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Letter to the Editor

Gene replacement rescues severe muscle pathology and prolongs 
survival in myotubularin-deficient mice and dogs
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We previously reported in Science Translational Medicine 
(STM) unprecedented results (1) from gene replacement 
experiments in MTM1-mutant animal models of X-linked 
myotubular myopathy (XLMTM, OMIM 310400) (2). 
This devastating congenital muscle disorder results from 
deficiency of myotubularin, a phosphatidylinositol-3-
phosphatase required for skeletal muscle function, growth 
and ultrastructural organization (3-6). The overall median 
survival of XLMTM patients is only 29 months (7) and 
the majority of patients who survive beyond two years 
require ventilator support (8). While intensive medical 
support extends the life of young patients, there is no 
effective treatment. Of therapeutic approaches tested in 
animal models of XLMTM, gene replacement targets the 
underlying cause of this monogenic disorder (9). Analogous 
to human XLMTM patients, mice engineered with a 
targeted deletion in the Mtm1 gene demonstrate marked 
muscle weakness and shortened lifespan (4). A naturally 
occurring MTM1 missense mutation in dogs results in 
a similar phenotype with reduction of muscle strength 
and lifespan (10). As we reported in STM, myotubularin-
deficient mice and dogs both responded to systemic and 
quasi-systemic administration of a recombinant serotype 8 
adeno-associated virus (AAV8) carrying full-length murine 
Mtm1 or canine MTM1 coding sequence. Both mouse and 
dog models responded within a few short weeks with rapid 
and sustained increases to near normal levels of muscle 
strength and prolonged survival.

As sometimes occurs in science, initial failures can 
lead to subsequent successes. In our case, systemic AAV8-
Mtm1 vector injections in myotubularin deficient mice 

resulted in body-wide muscular improvement. This result 
encouraged us to test first the functionality of an AAV8-
MTM1 vector by intramuscular delivery in three MTM1-
mutant dogs. We first noted robust and rapid muscle size 
enlargement and strength gains in the injected muscles. We 
next administered the vector using regional limb perfusion 
to three additional MTM1-mutant dogs. The idea was to 
isolate, via a tourniquet, venous blood flow to the entire 
hind limb musculature, infuse the AAV8-MTM1 vector and 
then compare findings with the non-infused opposite limb. 
The first MTM1-mutant dog responded as predicted: large 
gains of strength and muscle mass only in the infused limb. 
The non-treated contralateral limb remained in a weakened 
state. Subsequently, we attempted to replicate these findings 
using regional hindlimb infusion in two other MTM1-
mutant dogs. The result was an “experimental failure” but 
a “therapeutic success”. Regional limb infusion resulted in 
systemic distribution of the vector in skeletal musculature 
with subsequent body-wide expression of the MTM1 
transgene. These two treated MTM1-mutant dogs remain 
in the canine colony today and appear healthy and robust  
3 years after AAV-MTM1 vector infusion.

To our knowledge, ours was the first report of successful 
body-wide gene replacement in a congenital muscle disease 
that resulted in amelioration of severe muscle pathology 
and prolongation of life in both rodent and canine models. 
Why did this gene replacement approach rescue severe 
muscle pathology and prolong survival in myotubularin-
deficient animals when similar approaches in dystrophin-
deficient animal models failed to achieved such dramatic 
improvement? A number of characteristics of XLMTM 
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might provide a few clues. First, the protein product of 
MTM1, myotubularin, is a low abundance enzyme in 
contrast to dystrophin, an abundant cytoskeletal protein, 
whose structural role in myofiber maintenance is dependent 
on sustained expression at high levels (11,12). Second, 
the entire MTM1 gene coding sequence easily meets 
current packaging capacity for AAV without the need for 
generation of mini or micro-versions, which is the case 
for dystrophin, that might impair the function of the gene 
product (13). Third, the architecture of muscle tissue in 
XLMTM generally remains intact without replacement by 
fat and scar tissue typically seen in DMD. Together, these 
differences may point to the idea raised by Dr. Pierson (14) 
suggesting that non-dystrophic myopathies may provide a 
more approachable tissue landscape for gene replacement 
therapy compared to degenerative processes typically seen 
in muscular dystrophies. 

Our findings raise additional questions to address in 
animal models of XLMTM. Topics include identifying a 
safe dose-response for simple intravenous systemic infusion 
of AAV. Ideally, a wide dosing range between a minimally 
effective low dose and a log-scale increase to a high dose 
of AAV8-MTM1 would provide a margin of safety when 
translated into a dosing for human patients. Another topic 
of importance concerns the question of effectiveness in 
older patients with advanced disease. Our recent data 
established that a single systemic treatment with AAV8-
MTM1 resulted in long-term survival and rescued muscle 
function in both XLMTM mice and dogs. Strikingly, 
the phenotype of adult mice with severe and advanced 
disease was also corrected by a single intravenous infusion 
of AAV8-Mtm1. These observations in the murine and 
canine models have now led to a clinical trial development 
program for systemic AAV8-MTM1 gene therapy in human 
XLMTM patients. We hypothesize that modest levels of 
myotubularin will suffice to sustain long-term functionality 
of striated muscles throughout the body, including the vital 
respiratory muscles. While systemic disease progression 
was halted after AAV8-MTM1 infusion, and to some extent 
reversed in young MTM1-deficient dogs, we hypothesize 
that the disease can be reversed in adult full-sized dogs. 
Thus, the next most pressing research question to address 
is simple: can advanced disease be ameliorated in the dog 
as we have observed in knockout mice? Because dogs 
are similar in size and closer physiologically to patients 
compared to mice, experiments in dogs are exceptionally 
informative for clinical trial design. We are currently using 
the canine system to test this hypothesis and to optimize 

dosing while assessing potential safety concerns for full-
sized animals that can no longer ambulate and have 
impaired breathing. Unlike dystrophic muscles undergoing 
replacement with fat and scar tissue, myotubularin-deficient 
muscles are hypotrophic but do not become infiltrated with 
fat and connective tissue. Thus, reversal of the disease is 
possible even in advanced cases, as seen in Mtm1-knockout 
mice with end-stage disease that completely recovered after 
a single dose of AAV8-Mtm1. If AAV8-MTM1 can reverse 
advanced disease in dogs as it has in mice, the future for 
effective patient therapy appears even brighter.

Acknowledgements

Association Française contre les Myopathies (France) to 
A.B.-B. and M.K.C.; Muscular Dystrophy Association 
(United States) to M.K.C.; Myotubular Trust (UK) to 
A.B.-B.; Genopole d’Evry (France) to A.B.-B.; INSERM 
(France) to A.B.-B.; U.S. NIH grants R21 AR064503 
and R01 HL115001 to M.K.C.; R01 AR044345 and 
R01 HD075802 to A.H.B.; the Joshua Frase Foundation 
and Where There’s a Will There’s a Cure to A.H.B. 
and M.K.C.; and the Peter Khuri Myopathy Research 
Foundation to M.K.C.; Senator Paul D Wellstone Muscular 
Dystrophy Cooperative Research Center, Seattle (NIH 
U54AR065139).

Footnote

Conflicts of Interest: The authors are inventors of a patent 
on gene therapy for myotubular myopathy and are paid 
members of the scientific advisory board for Audentes 
Therapeutics.

References

1.	 Childers MK, Joubert R, Poulard K, et al. Gene therapy 
prolongs survival and restores function in murine and 
canine models of myotubular myopathy. Sci Transl Med 
2014;6:220ra10. 

2.	 Buj-Bello A, Biancalana V, Moutou C, et al. Identification 
of novel mutations in the MTM1 gene causing severe and 
mild forms of X-linked myotubular myopathy. Hum Mutat 
1999;14:320-5.

3.	 Laporte J, Hu LJ, Kretz C, et al. A gene mutated in 
X-linked myotubular myopathy defines a new putative 
tyrosine phosphatase family conserved in yeast. Nat Genet 
1996;13:175-82.



Annals of Translational Medicine, Vol 3, No 17 October 2015 Page 3 of 3

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2015;3(17):257www.atmjournal.org

4.	 Buj-Bello A, Laugel V, Messaddeq N, et al. The lipid 
phosphatase myotubularin is essential for skeletal muscle 
maintenance but not for myogenesis in mice. Proc Natl 
Acad Sci U S A 2002;99:15060-5. 

5.	 Al-Qusairi L, Weiss N, Toussaint A, et al. T-tubule 
disorganization and defective excitation-contraction 
coupling in muscle fibers lacking myotubularin lipid 
phosphatase. Proc Natl Acad Sci U S A 2009;106:18763-8. 

6.	 Hnia K, Tronchère H, Tomczak KK, et al. Myotubularin 
controls desmin intermediate filament architecture and 
mitochondrial dynamics in human and mouse skeletal 
muscle. J Clin Invest 2011;121:70-85.

7.	 McEntagart M, Parsons G, Buj-Bello A, et al. Genotype-
phenotype correlations in X-linked myotubular myopathy. 
Neuromuscul Disord 2002;12:939-46.

8.	 Herman GE, Finegold M, Zhao W, et al. Medical 
complications in long-term survivors with X-linked 
myotubular myopathy. J Pediatr 1999;134:206-14.

9.	 Buj-Bello A, Fougerousse F, Schwab Y, et al. AAV-
mediated intramuscular delivery of myotubularin corrects 
the myotubular myopathy phenotype in targeted murine 

muscle and suggests a function in plasma membrane 
homeostasis. Hum Mol Genet 2008;17:2132-43. 

10.	 Beggs AH, Böhm J, Snead E, et al. MTM1 mutation 
associated with X-linked myotubular myopathy in 
Labrador Retrievers. Proc Natl Acad Sci U S A 
2010;107:14697-702.

11.	 Laporte J, Blondeau F, Gansmuller A, et al. The PtdIns3P 
phosphatase myotubularin is a cytoplasmic protein that 
also localizes to Rac1-inducible plasma membrane ruffles. 
J Cell Sci 2002;115:3105-17.

12.	 Wu B, Lu P, Cloer C, et al. Long-term rescue of 
dystrophin expression and improvement in muscle 
pathology and function in dystrophic mdx mice by peptide-
conjugated morpholino. Am J Pathol 2012;181:392-400.

13.	 Asokan A, Schaffer DV, Samulski RJ. The AAV vector 
toolkit: poised at the clinical crossroads. Mol Ther 
2012;20:699-708.

14.	 Pierson CR. Gene therapy in myotubular myopathy: 
promising progress and future directions. Ann Transl Med 
2015;3:61.

Cite this article as: Childers MK, Beggs AH, Buj-Bello 
A. Gene replacement rescues severe muscle pathology 
and prolongs survival in myotubularin-deficient mice 
and dogs. Ann Transl Med 2015;3(17):257. doi: 10.3978/
j.issn.2305-5839.2015.10.01


