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Abstract
Limb-girdle muscular dystrophies are a genetically diverse group of diseases characterized by chronic muscle wasting and
weakness. Recessive mutations in ANO5 (TMEM16E) have been directly linked to several clinical phenotypes including
limb-girdle muscular dystrophy type 2L and Miyoshi myopathy type 3, although the pathogenic mechanism has remained
elusive.ANO5 is amemberof theAnoctamin/TMEM16 superfamily that encodes both ion channels and regulators ofmembrane
phospholipid scrambling. The phenotypic overlap of ANO5 myopathies with dysferlin-associated muscular dystrophies has
inspired the hypothesis thatANO5, like dysferlin,may be involved in the repair ofmusclemembranes following injury. Herewe
show thatAno5-deficientmicehave reduced capacity to repair the sarcolemmafollowing laser-induceddamage, exhibit delayed
regeneration after cardiotoxin injury and suffer fromdefectivemyoblast fusionnecessary for the proper repair and regeneration
of multinucleated myotubes. Together, these data suggest that ANO5 plays an important role in sarcolemmal membrane
dynamics. Genbank Mouse Genome Informatics accession no. 3576659.

Introduction
The importance of muscle mass and strength for daily activities
such as locomotion and breathing and for whole body metabolism
is unequivocal. Deficits in muscle function produce muscular
dystrophies (MDs) that are characterized by muscle weakness and
wasting and have serious impacts on quality of life (1). The most
well-characterized MDs result from mutations in genes encoding
members of the dystrophin-associated protein complex (DAPC) (2).
These MDs result from membrane fragility associated with the
loss of sarcolemmal-cytoskeleton tethering by the DAPC (3,4).
In contrast, a subset of other MDs is thought to be caused by
defects in sarcolemmal repair. Due to the mechanical stress the

sarcolemma experiences during contraction, even healthy muscle
is in constant need of repair mechanisms to patch injured
membrane (4). Sarcolemmal patch repair relies on the fusion of
membrane vesicles at sites of damage (5,6), and the attenuation of
this process is considered a putative cause of dysferlinopathies,
MDs caused by mutations in dysferlin (7–9).

Recently, a newMDwith features similar to dysferlinopathies
and characterized by sarcolemmal lesions has been linked to re-
cessive mutations in ANO5 (TMEM16E) (10–12). ANO5 mutations
produce limb-girdle muscular dystrophy type 2L (LGMD2L) and
Miyoshi myopathy dystrophy type 3 (MMD3). The phenotype
associated with ANO5 mutations is variable, but typically the
disease presents in adulthood (age 20–50) with proximal lower
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limb weakness, high serum creatine kinase levels, asymmetric
muscle atrophy and weakness, and is typically accompanied by
sarcolemmal lesions, similar to dysferlinopathy (10–12). To
date, ∼72 different ANO5 mutations have been reported in MD
patients (Supplementary Material, Fig. S1), and screens for
ANO5 mutations in LGMD patients lacking mutations in other
known LGMD genes indicate that ANO5 mutations may be one
of the more common causes of LGMD (10,11,13).

The ANO/TMEM16 family is functionally split into two categor-
ies. The founding members, ANO1 (TMEM16A) and ANO2
(TMEM16B) encode calcium-activated chloride channels (14–16),
while other ANOs fail to conduct chloride and have roles in
phospholipid scrambling (PLS) (17–20). However, ANO5 has not
been found to exhibit either of these two activities at the plasma
membrane (21,22), suggesting a novel function in skeletal muscle.
This is consistent with experimental evidence demonstrating that
ANO5 is enriched in internal membranes in muscle fibers (23).
Given this novelty, it remains unclear howdeficiency in ANO5 func-
tion elicits a LGMD phenotype, and specifically why ANO5 muta-
tionsmanifest in a clinically similarway to dysferlin-associatedMD.

Herewe report the creation of anAno5 knockoutmousemodel
that recapitulates features of human LGMD2L patients. We show
that disruption of the Ano5 gene in mice produces several
dystrophic histopathologic features, exercise intolerance, dys-
function in sarcolemmal repair and myoblast fusion defects.
We hypothesize that these defects are related to changes in sub-
cellular membrane and/or sarcolemmal membrane dynamics
mediated by ANO5.

Results
Generation of an Ano5−/− mouse model

To generate an Ano5 knockout model, we used a vector targeting
Ano5 from exon 8 to exon 9 to produce a truncated transcript

(Fig. 1A). The targeting construct was designed as a ‘knockout
first’ (24) so that a null allele is generated through splicing to a
lacZ trapping element. The targeting cassette was inserted fol-
lowing exon 8with flanking FRT and loxP sites present to generate
a conditional allele if embryonic lethality was noted (24,25)
(Fig. 1A). Following embryonic stem cell targeting and transfer,
the genotypes were verified by genomic PCR (Fig. 1B). RT–PCR
using primers spanning exons 10–14 (e10–e14) or exons 17–20
(e17–e20) shows a loss of transcript distal to the lacZ insertion
cassette (Fig. 1C). Consistent with these data, quantitative
RT–PCR demonstrates ∼80% reduction in pre-cassette Ano5 tran-
script and >99% reduction of post-cassette Ano5 transcript in all
muscles tested (Fig. 1D). To determine whether Ano5 protein
expression was reduced, muscle lysates were run on SDS–PAGE
gels and western blots prepared. The presence of major muscle
protein migrating at the same molecular weight as Ano5
(∼107 kDa) precluded a clean western blot and thus extracts
were run under non-denaturing conditions on a native blue gel.
Under these conditions, Ano5 migrates as a broad band
∼420 kDa in addition to two bands of larger mass. These bands
represent either oligomers of Ano5 or complexes of Ano5 with
its binding partners. Similar results have been recently reported
by Gyobu et al. (26). Regardless, no protein signal is observed in
Ano5−/− muscle. Surprisingly, a greatly reduced signal is also ob-
served in the heterozygote (Fig. 1E). No overt histological pheno-
types were seen in Ano5+/− mice, consistent with the recessive
nature of MDs due to ANO5 mutations. No embryonic lethality
was noted in Ano5−/− animals. As Ano5 shares a significant se-
quence homology to Ano6, and Ano6 is known to be expressed
in skeletal muscle under some conditions (27), RT–PCR was per-
formed to measure relative expression of Ano6 cDNA of Ano5−/−

mouse muscles. Quantitative RT–PCR demonstrates a modest,
but statistically insignificant elevation of Ano6 transcript in
Ano5 deficient muscles (Supplementary Material, Fig. S2).

Figure 1. Generation of the Ano5−/− mouse model. (A) An Ano5 targeting vector was used to include an exogenous intron and lacZ-encoding exon with a polyadenylation

termination signal. The resultingmRNA terminates with exon 8. (B) Genomic DNA isolated from tail clippings of littermates. (Lane 1)WTmouse, (Lane 2)Ano5+/−, (Lane 3)

Ano5−/−; WT allele: 300 bp fragment, Ano5 allele: 200 bp fragment. (C) RT–PCR displaying reduced Ano5 transcript in Ano5−/− muscle tissue using two primer sets targeting

Ano5. Lane 1: β-actin control; lane 2 (e10–e14), primers spanning exons 10–14; lane 3 (e17–e20) primers spanning exons 17–20. (D) Approximately 80% and >99% relative

reduction of Ano5 transcript, at the 5′ and 3′ end, respectively, was confirmed through qRT–PCR in quadriceps (QD), gastrocnemius (GAS) and tibialis anterior (TA)

muscle extracted from the Ano5−/− mouse (P < 0.001). (E) Ano5 protein expression is absent in Ano5−/− mice. Western blot of blue native gel of muscle extracts from

WT, Ano5+/− and Ano5−/− mice. WT Ano5 runs as a broad smear that centers around 400 kDa. The broad band may be explained by protein glycosylation,

ubiquitination and/or multimerization. Ano5 is present, although greatly reduced in the heterozygote and is barely detectable in the knockout.
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Clinical and histopathological evaluation of the
Ano5−/− mouse

The Ano5−/− mouse exhibits many features characteristic of
human ANO5-myopathy including increased serum creatine ki-
nase levels, variable weakness among muscles, altered muscle
fiber diameter and exercise intolerance (11,21). Serum creatine
kinase is elevated ∼2-fold in Ano5−/− mice (Fig. 2A). The specific
force of muscle contraction is significantly decreased ∼15% in
diaphragm (Fig. 2B), but is essentially unaffected in extensor di-
gitorum longus (EDL) and tibialis anterior (TA) muscles (Fig. 2C).
This variability among muscles is characteristic of ANO5 myop-
athies and is also observed in histological analysis of different
muscles. Relative to wild-type (WT), average muscle fiber diam-
eter is significantly smaller in gastrocnemius (GAS) muscle
from Ano5−/− mice (Ano5−/−: 35.8 ± 8.3 µm, WT: 41.8 ± 11.0 µm,
P < 0.0001), and to a lesser extent in the TA muscle (Ano5−/−:
38.1 ± 11.8 µm, WT: 44.3 ± 12.2 µm, P < 0.0001) (Fig. 2D and E).
Ano5−/− muscles exhibited mild histopathology including cen-
tral nuclei and occasional necrotic fibers (Fig. 2D and F). The ap-
pearance of most mouse Ano5−/− phenotypes were typically
seen at 6 months of age or later (Supplementary Material,

Fig. S3). This is consistent with adult-onset of LGMD2L in
humans.

To evaluate exercise tolerance, aged-matched Ano5−/− andWT
mice were subjected to exercise regimes weekly for 1 h for
2 months. While WT control mice ran at a consistent speed,
Ano5−/− mice were prone to frequent breaks on the treadmill
(14 breaks/min) where they ceased running until the treadmill
belt returned to the shock plate (Supplementary Material, SV1)
(Fig. 2G). Needle electromyography, evoked compound muscle
action potential (CMAP) recordings and electrical impedancemyo-
graphy (EIM) were performed in the hindlimbs of Ano5−/− andWT
mice but showed no significant changes, similar to the human
disease (Supplementary Material, Fig. S3).

Another characteristic feature of human ANO5 myopathy is
the presence of an excessive number of muscle fibers with intra-
muscular deposits (28,29). In the Ano5−/− mouse muscle, these
structures appear as sharply defined, irregularly contoured
areas that stain red with a modified trichrome stain (30). Cyto-
plasmic aggregates were apparent beginning at 10 months of
age (Fig. 3A). Because aggregates of similar appearance have
been noted in normal aged mice (30,31), aggregate occurrence

Figure 2.Characterization ofAno5−/− deficientmice. (A) Serumcreatine kinase is significantly elevated inAno5−/−mice 179.3 ± 15.52, n = 5 at 9months comparedwith aged-

matched controls 91.73 ± 30.13, n = 4 (P < 0.05). (B) Specific force of contraction of diaphragm strips from 10 months Ano5−/− mice 188.3 ± 13.52 was significantly decreased

compared with controls 238.1 ± 6.770 (P < 0.01). (C) Specific force of contraction of EDL (9 months) and TA (4 months) muscles from Ano5−/− mice 168.0 ± 14.07 and

269.9 ± 8.54, respectively, were not significantly different than controls 170.5 ± 15.36 and 292.1 ± 19.59 (P > 0.05). (D) H&E-stained tissue sections demonstrating mild

dystrophic pathology including central nuclei, fiber size variability and areas of necrosis in the TA and GAS of the Ano5−/− mouse compared with WT controls. Scale

bar = 50 µm. (E) Muscle fiber diameter measurements showed a reduction in Ano5−/−
fiber diameter compared with WT especially in GAS muscle (P < 0.0001). (F) The

number of centralized nuclei are modestly increased in Ano5−/− muscle (P < 0.05) but remain stable over time comparing 6- and 10-month timepoints. (G) Ano5−/− mice

demonstrated frequent pauses when treadmill exhaustion studies. Error bars =Mean ± SEM.
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was quantified. Approximately 25% ofAno5−/−
fibers displayed ir-

regularly contoured red areas upon trichrome staining, while
<0.02% of age-matched control fibers had these aggregates

(Fig. 3B). Electron microscopy (EM) revealed that the aggregates
comprised membranous material. Many Ano5−/− muscle fibers
exhibited densely packed accumulations of vesicular or tubular

Figure 3. Subcellular histopathology in Ano5−/− muscle. (A) Gomori Trichrome stain of 10 months Ano5−/− and WT TA muscles. Ano5−/− muscle contains membrane

aggregates (arrows). Scale bar = 20 µm. (B) Quantification of the number of fibers containing aggregates in TA and GAS muscles of the Ano5−/− compared with WT

(P < 0.0001, one-way ANOVA). (C and D) Electron microscopic images demonstrating the presence of membrane aggregates in Ano5−/− muscle. Aggregates were either

loosely packed, interconnecting tubular formations with fuzzy inner tubules (white arrows) or densely packed accumulations of vesicular or tubular membranes

(black arrows). Scale bars = 500 nm. (E) Sub-sarcolemmal accumulations of mitochondria (arrows) and degenerating mitochondria (asterisk) were frequently identified

by electron microscopy in Ano5−/− muscle. Scale bars = 500 nm (left) and 2 µm (right). (F) Succinate dehydrogenase staining of 10 months Ano5−/− TA muscle showed

sarcolemmal thickening and capped fibers that were not present in WT. Scale bars = 10 µm. (G) Cryosections of the TA muscle from 10 months Ano5−/− mice were

stained for succinate dehydrogenase (SDH). Arrows indicate reddish aggregates that do not stain for SDH (left). Serial sections from 10 months Ano5−/− mice

demonstrate that many membrane aggregates (white arrows) observed with trichrome staining are positive for SERCA1 (right) suggesting they are derived from the

sarcoplasmic reticulum. Scale bar = 40 µm.
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membranes or haphazardly oriented and loosely packed inter-
connecting tubular formations with fuzzy inner tubules that cor-
responded to the aggregates seen in lightmicroscopy (Fig. 3C and
D). Ano5−/− mice showed similar pathology findings consistent
with that of ANO5 patients. EM of patient muscle compound
heterozygous for two mutations [c.155A > G (p.Asn52Ser)] +
[c.191dupA (p.Asn64Lysfs*15)] in the coding region of the ANO5
gene revealed numerous aggregates andmultiple sites displaying
areas of degenerating mitochondria (Supplementary Material,
Fig. S4). Aggregates in Ano5−/− muscle stained positive for
SERCA1 but not succinate dehydrogenase (SDH) activity, suggest-
ing that they are derived from the sarcoplasmic reticulum and
not from mitochondria (Fig. 3G) (30,31). However, Ano5−/− mice
did exhibit degenerating mitochondria and sub-sarcolemmal
mitochondrial accumulation in addition to these membrane ag-
gregates (Fig. 3E). The sub-sarcolemmal accumulation of mito-
chondria was confirmed by staining frozen sections for SDH,
which was localized in dense patches near the surface of muscle
fibers (Fig. 3F). To identify whether the mitochondrial degener-
ation observed had functional significance, we quantified citrate
synthase activity as a measure of intact mitochondria and found

there was a significant decrease in Ano5−/− muscle extracts com-
pared with WT controls (Supplementary Material, Fig. S5).

Ano5 facilitates membrane repair

In healthy individuals, normal exercise results in small lesions in
the plasmamembrane that are healed by two processes: (i) small
tears are resealed by assembly of new plasmamembrane and (ii)
sites of more severe disruption are repaired by satellite cells that
proliferate and differentiate into myocytes that fuse to repair or
regenerate multinucleated muscle fibers (32). To test the effect
of loss ofAno5 expression onmembrane repair, we first examined
the effect of membrane damage produced by an intense laser
pulse delivered to isolated flexor digitorum brevis (FDB) muscle
fibers of 4-month-old mice (Fig. 4A and B). Membrane damage
was assessed by accumulation of FM1-43, a membrane-imper-
meant styryl cationic dye that is not fluorescent in aqueous solu-
tion but fluoresces brightly in a lipid environment and has been
used extensively to studymembrane repair (9,33,34). A small area
of fluorescence was detected at the site of damage in WT and
Ano5−/−

fibers immediately after laser injury (Fig. 4A). The

Figure 4.Membrane Repair is defective in Ano5−/− mice. (A) Images of Ano5−/− andWTmuscle 4-month-oldmice damaged by a laser pulse shown 5 and 190 s post-injury.

Red arrows indicate the site of damage with FM1-43 dye accumulating quickly in Ano5−/− muscle compared with WT and Ano5−/− following delivery of 1 × 1011 vg AAV.

ANO5.FLAG vector. Scale bar = 50 µm. (B) Measurement of fluorescence intensity after laser-induced injury. Ano5−/− muscle is statistically different from WT and AAV.

ANO5 fibers at all times >100 s post-injury (two-way ANOVA, P < 0.001). (C) Expression of ANO5-FLAG in Ano5−/− uninjected TA or TA injected with 5 × 1010 vg AAV.

ANO5.FLAG vector. Immunofluorescence with anti-FLAG antibody demonstrated ANO5-FLAG expression following intramuscular injection (top) that was absent in

untreated Ano5−/− muscle (bottom). Scale bar = 40 µm. (D) Recovery from cardiotoxin-induced muscle damage. H&E-stained tissue sections of WT and Ano5−/− TA

muscles at 1, 3, 7, 14, 30 and 90 days post-cardiotoxin injection (Days 3,7,14 and 30 shown). Ano5−/− muscle incurred more damage and showed impairment in

regeneration compared with WT. (E) Myofiber size remains statistically smaller in Ano5−/− muscle at 30 and 90 days compared with WT at 30 days (Cardiotoxin D30)

and 90 days (Cardiotoxin D90) post-cardiotoxin injection (P < 0.05).
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increase in fluorescence was greater and occurred at a ∼2-fold
faster initial rate in Ano5−/− muscle fibers than in WT fibers.
Whereas the fluorescence appeared to be leveling off at 190 s in
WT, the fluorescence continued to increase in Ano5−/− fibers for
the duration of the experiment (Fig. 4B). To test whether the de-
fect in membrane repair was directly related to Ano5 expression,
we expressed human ANO5 cDNA using adeno-associated virus
(AAV) in theAno5−/−muscles. AAV.ANO5 partially restoredmem-
brane resealing in Ano5−/− muscle (Fig. 4B). Intramuscular deliv-
ery of AAV.ANO5.FLAG results in sarcolemmal ANO5 expression
in Ano5−/− mice (Fig. 4C).

Impaired regeneration in Ano5 KO mice

We then asked whether muscle regeneration was also defective
in Ano5−/− mice. This was done by examining the ability of the
muscle to recover from injury produced by cardiotoxin injection
(35) (Fig. 4D). To track temporal changes of necrosis and regener-
ation, TA andGASmuscles of 8-week-oldmicewere injectedwith
cardiotoxin three times, spaced 2 weeks apart. Tissues were har-
vested 1, 3, 7, 14, 30 and 90 days after the final injection (Fig. 4D).
The contralateral side was used as a saline-only control. TheWT
muscle regenerated after cardiotoxin treatment, so that by 1
month the muscle appeared largely normal with the exception
of central nuclei in newly regenerated fibers. However, in
Ano5−/− mice, there was an extensive delay in regeneration and
longstanding necrosis. After 3 months, the mean fiber diameter
of Ano5−/− muscle remained significantly reduced compared
withWT andmany fibers exhibited central nuclei (Fig. 4D and E).

Loss of Ano5 leads to a myoblast fusion defect

Because cardiotoxin damages only muscle fibers but not satellite
cells (35), the slow recovery of Ano5−/− muscle after cardiotoxin

injection suggests that muscle regeneration is defective in
Ano5−/− mice. In addition to a membrane patching mechanism
to repair damaged sarcolemma, adult muscle requires muscle
progenitor satellite cells that proliferate, differentiate and fuse
to repair/replace damaged muscle fibers in vivo (32). Many
LGMD2L patients first manifest clinical symptoms after a signifi-
cant muscle injury that persists longer than normal (29). This led
us to hypothesize that the progenitor cell population in these in-
dividualsmay have a decreased ability to repair damagedmuscle
fibers in addition to the sarcolemmal patch repair defectwe char-
acterized in Figure 4. To test this, we isolated this myoblast pro-
genitor population from 3-month-old Ano5−/− mice and
compared the fusogenic properties of these cells with age-
matched WT controls from the same genetic background.

First, we assessed the ability of the myoblast progenitor cell
populations from Ano5−/− mice to fuse compared with WT cells.
To quantify myoblast fusion, we stained cells with a marker of
differentiated muscle (myosin heavy chain, MHC) and a nuclear
stain to count the number of nuclei that had incorporated into
multinucleated myofibers. As shown in Figure 5A–C, after 3
days 73% of wild-type cells had fused to form multinucleated
MHC-positive myotubes, while only 48% of Ano5−/− cells had
fused. Furthermore, we observed that the Ano5−/− myotubes
were generally shorter and a large fraction exhibited an ovoid
shape instead of the elongated shape seen in WT cells (Fig. 5A
and B). To quantify this fusion defect further, we counted the
number of nuclei in eachmyotube. Ano5−/− myotubes on average
had fewer nuclei than WT myotubes (Fig. 5D and E). While ∼50%
of WT myotubes had >6 nuclei, <10% Ano5−/− myotubes had this
many nuclei. Taken together, the cardiotoxin and myoblast fu-
sion assays demonstrate that both Ano5−/− mature myocytes
and myoblast progenitors are fusion defective. This defect likely
contributes to the failed muscle regeneration and resultant pro-
gressive muscle wasting indicative of LGMD2L and MMD3.

Figure 5. Loss of Ano5 expression impairs myoblast fusion. (A and B) Confocal images of primary myoblast cultures isolated from adult WT (A) and Ano5−/− (B) mice

differentiated for 3 days on glass coverslips, fixed and stained for MHC with antibody (red) and nucleic acid (Syto24, green). (C) Fusion index (mean ± SEM). There was a

significant reduction in fusion competence betweenWT (73%) and Ano5−/− (48%) myoblasts (P < 0.03) (D and E). The average number of nuclei permyotubewasmeasured

from the same three experiments forWT (D) andAno5−/− (E). In (C–E), individual data points indicatemean values for eachof three independent experimentswith a total of

>12 000 nuclei counted.
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Discussion
Herewe demonstrate an essential role for ANO5 inmuscle regen-
eration and repair. Loss of ANO5 causes a dystrophic phenotype
in mice, reminiscent of LGMD2L patients, with mild histopath-
ology that varies among muscles, exercise intolerance, impaired
regeneration and elevated creatine kinase levels. Mitochondrial
abnormalities were observed in both young and aged Ano5−/−

mice. In addition to the structural defects the mitochondria dis-
played through electron microscopic imaging, we also demon-
strated functional loss using quantitative enzyme analysis of
citrate synthase indicating the presence of damaged mitochon-
dria. The structural and functional mitochondrial findings may
provide some clarification behind the underlying and unex-
plained symptoms of exercise intolerance and myalgia reported
by ANO5−/− patients (36) and replicated in Ano5−/− mice. We
also characterize an attenuation of sarcolemmal patch repair in
Ano5−/−

fibers that is partially rescued by viral expression of
human ANO5 and find that the disruption of Ano5 perturbs the
fusogenic quality of primary myoblasts as well as mature myo-
cytes. The mitochondrial defects may be secondary to failed
membrane repair and/or regeneration or rather represent a de-
fect that is universal to all membranes including intracellular
membrane-bound organelles.

Another noteworthy finding of this study was that the mem-
brane aggregates observed in Ano5−/− knockout animals are very
similar to tubular aggregates that have been reported in mice
with STIM1 or ORAI1 genes disrupted (37,38). The mechanisms
of formation of tubular aggregates remains unknown, but
because STIM1 and ORAI1 are involved in store-operated Ca2+

signaling, it has been suggested that they are stimulated by
disrupted Ca2+ signaling. The fact that our aggregates stain for
SERCA supports the idea that they are derived from SR, and sup-
ports the hypothesis that there is a defect in membrane traffick-
ing and organization.

Disruption of Ano5 closely phenocopies the loss of dysferlin
expression in murine models (39), and dysferlin mutations
causeMDs similar to ANO5myopathies (LGMD2B andMMD1 ver-
sus LGMD2L and MMD3). The observation that many membrane
repair-associated proteins, including dysferlin via its C2 do-
mains, bind phosphatidylserine, and that someANOs can scram-
ble phosphatidylserine poses the intriguing possibility that
defective PLS due to ANO5 loss may explain the similar disease
phenotypes. Further, the reorganization of phosphatidylserine
across muscle membranes is a plausible mechanism of action
with respect to the repair and regeneration defects seen in
ANO5myopathies. PtdSer is transiently expressed at sites of con-
tact between fusingmyoblasts (40,41). Further, there is functional
data that phosphatidylserine regulates myoblast fusion and that
the phosphatidylserine receptors BAI1 and BAI3 are implicated in
myoblast fusion (42–44). Cardiotoxin, a neurotoxin known to
cause necrosis, when injected into the hindlimb muscles of
Ano5−/− mice showed efficiency in causing necrosis in both the
deficient and wild-type mouse models. However, the muscles
of Ano5−/− mice showed a delayed ability to regenerate and a de-
crease in size comparedwithwild-typemuscle. TheAno5−/−mice
have a delayed muscle repair response following injury. The se-
quence similarity of Ano5 to Ano6 suggests strongly that Ano5
is involved in PLS. Although PLS is known to be tightly linked to
membrane trafficking, it remains to be seen precisely how PLS
may be involved in membrane repair. The apparent localization
of Ano5 in the ER argues that the function of Ano5 may be
more complex than simply exposure of phosphatidylserine to
the external environment. Studies to examine whether ANO5

participates in some form of PLS and/or other processes of mem-
brane dynamics are ongoing.

Recently, two other laboratories have reported on ANO5
knockout mice (26,45). In both cases, these investigators con-
clude that the Ano5 knockout mice do not exhibit any muscle
phenotype. These knockout animals were produced by disrup-
tion of exon 1 (45) or exon 2 (26), while our mice were produced
by a gene trap between exon 8 and 9. Although we find no tran-
scripts corresponding to exons downstream from exon 9, we do
find a small amount of transcript corresponding to exons located
5′ to the disruption. We do not know whether any protein is
translated from these transcripts, but this observation raises
the possibility that partial transcriptsmay be produced in our an-
imals and that these may directly or indirectly have pathogenic
consequences. It is notable that one of the most common ANO5
mutations (c.191dupA) occurs in exon 5 that results in a frame
shift and a stop codon. Many patients have heterozygous muta-
tions in the ANO5 gene with one of them being c.191dupA.

This Ano5−/− mouse represents an important model for the
study of ANO5-myopathy, sarcolemmal repair and myogenic
cell fusion. OurAno5−/−model demonstrates testable therapeutic
outcomes and will allow for additional studies focused on Ano5
function and disease pathophysiology. As shown in Figure 1,
the Ano5−/− mice we generated may express partial transcripts.
Thismore closely resembles that of LGMD2L patientswith patho-
genic mutations identified only in exon 4 or later and the most
frequent mutation (founder) located at the 5′ splice site of exon
5 (36). Herewe have developed proof of principle for gene replace-
ment therapy as a treatment strategy for ANO5myopathy by par-
tially rescuing the membrane repair phenotype via AAV.ANO5
treatment of Ano5−/− mice. Additionally, we believe that this
model will be important for further refinement of the ANO5
mechanism of action in sarcolemmal repair andmyoblast fusion
which will greatly inform the mechanistic understanding of
ANO5-myopathy, as well as inform patient treatment strategies
in the future.

Materials and Methods
Ethical statement

This study has been approved by the Animal Care and Use Com-
mittee of The Research Institute at Nationwide Children’s Hos-
pital (RINCH). All animal handling was performed in
accordance with the Guidelines for Animal Experiments at
RINCH. All injections were performed under anesthesia. Efforts
were made to eliminate pain and suffering. Animals from both
genders were used for all studies unless otherwise specified.

Generation of anoctamin5-deficient mice

To generate the Ano5−/− mouse, the knockout first, conditional
ready, lacZ-taggedmutant alleleAno5:tm1a(KOMP)Wtsi targeting
vector was obtained from the UC Davis KOMP Repository
(PG00097_Z_1_G0) (25). This targeting vector was submitted to
the Transgenic and Embryonic Stem Cell Core at RINCH for elec-
troporation into ES cells. Clones were screened by PCR using the
following primer sets, which produce a 300 bp amplicon from the
endogenousAno5 locus and a 200 bp amplicon from theAno5 cas-
sette insertion locus:

genotyping F 5′-AGTCCTTTTCAGCACAGTCTTTG-3′
genotyping R 5′-TGAGGCAGTGTGGAGTGAGTA-3′

DF38700 5′-GCCAATCATATGGTCTCAGT-3′
LR-loxp R 5′-ACTGATGGCGAGCTCAGACC-3′
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Successfully targeted ES cells were then injected into blastocysts
of C57BL/6 mice, and embryos transferred to generate chimeras
for germline transmission. Transgenic heterozygotes were veri-
fied by genotyping and were backcrossed four times to C57BL/6
wild-type, before breeding to homozygosity.

Stocks ofAno5−/− andC57BL/6micewere bred andmaintained
as homozygous animals in standardized conditions in the Vivar-
ium at the RINCH. They were maintained on Teklad Global Ro-
dent Diet (3.8% Fiber, 18.8% Protein, 5% fat chow) with a 12:12 h
dark:light cycle. Procedures used in the experiments were ap-
proved by the Institutional Animal Care and Use Committee at
Nationwide Children’s Hospital (AR12-00004).

Reverse transcriptase–polymerase chain reaction

For both semi-quantitative and quantitative transcript measure-
ments, total RNAwas isolated from fresh-frozenmuscle shavings
using Trizol (Life Technologies, Carslbad, CA), according to the
manufacturer’s protocol. RNA was then column-purified using
the RNAEasy method (Qiagen, Valencia, CA), and quantified by
spectrophotometry using a NanoDropLite (Thermo Fisher Scien-
tific, Waltham, MA). cDNAwas generated with the High Capactiy
cDNA Reverse Transcription Kit (Thermo Fisher Scientific), using
equivalent amounts of sample RNA per reaction (200–500 ng),
isolated from three individualmice per genotype. For semi-quan-
titative PCR, equal volumes of cDNAwere subjected to 30 PCR cy-
cles, followed by agarose gel electrophoresis. Primers used were:
mβAct-rt-5′, CCTGGCCGTCAGGCAGAT; mβAct-rt-3′, GACATGGA
GAAGATCTGGCACC; mAno5-rt-F1,CCAACAGAATGAGAACCT;
mAno5-rt-R1,GACAGGGGTGGGTACTTTGG; mAno5-rt-F3, CGTT
GGCAGCAAGATCAT; mAno5-rt-R3 GGGTACCTATAATCTCTGTA
CCTGC. Quantitative PCR was performed and analyzed on a Fast
Real-Time PCR System (Thermo Fisher Scientific). Reactions were
runwith Applied Biosystems primer-FAMprobe cocktails forAno5
(Mm00624629_m1, Mm01335981_m1), Ano6 (Mm00614693_m1),
Gapdh (Mm99999915_g1) and Hprt (Mm03024075_m1) in triplicate
for each sample. The ΔΔCt method was used to calculate normal-
ized fold-change reductions of Ano5 and Ano6 mRNA in Ano5−/−

muscles when compared with wild-type. Hprt and Gapdh were
each tested with respect to invariance between test groups, and
Hprt was chosen based upon better stability as a reference gene.

Blue native gel electrophoresis western blotting

Hindlimb muscles were dissected from genotyped Ano5+/+,
Ano5+/− and Ano5−/− mice and homogenized in 50 m Bis–Tris,
6N HCl, 50 m NaCl, 10% w/v glycerol, 0.001% ponceau S, pH 7.2
supplemented with protease inhibitor cocktail III (Calbiochem).
Samples were tumbled end over end for 30 min at 4°C and centri-
fuged at 20 000g for 30 min. Soluble protein was collected and
protein concentration was measured using the BCA assay. Pro-
teins were separated using blue native polyacrylamide electro-
phoresis (NativePAGE™ Novex® Bis–Tris Gel System Invitrogen)
and transferred to a PVDF membrane. Excess Coomassie Blue
dye was washed by agitation over night with PBST. The mem-
brane was blocked for 1 h in 5% non-fat dry milk and stained
over night at 4°C with Anti-Ano5 antibody (NeuroMab clone
N421A/85) at a 1:100 dilution in PBST + 1% milk. HRP conjugated
goat anti-mouse secondary antibody (Biorad) was incubated
with membrane for 1 h at room temperature and chemilumines-
cent signal was measured using ECL and radiographic film. In
preliminary experiments, 20 µg protein of each muscle extract
was loaded and equal loadingwas verified by Ponceau-S staining.
To facilitate detection of protein in the heterozygote and

knockout, the amount of protein loaded in the three lanes was
unequal: Ano5+/+: 6 µg, Ano5+/−: 10 µg, Ano5−/−: 16 µg.

Electron microscopy

Segments of TA muscle from 4- to 10-month-old Ano5−/− and
controlmicewere removed, stretched to their in situ length across
a wooden tongue depressor and immersed in 3% glutaraldehyde
in 0.1 M phosphate buffer pH 7.0 for 4 h. The muscle was dis-
sected into 2 mm-long tissue blocks, stored in 0.1 M phosphate
buffer pH 7.4 overnight, followed by post-fixation in 1% osmium
tetroxide for 2 h and dehydration in graded ethanol solutions be-
fore plastic embedding. One-micrometer-thick cross-sections
were stained with toluidine blue, examined by light microscopy
and tissue sections from selected blocks were examined under
a Hitachi H-7650 TEM electronmicroscope utilizing an Advanced
Microscopy Techniques camera and software.

Immunofluorescence

Twelve-micrometer-thick cryosections were placed onto Fisher
Superfrost microscope slides and blocked with 10% goat serum
and 0.1% Tween-20 in PBS for 1 h at room temperature. Slides
were incubated in primary antibody for 1 h at room temperature
(Anti-FLAG F7425 Sigma-Aldrich, 1:175); Serca1 CaF2-5D2 (Devel-
opmental Studies Hybridoma Bank, 1:50). Slides were then rinsed
three times with PBS for 1 h at room temperature followed by a
30 min block. Goat-anti-mouse conjugated to Alexa Fluor 594
(A21125, Life Technologies) or goat-anti-rabbit conjugated to
Alexa Fluor 568 (A11011, Life Technologies) secondary antibodies
were diluted at 1:250 in blocking solution and incubated for
45 min followed by three PBS rinses for 1 h. The sections were
mounted with Vectashield (Vector Labs, Burlingame, CA)mount-
ing media and analyzed with a Zeiss Axioskop 2 microscope
using a Cy5 filter (excitation, 578–590 nm; emission 603–
671 nm) (Zeiss, Thornwood, NY). Image exposure time was stan-
dardized using the positive control for each antibody, each day.
Images were taken using the Axiovision 4.5 software.

Morphometrics

Fiber diameters
Muscle cross-sectional fiber diameters were determined from TA
and gastrocnemius (GAS)muscles from6-month-oldAno5−/− and
WT strain control mice (n = 3 mice per strain). Muscles were sec-
tioned and stained with hematoxylin and eosin (H&E). Four ran-
dom 20× images per section per animal were taken with a Zeiss
AxioCam MRC5 camera. Fiber diameters were determined by
measuring the shortest distance across the muscle fiber using
Zeiss Axiovision LE4 software. Fiber diameter histograms were
generated from an average of 500–600 fibers per TA and 600–700
fibers per GAS.

Aggregate quantification
Muscle sections from TA and GAS muscles of 10-month-old
Ano5−/− and WT mice (n = 3 mice per tissue and strain) were
stained with Gomori Trichrome. Four 20× images were taken
and the number of fibers with one or more aggregates were
counted using Image J software and expressed as a percentage
of the total number of fibers.

Central nuclei quantification
Muscle sections from TA and GAS muscles of 10-month-old
Ano5−/− and WT mice (n = 3 mice per tissue and strain) were
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stainedwith H&E. Four 20× imageswere taken and the number of
fibers with centralized nuclei were counted using Image J soft-
ware and expressed as a percentage of the total number of fibers.

SDH staining
TA and quadriceps muscles were sectioned at 18 µm and stained
with SDH solution consisting of 0.2% nitro blue tetrazolium (NBT)
dissolved in 0.1  succinic acid and 0.1 M phosphate buffer pH 7.4
and incubated at 37°C for 3 h. Following incubation, slides were
rinsed with water and dehydrated in serial alcohols then cleared
with xylene. Slideswere imaged onZeiss AxioCamMRC5 camera.

rAAV production

The human ANO5 cDNA was cloned into an AAV2 ITR plasmid
using Not1 restriction sites between the MHCK7 promoter and
polyadenlylation signal. rAAV vectors were produced by a modi-
fied cross-packaging approach whereby the AAV type 2 ITRs can
be packaged into multiple AAV capsid serotypes (46). Production
was accomplished using a standard 3-plasmid DNA CaPO4 pre-
cipitation method using HEK293 cells. HEK293 cells were main-
tained in DMEM supplemented with 10% Cosmic calf serum
(CCS, Hyclone). The production plasmids were: (i) pAAV.MHCK7.
ANO5, (ii) rep2-cap8modified AAV helper plasmids encoding cap
serotype 8-like isolate rh.74 and (iii) an adenovirus type 5 helper
plasmid (pAdhelper) expressing adenovirus E2A, E4 ORF6 and VA
I/II RNA genes. Vectors were purified from clarified HEK293 cell
lysates by sequential iodixanol gradient purification and anion-
exchange column chromatography using a linear NaCl salt
gradient as previously described (47). A quantitative PCR-based
titration method was used to determine an encapsidated vector
genome (vg) titer utilizing a Prism 7500 Taqman detector system
(PE Applied Biosystems, Carlsbad, CA) (47).

AAV vector delivery through intramuscular injection to
mouse muscle

One- to 2-month-oldAno5−/−micewere treated by intramuscular
injection of 5 × 1010 vg and 1 × 1011 vg of rAAVrh.74.MHCK7.
huANO5.FLAG into TA (n = 4) or FDB (n = 4) muscles, respectively.
For each mouse, the contralateral muscles (right TA and FDB)
were used as untreated controls. TA muscles were harvested 4
weeks post-injection and processed for viral potency which
included histological and ANO5.FLAG expression. FDB muscle
fibers were harvested 10 weeks post-treatment and processed
for membrane repair assay.

Membrane repair

Ano5−/− mice were injected with 1 × 1011 vg of AAV.ANO5 into the
FDBmuscle at 4–5weeks of age.Muscleswere harvested 10weeks
post-injection and subjected to a laser-induced injury. Mem-
brane repair assay was performed on left (treated) and right (un-
treated) FDB muscles of Ano5−/− (n = 4) and age-matched C57BL6
(n = 4)mice as previously describedwhen themicewere 4months
of age (34). Briefly, FDB fibers were isolated using a solution con-
taining 2%w/v collagenase type I suspended in DMEM. Following
dissociation of the muscle, fibers were placed in a glass bottom
dish holding 2.5 µ FM1-43 dye in Dulbecco’s PBS (no Ca/Mg)
supplemented with 1.5 mM Ca2+. Fibers were subjected to laser
injury using a FluoView® FV1000 two-photon confocal laser-
scanning microscope (Olympus). Fibers were damaged with an
850 nm laser-guided spot of 4.48 µm at 20% power and imaged
every 5 s for 190 s to visualize FM1-43 dye uptake. An average of

7–10 fibers were imaged per muscle per mouse, (total 31 WT, 39
Ano5−/− and 30 AAV-ANO5 rescued Ano5−/−

fibers). Fluorescence
intensity of dye infiltration surrounding the damage site on the
membrane was analyzed with ImageJ software by measuring in-
tegrated density of pixel intensity within the defined area. To do
so, under a 2× zoom setting on ImageJ, a rectangular boxmeasur-
ing 7.5 µmby 10 µm region of interest is drawn and used tomeas-
ure the intensity of dye in that region. In the analysis, measured
fluorescence intensity at an individual time point was normal-
ized to initial intensity measured at t = −5 s (pre-injury) using
the equation:

NI ¼ ðI� IoÞ
Io

;

where NI is the normalized intensity, I is the measured intensity
and Io is the intensity at t =−5 s.When fluorescence intensity was
analyzed, values from all fibers from each strain were averaged
together. A two-way ANOVAwas performed to determine statis-
tical significance between treated and untreated fibers at each
time point (P < 0.001). Ano5−/−

fibers, WT fibers and AAV.ANO5
treated Ano5−/−

fibers were significantly different beginning at
100 s post-injury.

Cardiotoxin injections

Micewere anesthetizedwith inhaled isoflurane and injectedwith
cardiotoxin (diluted to 10 µ with sterile saline) every 2 weeks,
for a total of three rounds. Thirty and 50 µl of cardiotoxin was in-
jected into the left TA and left GAS muscles, respectively, of 8-
week-old Ano5−/− and aged-matched controls. Sterile saline was
injected into contralateral muscle as a sham control. Groups of
mice were euthanized and their muscles harvested at 1, 3, 7, 14,
30 and 90 days post final injection of cardiotoxin (n = 3 mice per
strain per time point). Four 20× images per TA were imaged and
fiber diameter was measured on H&E-stained cryosections 1
and 3 months after the final cardiotoxin injection using Axio Vi-
sion 4.8. An average of 500–600 muscle fibers per animal was
measured.

Behavioral (treadmill) study

7.5 months Ano5−/− and aged-matched C57BL6 mice were run
once a week until the age of 9.5 months at a −10° decline with a
speed of 15 m/min and increased by 1 m every minute until ex-
haustion was reached (n = 3 mice per strain). Each individual
test was stopped when the mouse remained on the shock plate
(Columbus Instruments) with electrical stimulus set to 20 V for
more than 10 s without attempting to engage in exercise. Breaks
were defined as the times where the mice ceased running and
rested while the treadmill belt returned to the shock plate.

Force generation

Tetanic force measurements were obtained from EDL of 10-
month-old mice (n = 6 mice per strain), TA from 4-month-old
mice (n = 5 mice per strain), and diaphragm muscles of 10-
month-old Ano5−/− and WT mice (n = 4 mice per strain). The
EDLswere dissected at the tendons and subjected to a physiology
protocol to assess function as previously described by our lab and
others (48,49) with modifications. During the eccentric contrac-
tion protocol, a 5% stretch-re-lengthening procedure executed
between 500 and 700 ms (5% stretch over 100 ms, followed by
return to optimal length in 100 ms). Following the tetanus and
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eccentric contraction protocol, the muscle was removed, wet-
weighed, mounted on chuck using gum tragacanth and then
frozen in methyl-butane cooled in liquid nitrogen. Force mea-
surements in the TA were performed as previously described
(50,51). After the eccentric contractions, the mice were then eu-
thanized and the TA muscle was dissected, weighed and frozen
for analysis. For diaphragm force measurements, mice were eu-
thanized and the diaphragmwas dissected with rib attachments
and central tendon intact, and placed in Krebs–Henselet (K-H)
buffer as previously described (52–54). A 2–4 mm wide section
of diaphragm was isolated. Diaphragm strips were tied firmly
with braided surgical silk (6/0; Surgical Specialties, Reading, PA)
at the central tendon, and sutured through a portion of rib bone
affixed to the distal end of the strip. Eachmuscle was transferred
to a water bath filled with oxygenated K–H solution that was
maintained at 37°C. The muscles were aligned horizontally and
tied directly between a fixed pin and a dual-mode force trans-
ducer-servomotor (305C; Aurora Scientific, Aurora, Ontario, Can-
ada). Two platinum plate electrodes were positioned in the organ
bath so as to flank the length of the muscle. The muscle was
stretched to optimal tension of 1 g, and then allowed to rest for
10 min before initiation of the tetanic protocol. Once the muscle
was stabilized, the muscle was subjected to a warm-up consist-
ing of three 1 Hz twitches every 30 s followed by three 150 Hz
twitches every minute. After a 3 min rest period, the diaphragm
was stimulated at 20, 50, 80, 120, 150, 180 Hz, allowing a 2 min rest
period between each stimulus, each with a duration of 250 ms to
determine maximum tetanic force. Muscle length and weight
was measured. The force was normalized for muscle weight
and length [CSA: muscle mass (mg)/{Lf(mm) ×muscle density
(1.06 mg/mm3)}]. Statistical significance was assessed using an
unpaired Student’s t-test for specific force and two-way ANOVA
with repeated measurements for resistance to eccentric contrac-
tion protocol.

EMG/EIM

Electrophysiology was performed on 6–8-month Ano5−/− and
control muscles using methods similar to those previously pub-
lished (55). Mice were anesthetized using inhaled isoflurane and
placed in the prone position with the hindlimbs extended at 45°
away from the body of the animal. CMAP amplitudes were mea-
sured from bilateral triceps surae muscles following supramaxi-
mal sciatic nerve stimulation in mutant (n = 6 animals, 12
hindlimbs) and control (n = 7 animals, 14 hindlimbs)mice. Needle
electromyography was performed in the right GAS muscle to as-
sess for the presence or absence of fibrillation potentials (55). Lo-
calized impedance measures, or EIM, was performed in bilateral
GAS muscles at frequencies from 1000 Hz to 10 MHz using a
Skulpt Inc. EIM1103 system (San Francisco, CA) using methods
similar to those previously reported in mouse models of amyo-
trophic lateral sclerosis and MD (56,57). A fixed electrode array
with four 26-gage insulated electromyography needle electrodes
(Natus, Middleton, WI) spaced 1 mm apart was used in place of
surface electrodes. The electrode array was inserted into the
belly of bilateral gastrocnemiusmuscles in a longitudinal config-
uration in respect to muscle fiber direction, and two trials of im-
pedance measurements were obtained in each muscle and
averaged for a single value in each limb (n = 6 animals, 12 hin-
dlimbs for each group). Using the convention from previously
published EIM studies and for simplicity, we analyzed reactance,
resistance and phase at two current frequencies, 50 and 100 kHz.
CMAPamplitudes and impedance characteristicswere compared
using a two-tailed t-test.

Primary muscle cell culture

Primary myoblasts were derived from the hindlimb muscles of
3-month-old Ano5−/− mice and age-matched C57BL/6 mice
(58,59). Hindlimb muscle was dissected from individual mice
and subjected to pronase digestion. The digestwas thenmechan-
ically dissociated by repeated trituration followed by filtration
through a 100 µm vacuum filter (Millipore). Mononucleated
cells were resuspended in Ham’s F-10 supplemented with 20%
fetal bovine serum, 5 ng/ml basic FGF, 100 U/ml penicillin G and
100 µg/ml streptomycin (Growth Media) and were cultured on
collagen-coated dishes (Bovine Collagen I Gibco). During the
first several passages of the primary cultures,myoblasts were en-
riched by pre-plating (60).

Primary muscle cell differentiation and fusion index

Cells were differentiated on glass cover slips coated with Entac-
tin-Collagen IV-Laminin (Millipore) at a density of 2 × 105 cells
per well in 12-well culture dishes. Myogenic differentiation was
induced by culturing the cells in low-glucose DMEM supplemen-
ted with 1% Insulin–Selenium–Transferin (Gibco), 100 µg/ml
penicillin and 100 µg/ml streptomycin (Differentiation Media)
for a period of 3 days. Cells were fixed with 4% paraformaldehyde
and stained for MHC (Sigma) to identify differentiated muscle
cells and with SYTO 24 Green to visualize nuclei. The fusion
indexwas calculated as the number of nuclei located in cells hav-
ing more than one nucleus (myotubes) divided by the total num-
ber of nuclei. Measurements were done using ImageJ and >1100
nuclei were counted for each experiment. Fusion experiments
were done in triplicate with primary isolates from three different
mice. Statistical significance was assessed using an unpaired
two-tailed Student’s t-test.

Statistical analysis

Data were expressed as the mean ± SEM and analyzed using un-
paired two-tailed t-tests using GraphPad Prism 5 (Graphpad Soft-
ware, La Jolla, CA) unless otherwise specified.

Supplementary Material
Supplementary Material is available at HMG online.
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