the cranial 
aspect of the rectus abdominus and deep pectoral muscles. 
The left cranial lung lobe of one of the affected dogs (euth- 
anized at 100 days of age, following the 3-month MRI/MRS 

evaluation) was mottled red and consolidated (consistent with 

aspiration pneumonia). 
During the necropsy evaluation, organ weights were 

recorded for the heart, liver, kidneys, lung, spleen, and brain. 
Organ-to-body weight and organ-to-brain weight ratios are 
often used during toxicology studies to assess treatment ef- 
fects [34] . Although this is not a toxicology study, overall 
organ weight assessment is a useful tool to characterize the 

presence or absence of organ pathology in a novel animal 
model. Organ-to-body weight ratios resulted in statistically 

significant ( p < 0.05) increases in liver-to-body weight, right 
kidney-to-body weight, and left kidney-to-body weight ra- 
tios within the affected group; however, these differences are 
thought to be due to the significant variation in body weights 
between the groups and are not resultant from organ pathol- 
ogy (confirmed histologically). Because the absolute weight 
of some organs (such as the brain) is relatively unaltered by 

modest changes in body weight [35] , we also analyzed organ- 
to-brain weight ratios. Although there were statistically sig- 
nificant ( p < 0.05) decreases in heart-to-brain weight, liver-to- 
brain weight, lung-to-brain weight, and spleen-to-brain weight 
ratios within the affected group, these results were interpreted 

with caution and again thought to be due to the significant 
variation in body weights between the groups. 

To fully characterize the presence of dystrophinopathy- 
associated cardiac disease in the affected dogs, car- 
diac measurements were collected during each necropsy 

evaluation ( Fig. 7 ). Compared to the control group, 
the affected group had statistically significant decreases 
( p < 0.05) in the mean measurements for left ventric- 
ular free wall (LVFW) thickness (7.60 ±2.26 mm; con- 
trol = 10.60 ±1.95 mm), right ventricular free wall (RVFW)
thickness (2.43 ±0.53 mm; control = 3.90 ±0.89 mm), base- 
apex length (5.04 ±0.84 cm; 7.92 ±1.34 cm), heart circumfer- 
ence (11.67 ±3.00 cm; control = 17.48 ±1.13 cm), and aortic
valve circumference (3.37 ±0.80 cm; 4.66 ±0.67 cm). Similar
to the organ weight changes previously described, group dif- 
ferences in the various cardiac measurements are likely resul- 
tant from the significantly smaller body size (and concomitant 
heart size) of the affected dogs. 

Histopathologic findings in the skeletal muscles of affected 

dogs were consistent with the clinical findings and necropsy 

observations. In the sections of biceps femoris, triceps brachii, 
gluteus medius, peripheral aspects of the diaphragm, and 

tongue, all affected dogs had mild to marked, multifocal fi- 
brofatty infiltration, myocyte degeneration (characterized by 

cellular swelling, pallor, and vacuolization) myocyte necro- 
sis (characterized by cellular hypereosinophilia, loss of cross- 
striations, fragmentation, pyknosis, and karyorrhexis), regen- 
eration (characterized by cellular basophilia and centralized 

nuclear rowing), lymphohistiocytic inflammation, and foci of 
mineralization ( Fig. 8 A–C). Similar histopathologic findings 
were present in the rectus abdominus and deep pectoral mus- 
cles of the two dogs that had marked, grossly evident hy- 
pertrophy of these muscles. In all affected dogs, the central, 
tendinous portion of the diaphragm was consistently < 1-mm 

thick and composed of fibrous connective tissue that was oc- 
casionally mineralized. In the esophageal muscularis externa, 
5/7 (71.4%) of affected dogs had mild to moderate, multifo- 
cal myocyte degeneration and necrosis, regeneration, foci of 
lymphohistiocytic inflammation, and rare mineralization. All 
examined skeletal muscle sections from the control dogs were 
histologically unremarkable. 

Two of the study dogs (one affected and one con- 
trol) had evidence of acute, suppurative, bronchopneumonia 
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Fig. 6. Comparison of group mean terminal ALT, AST, and CK. The affected dogs had statistically significant increases in all three parameters (indicated by 
the asterisks; p < 0.05). 

Fig. 7. Comparison of group mean cardiac measurements. The affected dogs had statistically significant decreases in LVFW thickness, RVFW thickness, 
base-apex length, heart circumference, and aortic valve circumference; p < 0.05. 

(although it was only grossly appreciable in the affected dog 

that was euthanized at 100 days of age, following the 3-month 

MRI/MRS evaluation). In both dogs, the inflammatory infil- 
trate was limited to the cranial lung lobes, consistent with 

aspiration pneumonia. 
For all study dogs, histopathologic evaluation of the 

right ventricular free wall (including papillary muscle), left 
ventricular free wall (including papillary muscle), interven- 
tricular septum, and aorta was unremarkable. However, in 

1/7 (14.3%) of the affected dogs, there was a focal area of 
mineralization adjacent to the SA node in the right atrial 
epicardium and subjacent myocardium ( Fig. 8 D). This finding 

correlated with the clinical observation of a Mobitz type II 
second degree AV block. 

With the exception of the above-mentioned changes in 

skeletal muscle, heart, and lung, all other microscopically 

evaluated tissues/organs (as stated in the Materials and Meth- 
ods) were histologically unremarkable. 

4. Discussion

Spontaneous dystrophin-deficiency has been documented
in various dog breeds. The resultant disease in dogs is 
known as canine X-linked muscular dystrophy or canine dys- 
trophinopathy, to distinguish it from its human disease coun- 
terpart, Duchenne muscular dystrophy. Dog breeds with docu- 
mented spontaneous dystrophin-deficiency include the Golden 

retriever (point mutation in intron 6) [36] , Rottweiler (point 
mutation in exon 52) [37] , Labrador retriever (insertion in in- 
tron 19) [30] , miniature Poodle [38] , Tibetan terrier (exon 8–
29 deletion) [28] , Pembroke Welsh corgi (repetitive element-1 
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Fig. 8. A. Photomicrograph of a peripheral section of the diaphragm from an affected dog showing variation in myofiber size, myofiber regeneration (basophilia 
and nuclear rowing; arrowhead), lymphohistiocytic inflammation (asterisk), and necrosis (arrow). H&E. Bar = 100 μm. B. Photomicrograph of the biceps 
femoris from an affected dog showing variation in myofiber size and myofiber degeneration (hypereosinophilia and/or vacuolation). H&E. Bar = 20 μm. C. 
Photomicrograph of the triceps brachii from an affected dog showing myofiber degeneration (swelling and hypereosinophilia) and necrosis (arrow). H&E. 
Bar = 100 μm. D. Photomicrograph showing focal right atrial epicardial and myocardial mineralization (arrows) adjacent to the SA node in the affected dog 
with a Mobitz type II second degree AV block. H&E. Bar = 100 μm. 

[LINE-1] insertion in intron 13) [39] , and the Cocker spaniel 
(deletion in exon 65) [28] . 

Similar to what has been found in people, many of the 
reported canine dystrophin mutations are point mutations. In 

a recent study of DMD patients, point mutations accounted 

for 46% of all mutations in the studied cohort. The study 

also found that point mutations appeared to be randomly dis- 
tributed across the dystrophin exons and were not found in 

hotspots [40] . 
Although mutations in exon 21 have not been previously 

reported in canine models of DMD, they have been noted in 

people with DMD. It is also interesting to note that in DMD 

patients, G: C > A: T transitions have been shown to be the 
most common stop mutation class, with the majority of these 
mutations being due to C > T transitions [40] , similar to what 
we found in the Labradoodle model. 

Dystrophin-deficiency in this line of Australian Labradoo- 
dles results in clinical signs that mimic those reported in 

other dystrophin-deficient dogs, including the well-studied 

Golden retriever model [28] . Like other dogs with dystrophin- 
deficiency, Labradoodles develop clinical signs shortly af- 
ter birth, generally requiring extra care and nutritional man- 
agement. In some instances, affected dogs die in the early 

post-natal period; often these that succumb extremely early 

have already experienced stunted growth and are substantially 

smaller than their littermates. For all affected dogs used dur- 
ing the course of this study, stunted growth and weakness 
were evident by 4-weeks of age. Unlike what has been previ- 
ously reported in other dystrophin-deficient dogs [28,41,42] , 
the clinical course in the Labradoodle model is consistently 

very rapid, with weight loss, extensive skeletal muscular at- 
rophy, difficulty ambulating, and moderate to severe dyspha- 
gia with ptyalism beginning by 4-months of age, necessitat- 
ing study termination at 6-months of age. As mentioned, two 

of the affected dogs had such severe macroglossa that it re- 
sulted in oropharyngeal stenosis, making intubation during the 
MRI/MRS procedures extremely difficult. 

Similar to what is seen in patients with DMD and other 
animal models of DMD, cardiac findings in the dystrophin- 
deficient Labradoodle vary between littermates and litters. 
Multifocal to coalescing, hyperechoic foci were observed in 

the left ventricular anterior and posterior papillary muscles 
in 1/7 affected dogs (14.3%). Differential diagnoses included 

areas of mineralization, fibrosis, and/or ischemia. There were 
no gross or histopathologic lesions correlating to these foci. 
Although hyperechoic foci in the left ventricular wall have 
been previously reported at later ages in both the GRMD 

and CXMD J (Canine X-linked muscular dystrophy in Japan)

39



S.M. Shrader et al. / Neuromuscular Disorders 28 (2018) 927–937 935 

models, hyperechoic foci within the left ventricular papillary 

muscles have not been reported [43,44] . Similar hyperechoic 
papillary muscle foci, however, have been reported in the fe- 
line model of DMD by nine months of age [45] . In people 
with DMD, hyperechoic areas are most commonly seen in the 
posterior-basilar aspect of the left ventricle; however, they 

have not been reported exclusively within the left ventricu- 
lar papillary muscles [46] . These findings likely indicate that 
early echocardiographic analyses in affected dogs are capable 
of detecting early ischemic damage of the papillary muscle 
that is not yet grossly or histologically evident. 

Although LVIDd, LVIDs, LVEDV, and LVESV are often 

normalized to body weight to account for size variations be- 
tween dog breeds, the presence of developmental cardiac de- 
fects, growth retardation in cardiac development, smaller over- 
all cardiac size in the affected dogs, and extreme variations in 

growth rates observed between individual affected dogs and 

the affected dogs compared to the control dogs negated the 
use of quantitative normalization [29] . At the 3- and 6-month 

time points, affected dogs had significantly smaller mean 

values of LVIDd, LVIDs, LVEDV, and LVESV when com- 
pared to the control dogs. Volumetric indices of LVEDV and 

LVESV have also been reported to be significantly reduced in 

GRMD dogs at 6- and 12-months of age [47] . Interestingly, 
these two parameters are generally increased in patients with 

DMD [48] and greater LVESV has been associated with a 
greater risk of mortality [49] . In the present study, decreased 

values of LVIDd, LVIDs, LVEDV, and LVESV most likely 

resulted from significantly smaller hearts associated with de- 
velopmental cardiac growth defects secondary to dystrophin- 
deficiency. 

The presence of a Mobitz type II 2nd degree AV block in 

one of the affected dogs at 3-months of age is an intriguing 

finding in this animal model. Heart blocks occur when the 
electrical signal is slowed or disrupted as it moves through 

the heart. Second-degree heart blocks are characterized by 

atrioventricular electrical signals that are significantly slowed; 
as a result, the QRS complex doesn’t always follow each P 

wave. Mobitz type II blocks are less common than type I, are 
generally more severe, and result from ischemic fibrosis in 

the AV node, causing a loss of electrical propagation to the 
ventricles [50] . In DMD patients, it is posited that fatty and 

fibrous tissue replacement of myocardium is the underlying 

cause of the AV block [51] . It is important to note that in 

the affected dog of the AV block, the right atrial myocardium 

subjacent to the SA node was infiltrated by multifocal areas 
of fibrous tissue with a focal area of mineralization. It is pre- 
sumed that the disrupted AV electrical signals in this patient 
were resultant from this area of fibrosis. 

Due to scheduling and early euthanasia (2 affected dogs; 
100 and 113 days of age), only two study dogs had both 

the 3- and 6-month MRI/MRS evaluations (one control, one 
affected). In the normal human heart, the relative amount of 
PCr is nearly twice that of ATP in the 31 P MR spectra, resem- 
bling the spectra of the control dogs in this study. In people 
with heart failure, the amount of PCr to ATP is greatly re- 
duced due to decreased cardiac energy metabolism secondary 

to altered myocardial high-energy phosphates [17,52] . In the 
current study, the diminished size of the affected dogs’ hearts 
resulted in poor, highly variable MRS that had low signal- 
to-noise ratios. These spectra were therefore difficult to ana- 
lyze, and although the diminished PCr peak relative to ATP 

resembled 

31 P MR spectra expected in people with heart fail- 
ure [52] , there were no statistically significant differences in 

PCr/ATP at either the 3-month or 6-month time points. The 
lack of statistically significant differences in PCr/ATP was 
likely resultant from the small sample size, genetic hetero- 
geneity of study dogs, and possibly high coefficient of vari- 
ation of MRS analysis. Further evaluation of PCr/ATP ratios 
in this animal model is warranted. 

Significant elevations in ALT, AST, and CK are to be ex- 
pected with any severe myopathy. Although ALT is a cy- 
tosolic enzyme that is considered to be fairly liver-specific 
in dogs, it has been noted to be elevated with various my- 
opathies, including dystrophin-deficiency. AST, however, is 
present in most cell types, although muscle and liver are the 
major sources. Therefore, like ALT, AST is often elevated 

with severe muscular damage. CK is also a cytosolic enzyme 
that is present in multiple tissue types as different isozymes: 
nervous tissue and viscera (CK-BB), cardiac muscle (CK- 
MB), and skeletal and cardiac muscle (CK-MM). Because it 
is predominantly found in muscle, elevations in CK fairly re- 
liably indicate muscular damage [53] . It is perhaps the most 
commonly analyzed serum enzyme in individuals with my- 
opathies and has been shown to be dramatically elevated in 

other canine models of DMD [42,47] and in patients with 

DMD [54,55] . 
Gross and histopathologic findings were consistent with the 

clinical observations and were similar to findings reported in 

other dystrophin-deficient dog breeds including the Golden re- 
triever [41,56] , the Pembroke Welsh corgi [39] , and CXMDJ 
beagles [42] . All affected Labradoodles had a grossly unre- 
markable heart and lacked microscopic cardiac changes as 
previously reported in dystrophin-deficient dogs (i.e. degen- 
eration, necrosis, and fibrosis) [39,57–59] . The lack of these 
microscopic lesions does not preclude abnormal cardiac func- 
tionality in this model, but rather indicates that histologically 

discernable changes may have not yet occurred in such a 
young dog. We did, however, find a focal area of mineraliza- 
tion adjacent to the SA node in the affected dog with a Mobitz 
type II second degree AV block. In DMD patients, myocardial 
fibrosis and fatty infiltration are thought to cause AV blocks 
[51] ; however, we posit that localized cardiac mineralization
in this patient may have similarly disrupted myocardial con- 
duction.

In summary, we have identified a novel mutation in exon 

21 of dystrophin in a line of Australian Labradoodles. Af- 
fected Labradoodles rapidly develop clinical signs, have pro- 
gressive clinical decline, and have gross lesions that resem- 
ble those reported in other dystrophin-deficient dog breeds. 
Histologically, skeletal muscle changes are similar to those 
observed in other dystrophin-deficient dog breeds and mirror 
those described in DMD patients. Although this animal model 
is difficult to maintain, with the majority of the dogs having 
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progressive clinical deterioration by 6-months of age, echocar- 
diographic and electrocardiographic findings suggest that fea- 
tures of Labradoodle dystrophinopathy-related cardiomyopa- 
thy resemble DMD-related cardiomyopathy and warrant ad- 
ditional study. 
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Abstract 

Background: In people, Duchenne muscular dystrophy (DMD) is an X-linked recessive disorder 

caused by mutations in the DMD gene. The resultant disease phenotype is associated with 

progressive skeletal and cardiac muscle pathology and cardiomyopathy-associated mortality. We 

previously identified the dystrophin-deficient Australian Labradoodle as a novel animal model 

for the study of DMD-related cardiomyopathy. Objective:  To evaluate the cardiac transcriptome 

in affected dogs in order to elucidate potential regulators of cardiomyopathy. Methods: Left 

ventricular myocardial samples from seven dystrophin-deficient and five control (normal) male 

littermates were included in the analyses, which were performed at the HudsonAlpha Genomic 

Services Laboratory. Results: Sequencing found 29,740 gene transcripts expressed in the 

ventricular myocardium samples; of these, there was a statistically significant difference (p < 

0.05) and a log2-fold change higher than 1.5 between affected and control dogs in 1267 

transcripts. Differential expression patterns from affected dogs were generally distinct from 

controls, similar across affected vs. control dogs with a high correlation between samples, and 

suggestive of possible roles in processes such as cardiac oxidative stress, apoptosis, and 

contractility. Conclusions: These findings are significant because they could represent future 

therapeutic targets to aid in the treatment of Duchenne muscular dystrophy-associated cardiac 

disease.    

 

Keywords: Dystrophin, Cardiomyopathies, Dogs, Transcriptome 
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1. Introduction 

Duchenne muscular dystrophy, an X-linked recessive disorder, is recognized as the most 

common muscular dystrophy to arise in childhood with a birth prevalence ranging from 15.9 to 

19.5 per 100,000 live births [1]. It is caused by mutations in the DMD gene and results in a well-

documented spectrum of muscle pathology, clinical signs, and symptoms. Often, the first 

symptoms (e.g., difficulty rising from a seated position, delays in motor skill development, 

difficulty climbing stairs) are noted by 5 years of age with loss of ambulation and wheel chair 

dependence occurring by 12 years of age [2]. Death in affected individuals has traditionally been 

attributed to respiratory failure; however, improvements in ventilatory care over the last two 

decades has resulted in an increasingly high burden of cardiomyopathy in DMD patients. DMD-

associated cardiomyopathy is characterized by ventricular dysfunction, attributable to 

cardiomyocyte hypertrophy, atrophy, and fibrosis; these changes ultimately result in chronic 

heart failure, arrhythmias, and conduction anomalies. Life expectancy now ranges from 30-40 

years of age with intensive ventilatory support, heart medications, and advancements in cardiac 

monitoring [2, 3].  

A recent retrospective study of 43 DMD patients found that all patients within the cohort 

developed a cardiomyopathy and most were being treated with angiotensin-converting enzyme 

(ACE) inhibitors and steroids. The study also found that poor prognostic factors for survival 

included lower body mass index (BMI), lower alanine aminotransferase (ALT) levels, decreased 

maximum inspiratory pressures, and elevated cardiac biomarkers (e.g., N-terminal pro-brain 

natriuretic peptide [NT-pro-BNP]) [4]. Because cardiac-related deaths are reported to occur in 

approximately 20-30% of DMD patients [5, 6], DMD-related cardiomyopathy is an active area 



 
 

47 
 

of research that includes evaluation and development of various animal models, therapeutic 

interventions, and cardiac diagnostic technologies.  

We recently identified a novel dystrophinopathy in a line of Australian Labradoodles that 

results in skeletal and cardiac muscle changes similar to those observed in people with DMD [7].  

The founding male of this line died suddenly at 6-months of age from presumptive cardiac 

disease and subsequent males in this lineage have consistently developed a rapidly progressive 

clinical course with weight loss, skeletal muscle atrophy, ambulatory difficulties, and dysphagia 

by 6-months of age. Echocardiographic abnormalities in affected dogs have included 

hyperechoic foci in the left ventricular papillary muscles, septal hypokinesis, and decreased left 

ventricular systolic and diastolic volume and internal diameter. One of the affected dogs also had 

a Mobitz type II second-degree atrioventricular (AV) block and mineralization associated with 

the sinoatrial (SA) node [7]. Because dystrophin-deficient Labradoodles have cardiac-related 

findings that resemble those observed in DMD-related cardiomyopathy, the purpose of this 

current study was to evaluate the cardiac transcriptome in affected dogs and their unaffected 

(normal) control male littermates in order to better understand the development of 

dystrophinopathy-associated cardiomyopathy. Over the last decade, cardiac transcriptome 

analysis has gained favor in human medicine and animal model research because of its potential 

to identify biomarkers of cardiac disease and to gain insights into the mechanisms and 

pathophysiology of heart diseases and heart failure [8-10]. 

We hypothesized that in addition to altered dystrophin expression, other cardiac genes 

would have altered expression profiles and that these may contribute to the cardiac disease 

phenotype in the Australian Labradoodle model of DMD. Cardiac transcriptome analysis found 

29,740 gene transcripts expressed in the ventricular myocardial samples; of these, there was a 
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statistically significant difference (p < 0.05) and a log2-fold change higher than 1.5 between 

affected and control dogs in 1267 transcripts. Many of the top ten most up-regulated and down-

regulated genes from this cohort have important roles in cardiac stress response, tissue 

remodeling, and inflammation. Knowledge of such gene expression variations gives researchers 

greater insight into disease pathogenesis and progression and could help guide development of 

therapeutic interventions for DMD patients with cardiomyopathy. 

 

2. Materials and Methods 

All animal experiments were approved by the Institutional Animal Care and Use Committee of 

Auburn University. A 3-month old male Australian Labradoodle was referred to the Auburn 

University College of Veterinary Medicine due to skeletal muscle atrophy and exercise 

intolerance, consistent with a potential muscular dystrophy. Skeletal muscle mRNA sequencing 

found a novel C to T transition at position 2668 of the dystrophin open reading frame (nonsense 

mutation resulting in a TGA stop codon) [7]. This dog was then used to establish a breeding 

colony of carrier females at the Scott Ritchey Research Center (SRRC) at Auburn University. 

Several related carrier females were utilized during the course of the study; selected females 

were vaginally inseminated with semen from a normal Australian Labradoodle, a normal 

Labrador retriever, or a dystrophin-deficient Australian Labradoodle (selection of males was 

dependent upon availability). The resultant progeny included seven dystrophin-deficient and five 

control (normal) male littermates (female offspring were not included in study-related 

procedures/analyses). The dystrophin genotype was determined for each dog via DNA 

sequencing, performed on whole blood submitted to Eurofins Genomics (12701 Plantside Drive, 

Louisville, KY 40299, USA). All male offspring included in the study were humanely 
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euthanized at 6 months of age (or earlier if a humane endpoint was reached). The terminal 

endpoint was decided upon due to sudden death of the founding male at 6-mos of age (suspected 

to have been cardiac-related) and rapid clinical decline in other males of his lineage beginning at 

4-mos of age (e.g., weakness, dysphagia, difficulty or inability to rise and/or ambulate). Clinical 

signs in the dystrophin-deficient cohort used for this study included poor weight gain and weight 

loss, gait abnormalities, exercise intolerance, skeletal muscle atrophy, macroglossa, ptyalism, 

dysphagia, kyphosis, and a plantigrade stance. 

Due to the presence of echocardiographic, electrocardiographic, and histopathological 

cardiac abnormalities in the affected dogs (previously reported) [7], transcriptome sequencing 

was performed on left ventricular myocardium from each dog (sampled and snap frozen using 

liquid nitrogen during post-mortem examination). For each cardiac sample, total RNA was 

isolated by using TRIzol™ reagent (Invitrogen, Carlsbad, CA) following the manufacturer’s 

protocol and submitted to the HudsonAlpha Genomic Services Laboratory (GSL; HudsonAlpha 

Institute for Biotechnology, Huntsville, AL) for library preparation, RNA sequencing, and 

descriptive analyses. The concentration and integrity of the extracted total RNA were estimated 

using the Qubit® 2.0 Fluorometer (Invitrogen) and Agilent 2100 Bioanalyzer (Applied 

Biosystems, Carlsbad, CA, USA), respectively. Five hundred nanograms of total RNA was 

required for downstream RNA-seq applications. Polyadenylated RNAs were isolated using 

NEBNext Magnetic Oligo d(T)25 Beads. The NEBNext mRNA Library Prep Reagent Set for 

Illumina (New England BioLabs Inc., Ipswich, MA, USA) was then used to prepare individually 

bar-coded next-generation sequencing expression libraries as per manufacturer's recommended 

protocol. Library quality was assessed using the Qubit 2.0 Fluorometer, and the library 

concentration was estimated by utilizing a DNA HS Chip on a Caliper Gx. Accurate 
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quantification for sequencing applications was determined using the qPCR-based KAPA 

Biosystems Library Quantification Kit (Kapa Biosystems, Inc., Woburn, MA, USA). Each 

library was diluted to a final concentration of 12.5 nM and pooled in an equimolar ratio prior to 

clustering. Paired-end sequencing (75bp, paired-end reads) was performed using an Illumina 

NextSeq 550 sequencer (Illumina, Inc., San Diego, CA, USA).  

Post-processing of the sequencing reads from RNA-seq experiments for each sample was 

performed using HudsonAlpha’s unique in-house RNA-seq data analysis pipeline. Briefly, 

quality control checks on raw sequence data for each sample were performed using FastQC 

(Babraham Bioinformatics, Cambridge, UK). Raw reads imported to the commercial data 

analysis platform AvadisNGS (Strand Scientifics, CA, USA) and were mapped to the reference 

canFam3.  After quality inspection, the aligned reads were filtered on the basis of read quality 

metrics; reads with a base quality score of less than 30, alignment score of less than 95, and 

mapping quality of less than 40 were removed. Remaining reads were then filtered on the basis 

of their read statistics; missing mates, translocated, unaligned, and flipped reads were removed. 

The reads list was then filtered to remove duplicates. Samples were grouped and transcript 

abundance was quantified for this final read list using Trimmed Means of M-values (TMM) as 

the normalization method. Output data utilized for all subsequent comparisons were summarized 

as normalized signal values generated by AvadisNGS. Differential expression of genes was 

calculated on the basis of log2-fold change (FC; using the default cut-off ≥ ±1.5) observed in 

comparisons between defined conditions, and the p-value of the differentially expressed gene list 

was estimated by ANOVA using Benjamini Hochberg corrections of 0.05 for false-discovery 

rate. 
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3. Results  

RNA sequencing found 29,740 genes expressed in the ventricular myocardial samples. Cardiac 

gene expression patterns from dystrophin-deficient male Australian Labradoodles were generally 

distinct from those seen in littermate controls, and similar across affected vs. control dogs, as 

observed in the principal component analysis (PCA; Figure 1) and Spearman correlation analysis 

(Figure 2). The correlation between all samples was very high (>0.95).  

When using p < 0.05 and a log2-fold change higher than 1.5 as cut-off, there were 1267 

differentially expressed genes (DEGs; Figure 3). There was statistically significant down-

regulation of the DMD gene transcript in the dystrophin-deficient dogs (-4.89 FC; p-value < 

0.0001) but no statistically significant (p < 0.05) or remarkable (FC > 1.5) differences in 

expression of the other members of the dystrophin-associated glycoprotein complex; however, 

compared to controls, there was down-regulation in AGRN (-1.3 FC), DAG1 (-1.1 FC), and 

SGCA (-1.5 FC). Due to their importance in cardiovascular disease, differential expression of 

genes associated with oxidative stress, apoptosis, and contractility were also evaluated (Figure 

4). The top 10 up- and down-regulated gene transcripts are shown in Table 1 and discussed 

below.  

 

4. Discussion 

Top 10 up-regulated gene transcripts 

The gene transcript with the greatest up-regulation was BDNF (Brain-derived 

neurotrophic factor) with 14.67 FC in expression in affected dogs compared to controls. Similar 

upregulation has been found in cardiac tissue from dogs with GRMD (Golden retriever muscular 

dystrophy). Additionally, circulating levels of BDNF in people with DMD has been shown to 
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inversely correlate with ventricular function and fibrosis [11]. BDNF has well-described roles in 

nervous system growth, survival, and regenerative responses, but more recent research has also 

shown that it has important roles in cardiovascular system development, angiogenesis, and 

cardiac contractility [12, 13]. Both BDNF and its receptor, TrkB, are expressed in coronary 

artery endothelial cells and are associated with capillary and cardiac endothelium development 

during late gestation [13, 14]. Studies of ischemic myocardial injury have shown that BDNF acts 

as a myocardial protectant, increasing factors that promote cardiomyocyte survival and 

stimulating angiogenesis to reduce cardiac remodeling [15]. These cardio-protective mechanisms 

involve survival signaling pathways that include vascular endothelial growth factor (VEGF) [15], 

protein kinase B (Akt) [16], transient receptor potential canonical (TRPC)3/6 channels, and 

macrophage activation [17]. In this study, elevated cardiac expression levels of BDNF in the 

affected dogs is considered secondary to dystrophinopathy-related cardiac damage as a 

compensatory response to stimulate cardiomyocyte viability and decrease fibrosis.   

 MYL4 (Myosin Light Chain 4; also known as Atrial Light Chain 1 [ALC1]) had the 2nd-

highest level of transcript up-regulation at 14.23 FC above controls. MYL4 encodes a myosin 

light chain that is usually expressed in the atria following birth; however, it can also be re-

expressed in the ventricular myocardium in response to ventricular pathology [18]. This protein 

functions to regulate cross-bridge cycling kinetics which in turn regulates cardiac contractility 

[19, 20]. Because expression of MYL4 improves contractility, its re-expression is thought to be 

part of the adaptive response that occurs during cardiac hypertrophy. It’s re-expression in the 

affected dogs in this study is consistent with early subclinical dystrophinopathy-associated 

cardiac damage. 
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 PENK (Proenkephalin) had the 3rd-highest level of transcript up-regulation at 10.72 FC 

above controls. PENK encodes a preproprotein that is proteolytically processed to generate 

multiple protein products known as enkephalins. Enkephalins are opioid peptides that are found 

in various tissues, with the highest levels of expression in tissues of the nervous and endocrine 

systems. These proteins activate G protein-coupled receptors (GPCRs) in the central and 

autonomic nervous system as a means to modulate thermoregulation, pain perception, respiratory 

rate, heart rate, and blood pressure. In the heart, myocardial expression of PENK results in a 

polypeptide precursor, which can undergo post-translational modifications to yield various 

protein products, including the pentapeptides Met- and Leu-enkephalin, the heptapeptide MEAP, 

the octapeptide Met-enkephalin-Arg6-Gly7-Leu8, the analogs amidorphin and metorphamide, and 

other larger peptides [21, 22]. Research has found that PENK expression levels are greater in the 

left vs. right ventricle and elevated PENK mRNA levels occur in the hearts of hamsters with 

hypertrophic cardiomyopathy [23-25]. Data from studies in various animal models suggest that 

enkephalin production and release from the heart is associated with cardioprotection and results 

from periods of ischemia and hemodynamic loads associated with cardiac hypertrophy [24, 26]. 

Elevated PENK expression levels in the hearts of dystrophin-deficient Labradoodles likely 

represent compensatory cardioprotection secondary to dystrophinopathy-induced cardiomyocyte 

injury.   

 BSPRY (B-Box and SPRY Domain Containing) had the 4th-highest level of transcript up-

regulation at 10.05 FC above controls. The BSPRY protein is known to interact with TRPV5 

(Transient receptor potential cation channel subfamily V member 5) and TRPV6 and is therefore 

suspected to play a role in epithelial calcium transport in the kidney and intestine [27]. It has also 

been found to have possible roles in immunoregulation. For example, BSPRY is up-regulated in 



 
 

54 
 

human T helper cell differentiation [28] and murine CD8+ tumor infiltrating lymphocytes in a 

transplantable colon carcinoma model [29]. In the normal human heart, there is little to no 

BSPRY RNA or protein expression [13, 30] and its role in cardiac disease has not been 

described. Based on these roles, upregulation in dystrophin-deficient Labradoodles may be 

resultant from immunoregulatory functions secondary to myocardial damage.   

 PRR32 (Proline Rich 32) had the 5th-highest level of transcript up-regulation at 10.00 FC 

above controls. The PRR32 gene is known to be highly conserved across various species 

(including dogs, cows, mice, rats, chimpanzees, and Rhesus macaques); however, the function of 

the resultant protein product is not well understood. RNA sequencing of human tissues has found 

that the greatest expression of PRR32 occurs in the heart, brain (cerebellum), and skeletal muscle 

(in order of descending expression levels) [26]. PRR32 is one of 50 genes known to be 

overexpressed in patients with Amyotrophic Lateral Sclerosis (ALS; a progressive 

neurodegenerative disease). Though PRR32’s exact role in ALS disease progression is unknown, 

it is interesting to note that many ALS patients have subclinical cardiac deficits and cardiac-

related death in later stages of disease. Affected patients have structural myocardial defects 

(discernible via cardiac magnetic resonance imaging) which may be attributable to sympathetic 

dysfunction [31]. PRR32’s potential role in the manifestation and progression of cardiac disease 

in dystrophin-deficient Labradoodles remains undetermined.  

 NPPA (Natriuretic Peptide A) had the 6th-highest level of transcript up-regulation at 9.93 

FC above controls. NPAA encodes for an atrial natriuretic peptide (ANP), an endogenous peptide 

hormone. It is predominantly expressed by cardiomyocytes during embryo-fetal development 

and has greatly reduced expression in the ventricles following birth. However, following cardiac 

stress (i.e. ischemia and hypertrophy), NPPA is upregulated in the ventricular myocardium [32] 
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and plays a role in the maintenance of blood pressure homeostasis.[33] NPAA may be playing a 

similar role in dystrophin-deficient hearts.   

 LOC490471 (homolog of human SLC41A2; Solute Carrier Family 41 Member 2) had the 

7th-highest level of transcript up-regulation at 9.75 FC above controls. Studies have indicated that 

in people, SLC41A2 acts as a Mg2+ transporter involved in magnesium homeostasis in renal 

epithelial cells [34]. Analysis has also found low levels of SLC41A2 RNA expression in the 

human heart [35]; however, it’s functional role in this tissue has not been evaluated. Therefore, 

its role in Australian Labradoodle dystrophinopathy-associated cardiomyopathy remains 

undetermined. 

 LYZF2 (Lysozyme F2) had the 8th-highest level of transcript up-regulation at 8.88 FC 

above controls. Lysozyme is a conserved antimicrobial enzyme that plays a critical role in host 

defenses against Gram-positive and Gram-negative bacteria [36]. In mammals, lysozyme is 

found on mucosal surfaces, in the blood and liver, in various secretions (predominantly tears, 

urine, saliva, and milk), and in phagocytic cells (macrophages, neutrophils, and dendritic cells) 

[37]. Though lysozyme has been identified as a potential biomarker in patients with 

atheromatous cardiovascular disease (related to the presence of macrophages within 

atheromatous plaques) [38], its function in other, non-septic, cardiovascular diseases has not 

been established; therefore, its role in dystrophinopathy-associated cardiomyopathy is 

undetermined. 

 CDH10 (Cadherin 10) had the 9th-highest level of transcript up-regulation at 7.61 FC 

above controls. This gene encodes a type II classical cadherin. Alternative splicing results in 

multiple transcript variants that are integral membrane proteins with roles in calcium-dependent 

cell-cell adhesion, intracellular signaling, neural tube regionalization, neuronal migration, gray 
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matter differentiation, neural circuit formation, spine morphology, synapse formation, and 

synapse remodeling [30, 39, 40]. Diseases associated with alterations in CDH10 expression 

include autism spectrum disorders, schizophrenia, bipolar disorder, major depressive disorder, 

and fetal ventricular septal defect associated with a familial 5p14.3-p14.1 deletion [40]. 

CDH10’s potential role in dystrophinopathy-associated cardiomyopathy is undetermined. 

 FGF6 (Fibroblast Growth Factor 6) had the 10th-highest level of transcript up-regulation 

at 6.72 FC above controls. Phylogenetic analyses has found that FGF6 belongs to the FGF4 

subfamily, which is composed of secreted proteins with cleavable N-terminal signal peptides that 

regulate biological responses by binding to and activating FGF receptors (FGFR) [41, 42]. FGF6 

is known to play an integral role in skeletal muscle development and regeneration [43, 44]. FGF6 

knockout results in defective skeletal muscle regeneration [43] and a combined loss of FGF2, 

FGF6, and MDX results in severe dystrophic changes and reduced myotubule formation in 

regenerating skeletal muscle [44]. Overexpression of FGF6 has been documented in human 

prostate cancer [45]. Its roles in cardiac disease in general, and dystrophin-deficiency-associated 

cardiomyopathy specifically, are unknown. 

  

Top 10 down-regulated gene transcripts 

LOC612108 had the highest level of transcript down-regulation at -23.83 FC compared to 

controls. This is an uncharacterized protein coding gene on the X-chromosome with base pair 

coordinates starting at 111,233,874 and stopping at 111,250,204. It has no known interactions 

with the DMD gene, which spans from base pair 26,290,903 to 28,444,635 [46]. LOC612108’s 

potential role in Labradoodle dystrophinopathic cardiomyopathy remains undetermined. 
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 ST8SIA2 (ST8 alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferase 2) had the 2nd-

highest level of transcript down-regulation at -15.94 FC compared to controls. The encoded 

protein product is a type II membrane protein that is believed to catalyze the transfer of sialic 

acid from CMP-sialic acid to N-linked oligosaccharides and glycoproteins [39]. A recent study in 

mice found that this gene is only expressed in neonatal atria. In that study, ST8sia2(−/−) mice 

had consistently altered atrial myocyte action potential waveforms and gating of less sialylated 

voltage-gated Na+ channels. The same study found that ST8sia2 expression did not affect 

ventricular myocyte excitability, indicating that regulated and aberrant expression is sufficient to 

modulate cardiomyocyte excitability [47]. Because sodium ion flux plays a critical role in 

cardiac electrical activity, altered ST8SIA2 expression in dystrophin-deficient hearts may 

represent altered cardiomyocyte excitability. 

 FOXR1 (Forkhead Box R1) had the 3rd-highest level of transcript down-regulation at -

15.04 FC compared to controls.  FOX transcription factors often play roles in determining early 

developmental cell fates in various tissues. Transcriptome analysis of 35 human fetal samples, 

collected between 10 and 20 weeks gestational time, found that the highest expression levels of 

FOXR1 were in the heart at 10 weeks [48]. In adult humans, FOXR1 expression has been shown 

to be limited to the testis [49]. To the authors’ knowledge, altered FOXR1 expression has no 

known association with cardiac disease in people and differential developmental and disease-

associated expression patterns have not been evaluated in dogs. 

 P2RX6 (Purinergic Receptor P2X 6) had the 4th-highest level of transcript down-

regulation at -14.61 FC compared to controls. Based on human tissue analyses, this gene is 

predominantly expressed in skeletal muscle and is regulated by p53. The encoded protein 

belongs to the family of P2X receptors (ATP-gated ion channels) which regulate cation 
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permeability [30, 50]. Copy number variants of P2RX6 have been noted in cases of congenital 

heart disease in people (including atrial septal defect, ventricular septal defect, subaortic stenosis, 

double outlet right ventricle, and tetralogy of Fallot). However, the etiologic role of P2RX6 in 

these developmental cardiac malformations remains undetermined. P2RX6 has also been found 

to be up-regulated in people with chronic heart failure undergoing heart transplantation [51]; 

however, the relationship between receptor downregulation and cardiac disease etiopathogenesis 

remains undetermined.   

 LOC610380 (CRHR1; Corticotropin-Releasing Factor Receptor 1) had the 5th-highest 

level of transcript down-regulation at -14.52 FC compared to controls. Corticotropin-releasing 

hormone (CRH) is a neuropeptide that plays an important neuroendocrinological role in stress-

associated responses involving the hypothalamic-pituitary-adrenal (HPA) axis and extra-

hypothalamic circuits [52]. In addition to being expressed in the central nervous system, CRH is 

also expressed in peripheral tissues, including the heart and vasculature. CRH acts through two 

receptors, GPCRs, CRHR1 and CRHR2. There are several known splice variants of CRHR1; 

however, a cardiac-specific role remains undetermined [53]. Glucocorticoid-mediated down-

regulation of CRHR2 is known to occur in rat hearts and aortic smooth muscle as part of a 

neuroendocrine stress response [54].  

DAO (D-Amino Acid Oxidase) had the 6th-highest level of transcript down-regulation at 

-12.70 FC compared to controls.  DAO is a flavoprotein that functions to degrade D-amino acids 

through oxidative deamination [55]. High levels of DAO expression and enzyme activity have 

been found in the mammalian liver, kidney, and brain; however, in human cardiac and skeletal 

muscles, DAO mRNA expression is limited and protein expression is lacking [55-57]. Research 

suggests that in people, DAO may play a minor or redundant role in D-serine regulation in the 
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brain and peripheral organs [58]. DAO does not yet have a defined role in normal or abnormal 

cardiac functionality; however, it is important to note that D-serine is a coagonist at the N-methyl 

D-aspartate receptor (NMDAR), and receptor activation is dependent on D-serine binding. 

NMDARs are expressed in the heart and are thought to play a role in autonomic heart rate 

regulation and cardiac conduction functionality [59]. 

 CNR2 (Cannabinoid [CB] Receptor 2) had the 7th-highest level of transcript down-

regulation at -11.48 FC compared to controls. Recent research indicates that the CNR2–

endocannabinoid axis plays an important role in cardioprotection by preventing cardiomyocyte 

apoptosis and modulating the expression of antioxidative enzymes and contractile elements. This 

receptor also plays a regulatory role in the cardiac inflammatory response, macrophage activity 

following myocardial ischemia, and reparative responses via modulation of myofibroblasts and 

collagen production [60]. Based on these known functions, decreased expression of CNR2 in 

dystrophin-deficient hearts likely plays a role in the perpetuation of cardiac damage via 

dysregulation of myocardial inflammation and fibrosis. 

 SDC1 (Syndecan 1) had the 8th-highest level of transcript down-regulation at -10.73 FC 

compared to controls. Syndecan-1 is the main component of the endothelial glycocalyx (eGC), a 

proteoglycan complex covering endothelial cells. The glycocalyx functions as a protective 

barrier to help maintain the endothelial surface, prevent unwanted extravasation of various 

molecules (water, salts, proteins), and inhibit unintended binding of cytokines and proteins on 

the endothelial surface [50]. Preclinical studies in mice have yielded varied results regarding the 

function of SDC1 in cardiac disease. One study found that loss of expression results in attenuated 

angiotensin II-induced cardiac dysfunction and fibrosis [61]. Others have found that loss of 

expression results in greater endothelial adhesion and extravasation of inflammatory cells, 
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enhanced adverse collagen matrix remodeling [62], and the development of greater neointimal 

hyperplasia and proliferation of vascular smooth muscle cells following vascular injury [63]. 

Based on these findings, down-regulation of SDC1 in the present study likely reflects its role in 

cardiac injury and tissue remodeling.  

 LRRC55 (Leucine Rich Repeat Containing 55) had the 9th-highest level of transcript 

down-regulation at -10.45 FC compared to controls. LRRC55, and other LRRC proteins 

(including LRRC38, LRRC52 and LRRC26) have been identified as auxiliary proteins of BK 

(Big conductance of K+) channels. BK channels function to shift the conductance voltage curve 

of Slo1 channels, which in the heart, results in a mitochondrial BK channel cardioprotective role 

[64, 65]. Slo1 channels are Ca2+ activated potassium channels that are known to play a role in 

vascular fibrosis and remodeling [66]. Minimal LRRC55 RNA expression has been noted in 

human and mouse hearts; however, the exact role in normal and diseased cardiac tissue remains 

to be studied [30].  

 TMEM171 (Transmembrane Protein 171) had the 10th-highest level of transcript down-

regulation at -10.11 FC compared to controls. RNA sequencing of normal adult and fetal human 

hearts has found minimal expression of TMEM171 [48, 49]. Its function in normal cardiac tissue 

and in cardiac disease is undetermined. 

Though not all of the cardiac genes with altered expression profiles have known 

functions in normal or diseased cardiac tissue, many of the most up- or down-regulated genes 

have roles consistent with adaptive and/or compensatory cellular responses secondary to early 

dystrophinopathy-related cardiomyocyte damage. These findings are significant because they 

could represent future therapeutic targets to aid in the treatment of dystrophinopathy-associated 

cardiac disease.    
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Differential expression of genes associated with cardiac oxidative stress, apoptosis, and 

contractility 

Oxidative Stress 

Cardiac hypertrophy and decreased functionality occur in response to various stresses, 

including myocardial infarction, hypertension, coronary vascular disease, dilated hypertrophy, 

fibrosis, and contractile anomalies [67]. In patients with DMD, progressive weakening of the 

sarcolemma, resultant from a lack of functional dystrophin, results in degeneration of cardiac 

myocytes with eventual myocardial impairment that involves decreased left ventricular ejection 

fraction, left ventricular dilatation, fibrosis, increased cardiac workload, and altered heart rate 

and rhythm [68]. As part of this degenerative process, the affected cells have a build-up of 

intracellular calcium with subsequent leakage, activation of various proteases, and alteration of 

pathways involved in the production of reactive oxygen species (ROS) and nitrogen oxide (NO) 

[69].  

The most up-regulated gene transcripts associated with oxidative stress were Glutathione 

Peroxidase 3 (GPX3; 2.18 FC), Carboxypeptidase A2 (CPA2; 2.01 FC), Carboxypeptidase A5 

(CPA5; 2.04 FC), and Thioredoxin Interacting Protein (TXNIP; 2.06 FC). The initial defensive 

response to ROS-associated cardiac injury is mediated by several antioxidant enzymes, including 

various peroxidases. There are a number of glutathione peroxidase isozymes, each varying in 

tissue-specific functionality and substrate usage. These isozymes can be found in both the 

cytosol and in the mitochondrial matrix and have ability to utilize both hydrogen peroxide and 

lipid peroxides [70]. GPX3 is found abundantly in plasma and is known to be expressed in the 

kidney, lung, heart, liver, eyes, and white adipose tissue [71]. In people with heart failure and in 
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patients with DMD, GPX expression is known to be decreased; however, in dogs with congestive 

heart failure secondary to dilated cardiomyopathy (DCM), GPX expression has been found to be 

increased [57, 72, 73]. It is important to note that GPX measurements in these studies were 

obtained on plasma samples rather than tissue samples and GPX expression was not delineated 

based on isozymes involved. Though the exact role of GPX in the heart of dystrophin-deficient 

Labradoodles is unknown, results indicate that functionality of these antioxidant enzymes may 

be altered in affected dogs and that this altered enzyme activity may differ from what occurs in 

people with DMD. 

Compared to controls, the dystrophin-deficient Labradoodles had up-regulation of CPA2 

and CPA5. Carboxypeptidase A isoforms 1 and 2 (CPA1 and CPA2) have traditionally been 

referred to as pancreatic carboxypeptidases; however, gene transcripts for CPA1 and CPA2 have 

been detected in mesenteric vasculature and other extra-pancreatic tissues (suggestive of roles 

beyond digestion) [74]. In people, the highest levels of CPA5 expression are known to occur in 

the testes; however, low levels of expression are found in a variety of tissues, including the heart 

[75]. Recent research in rats indicates that CPA1 and CPA2 play a role in the renin-angiotensin 

system (RAS) by assisting in the reactions that convert Angiotensin I to Angiotensin II [76]. 

Though typically associated with kidney pathophysiology, a cardiac RAS has been described, 

with the principle enzymatic components being found in the atria, ventricles, valves, conduction 

system, vessels, fibroblasts, and cardiac myocytes [77]. Altered cardiac CPA2 expression has not 

been described in patients with DMD or other animal models for the disease; however, 

upregulation of CPA2 in the affected dogs in this study likely represents a compensatory 

alteration in cardiac RAS regulation secondary to myocardial damage. CPA5’s role in normal 
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cardiac physiology and disease is uncertain; therefore, its role in dystrophinopathy-associated 

cardiomyopathy is undetermined. 

The TXNIP gene encodes a thioredoxin-binding protein, which in addition to binding to 

and negatively regulating thioredoxin, also regulates cellular metabolism and endoplasmic 

reticulum stress. Thioredoxin is an oxidoreductase that participates in cellular protection from 

oxidative stress by regulating redox signaling in the heart, kidney, and vasculature [78-80]. In 

mice with cardiac TXNIP knock-out, researchers have found increased uptake in myocardial 

glucose, indicating that in the mouse heart, TXNIP plays a role in myocardial energy 

homeostasis rather than redox regulation [78]. TXNIP-KO mouse hearts have also been shown to 

have more robust cardiac recovery following ischemia-reperfusion injury as a result of enhanced 

anaerobic metabolism [81]. Though TXNIP’s role in dystrophinopathy-associated 

cardiomyopathy has not been evaluated, blockade of myostatins/activins in mdx mouse skeletal 

muscle has been reported to result in increased protein expression levels of TXNIP in 

conjunction with up-regulation of unfolded protein response (UPR)/ER-pathway proteins [82]. 

These findings indicate that up-regulation in the dystrophin-deficient dogs in the current study 

may be associated with cardiomyocyte ER stress. 

In affected dogs, the most down-regulated gene transcript associated with oxidative stress 

was NADPH oxidase 4 (NOX4; -2.61 FC). NOX4 expression is considered to be a source of 

oxidative stress in the failing heart, with up-regulation in aging cardiomyocytes and in response 

to hypertrophic stimuli and pressure overload [83]. Conversely, knock out of myocardial NOX4 

in mice results in decreased levels of cardiac ROS, decreased mitochondrial swelling, decreased 

release of cytochromc c, and diminished cardiac hypertrophy and fibrosis following pressure 

overload [84]. In the mdx mouse heart, mRNA profiling has found up-regulation of NOX4, 
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considered to be associated with myocardial fibrosis [85]. Cardiac NOX4 expression has not 

been previously described in DMD patients or canine models of DMD. Based on what has been 

reported in mdx mice, down-regulation of the NOX4 transcript in the hearts of affected dogs in 

the current study is consistent with early cardiomyopathy and a lack of myocardial fibrosis in all 

but one animal. Decreased levels of NOX4 may also be indicative of a compensatory response 

attempting to limit generation of cardiac ROS.  

 

Apoptosis 

Oxidative stress and apoptotic cell death are interconnected processes. As discussed 

previously, cellular damage (in this instance mechanical damage resultant from diminished levels 

of dystrophin) causes increased intracellular calcium with a subsequent increase in ROS 

production, activation of Ca2+ dependent proteases, and activation of the caspase cascade. If left 

unchecked, these processes culminate in cell death, predominantly via apoptosis or necrosis [69, 

86]. 

The most up-regulated gene transcript involved in the apoptotic signaling pathway was 

BCL2 Interacting Killer (BIK; 2.29 FC). BIK is a pro-apoptotic member of the BCL-2 family 

that has increased expression in response to oxidative stress, resulting in mitochondrial cristae 

reorganization and early release of Ca2+ from the ER [87]. It is expressed in various tissues 

including the liver, lung, heart, and kidneys and in hematopoietic cells including granulocytes, 

macrophages, and lymphocytes [88]. To the authors’ knowledge, BIK expression has not been 

previously evaluated in cardiac tissue from DMD patients. It’s up-regulation in the affected dogs 

in this study, in association with differential expression of other transcripts involved in cardiac 
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oxidative stress, suggest that apoptosis-mediated cell death pathways are involved in the 

pathogenesis of cardiomyopathy in dystrophin-deficient Labradoodles. 

The most down-regulated apoptosis-associated gene transcripts were Apoptosis Inducing 

Factor 1 (AIF1; -2.58 FC), Caspase 10 (CASP10; -2.01 FC) and Caspase 12 (CASP12; -2.17 

FC). AIF1 is a pro-apoptotic NADH-dependent oxidoreductase that is found in the mitochondrial 

intermembrane space. AIF1 plays an important role in the maintenance of mitochondrial 

morphology, energy metabolism, and oxidative phosphorylation and may also aid in the 

regulation of the respiratory chain [89]. Caspase 10 is an initiator caspase, involved in the 

initiation of apoptosis as the name suggests. Caspase 12 is an inflammatory caspase, traditionally 

believed to be involved in the innate immune response rather than apoptosis; however, recent 

research indicates that it can activate caspase 9 independent of Apaf-1, resulting in the activation 

of caspase 3 [90]. Compared to controls, the affected dogs in this study also had variable up- or 

down-regulation of other initiator caspases (2, 4, 8, and 9) and executioner caspases (3, 6, and 7). 

Because AIF1, CASP10, and CASP12 are the most down-regulated gene transcripts associated 

with apoptosis and because they are all involved in the initiation of apoptotic cell death, it is 

reasonable to propose that at least during the early stages of Labradoodle dystrophinopathic 

cardiomyopathy, cardiomyocyte apoptosis may be attenuated by decreased expression of pro-

apoptotic genes such as AIF1, CASP10, and CASP12. 

 

Cardiac contractility 

In the dystrophin-deficient dogs, the most up-regulated gene transcripts associated with 

cardiac contractility (and indeed the most up-regulated of all transcripts evaluated) were BDNF 

(14.67 FC) and MYL4 (14.23 FC). As previously discussed, increased cardiac BDNF is likely 
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associated with a compensatory response to stimulate cardiomyocyte viability and decrease 

fibrosis while MYL4 improves cardiac contractility as part of an adaptive response to myocardial 

injury.   

The greatest limitation of this study is the small sample size; this is expected given the 

clinical difficulties of maintaining this particular animal model and the general limitations of 

maintaining large animal models in research colonies. Additional analyses, such as a comparison 

to DMD patient ventricular myocardial transcriptional variation patterns and ingenuity pathway 

analysis, would provide further useful information to characterize the similarities and differences 

between cardiac changes seen in DMD patients and the dystrophin-deficient Australian 

Labradoodle. Regardless, the findings presented herein are significant because they elucidate 

potential pathways involved in Australian Labradoodle dystrophinopathic cardiomyopathy, shed 

light on how differential expression of genes in these pathways may vary between dystrophin-

deficient humans and Australian Labradoodles, and represent potential future therapeutic targets 

to aid in the treatment of dystrophinopathy-associated cardiac disease.    
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Tables 

Up-regulated Down-regulated 

Gene 

BDNF 

MYL4 

PENK 

BSPRY 

PRR32 

NPPA 

LOC490471 

LYZF2 

CDH10 

FGF6 

FC 

14.67 

14.23 

10.72 

10.05 

10.00 

9.93 

9.75 

8.88 

7.61 

6.72 

p-value 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

Gene 

LOC612108 

ST8SIA2 

FOXR1 

P2RX6 

LOC610380 

DAO 

CNR2 

SDC1 

LRRC55 

TMEM171 

FC 

-23.83 

-15.94 

-15.04 

-14.61 

-14.52 

-12.70 

-11.48 

-10.73 

-10.45 

-10.11 

p-value 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

<0.0001 

 

Table 1. Top 10 up-regulated and down-regulated gene transcripts from dystrophin-deficient 

Australian Labradoodle ventricular myocardium. 
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Figures 

 

 

Figure 1. Principal component analysis of RNA sequencing read counts for individual cardiac 

transcriptomes. Axis percentages indicate variance contribution. Red dots represent dystrophin-

deficient animals and blue dots represent littermate controls.  
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Figure 2. Heat map of Spearman’s correlation of the normalized counts as expression levels 

from all individual samples compared against each other, represented by a colored field ranging 

from blue (0.95) to red (1). Dystrophin-deficiency is indicated by yellow highlighting of the 

animal number. 
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Figure 3. Volcano plot showing DEGs between dystrophin-deficient and littermate control male 

Australian labradoodles. The x-axis corresponds to the log2 fold-change value and the y-axis 

shows the log10 corrected p-value. Red and dark blue dots represent significant (p < 0.05) and 

remarkable (FC > 1.5) DEGs. 
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Figure 4. Differential expression of genes associated with cardiac oxidative stress, apoptosis, 

and contractility. The colorimetric scale represents the fold change in the transcripts of 

dystrophin deficient animals compared to controls. 
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Chapter 4: Conclusions 

 

 

 Despite early detection and improvements in diagnostic capabilities and treatment 

modalities, Duchenne muscular dystrophy remains one of the most serious genetic diseases in 

children worldwide. Fatality is now commonly associated with the development of 

cardiomyopathy, stemming from early left ventricular strain and myocardial fibrosis. Current 

DMD research focuses on gene therapy techniques, inhibitors of skeletal muscle hypertrophy, 

skeletal muscle repair, preventing fibrosis, improving cardiac function, and limiting 

cardiomyopathy progression. In order to develop cardiac therapeutics, an appropriate animal 

model is required, and as is typical for animal model research, there is no perfect animal model 

to evaluate all aspects of the disease. Besides the dystrophin-deficient Australian Labradoodle, 

numerous other animal models for DMD exist; however, they fail to consistently recapitulate the 

echocardiographic, electrocardiographic, and cardiac histopathologic changes that occur in 

DMD-related cardiomyopathy. In order to establish the dystrophin-deficient Australian 

Labradoodle as a novel model for the study of DMD-associated cardiac changes, we undertook a 

multi-part study to fully characterize this model. 

 In the first part, we identified a novel Dystrophin mutation in Australian Labradoodles. 

We found a C to T transition in exon 21 (at position 2668 of the dystrophin ORF) resulting in a 

CGA codon (arginine) becoming a stop codon (TGA). Mutations in exon 21 have not been 
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reported in any other DMD canine model; however, they have been noted in DMD patients. 

Additionally, G:C>A:T transitions, particularly those due to C>T transitions, are the most 

common stop mutation class in people with DMD.  

 In the second part, we examined the clinical and histopathological manifestations of 

Australian Labradoodle dystrophin deficiency via evaluation of clinical symptomology, clinical 

pathology parameters (CBC and standard chemistries), echocardiographic and 

electrocardiographic analyses, cardiac MRI/MRS, and postmortem examination (macroscopic 

and microscopic).  Similar to what is reported in other dogs with dystrophin-deficiency, 

Labradoodles develop clinical signs shortly after birth; however, unlike other DMD canine 

models, affected Labradoodles have a very rapid clinical course with weight loss, extensive 

skeletal muscular atrophy, difficulty ambulating, and moderate to severe dysphagia with 

ptyalism beginning by 4-months of age, necessitating study termination at 6-months of age. 

Though occurring at a low incidence, echocardiographic and electrocardiographic findings were 

similar to what has been reported in people with DMD and included hyperechoic foci in the left 

ventricular papillary muscles, septal hypokinesis, decreased left ventricular systolic and diastolic 

volume and internal diameter, and AV block. MRI/MRS analyses failed to reveal statistically 

significant differences in the mean PCr/ATP between groups; however, due to scheduling and 

early euthanasias, only two of the study dogs had both the 3- and 6-month MRI/MRS evaluations 

(one control, one affected). Clinicopathologic abnormalities in affected dogs included significant 

elevations in ALT, AST, and CK, common findings with myopathies secondary to muscular 

damage. All affected Labradoodles lacked macroscopic cardiac changes and microscopic 

changes were limited to a focal area of mineralization adjacent to the SA node in the affected 

dog with an AV block.  
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Together, these findings indicate that affected dogs have a rapidly progressive clinical 

course with echocardiographic and electrocardiographic findings that may be suggestive of early 

cardiac dysfunction that is similar to what occurs in people with DMD. It is also important to 

note that these findings are not typical for other DMD animal models and/or occur at a much 

later age than in the Labradoodle. However, with the exception of SA node mineralization in one 

affected dog, correlating microscopic cardiac alterations, which are known to occur in DMD 

patients and other canine models for DMD, were not observed.  

 In the third part, we performed transcriptome sequencing and analyses on left ventricular 

myocardial samples. Sequencing found 29,740 gene transcripts expressed in the heart samples 

with statistically significant differential expression of 1267 transcripts. Expression patterns from 

affected dogs were generally distinct from controls and similar across affected vs. control dogs 

with a high correlation between samples. The majority of the genes with the greatest up- and 

down-regulation had functions associated with cardiac survival, remodeling, contractility, 

conduction, and immunoregulation. As part of this evaluation, pathway analyses were also 

sought; however, the HudsonAlpha canine database was not yet robust enough to perform such 

analyses. Therefore, based on published literature relating to pathways previously evaluated in 

human cardiac disease differential expression of genes involved in pathways associated with 

cardiac oxidative stress, apoptosis, and contractility was also evaluated. These findings are 

significant because similar cardiac transcriptome sequencing has not previously been reported in 

DMD patients or canine DMD models. Moreover, these findings support the use of the 

dystrophin-deficient Australian Labradoodle as an appropriate animal model for the study of 

DMD cardiomyopathy and the results provide insights into pathways and differential gene 

expression in dystrophinopathic cardiomyopathy. Such findings are important because they aid 
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researchers in the understanding of potential gene expression patterns involved in the 

development of DMD cardiomyopathy. Elucidation of differential cardiac gene expression 

patterns in DMD patients has yet to be completed (primarily because tissue collection would 

occur postmortem); however, such data would be invaluable for understanding DMD 

cardiomyopathy and for development of potential targeted gene therapeutics, for which the 

Australian Labradoodle model could be of benefit, provided similar expression patterns are 

observed in the human genes and pathways of interest. 

 As with other DMD animal models, the dystrophin-deficient Australian Labradoodle 

does not fully recapitulate all aspects of the human disease process, at least not by 6-months of 

age. Although microscopic cardiac findings may develop in dystrophin-deficient Australian 

Labradoodles over time, the affected dogs used for this study had difficulty surviving to the 6-

month endpoint without supplemental nutrition and fluid therapy, precluding any future attempts 

at a longer-term study. While the initial echocardiographic and electrocardiographic results are 

promising, and potentially suggestive of early cardiac changes that are not yet histologically 

discernible, the incidence of these cardiac findings is low and additional analyses, such as 

cardiac MRI/MRS, myocardial protein expression, and in-depth pathway analyses, would be 

necessary to further characterize this animal model and determine its utility for studying DMD 

cardiomyopathy. In light of the difficulty and expense maintaining an animal model with such a 

severe skeletal muscle phenotype and early mortality, other means of exploring DMD-related 

cardiomyopathy may also be warranted, such as developing a novel large animal model using 

conditional DMD gene modification. 
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Appendix I: Supportive Photographs and Figures 

 

 
Figure 1. Photographs of dystrophin-deficient Labradoodles 

(A) Affected dog at 2-months of age with a mild plantigrade stance and minimal lumbar 

kyphosis. (B) Affected dog at 6-months of age with severe skeletal muscle atrophy, plantigrade 

stance, and lumbar kyphosis. 
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Figure 2. Comparison of weight gains between dystrophin-deficient and control dogs 

The dystrophin-deficient dogs had poor weight gains, and in several instances weight losses, 

compared to their normal (control) littermates. The horizontal axis represents time in months; the 

initial weights were collected at 1-month of age and the final weights were collected at the time 

of euthanasia. 

 

 

  

0.00

10.00

20.00

30.00

40.00

50.00

60.00

70.00
W

ei
gh

t (
L

B
S)

Normal Blitzen
Normal Taft
Normal Frodo
Normal Carlin
Normal Pistachio
Affected Peanut
Affected Almond
Affected Cupid
Affected Dasher
Affected Champ
Affected Hershey
Affected York



 109 

 
Figure 3. 31P MR spectra 

(A) Control dog vs (B) affected dog. The peaks, from left to right, are inorganic phosphate, 

creatine phosphate, and the [γ-P], [α-P], and [β-P] of ATP. There were no significant differences 

in PCr/ATP between affected and control dogs. 
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Figure 4. Echocardiographic image of tricuspid valve regurgitation 

Mild tricuspid valve regurgitation was consistently present in 3/7 affected dogs (42.9%) 

throughout the course of the study. The yellow arrow indicates the backward flow of blood into 

the right atrium (i.e. regurgitant jet).  
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Figure 5. Gross photograph of the diaphragm from an affected dog 

Compared to controls, the dystrophin-deficient dogs had severe skeletal muscle hypertrophy and 

fibrosis involving the peripheral portions of the diaphragm (resulting in increased thickness and 

decreased compliance) with severe thinning centrally. 
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