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MicroRNAs	modulate	cellular	phenotypes	by	inhibiting	expression	of	mRNA	targets.	In	this	study,	we	have	
shown	that	the	muscle-specific	microRNAs	miR-133a-1	and	miR-133a-2	are	essential	for	multiple	facets	of	
skeletal	muscle	function	and	homeostasis	in	mice.	Mice	with	genetic	deletions	of	miR-133a-1	and	miR-133a-2	
developed	adult-onset	centronuclear	myopathy	in	type	II	(fast-twitch)	myofibers,	accompanied	by	impaired	
mitochondrial	function,	fast-to-slow	myofiber	conversion,	and	disarray	of	muscle	triads	(sites	of	excita-
tion-contraction	coupling).	These	abnormalities	mimicked	human	centronuclear	myopathies	and	could	be	
ascribed,	at	least	in	part,	to	dysregulation	of	the	miR-133a	target	mRNA	that	encodes	dynamin	2,	a	GTPase	
implicated	in	human	centronuclear	myopathy.	Our	findings	reveal	an	essential	role	for	miR-133a	in	the	main-
tenance	of	adult	skeletal	muscle	structure,	function,	bioenergetics,	and	myofiber	identity;	they	also	identify	a	
potential	modulator	of	centronuclear	myopathies.

Introduction
Human centronuclear myopathies (CNMs) are a group of congeni-
tal myopathies characterized by muscle weakness and abnormal 
centralization of nuclei in muscle myofibers (1, 2). CNMs can be 
classified into 3 main forms: the recessive X-linked myotubular 
myopathy (XLMTM), with a severe neonatal phenotype, caused by 
mutations in the myotubularin gene (MTM1); the classical autoso-
mal-dominant form, with mild, moderate, or severe phenotypes, 
caused by mutations in the dynamin 2 gene (DNM2); and an auto-
somal-recessive form presenting severe and moderate phenotypes, 
caused by mutations in the amphiphysin 2 gene (BIN1) (1, 2).  
Despite their heterogeneous clinical phenotypes, all 3 forms of 
CNMs present the following common pathological characteristics: 
(a) type I myofiber predominance and small fiber sizes; (b) abnor-
mal NADH–tetrazolium reductase (NADH-TR) staining patterns, 
indicative of mitochondrial abnormalities; and (c) absence of 
necrosis, myofiber death, or regeneration (2).

XLMTM, the most severe and most common form of CNM, has 
been extensively studied in mice and zebrafish (3–6). Mice with 
homozygous mutations of the Mtm1 gene develop a progressive 
CNM that recapitulates the pathological characteristics of XLMTM 
in humans (5). Mtm1-deficient mice also display disorganized tri-
ads and defective excitation-contraction coupling, which may be 
responsible for the impaired muscle function in XLMTM (3).

The autosomal-dominant form of CNM is associated with a 
wide clinical spectrum of slowly progressive CNMs, from those 
beginning in childhood or adolescence to more severe sporadic 
forms with neonatal onset (7–9). Multiple missense mutations in 
the DNM2 locus have been identified in recent years, hence, the 
autosomal-dominant CNM is also called DNM2-associated CNM. 

Dynamin 2 is a ubiquitously expressed large GTPase involved in 
many cellular functions, including endocytosis and membrane 
trafficking (10, 11). However, the precise mechanism whereby 
multiple missense mutations in the DNM2 gene cause CNM 
remains unknown. Currently, there is no mouse model for DNM2-
related CNM, and a knockin mouse model expressing the most 
frequent CNM-related DNM2 mutation, R465W Dnm2, failed 
to reproduce the autosomal-dominant form of human CNM 
(9). Homozygous mice carrying the R465W Dnm2 mutation die 
within 24 hours after birth, whereas heterozygous mice develop 
a myopathy followed by atrophy and impaired muscle function 
without centralized nuclei (9).

microRNAs (miRNAs) are highly conserved small noncoding 
RNAs that regulate a range of biological processes by inhibiting 
the expression of target mRNAs with complementary sequences 
in their 3′ untranslated regions (3′ UTRs) (12). Watson-Crick base 
pairing of nucleotides 2–8 of a miRNA with the mRNA target 
results in mRNA degradation and/or translational repression. 
Recent studies have revealed key roles for miRNAs in the regula-
tion of skeletal muscle differentiation, and changes in miRNA 
expression are associated with various skeletal muscle disorders 
(13–15). However, the potential involvement of miRNAs in skeletal 
myopathies has not been demonstrated.

The miR-1-1/miR-133a-2 and miR-1-2/miR-133a-1 miRNA clus-
ters are expressed in cardiac and skeletal muscle, whereas the miR-
206/miR-133b cluster is only expressed in skeletal muscle (16). 
miR-206 is required for efficient regeneration of neuromuscular 
synapses after acute nerve injury, and loss of miR-206 accelerates 
disease progression of amyotrophic lateral sclerosis in mice (17). 
miR-1 and miR-133a play important roles in heart development 
and function (18, 19) and have also been shown to regulate myo-
blast proliferation and differentiation in vitro (20). However, the 
potential functions of these miRNAs in skeletal muscle develop-
ment or function in vivo have not been studied.
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We showed previously that miR-133a-1 and miR-133a-2 are 
important for cardiac development and function (18). Mice lack-
ing either miR-133a-1 or miR-133a-2 are normal, whereas approxi-
mately 50% of double knockout (dKO) mice lacking both miRNAs 
die as embryos or neonates from ventricular-septal defects (18). To 
explore the functions of miR-133a in skeletal muscle, we studied 
the surviving miR-133a dKO mice for skeletal muscle defects. Here, 
we show that adult mice lacking miR-133a developed progressive 
CNM, accompanied by mitochondrial dysfunction and fast-to-slow 
myofiber conversion. These muscle abnormalities can be attrib-
uted, at least in part, to upregulation of dynamin 2, a target for 
repression by miR-133a-1 and miR-133a-2. Our findings revealed 
an essential role for miR-133a in the maintenance of adult skeletal 
muscle structure and function and as a modulator of CNMs.

Results
Expression of miR-133 in skeletal muscle. The miR-133 family contains 
3 highly homologous miRNAs: miR-133a-1, miR-133a-2, and miR-
133b. miR-133a-1 and miR-133a-2 are identical and differ from miR-
133b by 2 nucleotides at the 3′ terminus (18). We have previously 
shown that miR-133a-1 and miR-133a-2 are expressed in cardiac and 
skeletal muscle, whereas miR-133b is skeletal muscle specific (18). 
We determined the expression of miR-133 by Northern blot analysis 
in several skeletal muscles of different myofiber contents. Oxidative, 
type I (slow-twitch) myofibers are enriched in soleus muscle, and gly-
colytic type II (fast-twitch) myofibers are enriched in other muscle 
groups, such as gastrocnemius and plantaris (G/P), tibialis anterior 
(TA), and extensor digitorum longis (EDL) muscles. miR-133a was 
expressed at equivalent levels in all of these muscle groups (Figure 
1A), indicative of its comparable levels in type I and type II myofi-
bers. miR-133b was cotranscribed with miR-206 and was enriched in 
soleus muscle, which contains predominantly type I fibers (17).

We generated miR-133a–/– (i.e., dKO) mice by interbreeding miR-
133a-1+/–;miR-133a-2+/– mice, as described previously (18), and 
confirmed the loss of miR-133a expression in dKO skeletal mus-
cle by quantitative real-time RT-PCR (Figure 1B). The low level of 
miR-133 expression detected in dKO skeletal muscle represented 
the presence of miR-133b, which is detected by miR-133a probes. 
Based on results from real-time RT-PCR, we estimate that the rela-
tive abundance of miR-133a versus miR-133b in WT mice is about 
15:1 in soleus and about 50:1 in G/P, EDL, and TA muscle, which 
confirms that miR-133b is less abundant than miR-133a in skel-
etal muscle and is enriched in soleus muscle.

Accumulation of centronuclear myofibers in dKO skeletal muscle. dKO 
mice did not show apparent abnormalities in mobility. At 4 weeks 
of age, dKO muscles appeared normal by histological analysis 
and immunostaining for laminin and DAPI, and myofibers were 
comparable in size to those of WT muscle (Supplemental Figure 
1, A–C; supplemental material available online with this article; 
doi:10.1172/JCI46267DS1). However, by 6 weeks of age, myofi-
bers with centralized nuclei began to appear in dKO mice, and the 
percentage of myofibers with central nuclei in EDL, G/P and TA 
muscle increased progressively with age (Supplemental Figure 2A). 
By 12 weeks of age, nearly 60% of myofibers in TA muscle of dKO 
mice contained centralized nuclei (Figure 2, A–C). In contrast, 
dKO soleus muscle had relatively few centralized nuclei (Figure 
2, A and C). These findings suggest that the phenotype of cen-
trally located nuclei in dKO mice is specific to type II myofibers. In 
addition, at 12 weeks of age, dKO mice were significantly smaller 
in both body mass and mass of various muscle groups when nor-
malized to tibia length (Supplemental Figure 2B). TA myofibers 
of dKO mice also had smaller diameters than normal at this age 
(Supplemental Figure 2C).

As a further assessment of muscle abnormalities, we analyzed 
the distribution of mitochondria and sarcoplasmic reticulum (SR) 
by NADH-TR staining in dKO muscle fibers at 12 weeks. dKO 
fibers showed more oxidative enzyme activity in G/P, EDL, and TA 
muscles than did WT myofibers (Supplemental Figure 3A), which 
may reflect a shift from glycolytic to oxidative myofibers in these 
muscles. The oxidative enzyme activity within individual fibers was 
also unevenly distributed, and some myofibers showed radiating 
intermyofibrillary networks (Figure 2D). Ring-like fibers were also 
occasionally observed upon NADH-TR staining (Figure 2D). There 
was no significant difference in NADH-TR staining in soleus mus-
cle between dKO and WT littermates (Supplemental Figure 3A). 
Interestingly, normal NADH-TR staining patterns were observed 
in 4-week-old dKO muscle when no centrally located nuclei were 
present (Supplemental Figure 3B).

Accumulation of centralized nuclei is usually indicative of 
muscle regeneration in response to disease or injury (21–23). We 
therefore searched for signs of muscle damage and degeneration in 
dKO myofibers at 12 weeks of age. Monitoring sarcolemmal integ-
rity by the uptake of Evans blue dye (EBD), which accumulates in 
damaged cells, showed very few dye-positive fibers (less than 4 per 
transverse section) (Figure 2E). We examined muscle from mdx 
mice, which develop muscular dystrophy, for comparison; these 
mice showed extensive EBD uptake (Figure 2E). We also measured 
serum levels of creatine kinase (CK) activity, indicative of sarco-
lemmal leakage, and observed only slightly elevated (2-fold) CK 
levels in dKO mice at 3 months (data not shown). In addition, dKO 
myofibers showed no signs of inflammation, fibrosis, or apoptosis 
(data not shown), which are characteristic of dystrophic muscle 
fibers. At 12 months of age, we did not observe worsening in myo-
fiber morphologies or signs of inflammation, fibrosis, or cell death 
in dKO myofibers (Supplemental Figure 3C).

To assay for muscle regeneration, we analyzed expression of 
mRNAs encoding several myogenic markers of regeneration. 
Expression of Myog (which encodes myogenin) was upregulated  
7-fold in dKO TA muscle, but there was no change in the expression 
levels of other myogenic markers, such as Pax3, Pax7, and MyoD 
(Figure 2F). Although there was a strong increase in both embryonic  
(Myh3) and perinatal MHC (Mhy8) mRNA levels in TA muscle by 
real-time RT-PCR (Figure 2F), embryonic MHC protein was rarely 

Figure 1
Expression of miR-133 in skeletal muscle. (A) Northern blot analysis 
of miR-133a in adult WT mouse tissues. The blot was stripped and 
reprobed with 32P-labeled U6 probe as a loading control. Sol, soleus. 
(B) Expression of miR-133 in skeletal muscle, detected by real-time 
RT-PCR and expressed relative to U6.
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detected in dKO muscle fibers by immunohistochemistry (data not 
shown). These data indicate that there is only rare muscle regenera-
tion in dKO mice, which is insufficient to account for the extensive 
centronuclear fibers observed in these mice. Thus, centronuclear 

myofibers in dKO mice without apparent 
necrosis, myofiber death, or significant 
regeneration are pathological character-
istics reminiscent of human CNMs (1, 2).

T-tubule disorganization in muscle fibers 
of dKO mice. In skeletal muscle, excita-
tion-contraction coupling occurs at tri-
ads, which are composed of a transverse 
tubule (T-tubule) and a pair of terminal 
cisternae of the SR (24). In Mtm1-defi-
cient mice, muscle fibers have a decreased 
number of triads and abnormal organiza-
tion of T-tubules (3). T-tubule disorgani-
zation has also been reported in human 
CNM patients (6, 25).

To assess whether T-tubule organization 
is affected in dKO muscle, we examined 
the expression of genes encoding compo-
nents of T-tubules and SR that are impor-
tant for excitation-contraction coupling, 
including the α1, β1, and γ1 subunits of 
the dihydropyridine receptor (DHPR) 
(encoded by Cacna1s, Cacnb1, and Cacng1, 
respectively), ryanodine receptor 1 (Ryr1), 
type 1 and 2 SERCA pumps (Atp2a1 and 
Atp2a2), and calsequestrin 1 and 2 (Casq1 
and Casq2). At the mRNA level, expres-
sion of most of the genes was unchanged, 
except for a 2.5-fold increase in Cancng1 

(Figure 3A). We also examined expression of RyR1, DHPRα, calse-
questrin, and SERCA2 at the protein level and observed mini-
mal changes (Supplemental Figure 4). In contrast, we observed a  
35-fold increase in mRNA levels of Sln, accompanied by a compa-

Figure 2
Centronuclear myofibers in dKO skeletal 
muscle. (A) H&E staining of soleus, EDL, 
G/P, and TA muscles of WT and dKO mice 
at 12 weeks of age. Scale bars: 40 μm. (B) 
Immunostaining of TA muscle against lam-
inin. Nuclei are stained with DAPI. dKO TA 
muscle showed central nuclei. Scale bars: 
40 μm. (C) Percentage of centronuclear 
myofibers in 4 WT mice and 10 dKO mice 
at 12 weeks of age. For each mouse, more 
than 500 myofibers were counted for TA and 
G/P muscles and more than 300 myofibers 
were counted for soleus and EDL muscles. 
(D) NADH-TR staining of dKO TA muscle 
revealed abnormal distribution, radiating 
intermyofibrillary network (arrows), and 
ring-like fibers (asterisks). Scale bars: 20 
μm. (E) EBD uptake of TA muscles of WT, 
dKO, and mdx mice. Immunostaining with 
laminin (green) is shown; EBD is detected 
as a red signal under fluorescence micros-
copy. Scale bars: 100 μm. (F) Expression 
of myogenic genes and of embryonic MHC 
(Myh3) and perinatal MHC (Myh8) in WT 
and dKO TA muscle, determined by real-
time RT-PCR. n = 3 (WT and dKO).



research article

	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 8   August 2011 3261

rable increase in sarcolipin protein (Figure 3A and Supplemental 
Figure 4). Sarcolipin upregulation is a common feature in skeletal 
muscle myopathies (ref. 26 and M. Periasamy, unpublished observa-
tions), but the significance of this upregulation is unknown. Expres-
sion of phospholamban was slightly upregulated in dKO muscle, 
but the phosphorylated phospholamban was slightly decreased at 
the protein level (Supplemental Figure 4).

We also analyzed the organization of triads by immunohisto-
chemistry against DHPRα, a marker for T-tubules, and RyR1, a 
marker for terminal cisternae of SR. In transverse sections of WT myo-
fibers, both T-tubules and terminal cisternae of SR displayed dot-like 
staining patterns distributed evenly along the myofibers (Figure 3B), 

which reflected the transverse orientations of triads relative to sarco-
meres. In dKO myofibers, however, both T-tubules and SR showed 
aggregated staining, absence of staining in some regions, and irregular 
distribution within individual fibers (Figure 3B). In addition, in WT 
muscle, adjacent myofibers showed the same staining patterns. How-
ever, in dKO muscle, the adjacent myofibers often displayed different 
staining patterns (Figure 3B), suggestive of different orientations of 
triads in adjacent fibers. At 4 weeks of age, when dKO mice had not yet 
developed CNM, T-tubule structures were normal, as demonstrated 
by DHPRα staining (Supplemental Figure 3D).

We further analyzed the morphology of triads at the ultrastruc-
tural level by electron microscopy (Figure 3, C–J). In adult dKO TA 

Figure 3
Disorganization of triads in TA muscle fibers in dKO mice. (A) Expression of mRNA transcripts encoding components of T-tubules and SR was 
determined by real-time RT-PCR in TA muscles of 12-week-old mice. n = 3 (WT and dKO). (B) Immunostaining of T-tubules and SR in transverse 
sections of TA muscle from WT and dKO mice at 12 weeks of age. T-tubules were detected by anti-DHPRα, and terminal cisternae of the SR 
were detected by anti-RyR1. Nuclei were detected by DAPI, and the myofiber perimeter was stained by anti-laminin. Images of multiple levels of 
the sections were taken and reconstructed to create the 3D effect. Scale bars: 30 μm. (C–J) Electron micrographs of WT and dKO muscle. dKO 
TA muscle showed accumulation of electron-dense structures (D–F) that were absent in WT TA muscle (C). dKO muscle (H and J) displayed 
T-tubules (arrows) in abnormal orientations compared with WT muscle (G and I). Scale bars: 2 μm (C and D); 0.5 μm (E–H); 0.2 μm (I and J).
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muscle fibers, some T-tubules (stained dark by potassium ferricya-
nide) showed abnormal morphologies and longitudinal orientations 
aligned with the direction of myofibrils; these were rarely observed in 
WT muscle fibers (Figure 3, G–J). We also observed accumulation of 
electron-dense membranous structures along the myofibers and at 
triads in dKO myofibers (Figure 3, D–F). Overall, these findings indi-
cate that miR-133a is important for the organization of T-tubules 
and triads and that its absence results in T-tubule disorganization.

Mitochondrial dysfunction in dKO skeletal muscle. To determine 
whether lack of miR-133a alters mitochondrial function in skel-
etal muscle, mitochondria were isolated from red and white 
portions of the gastrocnemius muscle from dKO and WT mice. 
Immediately after isolation, mitochondrial respiration and fatty 
acid oxidation were assessed. Assessments of mitochondrial func-
tion include: (a) respiratory control ratio (RCR), the coupling 
between oxidative phosphorylation and ATP synthesis; (b) ADP-
stimulated state 3 respiration, the respiratory rate during which 
the mitochondria are producing ATP; and (c) carbonylcyanide-
p-trifluoromethoxyphenylhydrazone–stimulated (FCCP-stimu-
lated) respiration, the maximal respiratory rate when oxidative 
phosphorylation is uncoupled from ATP synthesis. A reduction in 
any of these measures suggests mitochondrial dysfunction, which 
could be due to altered substrate handling, ATP synthase activ-

ity, or a dysfunction in respiratory chain components. Since we 
observed a reduction in all 3 parameters, dysfunction appears to 
be due to altered substrate handling or dysfunction in oxidative 
phosphorylation. The absence of miR-133a resulted in significant 
declines in RCR, ADP-stimulated state 3 respiration, and FCCP-
stimulated maximal respiration in both red and white muscle, 
although the effects on FCCP-stimulated maximal respiration 
appeared to be more pronounced in red muscles (Figure 4A). In 
addition, total fatty acid oxidation was also significantly lower in 
mitochondria isolated from both red and white portions of gas-
trocnemius muscle from dKO animals (Figure 4B). There was also 
a reduction in citrate synthase in red quadricep muscle, but not 

Figure 4
Mitochondrial dysfunction in dKO muscle. 
(A) Mitochondria were isolated from red 
and white gastrocnemius muscle, and 
oxygen consumption rate (OCR) was 
measured for RCR, ADP-stimulated state 
3 respiration (ADP), and FCCP-stimulated 
respiration (FCCP). n = 6 (WT and dKO). 
*P < 0.05 vs. WT. (B) Fatty acid oxidation 
was measured in isolated mitochondria 
from red and white gastrocnemius mus-
cle. Citrate synthase enzyme activity was 
measured in isolated mitochondria from 
red and white quadriceps muscle. n = 6 
(WT and dKO). *P < 0.05 vs. WT.

Figure 5
miR-133a regulates Dnm2 expression in skeletal muscle. (A) Posi-
tion of miR-133a target site in Dnm2 3′ UTR and sequence alignment 
of miR-133a and the Dnm2 3′ UTR from various species are shown. 
Conserved miR-133a binding sites in Dnm2 3′ UTR are shown in red. 
Mutations in Dnm2 3′ UTR were introduced to disrupt base-pairing with 
miR-133a seed sequences (blue). (B) Luciferase reporter constructs 
containing WT and mutant Dnm2 3′ UTR sequences were cotrans-
fected into COS-1 cells with a plasmid expressing miR-133a. 48 hours 
after transfection, luciferase activity was measured and normalized to 
β-galactosidase activity. (C) Real-time RT-PCR showing expression 
of Dnm2 mRNA in WT and dKO TA muscle. n = 3 (WT and dKO). (D) 
Western blot showing expression of dynamin 2 protein in TA muscle 
of WT and dKO mice. n = 2 (WT and dKO). The blot was stripped 
and reprobed with an antibody against α-actin as a loading control. 
Quantification of dynamin 2 protein, determined by densitometry and 
normalized to α-actin, is also shown.
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in white quadricep muscle (Figure 4B). Collectively, these results 
demonstrate that the absence of miR-133a results in lower intrin-
sic mitochondrial function and fatty acid oxidation in both red 
and white skeletal muscle.

miR-133a targets dynamin 2, a regulator of CNM. To begin to explore 
the mechanistic basis of skeletal muscle abnormalities in dKO mice, 
we searched for targets of miR-133a with potential roles in CNM. 
Among the strongly predicted targets of miR-133a is Dnm2 mRNA, 
encoding a large GTPase implicated in endocytosis, membrane traf-
ficking, and regulation of the actin and microtubule cytoskeletons 
(11). Point mutations in the human DNM2 gene, thought to act in 
a dominant-negative manner, cause the autosomal-dominant form 
of CNM (7, 8, 27, 28). The 3′ UTR of Dnm2 mRNA contains an evo-
lutionarily conserved miR-133a binding site (Figure 5A). miR-133a 
repressed a luciferase reporter gene linked to the 3′ UTR of Dnm2 
mRNA, whereas a mutation in the predicted miR-133a binding site 
in the 3′ UTR prevented repression (Figure 5B), confirming Dnm2 

mRNA as a target for miR-133a. Moreover, we observed a 2-fold 
increase in Dnm2 mRNA by quantitative real-time RT-PCR and an 
approximate 7-fold increase in dynamin 2 protein in TA muscle of 
dKO compared with WT mice by Western blot analysis (Figure 5, 
C and D). These results indicate that miR-133 represses dynamin 2 
expression at both mRNA and protein levels.

Overexpression of dynamin 2 in skeletal muscle causes CNM in type II 
myofibers. To examine whether elevated expression of dynamin 2, as 
observed in dKO myofibers, is sufficient to cause CNM, we gener-
ated transgenic mice in which dynamin 2 protein (with a myc-tag 
on the C terminus) was expressed under control of the muscle CK 
(MCK) promoter (referred to herein as MCK-DNM2 mice) (29, 30). 
Overexpression of dynamin 2 protein in skeletal muscle of transgen-
ic mice was confirmed by Western blotting using antibodies against 
dynamin 2 as well as the myc epitope tag (Figure 6A). We obtained 
2 MCK-DNM2 transgenic mouse lines, Tg1 and Tg2, which showed 
3- and 6-fold overexpression of dynamin 2, respectively, compared 

Figure 6
Overexpression of Dnm2 in skeletal muscle causes CNM. (A) Western blot analysis of TA muscle from WT and MCK-DNM2 transgenic mouse 
lines Tg1 and Tg2 using anti–dynamin 2 and anti-myc to show overexpression of transgene. Anti-tubulin was used as a loading control. Protein 
quantification, determined by densitometry, is also shown. (B) Transverse sections of TA muscles of WT, Tg1, and Tg2 mice at 6 weeks of age 
were stained with wheat germ agglutinin (WGA) and DAPI to show central nuclei (arrows) in transgenic mice. Scale bars: 100 μm. (C) Percentage 
of centronuclear myofibers in TA muscle of transgenic mice at 7 weeks of age. (D) Histological analysis of TA and soleus muscles of WT and Tg2 
mice at 11 weeks of age. TA muscle sections were stained with H&E, with anti-laminin and DAPI to show central nuclei, and with NADH-TR to 
reveal abnormal distribution and radiating intermyofibrillary network (arrows). Scale bars: 40 μm. (E) 10-week-old WT and Tg2 mice (n = 3 per 
group), as well as 3 month-old WT and dKO mice (n = 5 per group), were subjected to forced downhill running on a treadmill. Muscle performance 
was measured as time to exhaustion. Total running distance is also shown. *P < 0.05; ***P < 0.001.
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with WT levels. At 7 weeks of age, both transgenic lines displayed 
accumulation of centronuclear myofibers (Figure 6B). Interestingly, 
Tg2 mice, which overexpressed dynamin 2 at a level similar to that of 
dKO mice, displayed age-dependent centronuclear myofibers in TA 
muscle comparable to those of dKO mice (Figure 6C).

At 11 weeks of age, Tg2 mice displayed signs of muscle atrophy, 
with decreased muscle mass in both TA and G/P muscle (Supple-
mental Figure 5A). There was no difference in body mass between 
Tg2 and WT littermates (Supplemental Figure 5A). Histological 
analysis of TA muscle showed heterogeneous fiber sizes and the 
presence of centronuclear fibers in Tg2 mice (Figure 6D). The 
percentage of centronuclear myofibers in TA muscle of Tg2 mice 
was approximately 23% at this age (data not shown). NADH-TR 
staining revealed abnormal aggregation of oxidative enzymatic 
activity and radiating intermyofibrillary networks (Figure 6D). 
Abnormal organization of T-tubules was also observed in Tg2 TA 
muscle, as detected by immunohistochemistry against DHPRα 
(Supplemental Figure 5B).

Dynamin 2 protein was not significantly overexpressed in soleus 
muscle or heart of Tg2 mice (Supplemental Figure 5C), consistent 
with the preferential expression of the MCK promoter in type II 
myofibers (29, 30). Not surprisingly, therefore, we did not observe 
any abnormalities in soleus muscle or heart function in Tg2 mice 
(Supplemental Figure 5C and data not shown).

To assess muscle performance, we subjected mice to downhill 
treadmill running and analyzed running time and distance to 
exhaustion. At 10 weeks of age, Tg2 mice ran for a significantly 
shorter time than did WT mice (Figure 6E), indicative of muscle 
weakness. dKO mice showed a more dramatic decrease in running 

capacity (Figure 6E). However, the compromised cardiac function 
in dKO mice may also be a contributing factor to the reduction 
in exercise capacity.

Intracellular accumulation of dysferlin has been recently reported 
in human DNM2-associated CNM patients, as well as in heterozygous 
mice carrying the R456W Dnm2 mutation (9). We also analyzed 
localization of dysferlin in dKO muscle and Tg2 muscle. Interest-
ingly, substantial accumulation of dysferlin inside the myofibers 
was observed in both dKO and Tg2 muscle fibers (Figure 7, A and B). 
Furthermore, at least some of the intracellular dysferlin was colocal-
ized with dynamin 2 in dKO muscle fibers (Figure 7A).

These results demonstrate that elevated expression of Dnm2 in 
skeletal muscle causes CNM, predominantly in type II fibers, mim-
icking the dKO phenotype. We conclude that the CNM in dKO mus-
cle can be explained, at least in part, by dysregulation of Dnm2.

dKO mice show increased type I myofibers in soleus muscle. In addition 
to CNM, dKO mice displayed increased numbers of type I fibers 
in soleus muscle, which does not show CNM. We analyzed fiber 
type composition of soleus muscle from adult dKO mice by meta-
chromatic ATPase staining and by immunohistochemistry against 
type I myosin heavy chain (MHC), shown by dark brown stain-
ing. Soleus muscle of WT mice was composed of about 43% type I  
fibers (Figure 8, A and B). Soleus muscle of dKO mice showed a  
2-fold increase in the number of type I fibers (Figure 8, A and B).

Quantitative real-time RT-PCR analysis of the expression of tran-
scripts encoding individual MHC isoforms revealed an increase in 
type I MHC (MHC-I) and decreases in type II MHCs (MHC-IIa, 
MHC-IIx/d, and MHC-IIb) in soleus muscle of dKO compared 
with WT mice (Figure 8C). We examined the protein composi-

Figure 7
Intracellular accumulation of dysferlin in dKO 
and MCK-DNM2 transgenic mouse myofi-
bers. (A) Immunostaining of TA muscle from 
WT and dKO mice to detect dynamin 2 and 
dysferlin. Intracellular accumulation of dys-
ferlin was observed in dKO myofibers. Over-
lay images indicate localization of dynamin 2 
and dysferlin in the intracellular aggregates 
in dKO muscle. Scale bars: 30 μm. (B) 
Immunostaining of TA muscle from WT and 
Tg2 mice to detect dysferlin. Intracellular 
accumulation of dysferlin was observed in 
Tg2 myofibers. Scale bars: 30 μm.
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tion of MHC isoforms in soleus, EDL, and TA muscle by silver 
staining of glycerol gels: 3 bands were present in protein extracts 
of soleus muscle isolated from WT mice, corresponding to MHC-
IIa/IIx, MHC-IIb, and MHC-I proteins; 2 bands were present in 
protein extracts of TA and EDL muscles from WT mice, represent-
ing MHC-IIb and MHC-IIa/IIx (Figure 8C). Consistent with results 
from quantitative real-time RT-PCR, soleus muscle of dKO mice 
displayed an increase in MHC-I protein and a decrease in MHC-
IIa/IIx proteins. MHC-IIb protein was not observed in dKO soleus 
muscle. Interestingly, there was an increase in the oxidative MHC-
IIa/IIx protein and a decrease in the glycolytic MHC-IIb protein in 
TA and EDL muscles of dKO mice compared with WT mice, which 
indicates that these muscle groups also display a fiber type shift 
toward more oxidative (type IIa) fibers.

To determine whether loss of miR-133a affects the formation 
of type I fibers during fetal development, we examined MHC-I 
expression by immunohistochemistry at P1. There was no obvious 
difference in the number of MHC-I–positive myofibers in soleus or 
EDL muscles of dKO mice at P1 (Supplemental Figure 6A), which 
indicates that miR-133a does not influence embryonic develop-
ment of type I myofibers. To determine when the fiber type switch 
takes place in dKO mice, we analyzed fiber type composition in 
both 2- and 4-week old mice by metachromatic ATPase staining. At 
both ages, the percentage of type I fibers in soleus was increased by 
almost 2-fold in dKO mice (Supplemental Figure 6B). We conclude 
that miR-133a does not influence specification of type I myofibers 
during embryonic development. Rather, miR-133a represses type I  
myofibers postnatally, such that the absence of miR-133a results 
in an increase in type I myofibers of adult mice.

Discussion
The results of this study reveal important roles of miR-133a in 
maintaining normal structure and function of adult skeletal mus-
cle. The absence of miR-133a resulted in CNM, mitochondrial dys-

function, disarray of muscle triads, and a shift from glycolytic to 
oxidative myofibers. The skeletal muscle abnormalities in dKO mice 
were remarkably similar to those of human CNMs, suggestive of an 
important role of this miRNA in modulation of this disorder.

miR-133a and CNM. The histological features of dKO muscle, 
including the presence of centronuclear fibers and absence of 
necrosis or myofiber death, demonstrated similarities to human 
CNMs. NADH-TR staining patterns in dKO fibers mimicked the 
typical NADH-TR staining pattern of DNM-associated CNM, 
which shows radial distribution of sarcoplasmic strands (2). How-
ever, in contrast to human CNMs, centronuclear fibers were only 
observed in type II fibers, but not in type I fibers in dKO mice. The 
lack of CNM phenotype in soleus muscle of dKO mice could be due 
to the expression of miR-133b, which was enriched in soleus mus-
cle. Alternatively, the differences in myofiber distribution of cen-
tralized nuclei between mice and humans may reflect species dif-
ferences in muscle function. Interestingly, we previously reported  
type II fiber–specific CNM in mice lacking the Srpk3 gene, which 
encodes a muscle-specific serine, arginine protein kinase (SRPK) 
regulated by MEF2 (31). Given the histological similarities between 
skeletal muscle of Srpk3-null mice and the dKO mice of the present 
study, it is possible that miR-133a and Srpk3 act through common 
mechanisms to influence muscle structure and function.

Multiple missense mutations within the DNM2 gene have been 
linked to autosomal-dominant CNMs (7, 8, 27, 28). Interestingly, 
these mutations are heterozygous missense mutations or small dele-
tions that do not affect DNM2 transcript levels, protein expression, 
or localization (8, 28). However, the mechanisms whereby CNM-
associated mutations affect DNM2 cellular function are unknown.

Our results demonstrated that miR-133a directly regulates 
Dnm2 mRNA and dynamin 2 protein expression. Moreover, ele-
vated expression of Dnm2 in skeletal muscle, at levels comparable 
to those in dKO mice, caused CNM, which indicates that skeletal 
muscle function depends on a precise level of dynamin 2 expres-

Figure 8
Control of skeletal muscle fiber type by miR-133a. 
(A) Metachromatic ATPase staining and anti–MHC-1  
immunostaining of soleus muscle from WT and dKO 
mice at 12 weeks of age showed an increase in type I  
myofibers in dKO soleus muscle. H&E staining of 
the soleus muscles is also shown. Scale bars: 100 
μm. (B) Percentage of type I myofibers in soleus 
muscles, determined by metachromatic ATPase 
staining. n = 6 (WT and dKO). (C) Expression of 
transcripts of MHC isoforms in soleus muscle, deter-
mined by real-time RT-PCR. n = 3 (WT and dKO). 
Expression of MHC isoforms from protein extracts 
of soleus, EDL, and TA muscles from WT and dKO 
mice was also determined by glycerol gel electro-
phoresis followed by silver staining.



research article

3266	 The	Journal	of	Clinical	Investigation   http://www.jci.org   Volume 121   Number 8   August 2011

sion. Although the exact mechanism is unknown, it is possible that 
increased dynamin 2 protein may cause abnormally strong dyna-
min assembly and disrupt the energetic balance of efficient assem-
bly and disassembly that is required for proper DNM2 function in 
skeletal muscle. In this regard, CNM-related DNM2 mutations in 
humans have been reported to act in a dominant-negative manner 
to impair membrane trafficking, cytoskeleton-related processes, 
and centrosomal function (8, 28). It is unclear how Dnm2 gain of 
function in dKO mice and MCK-DNM2 transgenic mice also cause 
CNM. However, a recent study showed that specific CNM-related 
DNM2 mutations cause increased GTPase activity and promote 
dynamin oligomerization without altering lipid binding (32). 
Another study also showed that CNM-related DNM2 mutants 
enhance the stability of dynamin polymers without impairing 
their ability to bind and/or hydrolyze GTP (33).

Recently, Durieux et al. showed that heterozygous mice express-
ing the most frequent Dnm2 mutation, R456W, developed a myop-
athy with muscle atrophy and weakness, but not CNM (9). They 
hypothesized that the effect of dynamin 2 on contractile properties 
and nuclear positioning are independent. Intriguingly, our results 
showed that overexpression of Dnm2 in skeletal muscle affected 
both muscle function and nuclear position. The difference in these 
phenotypes could be explained by different model systems used 
(i.e., overexpression vs. knockin). Nonetheless, our results demon-
strated that skeletal muscle is sensitive to dynamin 2 protein level 
and that elevated dynamin 2 expression results in CNM in mice.

It is also intriguing that loss of miR-133a in mouse skeletal 
muscle caused CNM only in type II fibers, in contrast to the type I 
fiber predominance in human DNM2-associated CNM patients. It 
is likely that, in mice, the soleus muscle is protected from muscle 
damage. However, we can not rule out the possibility that the sole-
us-enriched miR-133b, which is highly homologous to miR-133a, 
protects soleus muscle from CNM.

miR-133a is also predicted to target other genes, such as those 
encoding profilin 2, calmodulin 1, FGFR1, and mastermind-like 1. 
We performed luciferase reporter assays with the 3′ UTRs of these 
mRNAs and confirmed that they were targeted by miR-133a in 
vitro; however, their regulation by miR-133a in vivo was less prom-
inent in skeletal muscle (data not shown). Therefore, we believe 
that although miR-133a targets multiple genes in skeletal muscle, 
the primary effect comes from its regulation of DNM2.

Modulation of myofiber phenotypes and mitochondrial function by miR-
133a. Skeletal muscle is composed of heterogeneous myofibers 
with distinctive contractile and metabolic properties (34). Adult 
myofibers are highly plastic and can switch between type I and 
type II phenotypes in response to work load, hormonal stimuli, 
and disease. The phenotype of dKO mice indicates that miR-133a 
suppresses the type I myofiber gene program. Type I myofibers 
are believed to be more resistant to disease or damage than type II 
fibers (35). In many muscle diseases, such as Duchenne muscular 
dystrophy, there is a switch in fiber type toward type I, which may 
serve as a protective mechanism (36, 37). We cannot rule out the 
possibility that changes in fiber types in dKO muscle are second-
ary to the CNM phenotype.

Mitochondrial dysfunction has been implicated in a number of 
myopathies, including Duchenne muscular dystrophy and meta-
bolic and neurological disorders (38–40), as well as in the aging 
process (41, 42). Our results are consistent with the previous find-
ing that mitochondrial abnormalities are associated with DNM2-
related CNM (43). However, this result seems incompatible with the 

fast-to-slow myofiber conversion in dKO mice, since type I fibers are 
believed to have more oxidative enzyme activity. Although the exact 
mechanism underlying this discrepancy is unclear, there are several 
possibilities. The switch to type I fiber could be the result of changes 
in myosin composition that do not affect mitochondria content. 
In addition, a fast-to-slow myofiber conversion is associated with 
increases in capillary and mitochondrial density. However, this does 
not take into account the functional capacity of the individual mito-
chondria. Finally, impairments in mitochondrial function result in 
reduced ATP availability to the muscle. Thus, it is possible that the 
fiber type switch in dKO muscle is a protective mechanism against 
mitochondrial dysfunction and reduced ATP availability (35).

Role of miR-133a in skeletal muscle and heart. Our results demon-
strated that miR-133a, which is expressed in both heart and skel-
etal muscle, plays different roles in these tissues. In the heart, 
miR-133a regulates cardiomyocyte proliferation and suppresses 
smooth muscle gene program during heart development (18). 
Interestingly, miR-133a was dispensable for skeletal muscle devel-
opment, as dKO mice did not display any skeletal muscle abnor-
malities until after 4 weeks of age. The skeletal muscle of dKO mice 
developed CNM after 4 weeks of age, whereas the heart develops 
dilated cardiomyopathy at a later age, which leads to heart failure 
and sudden death in a subset of mice (18). Interestingly, the hearts 
of dKO mice showed pronounced sarcomere disorganization and 
disrupted Z-discs, as well as severe mitochondrial abnormalities 
at 4 months of age (18). On the other hand, sarcomeric struc-
tures and mitochondrial morphologies were largely unaffected 
in dKO skeletal muscle (Figure 3). Rather, miR-133a specifically 
affects triads in skeletal myofibers. It is unclear why the heart and 
skeletal muscle show different abnormalities in response to the 
loss of miR-133a. We speculate that this may reflect the regula-
tion of different target genes by miR-133a in skeletal muscle (such 
as dynamin 2) and heart (such as cyclin D2 and SRF). Another 
reason could be the fact that the highly homologous miR-133b is 
expressed in dKO skeletal muscle, albeit at a lower level, but not 
in dKO heart. Although it is conceivable that the cardiomyopathy 
in dKO mice could contribute, CNM is not associated with other 
mouse models of cardiomyopathy. Therefore, we believe that the 
skeletal muscle abnormalities in dKO mice are mainly caused by 
cell-autonomous functions of miR-133a in skeletal muscle.

Therapeutic implications. The similarities in skeletal muscle abnor-
malities in dKO mice and human CNM patients raise the possibil-
ity that miR-133a plays a modulatory role in human myopathies. 
In this regard, it may be possible to modulate miR-133a mRNA 
targets, such as DNM2, through oligonucleotide modulation of 
miR-133a. The realization that miRNAs such as miR-133a influ-
ence muscle structure and function and interface with human dis-
ease mechanisms underscores the potential insights that may be 
gleaned from the analysis of miRNA targets involved in disease. 
In the future, it will be of interest to explore the potential involve-
ment of other miRNAs in human muscle disease.

Methods
Generation of MCK-DNM2 transgenic mice. A MCK-DNM2 transgene was 
generated by placing a C-terminal myc-tagged rat Dnm2 cDNA (gift from  
J. Albanesi, University of Texas Southwestern Medical Center, Dallas, Texas, 
USA) downstream of the 4.8-kb MCK promoter. The construct contained 
a downstream human growth hormone poly(A) signal. Transgenic mice 
were generated as previously described (44, 45). We analyzed 2 F1 lines, 
termed Tg1 and Tg2.
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Northern blot analysis. Total RNA was isolated from mouse skeletal muscle 
tissues using the miRNeasy mini kit (QIAGEN). Northern blots to detect 
miR-133a and U6 were performed as described previously (18). 32P-labled 
Star-Fire oligonucleotide probes (IDT) against mature miR-133a and U6 
probes were used in the hybridization.

RT-PCR and real-time analysis. RNA was treated with Turbo RNase-free 
DNase (Ambion Inc.) prior to the reverse transcription step. RT-PCR was 
performed using random hexamer primers (Invitrogen). Quantitative real-
time RT-PCR was performed using TaqMan probes (ABI) or Sybr Green 
probes (see Supplemental Methods for Sybr Green primer sequences). 
Quantitative real-time RT-PCR on miRNA was performed using the Taq-
Man miRNA assay kits (ABI) according to manufacturer’s protocol.

Histological analysis of skeletal muscle. Various muscle groups were harvested,  
flash frozen in embedding medium containing a 3:1 mixture of Tissue 
Freezing Medium (Triangle Biomedical Sciences) and gum tragacanth 
(Sigma-Aldrich) or fixed in 4% paraformaldehyde, and processed for routine 
paraffin histology. Frozen sections were cut on a cryotome and stained with 
H&E as previously described (45). NADH-TR staining on frozen sections 
was performed according to standard protocol. Metachromatic ATPase 
staining on frozen sections was performed as described previously (44, 45).

To determine the number of myofibers with centralized nuclei, more 
than 500 myofibers were counted for TA and G/P muscles and more than 
300 were counted for soleus and EDL muscles of each mouse. Myofiber 
cross-sectional area was determined using ImageJ, and more than 200 
fibers per muscle section were examined.

Electron microscopy. Mice were anesthetized, then transcardially perfused 
with 0.1M phosphate buffer (pH 7.3) followed by 2.5% glutaraldehyde 
and 2% paraformaldehyde in 0.1M sodium cacodylate buffer. TA mus-
cles were dissected and processed for selective staining of T-tubules as 
described previously (3).

EBD uptake. EBD uptake was performed as described previously (46). Briefly, 
EBD (10 mg/ml in PBS) was administered to mice intraperitoneally (0.1 ml 
per 10 g body mass). Mice were subjected to exercise using a running wheel 
overnight (all mice underwent wheel running), and muscles were harvested 
approximately 18 hours later. Gastrocnemius and TA muscles were flash fro-
zen in embedding medium. Frozen sections were immunostained with prima-
ry antibody rabbit anti-laminin (Sigma-Aldrich, 1:200), followed by secondary 
antibody Alexa Fluor 488–conjugated goat anti-rabbit IgG (Invitrogen, 1:400). 
EBD was detected as red autofluorescence using fluorescence microscopy.

Immunohistochemistry. Frozen sections were fixed in freshly prepared 4% 
paraformaldehyde for 20 minutes on ice and were then treated with 0.3% 
Triton X-100 in PBS at room temperature for 20 minutes. Sections were 
incubated with mouse IgG blocking solution from the M.O.M. kit (Vec-
tor Lab) diluted in 0.01% Triton X-100 in PBS at room temperature for  
1 hour. Sections were then incubated with 5% goat serum (Sigma-Aldrich) 
in M.O.M. protein diluent for 30 minutes. Sections were incubated with 
primary antibodies diluted in M.O.M. protein diluent at 4°C overnight. 
The next morning, slides were washed with PBS and incubated with sec-
ondary antibodies diluted in M.O.M. protein diluent at room temperature 
for 45 minutes. Sections were then washed and mounted with VectoShield 
Mounting Medium with DAPI. Pictures were taken with a Zeiss confocal 
microscope. Primary and secondary antibodies were as follows: DHPRα 
(Thermo Scientific, 1:100), RyR1 (clone34C, Sigma-Aldrich, 1:100), Lam-
inin (Sigma-Aldrich, 1:200), MHC-I (clone NOQ7.5.4D, Sigma-Aldrich, 
1:5,000), Dysferlin (Hamlet, Novocastra, 1:40), dynamin 2 (Abcam, 1:400), 
Alexa Fluor 594–conjugated goat anti-mouse IgG1 (Invitrogen, 1:400), Alexa 
Fluor 488–conjugated goat anti-rabbit IgG (Invitrogen, 1:400). Wheat germ 
agglutinin staining was performed as previously described (46). MHC-I  
(clone NOQ7.5.4D, Sigma-Aldrich, 1:5,000) was used for primary detection 
of type I myosin, and HRP-conjugated secondary antibody (A8924, Sigma-

Aldrich) followed by DAB chromagen reaction (DAKO) were used for detec-
tion. Samples were then counterstained with hematoxylin.

Western blot analysis. Total cell lysates were extracted from skeletal muscle 
tissues and resolved on SDS-PAGE. Western blotting was performed by 
standard protocol. Antibodies against dynamin 2 (Santa Cruz Biotechnol-
ogy, 1:100), c-Myc (Santa Cruz Biotechnology, 1:1,000), DHPRα (Thermo 
Scientific, 1:100), RyR1 (clone 34C, Sigma-Aldrich, 1:100), SERCA2 (BD 
Biosciences, 1:1,000), sarcolipin (gift from M. Periasamy, Ohio State Uni-
versity, Columbus, Ohio, USA, 1:1,000), phospholamban (Upstate, 1:1,000), 
phospho-phospholamban (Millipore, 1:1,000), calsequestrin 2 (Santa Cruz, 
1:1,000), tubulin (Sigma-Aldrich, 1:5,000) and α-actin (Sigma-Aldrich, 
1:2,000) were used. Quantification of Western blots was performed by 
densitometry using a PhosphoImager.

Cell culture, transfection, and luciferase assays. 1-kb fragments of the Dnm2 
3′ UTR containing the miR-133a binding sites were cloned into pMIR-
REPORT vector (Ambion). Mutagenesis of the miR-133a binding site, cell 
culture, and luciferase assay were performed as previously described (18).

Treadmill test. The treadmill test was performed using the Exer-6M (Colum-
bus Instruments) at 15° downhill. Mice were trained on the treadmill at  
5 m/min for 5 minutes for 2 consecutive days. The following day, mice ran on 
the treadmill at 5 m/min for 2 minutes, 7 m/min for 2 minutes, 8 m/min for  
2 minutes, and 10 m/min for 5 minutes. Subsequently, speed was increased by 
1 m/min to a final speed of 20 m/min. Exhaustion was defined as the inability 
of the animal to remain on the treadmill despite electrical prodding.

Electrophoresis of MHC isoforms. Myosin was isolated from skeletal muscle and 
was separated by electrophoresis on glycerol-SDS-PAGE gels as previously 
described (47). Gels were stained with a silver nitrate staining kit (Bio-Rad).

Mitochondrial isolation from gastrocnemius muscle. Mitochondria were isolated 
from red and white skeletal muscle dissected from gastrocnemius muscle as 
previously described (48), with modifications. Tissue samples were collected 
in buffer containing 67 mM sucrose, 50 mM Tris/HCl, 50 mM KCl, 10 mM 
EDTA/Tris, and 10% bovine serum albumin. Samples were minced and 
digested in 0.05% trypsin for 30 minutes. Samples were then homogenized, 
and mitochondria were isolated by differential centrifugation.

Respiration in isolated mitochondria. Respirometry of isolated mitochondria 
was performed using an XF24 extracellular flux analyzer (Seahorse Biosci-
ence). Immediately after isolation and protein quantification, mitochon-
dria were plated on Seahorse cell culture plates at 5 μg/well in the presence 
of 10 mM pyruvate and 5 mM malate. Experiments consisted of 25-second 
mixing and 4- to 7-minute measurement cycles. Oxygen consumption was 
measured under basal conditions, ADP-stimulated (5 mM) state 3 res-
piration, oligomycin-induced (2 μM) state 4 respiration, and uncoupled 
respiration in the presence of FCCP (0.3 μM) to assess maximal oxidative 
capacity. The RCR was calculated as the ratio of state 3/state 4 respiration. 
All experiments were performed at 37°C.

Fatty acid metabolism. Fatty acid oxidation was assessed in isolated mito-
chondria by measuring and summing 14CO2 production and 14C-labeled 
acid-soluble metabolites from the oxidation of [1-14C]-palmitic acid as 
previously described (49, 50). Citrate synthase activity was determined as 
previously described (51).

Statistics. Data are presented as mean ± SEM. Differences between groups 
were tested for statistical significance using the unpaired 2-tailed Student’s 
t test. P values less than 0.05 were considered significant.

Study approval. All animal experimental procedures were reviewed and 
approved by the Institutional Animal Care and Use Committees of Univer-
sity of Texas Southwestern Medical Center.
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