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Dynamin 2 (DNM2) is a large GTPase implicated in
many cellular functions, including cytoskeleton
regulation and endocytosis. Although ubiquitously
expressed, DNM2 was found mutated in two gene-
tic disorders affecting different tissues: autosomal
dominant centronuclear myopathy (ADCNM; skele-
tal muscle) and peripheral Charcot-Marie-Tooth
neuropathy (peripheral nerve). To gain insight into
the function of DNM2 in skeletal muscle and the
pathological mechanisms leading to ADCNM, we in-
troduced wild-type DNM2 (WT-DNM2) or R465W
DNM2 (RW-DNM2), the most common ADCNM mu-
tation, into adult wild-type mouse skeletal muscle
by intramuscular adeno-associated virus injections.
We detected altered localization of RW-DNM2 in
mouse muscle. Several ADCNM features were pres-
ent in RW-DNM2 mice: fiber atrophy, nuclear mis-
localization, and altered mitochondrial staining,
with a corresponding reduction in specific maximal
muscle force. The sarcomere and triad structures
were also altered. We report similar findings in
muscle biopsy specimens from an ADCNM patient

with the R465W mutation. In addition, expression
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of wild-type DNM2 induced some muscle defects,
albeit to a lesser extent than RW-DNM2, suggesting
that the R465W mutation has enhanced activity in
vivo. In conclusion, we show the RW-DNM2 muta-
tion acts in a dominant manner to cause ADCNM in
adult muscle, and the disease arises from a primary
defect in skeletal muscle rather than secondary to
peripheral nerve involvement. Therefore, DNM2
plays important roles in the maintenance of adult
muscle fibers. (Am J Pathol 2011, 178:2224–2235; DOI:

10.1016/j.ajpath.2011.01.054)

Dynamins are large, multifunctional GTPase proteins that
were initially identified as microtubule-binding proteins1

and more recently were recognized to play an important
role in actin cytoskeleton assembly2 and membrane traf-
ficking and endocytosis.3,4 Dynamins can form polymer-
ized rings around membrane tubules,5 and the mecha-
nism by which dynamins regulate membrane fission has
been intensively studied.6,7

Dynamins contain an N-terminal GTPase domain, mid-
dle domain, Pleckstrin homology (PH) domain (phospho-
inositide binding), GTPase effector domain (GED), and a
Proline-rich domain (PRD) for protein-protein interactions.
Dynamin 1 is expressed specifically in neurons, dynamin
3 is expressed mainly in the brain and testis, and dy-
namin 2 (DNM2) is ubiquitously expressed. Despite its
ubiquitous expression, mutations in DNM2 induce tissue-
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specific diseases; missense mutations in the middle and
C-terminal part of the PH domain lead to autosomal dom-
inant centronuclear myopathy (ADCNM; OMIM 160150),
which affects skeletal muscle,8 whereas mutations in the
N-terminal part of the PH domain are linked to dominant
Charcot-Marie-Tooth (OMIM 606482) peripheral neurop-
athy.9 Although studies on DNM2 have been performed
mainly in cultured cells, the function of DNM2 in skeletal
muscle has barely been studied. Moreover, mechanisms
of the tissue-specific impact of DNM2 mutations leading
to myopathy are not characterized, and it is not clear
whether DNM2 mutations have an impact on muscle de-
velopment or adult muscle maintenance.

Centronuclear myopathies (CNMs) are congenital my-
opathies characterized by muscle weakness associated
with fiber atrophy, predominance of type I fibers, and
increased centralization of nuclei not secondary to mus-
cle regeneration.10 DNM2-related CNM commonly pres-
ents as an adult-onset, mild form of CNM8; however,
cases of severe neonatal onset have been identified.11 In
addition to the autosomal dominant form, the X-linked
form or myotubular myopathy (OMIM 310400) is due to
mutations in the phosphoinositides phosphatase myotu-
bularin,12 and several autosomal recessive CNM patients
(OMIM 160150) are linked to mutations in the membrane
remodeling protein amphiphysin 2 (BIN1).13 Rare spo-
radic cases of CNM have also been identified with vari-
ants in the ryanodine receptor (RyR1)14,15 or in the myo-
tubularin-related protein hJUMPY/MTMR14.16

In this study, we expressed DNM2 containing the most
common ADCNM mutation, R465W, in adult wild-type
skeletal muscle by intramuscular adeno-associated virus
(AAV) injections. We induced several features of CNM,
and we have compared these findings with muscle bi-
opsy specimens from a patient with the same mutation.
We show that DNM2 is important in maintenance of adult
muscle fibers and that this DNM2 mutation acts in a
dominant manner to perturb DNM2 function.

Materials and Methods

Materials

Full-length human isoform DNM2 cDNA was purchased
from Geneservice (DNAFORM, Kanagawa, Japan)
(IMAGE clone 5722134, GenBank accession number NM
BC039596) and was cloned into pENTR1A (Invitrogen,
Carlsbad, CA) and then recombined into a pAAV-MCS
vector using the Gateway system, with or without a C-ter-
minal green fluorescent protein (GFP) fusion tag. The
R465W mutation was introduced by primer-directed PCR
mutagenesis. All constructs were verified by sequencing.
pXR1 (AAV1) plasmid was a gift from Jude Samulski at
the Gene Therapy Center, the University of North Carolina
at Chapel Hill. Informed consent was obtained from hu-
man subjects. The patient with a DNM2 Arg465Trp mu-
tation will be reported in more detail elsewhere. Primary
antibodies used were mouse anti–�-actinin (EA-53; Sig-
ma-Aldrich, St. Louis, MO), DHPR�1 (Cav1.1) subunit

(MA3-920; Affinity Bioreagents, Golden, CO), glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; MAB374;
Chemicon, Temecula, CA), and desmin (Y-20; Santa
Cruz Biotechnology, Santa Cruz, CA). Rabbit anti-DNM2
antibodies (2680 and 2865) were made onsite at the
polyclonal antibody facility of the Institut de Génétique et
de Biologie Moléculaire et Cellulaire (IGBMC) (described
below). Rabbit anti-dystrophin antibody was a gift from
Karim Hnia and Dominique Mornet, ERI25, Montpellier,
France. Alexa-conjugated secondary antibodies were
from Invitrogen. Secondary antibodies against mouse
and rabbit IgG, conjugated with horseradish peroxidase
(HRP), were obtained from Jackson ImmunoResearch
Laboratories (West Grove, PA). An ECL chemilumines-
cent reaction kit was purchased from Pierce (Rockford,
IL). Hoechst was purchased from Sigma-Aldrich (B2883).
The AAV Helper-Free system was purchased from Strat-
agene (La Jolla, CA) (catalog number 240071).

Antibody Production

Two DNM2 rabbit antibodies were generated: R2680,
raised against the linker between the PH and GED do-
mains of DNM2 (peptide EKDQAENEDGAQENTF), and
R2865, raised against the PRD of DNM2 (peptide HSPT-
PQRRPVSSVHPPGRPPAVR). Serum samples were puri-
fied on peptide-coupled SulfoLink columns (Pierce)
(R2680) or with the Imject Maleimide Activated Maricul-
ture KLH kit (INTERCHIM SA, Montlucon, France)
(R2865). DNM2 antibodies were validated for immuno-
blotting in COS-1 cells transfected with human DNM2
using peptide competition and validated for immunofluo-
rescence in mouse muscle sections using peptide com-
petition and showed similar results.

Production and Purification of AAV

AAV2/1 vectors were generated by a triple transfection of
AAV-293 cell line with pAAV2 insert containing the insert
under the control of the CMV promoter and flanked by
serotype 2 inverted terminal repeats, pXR1 containing
rep and cap genes of AAV serotype 1, and pHelper
encoding the adenovirus helper functions. Cell lysates
were subjected to 3 freeze/thaw cycles, then treated with
50 U/mL of Benzonase (Sigma) for 30 minutes at 37°C,
and clarified by centrifugation. Viral vectors were pu-
rified by Iodixanol gradient ultracentrifugation followed
by dialysis and concentration against Dulbecco’s
Phosphate Buffered Saline using centrifugal filters
(Amicon Ultra-15 Centrifugal Filter Devices 30K, Milli-
pore, Bedford). Physical particles were quantified by
real-time PCR using a plasmid standard pAAV-eGFP,
and titers are expressed as viral genomes per milliliter
(vg/mL). rAAV titers used in these experiments were 5
to 7 � 1011 vg/mL.

AAV Transduction of Wild-Type Tibialis Anterior
Muscle of Mice

Five- to 6-week-old, male, wild-type, 129PAS mice

were anesthetized by i.p. injection of 5 �L/g of ket-
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amine (20 mg/mL; Virbac, Carros, France) and xylazine
(0.4%, Rompun; Bayer, Wuppertal, Germany). Tibialis
anterior (TA) muscles were injected with 25 �L of
AAV2/1 preparations or sterile PBS solution. Animals
were housed in a temperature-controlled room (19°C to
22°C) with a 12:12-hour light/dark cycle. Mice were
sacrificed by CO2 inhalation followed by cervical dis-
location, according to national and European legisla-
tions on animal experimentation. The TA muscles were
dissected [with the mice under anesthesia when re-
quired for transmission electron microscopy (TEM)] 2
to 4 weeks post injection (PI) and frozen in nitrogen-
cooled isopentane and liquid nitrogen for histologic
and immunoblot assays, respectively. In mice injected
i.m. with GFP-AAV2/1, we observed a transduction ef-
ficiency of 75% to 100%, which is comparable to pre-
viously published results.17

Histologic and Immunofluorescence Analysis of
Skeletal Muscle

Longitudinal and transverse cryosections (8 �m) or semi-
thin (500 nm) sections of mouse TA skeletal muscles and
human muscle were prepared, fixed, and stained with
antibodies to DHPR�1 (1:500), desmin (1:500), �-actinin
(1:1000), R2680-DNM2 (1:500), R2865-DNM2 (1:500),
and dystrophin (1:400). Nuclei were detected by costain-
ing with Hoechst (Sigma-Aldrich) for 10 minutes. Sections

Figure 1
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were viewed using a laser scanning confocal microscope
(TCS SP2; Leica Microsystems, Sunnyvale, CA). Intensity
of staining (Figure 1B) was measured using the plot pro-
file function in ImageJ analysis software (W.S. Rasband,
ImageJ, National Institutes of Health, Bethesda, MD,
1998–2009; http://rsb.info.nih.gov/ij). Alternatively, air-
dried transverse sections were fixed and stained with he-
matoxylin-eosin (HE), succinate dehydrogenase (SDH) or
NADH-tetrazolium reductase (TR) activity and viewed with a
fluorescence microscope (DM4000; Leica Microsystems).
The cross-sectional area was analyzed in HE sections from
TA mouse skeletal muscle, using the software MetaMorph
(Molecular Devices). The cross-sectional area was calcu-
lated (�500 fibers per mouse) from three to five mice per
group. The percentage of TA muscle fibers with centralized
or internalized nuclei was counted in more than 400 fibers in
at least three mice using the cell counter plugin in ImageJ
image analysis software.

Preparation of Isolated Muscle Fibers

The TA muscle was dissected from the hind limb and fixed
in 4% paraformaldehyde in PBS for 30 minutes. Muscles
were then incubated with 0.1 mol/L glycine in PBS for 30
minutes, followed by 30% sucrose/PBS solution overnight at
4°C. Muscle were washed with PBS, and fibers were then
isolated under a binocular microscope. Fibers were then
permeabilized and stained with DNM2 and �-actinin anti-
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Figure 1. DNM2 localization in wild-type
mouse muscle. A: Wild-type mouse isolated
muscle fibers costained with DNM2 (green)
and �-actinin (red) antibodies and Hoechst
nuclear stain (blue) and viewed by confocal
microscopy. Scale bar � 5 �m. B: Intensity
of sarcomeric staining shown in A, spanning
one complete sarcomere. Similar peaks are
seen in both red and green channels, corre-
sponding to the Z-line. C: Longitudinal
mouse semithin (500 nm) skeletal muscle
sections costained with DNM2 (green) and
desmin (red, top) or DHPR� (red, bottom)
antibodies and viewed by fluorescence mi-
croscopy. Scale bar � 5 �m.
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Transmission Electron Microscopy

Mice were anesthetized by intraperitoneal injection of 10
�L/g of ketamine (20 mg/mL; Virbac) and xylazine (0.4%,
Rompun; Bayer). Muscle biopsy specimens from hind limbs
were fixed with 2.5% glutaraldehyde in 0.1 mol/L cacody-
late buffer (pH 7.2) and processed as described.18 For
T-tubule analysis, the T-tubule shape factor was measured
by manually outlining the shape of the T-tubule and using
the circularity measurement in ImageJ image analysis soft-
ware. On average, 50 T-tubules per mouse for two mice per
group were measured. Potassium ferrocyanide staining
was performed as described previously.19

Muscle Contractile Properties

Muscle force measurements were evaluated by measur-
ing in situ muscle contraction in response to nerve and
muscle stimulation, as described previously.20,21 Briefly,
animals were anesthetized (i.p., pentobarbital sodium, 50
mg � kg�1). The distal tendon of the TA was detached
and tied with a silk ligature to an isometric transducer
(Harvard Bioscience, Holliston, MA). The sciatic nerve
was distally stimulated, response to tetanic stimulation
(pulse frequency of 50 to 143 Hz) was recorded, and
absolute maximal force was determined. After contractile
measurements, the animals were sacrificed by cervical
dislocation. To determine specific maximal force, TA
muscles were dissected and weighted. Muscles were
then stored as described for further analysis.

Preparation of Samples for Western Blotting

Total, soluble, and insoluble proteins were extracted from
the skeletal muscle of mice. Mouse TA muscle (stored at
�80°C before use) was minced and homogenized on ice
for 3 � 30 seconds (Ultra Thurax homogenizer) in 10
times the w/v of 1% NP-40 Tris-Cl buffer (pH 8) then
extracted for 30 minutes at 4°C, and used for Western
blotting. For preparation of soluble and insoluble frac-
tions, lysates were then centrifuged at 8000 � g for 5
minutes, and the soluble fraction (supernatant) and insol-
uble fraction (pellet solubilized in 8 mol/L urea) were
collected. Protein concentration was determined using a
DC protein assay kit (Bio-Rad Laboratories, Hercules, CA)
and lysates analyzed by SDS–polyacrylamide gel electro-
phoresis and Western blotting (nitrocellulose membrane).
Primary antibodies used were R2865-DNM2 (1:1000) and
GAPDH (1:10,000); secondary antibodies were anti-rabbit
HRP or anti-mouse HRP.

Densitometry Analysis

Western blot films were scanned and band signal inten-
sities were determined using ImageJ software. Densitom-
etry values were expressed as a fold difference relative to
the control, standardized to corresponding total GAPDH

values.
Microscopy and Statistical Analysis

All microscopy was performed at the Imaging Centre of the
IGBMC. All samples for microscopy were mounted in Flu-
orsave reagent (Merck, Summit, NJ) and viewed at room
temperature. Confocal microscopy was performed using a
confocal laser scanning microscope (TCS SP2; Leica Mi-
crosystems) on a DMRXA2 upright microscope. Fluores-
cence and light microscopy was performed using a fluores-
cence microscope (DM4000; Leica Microsystems) fitted
with a color CCD camera (Coolsnap cf color; Photometrics,
Tucson, AZ) camera. Metamorph software (Molecular De-
vices) and ImageJ analysis software were used for image
analysis. Statistical analysis was performed using the un-
paired Student’s t-test unless stated otherwise. P � 0.05
was considered significant.

Results

DNM2 Localizes Close to the Z-line in Striated
Muscle

DNM2 is ubiquitously expressed in human tissues22,23;
however, the localization of DNM2 in skeletal muscle has
not been well characterized. In mouse isolated muscle fi-
bers, DNM2 colocalized with the Z-line marker �-actinin, as
observed by immunofluorescence (Figure 1A) and con-
firmed by analyzing the intensity of staining of DNM2 and
�-actinin, which displayed a consistent overlapping profile
at the Z-line (Figure 1B). In mouse skeletal muscle sections,
desmin, a different Z-line marker, colocalized with DNM2,
although this was slightly more discontinuous compared
with the colocalization observed with �-actinin. In contrast,
DHPR�, which labels T-tubules, formed a doublet band that
did not colocalize but aligned in close proximity with DNM2
staining (Figure 1C). Therefore, in mouse striated muscle
DNM2 appears to localize to the Z-line, in close proximity to
the T-tubules. DNM2 localization in human skeletal muscle
was consistent with that observed in mouse muscle. In
neonatal human muscle (1.5 months old), DNM2 formed a
transverse banding pattern consistent with Z-line staining,
whereas DHPR� was located in a longitudinal arrangement
(Figure 2A), indicating that DNM2 localizes to the sarco-
meric unit before the final maturation of T-tubules to a trans-
verse position. In adult human muscle the DNM2 localiza-
tion was consistent with Z-line striations on longitudinal
sections (Figure 2C, top left), whereas on transverse sec-
tions an intricate network of DNM2 staining was observed
within the fiber, with a more dense localization at the sub-
sarcolemmal region (Figure 2C, bottom left). Therefore,
DNM2 is recruited to the sarcomeric unit before the matu-
ration of T-tubules is complete and localizes to the Z-line in
mature muscle.

Histopathology in a Patient with the Common
R465W DNM2 Mutation

The most common mutation found in patients with
ADCNM is an arginine to tryptophan missense at position

465 (R465W), located within the middle domain of DNM2
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(RW-DNM2) (Figure 2B).8,24 Patients with this mutation
exhibit the three typical CNM features: atrophic fibers,
centralized and internalized nuclei, and abnormal oxida-
tive staining with the appearance of radial sarcoplasmic
strands (RSSs) on NADH-TR staining (Figure 2D).25 In
muscle sections from an RW-DNM2 patient, DNM2 local-
ized as a striated pattern on longitudinal sections, al-
though this pattern appeared disturbed and more irreg-
ular (Figure 2C, top right). On transversal sections, DNM2
was present but the intricate network of staining ap-
peared perturbed (Figure 2C, bottom right). Altogether,
this suggests that the RW-DNM2 mutation is linked to
abnormal protein localization and muscle intracellular or-
ganization.

AAV Expression of Mutated DNM2 in Wild-Type
Muscle

Complete deletion of DNM2 in mouse resulted in embry-
onic lethality,26 and RW-DNM2 heterozygous knock-in
mice exhibit a mild impairment in skeletal muscle struc-
ture, with skeletal muscle atrophy and a corresponding
reduction in force detected.27 However, a strong CNM
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Figure 2. DNM2 in normal and pathologic human muscles. A: Longitudinal,
human, 10-�m sections (1.5-month-old control muscle) costained with
R2680-DNM2 (green) and DHPR� (red) antibodies and viewed by confocal
microscopy. Scale bar � 5 �m. B: DNM2 protein consists of GTPase, middle
(MID), PH, GED, and PRD. The most common DNM2 mutation, R465W, is
indicated. C: Human muscle sections (left: control muscle; right: R465W
patient muscle) stained with R2680-DNM2 antibody and viewed by confocal
microscopy. Scale � bar 5 �m. D: Transverse R465W patient muscle sections
stained with HE or for NADH-TR and viewed by fluorescence microscopy.
Scale bar � 50 �m.
phenotype was not observed in these mice, and no in-
crease in central or internalized nuclei was detected. It is
currently unknown whether the CNM phenotype is due to
a haploinsufficiency of DNM2 expression or function or
whether the mutant protein acts in a dominant manner. In
addition, whether the disease results from the altered
function of DNM2 in muscle development or in adult
muscle maintenance is not clear. Moreover, it was not
clear whether the muscle phenotype is due to a primary
impairment of peripheral nerves because some DNM2
mutations cause a peripheral neuropathy. To decipher
these three points, we used an original in vivo approach to
attempt to recreate ADCNM in wild-type adult mouse
skeletal muscle and to investigate the normal function of
DNM2 in wild-type muscle. Expression of DNM2 contain-
ing the R465W mutation was achieved by intramuscular
injections of an AAV cognate vector into the TA muscle of
wild-type 5- to 6-week-old mice, an age where the muscle
mass is nearly fully developed. This allowed the role of
DNM2 to be studied specifically in adult skeletal muscle.
Mice were injected with WT-DNM2 or RW-DNM2 with a
C-terminal GFP tag or GFP alone as a control. The injec-
tion of WT-DNM2, while acting as a control for RW-
DNM2–injected muscle, also allowed us to investigate the
function of WT-DNM2 in muscle. The addition of a GFP
tag allowed the differentiation between AAV-transduced
and endogenous DNM2 expression. Untagged DNM2
constructs were also used and gave comparable results
as described below.

The level of DNM2 protein expression was determined
using Western blot analysis and densitometry. In both
WT-DNM2– and RW-DNM2–transduced muscles a five-
fold increase in total DNM2 expression was observed
compared with GFP-transduced and noninjected mus-
cles (see Supplemental Figure S1, A and B, at http://ajp.
amjpathol.org). No significant difference in protein solu-
bility was observed between exogenous WT-DNM2 or
RW-DNM2 and endogenous DNM2 (see Supplemental
Figure S1, C and D, at http://ajp.amjpathol.org), indicating
AAV-DNM2 expression did not alter DNM2 association to
membranes. Therefore, full-length AAV-DNM2 is ex-
pressed in mouse skeletal muscle.

RW-DNM2 Expression Induces a CNM-like
Phenotype

Because full-length RW-DNM2 was efficiently expressed,
we next determined whether any features of ADCNM
were exhibited in this model. At 2 weeks PI, mice trans-
duced with RW-DNM2 exhibited a slight but significant
reduction in TA muscle mass, and by 4 weeks PI the
muscles were reduced to almost 50% the weight of GFP
control and PBS-injected muscles (Figure 3A). To confirm
that the decrease in muscle mass was due to muscle
fiber atrophy, the cross-sectional area of muscle fibers
was determined from transverse sections stained with HE
(Figure 3, D and F). A decrease in fiber area was ob-
served in RW-DNM2 transduced TA muscle both 2 weeks
(Figure 3, B and D) and 4 weeks PI (Figure 3, B and F),
corresponding with the decrease in muscle mass. The

decrease in average muscle fiber area was due to an
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increase in atrophic fibers compared with WT-DNM2 and
GFP-transduced muscle (Figure 3C), confirming RW-
DNM2 transduction into wild-type muscle induced mus-
cle fiber atrophy. WT-DNM2 also exhibited a slight but
significant decrease in muscle weight and fiber size,
however to a significantly lesser extent than RW-DNM2
muscle. It is possible that the level of endogenous DNM2
expression needs to be tightly regulated and that over-
expression of WT-DNM2 causes some perturbations in
muscle size.

Healthy muscle fibers contain nuclei beneath the sar-
colemma, and a hallmark of DNM2-related CNM is the
large increase in fibers containing internal or central nu-
clei (Figure 2D).10,25,28 To determine whether wild-type
TA muscle expressing RW-DNM2 also exhibited this fea-
ture, fibers with central or internal nuclei were quantified
from HE images. At 2 weeks PI, a threefold increase of
fibers with internal nuclei was observed in mice trans-
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son to both GFP-transduced and PBS-injected muscles
(Figure 3G). No significant difference in myonuclei posi-
tioning between WT-DNM2 and GFP-transduced or PBS-
injected muscle was noted. Therefore, RW-DNM2 ex-
pression induces mislocalization of muscle nuclei, as
observed in patients with DNM2-related CNM.

Additional characteristics of ADCNM patient muscle
include a high percentage of fibers with RSSs and un-
evenly dispersed mitochondria, which tend to stain more
densely toward the center and/or periphery of the fiber
(Figure 2D).25,29 These features can be observed with
oxidative staining methods (NADH/SDH) and electron mi-
croscopy. In GFP- and WT-DNM2–transduced muscle,
an even distribution of SDH staining was observed within
each fiber; however, in RW-DNM2 muscle a clear redis-
tribution occurred, with an increase in staining at the
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In some cases this gave the appearance of radial-like
strands; however, by TEM radial strands were not ob-
served, indicating that this specific feature is not repro-
ducible in our mouse model. CNM patients also exhibit an
increase in type 1 fibers; however, we did not detect an
increase in type 1 fibers in our model (not shown).

To confirm that the C-terminal GFP tag had no influ-
ence on our results, we repeated the above experiments
with untagged WT-DNM2 and RW-DNM2. AAV injection
of untagged RW-DNM2 induced an increased number of
atrophic fibers (see Supplemental Figure S2, A and B, at
http://ajp.amjpathol.org), increased internal and central-
ized nuclei (see Supplemental Figure S2, A and C, at
http://ajp.amjpathol.org), and altered oxidative (SDH)
staining, similar to GFP-tagged RW-DNM2. Therefore,
mice transduced with GFP-tagged or untagged RW-
DNM2 exhibit most but not all features seen in ADCNM
patients.

RW-DNM2 Affects Muscle Strength

We next determined whether the histologic features ob-
served in our model corresponded to a decrease in force
by measuring the force of AAV-transduced TA muscles 4
weeks PI. The muscle was stimulated by the sciatic
nerve, and the maximal force produced was recorded.
RW-DNM2–transduced muscle displayed a severe de-
crease in absolute maximal force compared with both
GFP- and WT-DNM2–transduced muscle (Figure 4A). In-
terestingly, WT-DNM2–transduced muscle also exhibited
a strong reduction in absolute maximal force. To deter-
mine whether reduced force was due to a reduction in
muscle fiber “quality” in addition to the atrophy observed,
the specific maximal force was calculated: absolute max-
imal force was normalized to muscle mass. A large re-
duction in specific maximal force was observed in RW-
DNM2 muscle compared with GFP and WT-DNM2
muscle (Figure 4B), indicating that expression of RW-
DNM2 impairs the muscle’s ability to produce maximal
force, independently of muscle size. WT-DNM2 expres-
sion also decreased the specific maximal force pro-
duced, although to a significantly lesser extent than RW-

Figure 4. Altered muscle force in RW-DNM2 mice. A: The absolute (Abs.)
maximal force of the TA muscle was measured 4 weeks PI (n � 6 to 8 mice).
B: The specific (Spec.) maximal force of TA muscle represents the absolute
maximal force related to muscle weight (n � 6 to 8 mice). GFP-transduced
muscle produced specific maximal force measurements that were statistically
similar to PBS control mice. All graphs depict mean � SEM (*P � 0.05, **P �
0.01, ***P � 0.001). P0, maximum isometric force; sP0, specific isometric
force.
DNM2. For all experiments no difference in maximal force
was observed between sciatic nerve stimulation and di-
rect muscle stimulation, indicating the nerve-muscle
communication is unaffected. Therefore, expression of
WT-DNM2 and RW-DNM2 causes a reduction in maximal
force due to both a reduction in fiber size and the re-
duced contractile abilities of transduced fibers.

Defects in Sarcomere Structure in
RW-DNM2–Transduced Muscle

Because our model recapitulates most features of
ADCNM, we examined the effect of AAV-DNM2 expres-
sion on muscle fiber structure and protein localization to
gain insight to the cellular function of DNM2. To deter-
mine the localization of DNM2 in AAV-transduced mouse
muscle compared with human muscle, we labeled longi-
tudinal sections from AAV-transduced mice with a DNM2
antibody, which detects both endogenous and exoge-
nous DNM2 localization. DNM2 localized in a transverse
banding pattern on longitudinal sections from GFP-trans-
duced and WT-DNM2–transduced muscle (Figure 5B,
lower panel ), reminiscent of Z-line staining observed in
wild-type mouse muscle (Figure 1)27 and human muscle
(Figure 2C). In longitudinal sections of RW-DNM2–trans-
duced muscle, DNM2 exhibited transverse localization
akin to WT-DNM2 staining (Figure 5B, high-exposure im-
age); however, in some fibers a punctate staining pattern
in the subsarcolemmal region and center of the fiber was
more prominent (Figure 5B, lower panel). This variation in
RW-DNM2 localization between fibers was also observed
in untagged RW-DNM2 transduced fibers (see Supple-
mental Figure S3, M–U, at http://ajp.amjpathol.org), indi-
cating the GFP tag is not causing misfolding of the RW-
DNM2 protein. To confirm the transverse banding pattern
was Z-line localization, 8-�m sections from muscle trans-
duced with untagged DNM2 constructs were costained
with DNM2 and �-actinin. DNM2 colocalized with �-ac-
tinin at the Z-line in both muscles injected with PBS (see
Supplemental Figure S3, A–F, at http://ajp.amjpathol.org)
and WT-DNM2 (see Supplemental Figure S3, G–L, at
http://ajp.amjpathol.org) using two DNM2 antibodies de-
rived to different sequences within DNM2 (R2680 and
R2865, see Materials and Methods for details). In muscle
transduced with RW-DNM2, DNM2 localized to the Z-line
in some fibers (see Supplemental Figure S3, M–R, at
http://ajp.amjpathol.org); however, in other fibers DNM2
appeared mislocalized, gathering in the subsarcolemmal
region of the fiber (see Supplemental Figure S3, S–U, at
http://ajp.amjpathol.org) consistent with RW-DNM2-GFP
localization (Figure 5B). Therefore, mutant DNM2 exhibits
altered localization in RW-DNM2–transduced mouse
muscle.

Sarcolemmal dystrophin staining appeared undis-
turbed in RW-DNM2 mice compared with GFP and WT-
DNM2 muscle at 2 weeks PI (Figure 5A). At 4 weeks PI
there was a slight increase in the cytoplasmic pool of
dystrophin in RW-DNM2 muscle; however, the levels of
dystrophin at the sarcolemma did not appear significantly
reduced (Figure 5B), indicating that there is no severe

disruption of the dystrophin complex at the sarcolemma.

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://ajp.amjpathol.org
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Staining with �-actinin antibodies was performed on lon-
gitudinal sections to assess the integrity of sarcomeres.
In GFP control muscle 2 weeks PI, �-actinin appeared as
a transverse banding pattern (Figure 5A), indicating the
Z-line is correctly aligned. In WT-DNM2 muscle the stain-
ing appeared relatively normal; however, some disrup-
tions were observed (Figure 5A). In contrast, RW-DNM2–
transduced muscle exhibited many areas with
misalignment of the Z-line (Figure 5A). This defect was
more severe 4 weeks PI (Figure 5B).

To confirm that this was due to a disruption of the Z-line
and not �-actinin alone, TEM was performed. Two weeks
PI, GFP-transduced muscle appeared normal, with intact
aligned Z-lines (Figure 5A). WT-DNM2 muscle sarcom-
eres also seemed normal, with a small increase in mem-
brane accumulations between myofibrils and a slight mis-
alignment of the Z-line. In contrast, RW-DNM2 muscle
exhibited striking defects, with numerous Z-lines mis-
aligned, increased accumulations of membrane struc-
tures between myofibrils, and abnormally shaped and
orientated mitochondria. By 4 weeks PI, the muscle struc-
ture had further deteriorated, with vesicles proliferation
(Figure 5B). The sarcomeric structure, which is respon-
sible for enabling muscle fiber contraction, is thus se-

Figure 5. Altered sarcomeric structure in RW-DNM2 mice. TA section
from GFP, WT-DNM2, and RW-DNM2 muscles were stained for dy
trophin (top, scale bar � 50 �m), �-actinin (middle, scale bar � 5 �m
or DNM2 (lower in B, scale bar � 20 �m) and imaged by confoc
microscopy. Arrows, misaligned Z-lines. For RW-DNM2 staining, low
exposure (labeled low) and high-exposure (high) images are shown
observe striated staining pattern of DNM2. Alternatively, AAV-tran
duced TA muscles were imaged by TEM. Arrows, misaligned Z-line
arrowheads, membrane accumulation; asterisks indicate elongate
mitochondria (A). Arrows in B indicate abnormal vesicles. In GF
transduced TA, the �–actinin staining appears slightly disorganized
some fibers expressing GFP, although the Z-line and sarcomeric a
rangements were not altered as seen by TEM. Scale bar � 0.5 �m. A
images are from mice 2 weeks PI (A) or 4 weeks PI (B).
verely affected in RW-DNM2 transduced muscle 4 weeks
PI, which may explain at least in part the reduced specific
maximal force.

Triad Defects in RW-DNM2–Transduced Muscle

Triads enable excitation-contraction coupling and are
composed of a membrane invagination (T-tubule), which
associates with two sarcoplasmic reticuli. Defects in the
triad structure and orientation have been reported in ze-
bra fish and mouse models for X-linked CNM deficient in
myotubularin.19,30 BIN1, a binding partner of DNM2, lo-
calizes to T-tubules and plays a role in T-tubule biogen-
esis,28,31,32 and mutations in BIN1 are responsible for
autosomal recessive CNM.13 Furthermore, mutations in
RyR1, which is responsible for coupling the sarcoplasmic
reticulum to the T-tubule and calcium release into the
fiber on excitation, were suggested to cause CNM,14,15

indicating that there may be a common molecular mech-
anism between the different forms of CNM affecting triad
structure and function.28

To determine whether our model also exhibits triad
defects, triad structures were examined with TEM in mice
4 weeks PI. In GFP-transduced muscle, T-tubules were
observed correctly aligned between two sarcoplasmic
s
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reticuli (Figure 6B). In WT-DNM2–transduced muscle, the
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T-tubules also looked healthy; however, in comparison,
many T-tubules appeared rounder in RW-DNM2 muscles
(Figure 6B, lower panel). The shape factor of T-tubules
was measured to determine whether there were signifi-
cant irregularities. A circle has a shape factor of one,
whereas an object approaching a straight line has a
shape factor near zero. Indeed, no difference was seen
between the shape factor for GFP- or WT-DNM2–trans-
duced muscles; however, the shape factor increased
significantly in RW-DNM2–transduced muscle (Figure
6D), indicating T-tubules were rounder in our model. This
was measured also at 2 weeks PI, and a significant but
less severe difference was observed (Figure 6, A and C),
indicating the abnormalities in T-tubule morphology in-
crease over time.

In addition to T-tubule abnormalities, structures that
appeared to be swollen sarcoplasmic reticulum were ob-
served in both WT-DNM2 and RW-DNM2 muscle (Figure

Figure 6. Altered T-tubule structures in RW-DNM2 mice. TA muscles fro
AAV-transduced GFP, WT-DNM2, or RW-DNM2 mice 2 (A) and 4 (B) wee
PI imaged by TEM. Magnified (zoom) images shown on the right. S
sarcoplasmic reticulum;T, T-tubule. Arrows: swollen sarcoplasmic reticulum
arrowhead: abnormal membrane structures near mitochondria. Scale bar
0.2 �m. The shape factor was calculated from T-tubules shown in A and
C: 2 weeks PI (2wPI). D: 4 weeks PI (4wPI). A shape factor of 1 � circle an
0 � straight line (shape factors for T-tubules in images in A and B a
indicated). Graph represents mean � SEM (***P � 0.001) (n � approximate
50 T-tubules per mouse for two mice per group).
6A, arrow). In RW-DNM2 muscle, triads were not easily
detected near enlarged mitochondria; however, the pres-
ence of abnormal membrane structures around the mito-
chondria was common. Whether these membranes are
remnants of sarcoplasmic reticulum or longitudinal T-tu-
bule structures cannot be determined from standard
TEM. An additional drawback of TEM is that T-tubules
must be recognizable within a triad structure to be mea-
sured. Therefore, to determine the extent of damage to
triad structures in RW-DNM2 mice 4 weeks PI, the mor-
phology of triads was analyzed by electron microscopy
using potassium ferrocyanide, which selectively stains
plasma membrane invaginations such as T-tubules. In
both GFP- and WT-DNM2–transduced muscle, T-tubules
appeared normally shaped and organized between sar-
coplasmic reticuli, in an orientation matching the Z-line
(Figure 7, A–D). Occasionally misoriented T-tubules were
observed in WT-DNM2–transduced muscle (Figure 7C).
In contrast, T-tubules in muscle transduced with RW-
m
ks
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DNM2 were severely affected (Figure 7, E and F). Some
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T-tubules were observed, which, although rounder than
normal (confirming results seen in Figure 6), were distin-
guishable as triads (Figure 7F). However, many areas of
enlarged, misoriented T-tubules were observed (Figure
7F), often associated near sarcoplasmic reticulum (Fig-
ure 7F). Therefore, triad structures and mitochondria are
profoundly altered in muscle transduced with RW-DNM2.

Discussion

In this study, we examined the function of DNM2 in skel-
etal muscle and the pathophysiology of ADCNM using
AAV to express WT-DNM2 or RW-DNM2 mutation, the
most common mutation observed in patients. We char-
acterized a mammalian model with a DNM2 defect and
showed that RW-DNM2 expression in adult wild-type
muscle can induce most features of CNM compared with
muscle biopsy specimens from a patient with the same
mutation.

DNM2 in CNM

Our RW-DNM2 mice muscles recapitulate the increased

Figure 7. Triad disorganization in RW-DNM2 mice. Electron microscopy
images from muscles transduced with GFP (A and B), WT-DNM2 (C and D),
and RW-DNM2 (E and F), labeled with potassium ferrocyanide [K3Fe(CN)6]
staining. High-magnification (high mag) images are shown on the right and
low-magnification (low mag) images on the left. C: Arrow indicates misori-
ented T-tubule. F: Round T-tubules (asterisk), enlarged, misoriented T-tu-
bules (arrowhead), and sarcoplasmic reticulum (arrow). Scale bar � 1 �m.
internal and centralized nuclei, abnormal oxidative (SDH)
staining, and fiber atrophy. It also shows that the muscle
weakness is due to a reduction in specific maximal force
and not only to muscle atrophy. However, we did not
observe an increase in either type 1 fibers or the radial
strand organization of oxidative staining, the latter being
a diagnosis marker to differentiate with the X-linked form
of CNM. Because we injected the TA muscle, which con-
tains �1% of type 1 fibers, it is possible that a difference
was not detectable. Alternatively, R465W mutant expres-
sion could affect fiber-type determination during muscle
differentiation; however, we injected adult muscle. The
RSS appearance is caused by a difference in myofibril
width between myofibrils in the center and periphery.
This abnormality could appear with time because such a
phenotype was rarely observed in neonatal ADCNM
cases.11 Importantly, the appearance of most CNM fea-
tures after injection of adult muscles supports a defect in
muscle structure maintenance in the disease.

While our original manuscript was submitted, a RW-
DNM2 knock-in mouse was described, in whom RW-
DNM2 was expressed throughout muscle develop-
ment.27 Heterozygous knock-in mice exhibited mild
skeletal muscle atrophy and muscle weakness, with
minor alterations in mitochondrial and reticular organi-
zation. Similar to our model, no difference in fiber-type
expression or RSSs was apparent, indicating that these
features are most likely not dependent on expression of
RW-DNM2 during early stages of muscle development.
One important CNM feature, which was not observed in
heterozygous knock-in mice, was an alteration in nuclei
position27 compared with our AAV expression system in
which an increase in central and internally placed nuclei
was observed, a hallmark feature in CNM patients. It may
be that a higher level of overexpression of RW-DNM2 is
required to induce this feature in mice. Interestingly, in
surviving homozygous knock-in mice an increase in in-
ternal and central nuclei was observed,27 akin to that
observed in mice 4 weeks PI of RW-DNM2-AAV, support-
ing the belief that a higher level of RW-DNM2 expression/
activity is required to induce CNM-like features in mice.

Distinct from the work of Durieux et al,27 this study
indicates that the most common DNM2 mutation is acting
in a dominant manner, as wild-type mice were injected. It
rules out haploinsufficiency as a cause of the muscle
disease and parallels recent findings showing that the
R465W missense mutation increases the dynamin oli-
gomer stability and GTPase activity.33,34 Interestingly, in
our study we also observed an effect by expression of
WT-DNM2 in wild-type mouse muscle, mainly on fiber
size, nuclei centralization, and maximal force, but to a
lesser extent than with RW-DNM2. Because this is the first
study to overexpress DNM2 in a system that already has
normal DNM2 levels, we can begin to hypothesize the
mechanism(s) by which this effect was induced. In-
creased expression of WT-DNM2 increased the pool of
DNM2 within muscle, which may result in an overall in-
crease in GTPase activity. It may also promote DNM2
dimerization.35,36 Together with biochemical character-
ization of DNM2 mutants,33,34 our results strongly support
that the CNM muscle phenotype observed is due to an

increase in DNM2 GTPase activity and that the R465W
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mutation acts in a dominant manner by increasing the
GTPase activity or DNM2 oligomerization in vivo.

Although DNM2 is mutated in both CNM and periph-
eral neuropathy, our data show that a primary defect of
skeletal muscle is at the basis of CNM as muscles were
injected. Moreover, maximal force measurement indi-
cated the nerve-muscle communication appeared unaf-
fected.

Roles of DNM2 in Skeletal Muscle

DNM2 is implicated in ADCNM; however, its function in
muscle is not understood. Because adult mice were
transduced, we can begin to discern the specific func-
tions of DNM2 in muscle development compared with
muscle maintenance. DNM2 appears to localize to the
Z-line, and because this occurs before the transverse
alignment of T-tubules, DNM2 may participate in T-tubule
reorientation during maturation. Indeed, DNM2 interacts
directly with BIN1 in vitro, and BIN1 is localized at T-tu-
bules and is implicated in T-tubule biogenesis.13,31 T-tu-
bules appeared rounder, enlarged, and misoriented in
RW-DNM2 muscle, suggesting that DNM2 might also be
important for the maintenance of these structures. Of
note, T-tubules in skeletal muscle are approximately 20 to
40 nm in diameter,37 wider than the internal diameter of
the dynamin helix (15 to 20 nm),38 suggesting that DNM2
is not oligomerizing around T-tubules. Whether and when
a possible interaction between DNM2 and BIN1 exists in
skeletal muscle remains to be determined.

In RW-DNM2 mice we also observed swelling of the
sarcoplasmic reticulum and abnormally shaped mito-
chondria. In muscle fibers, the sarcoplasmic reticulum
and mitochondria are tightly linked,39 and a defect in
both triads and mitochondrial/sarcoplasmic reticulum
signaling can lead to defects in Ca2� handling.40

Therefore, in RW-DNM2 mice there may be a defect in
excitation-contraction coupling during muscle contrac-
tion. The decrease in specific maximal force in these
mice could also be due to the strong disruption of
sarcomere structure. The involvement of DNM2 in ex-
citation-contraction coupling is supported by the se-
vere decrease in specific maximal force observed in
WT-DNM2–transduced mice, despite the sarcomere
structure appearing similar to control muscle. It also
suggests that the level and/or activity of DNM2 needs
to be tightly regulated in skeletal muscle. Defects in
these functions (sarcomere maintenance and triad or-
ganization) may be at the basis of the histologic and
clinical phenotypes of ADCNM patients.

In conclusion, using AAV transduction we developed
an animal model for ADCNM that recapitulates several
key histologic features of the disease together with al-
tered mitochondrial and triad structures, resulting in mus-
cle weakness. Although AAV vectors are mostly used for
preclinical or clinical gene therapy approaches, exoge-
nous expression of mutant proteins represents an original
approach, as an alternative to engineering of germline
mouse mutations, to test the impact of different patient
mutations or artificial DNM2 mutations to dissect the mo-

lecular regulation of DNM2 function in vivo. Data obtained
with this approach point to distinctive roles of DNM2 in
maintenance of adult muscle structure.
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