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chapter 5 

5.1. the challenges in developing dmd therapies
dmd is a monogenic disease with a complex multilayered pathophysiology. the causative DMD 

gene was mapped to Xp21 about 27 years ago (ray et al., 1985; monaco et al., 1986; Kunkel et al., 

1986; Koenig et al., 1987) and is the largest gene in the human genome. the size makes DMD gene 

prone to mutations, in which deletions and point mutations were encountered as the most and 

the least frequent types, respectively (den dunnen et al., 1987; davies et al., 1988; den dunnen et 

al., 1989; aartsma-rus et al., 2006). moreover, some regions in the DMD gene, usually called the 

hotspot regions seem to be more susceptible to mutations, as the majority of the deletions and 

duplications cluster here (liechti-gallati et al., 1989; den dunnen et al., 1989; Beggs et al., 1990).

Following the discovery of the causative gene and despite extensive research for a variety 

of different approaches, there is no clinically applicable therapy yet. a lot of dmd patients are 

treated with steroids, which have an effect on stabilizing or even improving muscle strength. the 

downside of steroid treatment is that they may have various side effects, which may be reasons 

for discontinuation. the side effects range from short-term effects like weight gain and mood 

changes to long-term effects such as growth suppression, development of cataracts, spinal 

deformation and stomach irritation (manzur et al., 2008). the molecular mechanism how steroids 

trigger such side effects and how these drugs slow down the dystrophic process are unknown.

there are several explanations for the lack of efficient therapies for dmd. the abundance 

of muscle tissues to target, including heart, diaphragm and skeletal muscles, requires the 

drugs to be delivered systemically. cardiac muscles, in particular, are difficult to target with the 

therapeutic strategies that are currently in development (heemskerk et al., 2009; yin et al., 

2010a; yin et al., 2010b; yin et al., 2011a; yin et al., 2011b; lai and duan, 2012; Zhang and duan, 

2012). Furthermore, cardiomyopathy is usually observed in Bmd patients as well, suggesting 

that factors other than the lack of dystrophin may contribute to cardiac dysfunction and dilation 

in dmd (Bushby et al., 1993; schade van Westrum et al., 2011). previous findings regarding the 

progression of dilated cardiomyopathy in the non-dystrophic heart suggest that progressive 

myocyte loss, fibrosis, hypertrophy and myocyte slippage involve in the left ventricle dilation 

(Beltrami et al., 1995; dobaczewski and Frangogiannis, 2009). the degree to which these 

processes contribute to dmd cardiomyopathy is currently unknown.

With regard to the skeletal muscles, it is currently unclear whether there is a minimum 

threshold of dystrophin restoration to reach functional improvement. comparative studies of 

mice with various dystrophin levels in mdx and mdx/utrn negative background suggested that 

5-10% of normal dystrophin levels, which are relatively marginal, might already be sufficient 

to improve life span, muscle histopathology and motor function, but higher levels would be 

required for a better protection from exercise-induced damage (li et al., 2010; van putten et 

al., 2012a; van putten et al., 2012b).

another obstacle in the development of dmd therapies is the use of mouse models to assess the 

therapeutic efficacy. Mdx mice are widely used to study the outcome of therapeutic interventions. 

however, these mice have normal life-span and demonstrate a much less severe phenotype than 

dmd patients. therefore, more severe mouse models are used, such as the mdx/utrn-/- (deconinck 

et al., 1997) or mdx/mTR mice (sacco et al., 2010), which may reflect the human disease better.

Furthermore, it is important to deal with every aspect that accumulatively exacerbates the 

disease, including impaired muscle regeneration, ongoing inflammation and excessive fibrosis. 

there are multiple players in these processes, including different cell types and involvement 
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of different signaling pathways (Chapter 1). as there is a continuous cycle of de-/regeneration 

in the dystrophic muscle, a lifelong treatment to restore dystrophin function is most likely 

needed. moreover, dmd progresses relatively rapidly, thus therapeutic interventions need to be 

administered as early as possible before significant muscle loss occurs. muscle biopsies of pre-

symptomatic patients (<2 years) already showed dystrophic molecular signature, evident from 

altered expression of genes involved in inflammatory response, extracellular matrix remodeling 

and muscle regeneration (pescatori et al., 2007). at the average age of diagnosis, 4-5 years, the 

muscle wasting already occurs (Bushby et al., 1999). neonatal screening, which is based on the 

measurement of serum creatine kinase levels, would allow the affected boys to be identified as 

early as possible so that they can be treated before significant muscle pathology develops. 

several therapeutic strategies are currently in development, such as efforts to introduce 

functional dystrophin via viral vectors or cell transplantation, bypass the mutation and restore 

the open reading frame (stop codon read-through or exon skipping) or upregulate the 

homologous protein utrophin. amongst them, antisense oligonucleotide (aon)-mediated 

exon skipping to reframe the mutated DMD gene is considered to be the most advanced, as 

encouraging results have been reported from ongoing multicenter trials (van deutekom et al., 

2007; Kinali et al., 2009; cirak et al., 2011; goemans et al., 2011). 

nevertheless, this specific approach also comes with several challenges to tackle. 

theoretically, 83% of dmd patients could be treated with aons, but an aon targeting a specific 

exon is only beneficial for a specific subset of mutations. exon 51 skipping, the most advanced 

in the trials, would benefit ~13% of all patients, and skipping in the 10 most relevant exons would 

only be beneficial for around 40-50% of patients (aartsma-rus et al., 2009). clinical development 

programs for exon skipping aons have been prioritized according to the number of patients 

that could potentially be treated (please refer to www.prosensa.eu for the development pipeline 

of dmd exon skipping). multi-exon 45-55 skipping in the hostpot mutation region has been 

suggested as worthwhile for investigation (Beroud et al., 2007), as not only it would increase the 

number of eligible patients to ~63% of patients, it would also create a deletion associated with 

a mild phenotype (Ferreiro et al., 2009; helderman-van den enden at et al., 2010). although 

conceptually sound and despite extensive research, such a multi-exon skipping approach 

remains refractory to practical application (van Vliet et al., 2008; goyenvalle et al., 2012). 

Finally, dystrophin restoration strategies rely on the availability of muscle fibers, which 

express the DMD gene and where the mutated DMD gene can be “skipped”. dystrophin is 

produced by muscle fibers, but not by fibrotic and fat tissues which are accumulated at the 

advanced stage of the disease, and is important for muscle fiber function. therefore, any 

therapeutic intervention that can improve muscle quality, either by reducing fibrotic and fat 

deposition or improve muscle regeneration would serve as an attractive adjunctive, as more 

muscle fibers will become amenable to exon skipping. such therapies to combat the secondary 

disease pathology include those based on intervention of tgF-β/myostatin signaling pathway.

5.2. the challenges in developing dmd therapy based on 
tgF-β  family signaling pathway 
signaling pathways of the tgF-β family members play prominent roles in the diverse aspects 

of dmd pathology, such as impaired muscle regeneration, excess fibrosis and ongoing 

inflammation (Chapter 1). the results obtained with the different antagonists of these 
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pathways in mdx mice show their promise as a therapeutic approach for dmd. the studies 

on hypermuscular myostatin knock out animals opened a spectrum of myostatin-based 

treatment strategies for dmd. however, one should realize that extrapolating the effects of 

selective genetic ablation of tgF-β family ligands, such as myostatin, may not be the same 

as those achieved upon postnatal inhibition of such proteins. in addition, several studies on 

hypermuscular myostatin knockout mice revealed that the increase in muscle mass and fiber 

size was not accompanied by an increase in specific force (amthor et al., 2007; Qaisar et al., 

2011). this might be partly due to larger myonuclear domains observed in myostatin knockout 

fast muscle fibers (Qaisar et al., 2011) and to small, brittle and hypocellular tendons observed 

in these mice (mendias et al., 2008). the method to measure muscle strength, ranging from 

grip strength to single fiber contractile capacity, also complicates the interpretation and 

comparability across different studies. nevertheless, the current consensus in the field is that 

excessive muscle growth due to complete myostatin absence may not be solely beneficial 

because it compromises the ability to generate force. a partial inhibitory approach, such as the 

use of aon to decrease the expression of myostatin transcript (Chapter 3) or the receptors 

(Chapter 4) might be might be more favourable and warrants further investigation. 

the next challenges involve how to direct this type of intervention to muscle. since 

its discovery in 1997, it is now firmly established that myostatin is synthesized mainly by 

skeletal muscle but also by fibrotic and adipose tissue, circulates in the blood and acts in 

a concentration-dependent manner as a negative regulator of muscle growth. the way 

myostatin reconciles this type of local control with the fact that it circulates systemically in 

the body is therefore intriguing. 

myostatin is secreted in an inactive form, in which the active portion of the molecule 

remains non-covalently bound to and inhibited by its propeptide, rendering the latency. 

one mechanism by which myostatin is activated from this latent state is via cleavage of the 

propeptide by members of the Bmp-1/tolloid family of metalloproteases (Wolfman et al., 

2003). in addition to the propeptide, a number of proteins have also been identified that are 

capable of binding myostatin, such as Flrg (follistatin-related gene) and gasp-1 (growth and 

differentiation factor-associated serum protein-1). these proteins were found to be complexed 

to myostatin in mouse and human serum and appear to be involved in regulating the activity of 

a proteinase that cleaves the propeptide to activate latency (hill et al., 2002; hill et al., 2003). 

genetic experiments to eliminate to the functions of gasp-1 would be needed to dissect its 

role in controlling the overall level of active myostatin. Flrg knockout mice showed enhanced 

insulin sensitivity and altered visceral fat deposition to subcutaneous depots, without any 

alteration in total body weight and fiber, suggesting that increased myostatin bioactivity 

due to abrogation of Flrg results in lipid homeostasis. nevertheless, it is clear that another 

modulatory mechanism, beyond simply regulation of myostatin expression, reflect the actual 

level of myostatin signaling in different tissues. 

an alternative mechanism for achieving specificity is via selective utilization of co-

receptors. Chapter 2 reveals the presence of myostatin co-receptor cripto in myoblasts, but 

not in non-myogenic cells such as muscle fibroblasts. together with alK4, cripto regulates 

myostatin signaling in myoblasts. Furthermore, it delineates the signaling specificity of tgF-β 

family members in myoblasts, as it is able to act as enhancer and antagonist for myostatin 

and activin signaling, respectively, but dispensable for tgF-β signaling. the spatiotemporal 
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expression of cripto as well as its function in adult skeletal muscle remain to be elucidated. 

nevertheless, the specific interaction of this receptor with myostatin suggests that cripto may 

become a suitable candidate for muscle-targeted myostatin-based therapy with lower chance 

of on-target side effects. 

interfering with the function of multiple tgF-β members, such as by targeting their common 

receptors might yield more striking effects, but perhaps has a greater risk of side effects in 

tissues other than skeletal muscle upon systemic administration. the recent preliminary result 

of the clinical trials with acceleron pharma’s ace-031 is a good example in this respect. the 

preclinical studies in mdx mice led to normalization of muscle force and the further phase i 

clinical trial in healthy volunteers led to increase in muscle mass as well as reduced fat tissues 

with good tolerability in both single and multiple doses regimes. the continuation of this trial 

in dmd patients led to increase in lean body mass and trend towards maintenance of muscle 

function in 6-minutes walking test in some participants. however, unexpected nose and gum 

bleeding occurred in some participants and resolved upon withdrawal of the drug. this caused 

suspension of the trial and requires further investigation of the mechanisms underlying these 

unexpected side effects.

small molecule kinase inhibitors can also be employed to inhibit the tgF-β family signaling 

pathway. they are able to block the kinase activity of the tgF-β type i receptor, thereby 

preventing phosphorylation of downstream smads (laping et al., 2002; peng et al., 2005). 

these small molecule inhibitors target the kinase domain of the receptors. as a consequence, 

they tend to also target the other type i receptors with similar conformation (inman et al., 

2002; yingling et al., 2004). moreover, a recent study showed that different small molecule 

alK5 inhibitors, including ly364947 and sB431542, also inhibit activity of other protein kinases, 

such as casein kinase 1, receptor interacting protein kinase 2 and p38 mapK (Vogt et al., 2011). 

in contrast to their therapeutic potential in cancer or other diseases, these inhibitors have not 

been widely assessed in the context of muscle disease. a study in Xenopus model showed that 

sB431542, an inhibitor originally designed to inhibit alK4 and alK5 was able to induce muscle 

hypertrophy, but decreased the specific force (Watt et al., 2010). 

our experiments showed that ly364947 could potently inhibit tgF-β- and myostatin-

induced luciferase activity in vitro, but was unable to differentiate between alK4- or alK5-

mediated myostatin signaling, showing its poor specificity (Figures 5.1 and 5.2). also it has 

been described that these compounds are relatively instable and therefore require more 

frequent administrations (Kano et al., 2009). We treated mdx mice daily with the small inhibitor 

ly364947 but did not observe any changes in the myogenic and fibrotic markers, nor in creatine 

kinase levels (Figure 5.3). although not elucidated further, it is possible that the bioavailability 

of this molecule was low and may require higher doses or more chronic treatment. on the 

other hand, such chronic treatment regimes might lead to a feedback-loop mechanism via 

overcompensation by other nodes of the pathway, thus rendering its effects less effective 

(miyazono, 2000; rebbapragada et al., 2003; Korupolu et al., 2008).

the complexity of tgF-β signaling results in challenges if one considers inhibition of these 

signaling cascades as a potential therapeutic approach. a better understanding of how tgF-β 

members act in muscle biology is still needed, and thus more basic research is required. 
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Figure 5.1. TGF-β-induced signaling can be potently inhibited by LY364947 and ALK5 AONs. Mouse 
myoblast C2C12 (A) and mesenchymal stem cells C3H10 T1/2 (B) were transfected with 
(CAGA)

12
-Luc and Renilla-Luc constructs, with either control, ALK4 (A4E6) or ALK5 (A5E2 or 

A5E6) AONs. 24 hours later, the cells were serum starved overnight. LY364947 was added 
to the medium 30 minutes prior to 8 hours TGF-β stimulation. The experiments were 
conducted in triplicate and the average measurement was plotted. Error bars represent 
standard deviation of the triplicates.
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Figure 5.2. LY364947 failed to distinguish cell-type utilization of type I receptors by myostatin. Mouse 
myoblast C2C12 (A) and mesenchymal stem cells C3H10 T1/2 (B) were transfected and treated as described 
in Figure 5.1, except that the stimulant was myostatin instead of TGF-β. Note that in myoblasts (A), ALK4 
inhibition by AON can abrogate myostatin signaling, whereas ALK5 can not. In contrast, myostatin 
signaling in C3H10 T1/2 was inhibited by ALK5 knockdown, but not by ALK4 knockdown. This differential 
mechanism was not observed in LY364947-treated cells, suggesting that at least 2 type I receptors, ALK4 
and ALK5, were targeted by this approach. 
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5.3. evaluation and opportunities to develop tgF-β  inhibitor 
in other muscle disease
muscular dystrophies represent a large group of inherited disorders caused by mutations in 

genes encoding for several muscle proteins, including, but not limited to, the constituents of 

dystrophin-associated glycoprotein complex (dgc). the clinical phenotypes and the primarily 

affected skeletal muscles differ but muscular dystrophy patients generally become susceptible to 

severe atrophy and show significant loss of muscle function. it is therefore interesting to speculate 

whether inhibition of tgF-β pathways can be beneficial for multiple muscle wasting diseases.

muscle atrophy is an apparent phenotype of the mouse model of limb-girdle muscular 

dystrophy 1c (lgmd1c), which harbours a mutation in the caveolin-3 gene. transgenic crossing 

of caveolin-3 mutant with myostatin mutant mice, which harbours a frame-shift mutation 

leading to improper maturation of the protein (nishi et al., 2002), exhibit reduced atrophy and 

improved muscle strength (ohsawa et al., 2006). interestingly, caveolin-3 interacts with alK4 

and alK5 and inhibits their functions, suggesting that the pathology of lgmd1c is at least 

partly caused by hyperactivation of myostatin signaling. correspondingly, administration of 

soluble actriiB-Fc ameliorates the atrophic phenotype observed in the caveolin-3 mutant mice, 

suggesting its therapeutic potential for lgmd1c (ohsawa et al., 2006). improved muscle force 

and mass was also observed upon aaV-mediated administration of myostatin propeptide in 

the lgmd2a mouse model, which is caused by mutation in calpain 3 gene, but not in lgmd2d 

mouse model harbouring mutation in α-sarcoglycan gene (Bartoli et al., 2007). in addition, 

in δ-sarcoglycan mutant mice, the mouse model for lgmd2F, administration of myostatin 

neutralizing antibody improved muscle mass and regeneration, and reduced fibrosis in the early 

stage, but was ineffective in the later stage of the disease (parsons et al., 2006). Furthermore, 

the loss of myostatin activity in the dyW/dyW mouse model of laminin-deficient congenital 

muscular dystrophy, a much more severe and ultimately lethal disease model, does not improve 

any aspects of muscle pathology (li et al., 2005). taken together, these studies suggest that 

partial myostatin inhibition may be beneficial to ameliorate several different types of muscular 

dystrophy, although the outcome of the intervention may differ due to disease severity. 

 

Figure 5.3. Daily treatment of LY364947 did not alter dystrophic parameters in mdx mice

LY364947 were administered via intraperitoneal injections into 5-6 weeks old  mdx  mice 

(n=3) at the dose of 1 mg/kg daily for 6 weeks. Serum was collected prior to sacrificing the 

animals for creatine kinase measurement. RNA was isolated from triceps and analyzed for 

fibrotic  (Acta2,  Col1a1)  and  regeneration  (Myog)  markers  by  QPCR,  using Gapdh as 

housekeeping gene. 
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by mutations in genes encoding for several muscle proteins, including, but 
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167

Figure 5.3. Daily treatment of LY364947 did not alter dystrophic parameters in mdx mice. ly364947 
were administered via intraperitoneal injections into 5-6 weeks old mdx mice (n=3) at the dose of 1 mg/kg 
daily for 6 weeks. serum was collected prior to sacrificing the animals for creatine kinase measurement. 
rna was isolated from triceps and analyzed for fibrotic (Acta2, Col1a1) and regeneration (Myog) markers 
by Qpcr, using Gapdh as housekeeping gene. 
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similarly, the benefit of myostatin inhibition cannot be generalized in the context of 

neurogenic muscle atrophy, such as in amyotrophic lateral sclerosis (als) or spinal muscular 

atrophy (sma). myostatin neutralizing antibody did not delay the onset of the disease nor 

extend the survival in als mouse model (holzbaur et al., 2006). in sma mouse model, either 

transgenic overexpression of follistatin or postnatal administration of actriiB-Fc did not extend 

the survival, despite a minimum increase in the muscle mass (sumner et al., 2009). however, 

follistatin gene transfer led to increased muscle mass, motor function and survival in sma mouse 

model (rose, Jr. et al., 2009), but resulted in no survival extension in als (miller et al., 2006). 

the results obtained with different myostatin antagonists in als and sma are inconsistent and 

therefore more research is needed. it is likely that the death of motor neuron cells is more 

aggravating to the disease pathology than any favourable contributions of non-neuronal cells 

can make up for, thereby myostatin inhibition may be ineffective to protect against the onset 

and progression of these diseases. 

in addition to the inherited myopathies described above, the therapeutic potential of 

myostatin inhibition has also been investigated in several acquired myopathies, such as 

sarcopenia and cancer-associated cachexia. sarcopenia is defined as the loss of skeletal 

muscle mass and function that occur with age. neutralizing antibody and myostatin peptide 

have been shown to prevent the loss of body weight, muscle mass and function in aged 

mice (siriett et al., 2007; murphy et al., 2010). in the context of cancer-induced cachexia, 

implantation of lewis lung carcinoma into myostatin mutant mice resulted in more severe loss 

of muscle mass than in wild-type mice (Benny Klimek et al., 2010), suggesting that a lack of 

myostatin signaling from early stages of development might make muscle more susceptible 

to atrophy. however, administration of actriiB-Fc profoundly reversed the loss of skeletal 

muscle and prevented cardiac atrophy, leading to prolonged survival (Zhou et al.,2010). 

although encouraging, further development of this compound as a new therapeutic strategy 

for reversing cachexia-induced muscle wasting might be delayed given the side effects 

observed in clinical trials with dmd patients. 

even though muscle wasting and, in general, a hostile milieu in muscle are observed in the 

inherited and acquired myopathies described above, the response to myostatin intervention 

differs between disease models. the outcome was sometimes inconsistent even within 

the same disease models, which might be caused by different disease stages at which the 

intervention was given. 

notably, aon-mediated exon skipping to correct the genetic damage has also been 

exploited in muscular dystrophies other than dmd, such as in dysferlinopathy (van putten 

and aartsma-rus, 2011). missense or nonsense mutations in the dysF gene that lead to the 

absence of functional dysferlin protein result in lgmd2B (liu et al., 1998). aon-induced exon 

skipping is expected to restore dysferlin and its functionality, and proof-of-concepts have been 

achieved in vitro (Wein et al., 2010; aartsma-rus et al., 2010). therefore, one might propose 

a combination of exon skipping to restore dysferlin restoration with inhibition of myostatin/

tgF-β receptors (Chapter 4) to be beneficial for dysferlinopathy, and as such representing a 

very unique type of personalized medicine.
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5.4. comparison with other tgF-β  inhibition strategies in non-
muscle diseases
the tgF-β signaling pathway is essential for regulation of vasculogenesis and angiogenesis. 

mutations in the genes for the tgF-β family components are therefore associated with several 

pathological conditions concerning vascular dysfunction, such as marfan syndrome (mFs) and 

hereditary hemorrhagic telangiectasia (hht), as well aggressive tumour angiogenesis. 

mutation in the FBNI or TGFBRII genes, which encode microfibrillar protein fibrillin, 

which controls tgF-β bioavailability or the type ii receptor for tgF-β, causes mFs type i and 

ii, respectively. mFs is characterized by defects in cardiovascular system including aorta 

and heart valves due to increased tgF-β signaling activity (dietz, 2010). inhibition of tgF-β 

signaling by tgF-β neutralizing antibody resulted in decreased aortic root dilatation, elastic 

fiber degeneration and smad2 activation (Brooke et al., 2008). similar improvements were 

observed upon administration of losartan, an inhibitor of angiotensin ii type i receptor 

(habashi et al., 2006; cohn et al., 2007). it has been suggested that losartan affects tgF-β 

signaling via crosstalk with the erK pathway instead of the canonical smad-mediated pathway 

(holm et al., 2011; habashi et al., 2011). several multicenter clinical trials are ongoing to 

evaluate the benefit of losartan in mFs patients (lacro et al., 2007; radonic et al., 2010) and 

the results are eagerly awaited. interestingly, losartan treatment also has beneficial impact on 

muscle architecture and function in mdx mice (cohn et al., 2007), as well as the cardiac and 

respiratory function (Bish et al., 2011; nelson et al., 2011; spurney et al., 2011). it is not yet clear 

whether the reversal of skeletal myopathy achieved via losartan treatment is also mediated via 

erK pathway as in the mFs mouse model. 

tgF-β is also important for angiogenesis, which is an event of formation of new blood vessels 

by activation, proliferation, migration of endothelial cells from an existing blood vessel. the 

tgF-β signaling mechanism in the endothelial cells itself is unique, as it acts as a rheostat rather 

than an on-off switch. tgF-β can either inhibit endothelial cells migration and proliferation 

via the alK5/smad2/3 signaling pathway, or stimulate via the alK1/endoglin signaling pathway 

leading to smad1/5/8 activation (goumans et al., 2003; lebrin et al., 2004).  

several anti-tumor angiogenic therapies that interfere with tgF-β receptors predominantly 

expressed in endothelial cells, namely endoglin and alK1, have been proposed (van meeteren 

et al., 2011). several anti endoglin antibodies were reported to suppress tumour growth by 

selectively inhibiting the tumour-associated blood vessels, disrupting tumour-associated 

angiogenesis, as well as suppressing metastasis (tsujie et al., 2008; uneda et al., 2009). a 

clinical trial administering anti endoglin antibody in patients with advanced or metastatic 

solid cancer has recently been completed (nct00582985). the treatment was well tolerated 

in all participants and, in some patients, decreased circulating tumour markers and prolonged 

stabilization of the disease. this finding is now being expanded and evaluated in patients with 

different solid tumour origins including prostate, bladed, ovarian and liver cancer (please refer 

to www.traconpharma.com for pipeline overview). 

next to endoglin, inhibiting angiogenesis by targeting alK1 has also been explored. alK1 

is involved in endothelial cell migration by mediating not only tgF-β (lebrin et al., 2004), 

but also Bmp-9 and Bmp-10 signaling (scharpfenecker et al., 2007; david et al., 2007). using 

a soluble chimeric protein consisting of the extracellular part of alK1 fused to an Fc-fragment 

(alK1-Fc), cunha et al showed reduced tumour growth and progression due to inhibition of 
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angiogenesis in pancreatic mouse model (cunha et al., 2010). preliminary results of a clinical 

trial in multiple myeloma patients receiving alK1-Fc (ace-041, ntc00996957) showed that the 

treatment was well-tolerated and accompanied with >20% decline in tumour metabolic activity 

(www.acceleronpharma.com). anti alK1 antibody is currently also in clinical trial in patients 

with advanced solid tumours (nct00557856), following encouraging inhibition of tumour 

angiogenesis in multiple tumour mouse models (hu-lowe et al., 2011). 

despite the promising outcome so far, it is also important to see whether these strategies do 

not lead to inhibition of normal vasculogenesis in non-tumour tissues, because dysfunctional 

endoglin and alK1 leads to fragile blood vessels (mcallister et al., 1994; Johnson et al., 1996). 

on the other hand, the predominant expression of endoglin and alK1 in endothelial cells, as 

well as the unique balancing switch in this cell type becomes a major drive of exploration of 

these strategies for angiogenesis-related disorders. 

the alK1/endoglin arm of tgF-β signaling per se has not been directly associated with 

muscular dystrophy. overexpression of endoglin in rat myoblasts decreases tgF-β-induced 

extracellular matrix synthesis, although the endogenous expression of endoglin in myoblasts 

itself is very low, if not absent (obreo et al., 2004). We also observed decreased tgF-β-

induced luciferase upon downregulation of endoglin in fibroblasts (unpublished observation), 

suggesting an as yet unrevealed biological role of endoglin. Furthermore, we observed 

increased alK1 expression in gastrocnemius muscle in several dystrophic mouse models, 

which correlate with increasing disease severity (Figure 1.4). however, it is not known yet 

which muscle resident cells express alK1 and/or endoglin nor is it known if these receptors 

contribute to dmd pathology. 

the contribution of different resident cells towards disease aetiology and how they 

response differently to tgF-β signaling is best reflected in chronic liver disease (cld). although 

the disease cause is not a mutation in any of the tgF-β signaling components, tgF-β is involved 

in and contributes to multiple stages in cld. initial liver injury will prompt regeneration. 

tgF-β induces apoptosis and oxidative stress in hepatocytes, thus inhibits liver regeneration. 

Furthermore, tgF-β represses inflammation responses by activating regulatory t-cells, as well 

as induces liver scarring via transformation of hepatic stellate cells to myofibroblasts, leading to 

development of cirrhosis, which is characterised by architectural disruption, extensive fibrosis, 

nodule formation and vascular changes. cirrhotic livers have the tendency to develop towards 

malignant tumours, where tgF-β exacerbates by facilitating angiogenesis and inducing 

epithelial-mesenchymal transition (dooley and ten dijke, 2012). 

several anti tgF-β approaches have been successfully used for the treatment of carbon 

tetrachloride-induced fibrosis, such as overexpression of smad7, a natural tgF-β inhibitors or 

administration of cytokines that induce smad7 expression such as interferon-γ (dooley et al., 

2003; Breitkopf et al., 2005). however, in humans, the end phase can take several decades to be 

established, and inhibition of tgF-β will have either adverse or beneficial effects depending on 

the disease stage. even though cld is not progressing as rapidly as dmd, timing is important 

for intervention for both diseases. Furthermore, given the different cell-types that contribute 

to the disease aetiology of dmd and cld, interference with cell-type specific signaling 

mechanism (Chapter 2) may be beneficial as therapeutic intervention. 
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5.5. Bringing dmd therapy to a reality 
drug development is a very costly and lengthy process. only a few drugs will go into trials 

and even fewer will eventually get market approval. thus, developing a therapy for dmd is a 

very long process. there are many therapeutic approaches that have entered clinical trials, 

yet many more are still in development, and new promising strategies are being proposed 

regularly. as outlined above, future therapies for dmd can be foreseen to be combinatorial 

approaches targeting the primary genetic defect and combating secondary symptoms. this 

section provides some evaluations and recommendations on how to move it forward.

in chapters 3 and 4, new exon skipping strategies targeting myostatin and myostatin/tgF-β 

receptors were introduced, with a view to combine it with the dystrophin exon skipping to provide 

a more “holistic” treatment regime. in chapter 4, it became evident that targeting the activity of 

multiple tgF-β ligands is more beneficial for the dystrophic phenotype than targeting a single 

ligand, thus exon skipping in alK4 and alK5 would hold greater promise than in myostatin alone. 

an advantage of this combinatorial approach is the use of the same pharmacological class 

of compounds as the aon targeting DMD, thus in principle they can be combined in single 

administration. importantly, we showed that several aons in such a combined administration did 

not interfere with one another, although checking potential complementarities between two or 

more aons is required (Chapter 3). as dmd aons have been shown to be well tolerated in clinical 

trials, such chemical compounds might provide a safer option than for instance gene transfers. 

however, one should realize that aons targeting two different genes are still considered to be 

different drugs, thus they will have to go through the same assessments as for other new drugs, 

including assessment of benefits and toxicities in large animals prior to human trials. 

in addition to these exhaustive but necessary steps, one should realize that an aon that 

is effective in vitro is not always effective in vivo (Chapter 3). since sequences necessary 

for testing in animal models may be different from the sequences to be used in humans, 

this confers a risk to clinical development programs. Furthermore, aons would need to be 

delivered systemically to become a viable therapy, which might decrease the efficiency. large 

amount of aons will end up in liver and/or kidney instead of the targeted tissues, e.g. muscle 

(heemskerk et al.,  2010). this may also lead to unwanted side effects in the non-targeted 

tissues. such challenging aspects may be resolved in the future by the development of new 

chemistry modifications, such as muscle-targeting peptides that can be conjugated to an aon 

(yin et al., 2010b; yin et al., 2011a; yin et al., 2011b). these strategies will enhance the delivery 

and muscle tissue uptake but may come with potential toxicity and immunogenicity issues. 

despite these extensive challenges, the results presented in this thesis suggest a novel 

range of application areas for exon skipping aons, both as therapeutic agents and research 

tools. the results reflect the versatility of the exon skipping technology and suggest that they 

become a powerful tool for customizable and individualized treatment strategies. 

126



General Discussion

1. aartsma-rus a, Fokkema i, Verschuuren J, 
ginjaar i, van dJ, van ommen gJ, and den dun-
nen Jt (2009) theoretic applicability of anti-
sense-mediated exon skipping for duchenne 
muscular dystrophy mutations. Hum Mutat, 
30, 293-299.

2. aartsma-rus a, singh Kh, Fokkema iF, ginjaar 
iB, van ommen gJ, den dunnen Jt, and van 
der maarel sm (2010) therapeutic exon skip-
ping for dysferlinopathies? Eur J Hum Genet, 
18, 889-894.

3. aartsma-rus a, van deutekom Jc, Fokkema iF, 
van ommen gJ, and den dunnen Jt (2006) en-
tries in the leiden duchenne muscular dystro-
phy mutation database: an overview of muta-
tion types and paradoxical cases that confirm the 
reading-frame rule. Muscle Nerve, 34, 135-144.

4. amthor h, macharia r, navarrete r, schuelke 
m, Brown sc, otto a, Voit t, muntoni F, Vrbova 
g, partridge t, Zammit p, Bunger l, and patel K 
(2007) lack of myostatin results in excessive 
muscle growth but impaired force generation. 
Proc Natl Acad Sci U S A, 104, 1835-1840.

5. Bartoli m, poupiot J, Vulin a, Fougerousse F, 
arandel l, daniele n, roudaut c, noulet F, gar-
cia l, danos o, and richard i (2007) aaV-medi-
ated delivery of a mutated myostatin propep-
tide ameliorates calpain 3 but not alpha-sar-
coglycan deficiency. Gene Ther, 14, 733-740.

6. Beggs ah, Koenig m, Boyce Fm, and Kunkel 
lm (1990) detection of 98% of dmd/Bmd 
gene deletions by polymerase chain reaction. 
Hum Genet, 86, 45-48.

7. Beltrami ca, Finato n, rocco m, Feruglio ga, 
puricelli c, cigola e, sonnenblick eh, olivet-
ti g, and anversa p (1995) the cellular basis of 
dilated cardiomyopathy in humans. J Mol Cell 
Cardiol, 27, 291-305.

8. Benny Klimek me, aydogdu t, link mJ, pons 
m, Koniaris lg, and Zimmers ta (2010) acute 
inhibition of myostatin-family proteins pre-
serves skeletal muscle in mouse models of 
cancer cachexia. Biochem Biophys Res Com-
mun, 391, 1548-1554.

9. Beroud c, tuffery-giraud s, matsuo m, 
hamroun d, humbertclaude V, monnier n, 
moizard mp, Voelckel ma, calemard lm, Bois-
seau p, Blayau m, philippe c, cossee m, pages 
m, rivier F, danos o, garcia l, and claustres 
m (2007) multiexon skipping leading to an ar-
tificial dmd protein lacking amino acids from 
exons 45 through 55 could rescue up to 63% of 
patients with duchenne muscular dystrophy. 
Hum Mutat, 28, 196-202.

10. Bish lt, yarchoan m, sleeper mm, gazzara Ja, 
morine KJ, acosta p, Barton er, and sweeney 
hl (2011) chronic losartan administration re-

duces mortality and preserves cardiac but not 
skeletal muscle function in dystrophic mice. 
PLoS ONE, 6, e20856.

11. Breitkopf K, haas s, Wiercinska e, singer mV, 
and dooley s (2005) anti-tgF-beta strategies 
for the treatment of chronic liver disease. Al-
cohol Clin Exp Res, 29, 121s-131s.

12. Brooke Bs, habashi Jp, Judge dp, patel n, 
loeys B, and dietz hc, iii (2008) angiotensin 
ii blockade and aortic-root dilation in marfan’s 
syndrome. N Engl J Med, 358, 2787-2795.

13. Bushby Km, gardner-medwin d, nicholson 
lV, Johnson ma, haggerty id, cleghorn nJ, 
harris JB, and Bhattacharya ss (1993) the clini-
cal, genetic and dystrophin characteristics of 
Becker muscular dystrophy. ii. correlation of 
phenotype with genetic and protein abnor-
malities. J Neurol, 240, 105-112.

14. Bushby Km, hill a, and steele Jg (1999) Failure 
of early diagnosis in symptomatic duchenne 
muscular dystrophy. Lancet, 353, 557-558.

15. cirak s, rechavala-gomeza V, guglieri m, 
Feng l, torelli s, anthony K, abbs s, garralda 
me, Bourke J, Wells dJ, dickson g, Wood mJ, 
Wilton sd, straub V, Kole r, shrewsbury sB, 
sewry c, morgan Je, Bushby K, and muntoni 
F (2011) exon skipping and dystrophin restora-
tion in patients with duchenne muscular dys-
trophy after systemic phosphorodiamidate 
morpholino oligomer treatment: an open-la-
bel, phase 2, dose-escalation study. Lancet, 
378, 595-605.

16. cohn rd, van ec, habashi Jp, soleimani aa, 
Klein ec, lisi mt, gamradt m, ap rhys cm, 
holm tm, loeys Bl, ramirez F, Judge dp, Ward 
cW, and dietz hc (2007) angiotensin ii type 
1 receptor blockade attenuates tgF-beta-in-
duced failure of muscle regeneration in mul-
tiple myopathic states. Nat Med, 13, 204-210.

17. cunha si, pardali e, thorikay m, anderberg c, 
hawinkels l, goumans mJ, seehra J, heldin 
ch, ten dp, and pietras K (2010) genetic and 
pharmacological targeting of activin recep-
tor-like kinase 1 impairs tumor growth and an-
giogenesis. J Exp Med, 207, 85-100.

18. david l, mallet c, mazerbourg s, Feige JJ, 
and Bailly s (2007) identification of Bmp9 and 
Bmp10 as functional activators of the orphan 
activin receptor-like kinase 1 (alK1) in en-
dothelial cells. Blood, 109, 1953-1961.

19. davies Ke, smith tJ, Bundey s, read ap, Flint 
t, Bell m, and speer a (1988) mild and severe 
muscular dystrophy associated with deletions 
in Xp21 of the human X chromosome. J Med 
Genet, 25, 9-13.

20. deconinck ae, rafael Ja, skinner Ja, Brown sc, 
potter ac, metzinger l, Watt dJ, dickson Jg, 

reFerences

127



chapter 5 

tinsley Jm, and davies Ke (1997) utrophin-dys-
trophin-deficient mice as a model for duch-
enne muscular dystrophy. Cell, 90, 717-727.

21. den dunnen Jt, Bakker e, Breteler eg, pearson 
pl, and van ommen gJ (1987) direct detection 
of more than 50% of the duchenne muscular 
dystrophy mutations by field inversion gels. 
Nature, 329, 640-642.

22. den dunnen Jt, grootscholten pm, Bakker 
e, Blonden la, ginjaar hB, Wapenaar mc, 
van paassen hm, van Bc, pearson pl, and van 
ommen gJ (1989) topography of the duch-
enne muscular dystrophy (dmd) gene: Fige 
and cdna analysis of 194 cases reveals 115 de-
letions and 13 duplications. Am J Hum Genet, 
45, 835-847.

23. dietz hc (2010) new therapeutic approach-
es to mendelian disorders. N Engl J Med, 363, 
852-863.

24. dobaczewski m and Frangogiannis ng (2009) 
chemokines and cardiac fibrosis. Front Biosci 
(Schol Ed), 1, 391-405.

25. dooley s, hamzavi J, Breitkopf K, Wiercinska e, 
said hm, lorenzen J, ten dp, and gressner am 
(2003) smad7 prevents activation of hepatic 
stellate cells and liver fibrosis in rats. Gastro-
enterology, 125, 178-191.

26. dooley s and ten dijke p (2012) tgF-beta in 
progression of liver disease. Cell Tissue Res, 
347, 245-256.

27. Ferreiro V, giliberto F, muniz gm, Francipane 
l, marzese dm, mampel a, roque m, Frechtel 
gd, and szijan i (2009) asymptomatic Becker 
muscular dystrophy in a family with a multiex-
on deletion. Muscle Nerve, 39, 239-243.

28. goemans nm, tulinius m, van den akker Jt, 
Burm Be, ekhart pF, heuvelmans n, holling 
t, Janson aa, platenburg gJ, sipkens Ja, sit-
sen Jm, aartsma-rus a, van ommen gJ, Buyse 
g, darin n, Verschuuren JJ, campion gV, de 
Kimpe sJ, and van deutekom Jc (2011) systemic 
administration of pro051 in duchenne’s mus-
cular dystrophy. N Engl J Med, 364, 1513-1522.

29. goumans mJ, lebrin F, and Valdimarsdottir g 
(2003) controlling the angiogenic switch: a 
balance between two distinct tgF-b receptor 
signaling pathways. Trends Cardiovasc Med, 
13, 301-307.

30. goyenvalle a, Wright J, Babbs a, Wilkins V, 
garcia l, and davies Ke (2012) engineering 
multiple u7snrna constructs to induce single 
and multiexon-skipping for duchenne mus-
cular dystrophy. Mol Ther.

31. habashi Jp, doyle JJ, holm tm, aziz h, sch-
oenhoff F, Bedja d, chen y, modiri an, Judge 
dp, and dietz hc (2011) angiotensin ii type 2 
receptor signaling attenuates aortic aneu-
rysm in mice through erK antagonism. Sci-
ence, 332, 361-365.

32. habashi Jp, Judge dp, holm tm, cohn rd, 
loeys Bl, cooper tK, myers l, Klein ec, liu g, 
calvi c, podowski m, neptune er, halushka 
mK, Bedja d, gabrielson K, rifkin dB, carta l, 
ramirez F, huso dl, and dietz hc (2006) losa-
rtan, an at1 antagonist, prevents aortic aneu-
rysm in a mouse model of marfan syndrome. 
Science, 312, 117-121.

33. heemskerk h, de Winter c, van Kuik p, heu-
velmans n, sabatelli p, and rimessi p (2010) 
preclinical pK and pd studies on 2[prime]-o-
methyl-phosphorothioate rna antisense oli-
gonucleotides in the mdx mouse model. Mol 
Ther, 18, 1210-1217.

34. heemskerk ha, de Winter cl, de Kimpe sJ, 
van Kuik-romeijn p, heuvelmans n, platen-
burg gJ, van ommen gJ, van deutekom Jc, 
and artsma-rus a (2009) in vivo comparison 
of 2’-o-methyl phosphorothioate and mor-
pholino antisense oligonucleotides for duch-
enne muscular dystrophy exon skipping. J 
Gene Med, 11, 257-266.

35. helderman-van den enden at, straathof cs, 
artsma-rus a, den dunnen Jt, Verbist Bm, 
Bakker e, Verschuuren JJ, and ginjaar hB (2010) 
Becker muscular dystrophy patients with dele-
tions around exon 51; a promising outlook for 
exon skipping therapy in duchenne patients. 
Neuromuscul Disord, 20, 251-254.

36. hill JJ, davies mV, pearson aa, Wang Jh, he-
wick rm, Wolfman nm, and Qiu y (2002) the 
myostatin propeptide and the follistatin-re-
lated gene are inhibitory binding proteins of 
myostatin in normal serum. J Biol Chem, 277, 
40735-40741.

37. hill JJ, Qiu y, hewick rm, and Wolfman nm 
(2003) regulation of myostatin in vivo by 
growth and differentiation factor-associated 
serum protein-1: a novel protein with protease 
inhibitor and follistatin domains. Mol Endocri-
nol, 17, 1144-1154.

38. holm tm, habashi Jp, doyle JJ, Bedja d, chen 
y, van ec, lindsay me, Kim d, schoenhoff F, 
cohn rd, loeys Bl, thomas cJ, patnaik s, 
marugan JJ, Judge dp, and dietz hc (2011) 
noncanonical tgFbeta signaling contributes 
to aortic aneurysm progression in marfan syn-
drome mice. Science, 332, 358-361.

39. holzbaur el, howland ds, Weber n, Wallace 
K, she y, Kwak s, tchistiakova la, murphy e, 
hinson J, Karim r, tan Xy, Kelley p, mcgill Kc, 
Williams g, hobbs c, doherty p, Zaleska mm, 
pangalos mn, and Walsh Fs (2006) myosta-
tin inhibition slows muscle atrophy in rodent 
models of amyotrophic lateral sclerosis. Neu-
robiol Dis, 23, 697-707.

40. hu-lowe dd, chen e, Zhang l, Watson Kd, 
mancuso p, lappin p, Wickman g, chen Jh, 
Wang J, Jiang X, amundson K, simon r, er-
bersdobler a, Bergqvist s, Feng Z, swanson 

128



General Discussion

ta, simmons Bh, lippincott J, casperson gF, 
levin WJ, stampino cg, shalinsky dr, Ferrara 
KW, Fiedler W, and Bertolini F (2011) targeting 
activin receptor-like kinase 1 inhibits angio-
genesis and tumorigenesis through a mech-
anism of action complementary to anti-VegF 
therapies. Cancer Res, 71, 1362-1373.

41. inman gJ, nicolas FJ, callahan JF, harling Jd, 
gaster lm, reith ad, laping nJ, and hill cs 
(2002) sB-431542 is a potent and specific in-
hibitor of transforming growth factor-beta 
superfamily type i activin receptor-like kinase 
(alK) receptors alK4, alK5, and alK7. Mol 
Pharmacol, 62, 65-74.

42. Johnson dW, Berg Jn, Baldwin ma, gallione 
cJ, marondel i, yoon sJ, stenzel tt, speer m, 
pericak-Vance ma, diamond a, guttmacher 
ae, Jackson ce, attisano l, Kucherlapati r, 
porteous me, and marchuk da (1996) muta-
tions in the activin receptor-like kinase 1 gene 
in hereditary haemorrhagic telangiectasia 
type 2. Nat Genet, 13, 189-195.

43. Kano mr, Komuta y, iwata c, oka m, shirai yt, 
morishita y, ouchi y, Kataoka K, and miyazono 
K (2009) comparison of the effects of the ki-
nase inhibitors imatinib, sorafenib, and trans-
forming growth factor-beta receptor inhibi-
tor on extravasation of nanoparticles from ne-
ovasculature. Cancer Sci, 100, 173-180.

44. Kinali m, rechavala-gomeza V, Feng l, cirak s, 
hunt d, and adkin c (2009) local restoration 
of dystrophin expression with the morpholino 
oligomer aVi-4658 in duchenne muscular 
dystrophy: a single-blind, placebo-control-
led, dose-escalation, proof-of-concept study. 
Lancet Neurol, 8, 918-928.

45. Koenig m, hoffman ep, Bertelson cJ, monaco 
ap, Feener c, and Kunkel lm (1987) complete 
cloning of the duchenne muscular dystrophy 
(dmd) cdna and preliminary genomic organ-
ization of the dmd gene in normal and affect-
ed individuals. Cell, 50, 509-517.

46. Korupolu rV, muenster u, read Jd, Vale W, 
and Fischer Wh (2008) activin a/bone mor-
phogenetic protein (Bmp) chimeras exhibit 
Bmp-like activity and antagonize activin and 
myostatin. J Biol Chem, 283, 3782-3790.

47. Kunkel lm, hejtmancik JF, caskey ct, speer a, 
monaco ap, middlesworth W, colletti ca, Ber-
telson c, muller u, Bresnan m, shapiro F, tan-
travahi u, speer J, latt sa, Bartlett r, pericak-
Vance ma, roses ad, thompson mW, ray pn, 
Worton rg, Fischbeck Kh, gallano p, coulon 
m, duros c, Boue J, Junien c, chelly J, hamard 
g, Jeanpierre m, lambert m, Kaplan Jc, emery 
a, dorkins h, mcglade s, davies Ke, Boehm c, 
arveiler B, lemaire c, morgan gJ, denton mJ, 
amos J, Bobrow m, Benham F, Boswinkel e, 
cole c, dubowitz V, hart K, hodgson s, John-
son l, Walker a, roncuzzi l, Ferlini a, nobile 

c, romeo g, Wilcox de, affara na, Ferguson-
smith ma, lindolf m, Kaariainen h, de la ca, io-
nasescu V, searby c, ionasescu r, Bakker e, van 
ommen gJ, pearson pl, greenberg cr, hamer-
ton Jl, Wrogemann K, doherty ra, polakowska 
r, hyser c, Quirk s, thomas n, harper JF, darras 
Bt, and Francke u (1986) analysis of deletions in 
dna from patients with Becker and duchenne 
muscular dystrophy. Nature, 322, 73-77.

48. lacro rV, dietz hc, Wruck lm, Bradley tJ, colan 
sd, devereux rB, Klein gl, li Js, minich ll, pari-
don sm, pearson gd, printz BF, pyeritz re, ra-
dojewski e, roman mJ, saul Jp, stylianou mp, 
and mahony l (2007) rationale and design of a 
randomized clinical trial of beta-blocker ther-
apy (atenolol) versus angiotensin ii receptor 
blocker therapy (losartan) in individuals with 
marfan syndrome. Am Heart J, 154, 624-631.

49. lai y and duan d (2012) progress in gene thera-
py of dystrophic heart disease. Gene Ther.

50. laping nJ, grygielko e, mathur a, Butter s, 
Bomberger J, tweed c, martin W, Fornwald 
J, lehr r, harling J, gaster l, callahan JF, and 
olson Ba (2002) inhibition of transforming 
growth factor (tgF)-beta1-induced extracel-
lular matrix with a novel inhibitor of the tgF-
beta type i receptor kinase activity: sB-431542. 
Mol Pharmacol, 62, 58-64.

51. lebrin F, goumans mJ, Jonker l, carvalho rl, 
Valdimarsdottir g, thorikay m, mummery c, 
arthur hm, and ten dp (2004) endoglin pro-
motes endothelial cell proliferation and tgF-
beta/alK1 signal transduction. EMBO J, 23, 
4018-4028.

52. li d, yue y, and duan d (2010) marginal level 
dystrophin expression improves clinical out-
come in a strain of dystrophin/utrophin dou-
ble knockout mice. PLoS ONE, 5, e15286.

53. li ZF, shelton gd, and engvall e (2005) elimina-
tion of myostatin does not combat muscular 
dystrophy in dy mice but increases postnatal 
lethality. Am J Pathol, 166, 491-497.

54. liechti-gallati s, Koenig m, Kunkel lm, Frey d, 
Boltshauser e, schneider V, Braga s, and moser 
h (1989) molecular deletion patterns in duch-
enne and Becker type muscular dystrophy. 
Hum Genet, 81, 343-348.

55. liu J, aoki m, illa i, Wu c, Fardeau m, angelini 
c, serrano c, urtizberea Ja, hentati F, hami-
da mB, Bohlega s, culper eJ, amato aa, Bossie 
K, oeltjen J, Bejaoui K, Kenna-yasek d, hosler 
Ba, schurr e, arahata K, de Jong pJ, and Brown 
rh, Jr. (1998) dysferlin, a novel skeletal muscle 
gene, is mutated in miyoshi myopathy and limb 
girdle muscular dystrophy. Nat Genet, 20, 31-36.

56. manzur ay, Kuntzer t, pike m, and swan a 
(2008) glucocorticoid corticosteroids for 
duchenne muscular dystrophy. Cochrane Da-
tabase Syst Rev, cd003725.

129



chapter 5 

57. mcallister Ka, grogg Km, Johnson dW, gal-
lione cJ, Baldwin ma, Jackson ce, helmbold 
ea, markel ds, mcKinnon Wc, murrell J, and. 
(1994) endoglin, a tgF-beta binding protein 
of endothelial cells, is the gene for heredi-
tary haemorrhagic telangiectasia type 1. Nat 
Genet, 8, 345-351.

58. mendias cl, Bakhurin Ki, and Faulkner Ja 
(2008) tendons of myostatin-deficient mice 
are small, brittle, and hypocellular. Proc Natl 
Acad Sci U S A, 105, 388-393.

59. miller tm, Kim sh, yamanaka K, hester m, 
umapathi p, arnson h, rizo l, mendell Jr, 
gage Fh, cleveland dW, and Kaspar BK (2006) 
gene transfer demonstrates that muscle is not 
a primary target for non-cell-autonomous 
toxicity in familial amyotrophic lateral sclero-
sis. Proc Natl Acad Sci U S A, 103, 19546-19551.

60. miyazono K (2000) positive and negative reg-
ulation of tgF-beta signaling. J Cell Sci, 113 ( pt 
7), 1101-1109.

61. monaco ap, neve rl, colletti-Feener c, Ber-
telson cJ, Kurnit dm, and Kunkel lm (1986) 
isolation of candidate cdnas for portions of 
the duchenne muscular dystrophy gene. Na-
ture, 323, 646-650.

62. murphy Kt, ryall Jg, snell sm, nair l, Koopman 
r, Krasney pa, ibebunjo c, holden Ks, loria 
pm, salatto ct, and lynch gs (2010) antibody-
directed myostatin inhibition improves dia-
phragm pathology in young but not adult dys-
trophic mdx mice. Am J Pathol, 176, 2425-2434.

63. nelson ca, hunter rB, Quigley la, girgen-
rath s, Weber Wd, mccullough Ja, dinardo 
cJ, Keefe Ka, ceci l, clayton np, Vie-Wylie 
a, cheng sh, leonard Jp, and Wentworth 
Bm (2011) inhibiting tgF-beta activity im-
proves respiratory Function in mdx mice. Am 
J Pathol, 178, 2611-2621.

64. nishi m, yasue a, nishimatu s, nohno t, 
yamaoka t, itakura m, moriyama K, ohuchi h, 
and noji s (2002) a missense mutant myosta-
tin causes hyperplasia without hypertrophy in 
the mouse muscle. Biochemical and Biophysi-
cal Research Communications, 293, 247-251.

65. obreo J, ez-marques l, lamas s, duwell a, 
eleno n, Bernabeu c, pandiella a, lopez-
novoa Jm, and rodriguez-Barbero a (2004) 
endoglin expression regulates basal and tgF-
beta1-induced extracellular matrix synthesis 
in cultured l6e9 myoblasts. Cell Physiol Bio-
chem, 14, 301-310.

66. ohsawa y, hagiwara h, nakatani m, yasue a, 
moriyama K, murakami t, tsuchida K, noji s, 
and sunada y (2006) muscular atrophy of ca-
veolin-3-deficient mice is rescued by myosta-
tin inhibition. J Clin Invest,..

67. parsons sa, millay dp, sargent ma, mcnally 
em, and molkentin Jd (2006) age-dependent 

effect of myostatin blockade on disease sever-
ity in a murine model of limb-girdle muscular 
dystrophy. Am J Pathol, 168, 1975-1985.

68. peng sB, yan l, Xia X, Watkins sa, Brooks hB, 
Beight d, herron dK, Jones ml, lampe JW, mc-
millen Wt, mort n, sawyer Js, and yingling Jm 
(2005) Kinetic characterization of novel pyra-
zole tgF-beta receptor i kinase inhibitors and 
their blockade of the epithelial-mesenchymal 
transition. Biochemistry, 44, 2293-2304.

69. pescatori m, Broccolini a, minetti c, Bertini e, 
Bruno c, d’amico a, Bernardini c, mirabella 
m, silvestri g, giglio V, modoni a, pedemon-
te m, tasca g, galluzzi g, mercuri e, tonali pa, 
and ricci e (2007) gene expression profiling in 
the early phases of dmd: a constant molecu-
lar signature characterizes dmd muscle from 
early postnatal life throughout disease pro-
gression. FASEB J, 21, 1210-1226.

70. Qaisar r, renaud g, morine K, Barton er, 
sweeney hl, and larsson l (2011) is functional 
hypertrophy and specific force coupled with 
the addition of myonuclei at the single muscle 
fiber level? FASEB J.

71. radonic t, de Wp, Baars mJ, Zwinderman ah, 
mulder BJ, and groenink m (2010) losartan 
therapy in adults with marfan syndrome: study 
protocol of the multi-center randomized con-
trolled compare trial. Trials, 11, 3.

72. ray pn, Belfall B, duff c, logan c, Kean V, 
thompson mW, sylvester Je, gorski Jl, 
schmickel rd, and Worton rg (1985) cloning 
of the breakpoint of an Xp21 translocation as-
sociated with duchenne muscular dystrophy. 
Nature, 318, 672-675.

73. rebbapragada a, Benchabane h, Wrana Jl, 
celeste aJ, and attisano l (2003) myostatin 
signals through a transforming growth factor 
beta-like signaling pathway to block adipo-
genesis. Mol Cell Biol, 23, 7230-7242.

74. rose FF, Jr., mattis VB, rindt h, and lorson 
cl (2009) delivery of recombinant follistatin 
lessens disease severity in a mouse model of 
spinal muscular atrophy. Hum Mol Genet, 18, 
997-1005.

75. sacco a, mourkioti F, tran r, choi J, llewellyn 
m, Kraft p, shkreli m, delp s, pomerantz Jh, 
artandi se, and Blau hm (2010) short telomer-
es and stem cell exhaustion model duchenne 
muscular dystrophy in mdx/mtr mice. Cell, 
143, 1059-1071.

76. schade van Westrum sm, hoogerwaard em, 
dekker l, standaar ts, Bakker e, ippel pF, 
oosterwijk Jc, majoor-Krakauer dF, van essen 
aJ, leschot nJ, Wilde aa, de haan rJ, de Vm, 
and van der Kooi aJ (2011) cardiac abnormali-
ties in a follow-up study on carriers of duch-
enne and Becker muscular dystrophy. Neurol-
ogy, 77, 62-66.

130



General Discussion

77. scharpfenecker m, van dm, liu Z, van Bezo-
oijen rl, Zhao Q, pukac l, lowik cW, and ten 
dp (2007) Bmp-9 signals via alK1 and inhibits 
bFgF-induced endothelial cell proliferation 
and VegF-stimulated angiogenesis. J Cell Sci, 
120, 964-972.

78. siriett V, salerno ms, Berry c, nicholas g, 
Bower r, Kambadur r, and sharma m (2007) 
antagonism of myostatin enhances muscle 
regeneration during sarcopenia. Mol Ther, 15, 
1463-1470.

79. spurney cF, sali a, guerron ad, iantorno m, yu Q, 
gordish-dressman h, rayavarapu s, van der mJ, 
hoffman ep, and nagaraju K (2011) losartan de-
creases cardiac muscle fibrosis and improves car-
diac function in dystrophin-deficient mdx mice. J 
Cardiovasc Pharmacol Ther, 16, 87-95.

80. sumner cJ, Wee cd, Warsing lc, choe dW, ng 
as, lutz c, and Wagner Kr (2009) inhibition 
of myostatin does not ameliorate disease fea-
tures of severe spinal muscular atrophy mice. 
Hum Mol Genet, 18, 3145-3152.

81. tsujie m, tsujie t, toi h, uneda s, shiozaki K, 
tsai h, and seon BK (2008) anti-tumor activ-
ity of an anti-endoglin monoclonal antibody 
is enhanced in immunocompetent mice. Int J 
Cancer, 122, 2266-2273.

82. uneda s, toi h, tsujie t, tsujie m, harada n, tsai 
h, and seon BK (2009) anti-endoglin mono-
clonal antibodies are effective for suppressing 
metastasis and the primary tumors by targeting 
tumor vasculature. Int J Cancer, 125, 1446-1453.

83. van deutekom Jc, Janson aa, ginjaar iB, 
Frankhuizen Ws, artsma-rus a, and Brem-
mer-Bout m (2007) local dystrophin restora-
tion with antisense oligonucleotide pro051. N 
Engl J Med, 357, 2677-2686.

84. van meeteren la, goumans mJ, and ten dp 
(2011) tgF-beta receptor signaling pathways 
in angiogenesis; emerging targets for anti-
angiogenesis therapy. Curr Pharm Biotechnol.

85. van putten m and aartsma-rus a (2011) oppor-
tunities and challenges for the development of 
antisense treatment in neuromuscular disor-
ders. Expert Opin Biol Ther, 11, 1025-1037.

86. van putten m, hulsker m, nadarajah Vd, van 
heiningen sh, van he, van im, admiraal p, 
messemaker t, den dunnen Jt, ‘t hoen pa, 
and aartsma-rus a (2012a) the effects of low 
levels of dystrophin on mouse muscle func-
tion and pathology. PLoS ONE, 7, e31937.

87. van putten m, Kumar d, hulsker m, hoogaars 
Wm, plomp JJ, van oa, van im, admiraal p, van 
ommen gJ, ‘t hoen pa, and aartsma-rus a 
(2012b) comparison of skeletal muscle pathology 
and motor function of dystrophin and utrophin 
deficient mouse strains. Neuromuscul Disord.

88. van Vliet l, de Winter cl, van deutekom Jc, 
van ommen gJ, and artsma-rus a (2008) as-

sessment of the feasibility of exon 45-55 multi-
exon skipping for duchenne muscular dystro-
phy. BMC Med Genet, 9, 105.

89. Vogt J, traynor r, and sapkota gp (2011) the spe-
cificities of small molecule inhibitors of the tgFss 
and Bmp pathways. Cell Signal, 23, 1831-1842.

90. Watt Ki, Jaspers rt, atherton p, smith K, rennie 
mJ, ratkevicius a, and Wackerhage h (2010) 
sB431542 treatment promotes the hypertro-
phy of skeletal muscle fibers but decreases 
specific force. Muscle Nerve, 41, 624-629.

91. Wein n, avril a, Bartoli m, Beley c, chaouch 
s, laforet p, Behin a, Butler-Browne g, mouly 
V, Krahn m, garcia l, and levy n (2010) effi-
cient bypass of mutations in dysferlin deficient 
patient cells by antisense-induced exon skip-
ping. Hum Mutat, 31, 136-142.

92. Wolfman nm, mcpherron ac, pappano Wn, 
davies mV, song K, tomkinson Kn, Wright JF, 
Zhao l, sebald sm, greenspan ds, and lee sJ 
(2003) activation of latent myostatin by the 
Bmp-1/tolloid family of metalloproteinases. 
Proc Natl Acad Sci U S A, 100, 15842-15846.

93. yin h, moulton h, Betts c, and Wood m (2011a) 
cpp-directed oligonucleotide exon skipping 
in animal models of duchenne muscular dys-
trophy. Methods Mol Biol, 683, 321-338.

94. yin h, moulton hm, Betts c, merritt t, seow 
y, and ashraf s (2010a) Functional rescue of 
dystrophin-deficient mdx mice by a chimeric 
peptide-pmo. Mol Ther, 18, 1822-1829.

95. yin h, moulton hm, Betts c, merritt t, seow 
y, ashraf s, Wang Q, Boutilier J, and Wood mJ 
(2010b) Functional rescue of dystrophin-de-
ficient mdx mice by a chimeric peptide-pmo. 
Mol Ther, 18, 1822-1829.

96. yin h, saleh aF, Betts c, camelliti p, seow y, 
ashraf s, arzumanov a, hammond s, merritt 
t, gait mJ, and Wood mJ (2011b) pip5 transduc-
tion peptides direct high efficiency oligonu-
cleotide-mediated dystrophin exon skipping 
in heart and phenotypic correction in mdx 
mice. Mol Ther, 19, 1295-1303.

97. yingling Jm, Blanchard Kl, and sawyer Js 
(2004) development of tgF-beta signalling 
inhibitors for cancer therapy. Nat Rev Drug 
Discov, 3, 1011-1022.

98. Zhang y and duan d (2012) novel mini-dys-
trophin gene dual adeno-associated virus vec-
tors restore neuronal nitric oxide synthase ex-
pression at the sarcolemma. Hum Gene Ther, 
23, 98-103.

99. Zhou X, Wang Jl, lu J, song y, Kwak Ks, Jiao 
Q, rosenfeld r, chen Q, Boone t, simonet Ws, 
lacey dl, goldberg al, and han hQ (2010) 
reversal of cancer cachexia and muscle wast-
ing by actriiB antagonism leads to prolonged 
survival. Cell, 142, 531-543.

131




