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Abstract

Limb-girdle muscular dystrophy R12 (LGMD-R12) is caused by recessive mutations in the Anoctamin-5 gene (ANO5, TMEM16E).
Although ANO5 myopathy is not X-chromosome linked, we performed a meta-analysis of the research literature and found that
three-quarters of patients with LGMD-R12 are males. Females are less likely to present with moderate to severe skeletal muscle
and/or cardiac pathology. Because these sex differences could be explained in several ways, we compared males and females
in a mouse model of LGMD-R12. This model recapitulates the sex differences in human LGMD-R12. Only male Ano5�/� mice had
elevated serum creatine kinase after exercise and exhibited defective membrane repair after laser injury. In contrast, by these
measures, female Ano5�/� mice were indistinguishable from wild type. Despite these differences, both male and female Ano5�/�

mice exhibited exercise intolerance. Although exercise intolerance of male mice can be explained by skeletal muscle dysfunction,
echocardiography revealed that Ano5�/� female mice had features of cardiomyopathy that may be responsible for their exercise
intolerance. These findings heighten concerns that mutations of ANO5 in humans may be linked to cardiac disease.

anoctamin-5; cardiomyopathies; LGMD-R12; skeletal myopathies; TMEM16E

INTRODUCTION

Recessive mutations in anoctamin-5 (ANO5), also known
as transmembrane protein 16E (TMEM16E), cause limb-gir-
dle muscular dystrophy R12 (LGMD-R12), Miyoshi muscular
dystrophy-3 (MMD3), and mild muscle weakness and myal-
gia with elevated serum creatine kinase (CK) (1–3). These dis-
eases are characterized by late-onset and mild to moderate
muscle degeneration in the proximal or distal limbs with
reducedmuscle function. Despite not being genetically iden-
tified until 2010 (1, 2), ANO5 myopathies are relatively com-
mon. For example, in a large American cohort of clinically
suspected patients with LGMD, ANO5 mutations were the
4th most likely contributor to LGMD phenotypes out of 35
LGMD genes (4). As the number of genetically identified
LGMD-R12 cases has increased, the question has arisen
whether cardiac pathology is also linked to ANO5 mutations
(5, 6). In a study of French patients with a genetically con-
firmed LGMD-R12 diagnosis, 31% had left ventricular dila-
tion (7), whereas 32% of a group of Danish patients with
ANO5 mutations experienced moderate or high-frequency
ventricular premature contractions (8). Recently, a genome-
wide association study has identified ANO5 as a genetic
modifier of cardiomyopathy (9, 10).

ANO5 is a member of the anoctamin family that includes
Ca2þ -activated Cl� channels (11–13). However, ANO5 is not a

Ca2þ -activated Cl� channel, but rather, like its paralog
ANO6 (TMEM16F), is a phospholipid scramblase that also
carries ionic currents that are nonselective with regard to
ionic species (14–16). Although the significance of ANO5-
phospholipid scrambling (PLS) in muscle function is uncer-
tain, previous studies indicated that ANO5 is important for
muscle maintenance through processes that include muscle
cell fusion andmembrane repair (16–18). Recently, our group
identified a domain within ANO5 required for both PLS and
normal myoblast fusion (16), but this “scrambling domain”
is not essential for proper muscle membrane repair by mem-
brane patching (18). Other unidentified factors also contrib-
ute to ANO5 myopathies (19). Although ANO5 myopathy is
not X-chromosome-linked, male prevalence of ANO5 myop-
athy has been noted (20). Although differential effects of
ANO5 mutations in males and females have significant
implications for therapy of ANO5myopathies, an analysis of
sex-based differences has yet to be performed.

Here we show that femaleAno5�/� mice aremore resistant
to exercise-induced muscle damage, and, unlike their male
counterparts, have normal membrane patching after sarco-
lemmal wounding. However, female Ano5�/� mice exhibit
exercise intolerance that can be explained by abnormal car-
diac function. Taken together, Ano5�/� male and female
mice exhibit differential susceptibility to skeletal and cardiac
myopathies.
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MATERIALS AND METHODS

Animals

Wild-type C57BL/6 male and female mice (9–12 mo old)
were purchased from Jackson Laboratory. Ano5 knockout
mice were a gift from Dr. Louise Rodino-Klapac. Ano5
knockout (KO) mice were backcrossed at least four times
to C57BL/6 mice, before breeding to homozygosity (17).
Ano5 KO male and female mice (9–12 mo old) were geno-
typed using the following primers: for Ano5 KO allele; F:
5 0- AGTCCTTTTCAGCACAGTCTTTG-3 0, R: 5 0- TGAGGCA
GTGTGGAGTGAGTA-3 0. Ano5 KO mice were maintained
by breeding homozygotes. Both C57BL/6 and Ano5 KO
mouse colonies were fed with laboratory rodent diet 5001
and maintained with a 12:12 h dark:light cycle. Experiments
involving animals were performed in accordance with
approved guidelines and ethical approval from Emory
University’s Institutional Animal Care and Use Committee
[PROTO20170233 (Choo), PROTO201800130 (Hartzell), and
PROTO201700174 (Kwong)]. To harvest muscle tissues, mice
were euthanized by an overdose of isoflurane. To minimize
subjective bias, samples were blinded with arbitrary
numbers.

Quantitative PCR

Approximately 10 mg of muscle tissues or nonmuscle tis-
sues were isolated frommice and stored in �80�C freezer af-
ter snap freezing with liquid nitrogen. Total RNA was
isolated with TRIzol (Invitrogen) according to the manufac-
turer’s protocol. All RNA samples were treated with DNase I
and the absence of DNA was confirmed by PCR. cDNA was
synthesized by M-MLV reverse transcriptase (Invitrogen)
using 1 μg of total RNA/sample and random hexamers as pri-
mers. cDNA was amplified using the SYBR select master mix
(Applied Biosystems) and primers at a concentration of 2.5
mM. Amplified cDNA was detected and analyzed by StepOne
software v2.2.2 (Applied Biosystems) using Hprt as an inter-
nal control. Fold change of gene expression was determined
using the DDCt method (21). Three to five independent
experiments were performed. Sequence information of all
primers for qPCR was designed using NCBI BLAST or
PrimerBank. Primer sequences were:

Hprt F: 50-TCAGTCAACGGGGGACATAAA-30,
R: 50-GGGGCTGTACTG CTTAACCAG-30,
Ano5 (Ex22) F:’5- TCTTCCCACTGAGCACTTTC-30,
R:’5-TGAGCATTCCTACACCAACC-30,
Ano6 F:’5- CTTATCAGGAAGTATTACGGC-30,
R:’5-AGATATCCATAGAGGAAGCAG-30.
Primer sequences of each exon of ANO5 for reverse-tran-

scription PCR were:
Ano5 Ex1/2–4 F:’5-AGCAGGAAGGCTTAACAGCCA-30,
R:’5- AGACGCCTCCTCAGGAACAAA-30,
Ano5 Ex5/6–7 F:’5- GCTGAAGGCAGAAAGAAGACG-30,
R:’5- ACAGGGGTGGGTACTTTGGC-30,
Ano5 Ex8/9–10 F:’5- TCCATGATGGCCAGTATTGGA-30,
R:’5- CAGAGCCGCAAACAACAGCA-30,
Ano5 Ex9-11/12 F:’5- GGAGCAACCTTTTCATTTGATTC-

GG-3 0,
R:’5- GGGAGAACTTTGAATGCAAAC-30,
Ano5 Ex12-14/15 F:’5- TGCGCTCTTCATGGGGATCT-30,

R:’5- GGAGAGCCATCCCAAAGGTCA-30,
Ano5 Ex14/15–16 F:’5- ACAGTGACCTTTGGGATGGCT-30,
R:’5- AGGCTGCTCTCATACTCCTGG-30,
Ano5 Ex16/17–19 F:’5- AGCGAAGAGTGTGGTCCTGC-30,
R:’5- CAAACAGGGGTGCCAGAGGA-30,
Ano5 Ex19/20–21 F:’5- ATCGTTTCTGTTGCAACTAATGC-

CT-30,
R:’5- TGGCAGCAAGAACATGCCAG-30,
Ano5 Ex22 F:’5- CCTGGCTGATACCAGATGTTCCTA-30,
R:’5- GCATCCAGCCTGAAACCCAGA-30.

Tissue Histology and Immunostaining

Muscle tissues were frozen in Tissue Freezing Medium
(Triangle Biomedical Sciences) and stored at �80�C. Tissue
cross sections of 10 μm thickness were collected every 200
μm for gastrocnemius (GA) muscles using a Leica CM1850
cryostat. To quantify myofiber cross-sectional areas of spe-
cific fiber types from GA muscles, tissue sections were
fixed in freshly prepared 4% paraformaldehyde (Electron
Microscopy Sciences). Subsequently, the M.O.M. Kit
(Vector Laboratories Inc.) was used to block endogenous
Fc receptor binding sites followed by a 1 h incubation with
10% goat serum, 1% BSA, and 0.25% Triton-X100 in PBS
(blocking buffer). Sections were then labeled with a solu-
tion containing a 1:1:1 mixture of anti-MHC I [No. BA-D5,
supernatant, Developmental Studies Hybridoma Bank
(DSHB), RRID: AB-2235587 (22)]: anti-MHC IIa [No. SC-71,
supernatant, DSHB, RRID: AB-2147165 (22)]: anti-MHC IIb
[No. BF-F3, supernatant, DSHB, RRID: AB-2266724 (23)]
plus anti-laminin (No. 9393, final concentration 2 μg/mL,
Sigma, RRID: AB-477163) overnight at 4�C. After washing
with PBS containing 0.2% Tween-20, secondary antibodies
were applied for 60 min at room temperature. Secondary
antibodies were used at a 1:200 dilution (Invitrogen).
Secondary antibodies were: Alexa Fluor (AF) 350-conju-
gated goat-anti-mouse F(ab’)2 IgG2b fragments (No.
A21140, final concentration 10 μg/mL), AF647-conjugated
goat-anti-mouse F(ab’)2 IgG1 fragments (No. A21240, 10 μg/
mL), AF488-conjugated goat-anti-mouse F(ab’)2 IgM frag-
ments (No. A21042, 10 μg/mL) and AF594-conjugated don-
key anti-rabbit F(ab’)2 IgG fragments (No. A21207, 1.5 μg/
mL). Nuclei were then stained with 4',6-diamidino-2-phe-
nylindole (DAPI, 1 μg/mL for 3 min). Sections were
mounted with Vectashield (Vector Labs). To minimize bias
for histological analysis, we blinded samples with arbi-
trary numbers and used an automated muscle histology
analysis software, Myosoft (24), to analyze all the muscle
fibers in gastrocnemius muscle sections (7,000–8,000
fibers/tissue).

Treadmill and CK Assay

Mice were acclimatized to the treadmill environment
(Columbus Instruments) on consecutive days. The first ses-
sion involved placing the mice within treadmill lanes for 30
min without belt movement and with electrical shock pads
off, whereas the second session involved 30 min of belt
movement at 2 m/min with electrical shock pads on. One
day after acclimatization, mice were exercised at 10 m/min
for 1 h at 10� decline. Incidents of stopping on shock pads for
greater than 1 s were recorded up to a maximum of 75 stops,
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after which mice were removed from the treadmill and a
stop time was recorded. A week before exercise and 30–60
min post exercise, 20–40 mL of blood was collected through
tail vein bleeding after numbing the tail locally with ice-cold
ethanol. This time for blood collection was chosen because
maximal CK levels were found to occur 30–60min after exer-
cise in mdx mice (25). Serum was isolated by centrifugation
(10,000 g for 5 min at 4�C) for analysis by CK assay. CK activ-
ity was determined according to the manufacturer’s protocol
(Stanbio Laboratory). Briefly, absorbance at 340 nm was
detected at every 30 s for 2 min at 37�C. The changed absorb-
ance perminute was used to calculate enzyme activity.

Membrane Damage Assay

As described previously (18), flexor digitorum brevis
muscles from wild-type and sex-matched Ano5�/� mice were
dissected on the same day and digested at 37�C in 0.2%
Collagenase A (Roche) in DMEM supplemented with 25 mM
HEPES for 3 h. Digestion was terminated by addition of 10%
BSA, and single muscle fibers were released by mechanical
agitation. Fibers were seeded onto Matrigel (Corning) coated
glass-bottomed culture dishes (MatTek) for at least 30 min
before imaging. Imaging buffer consisted of 1.8 mM CaCl2,
0.8 mM MgSO4, 5.3 mM KCl, 44 mM NaHCO3, 110 mM NaCl,
0.9 mMNaH2PO4, 1 mM sodium pyruvate, 5.6 mMD-glucose,
and MEM amino acids solution (Thermo Fisher, used at 2X
final concentration) supplemented with 0.4 mM L-serine,
0.4 mM glycine, 4 mM L-glutamine, and 2.5 mM FM1-43
(Thermo Fisher), a lipophilic dye monitoring membrane
repair. Imaging dishes containing isolated muscle fibers
were placed in a stage-top incubator (Tokai-Hit) heated to
37�C and gassed with 95% air/5% CO2. All images were taken
on a Nikon A1RHD25 scanning confocal microscope using a
�60 1.4 NA oil objective. A 2 mm � 2 mm (24.1pixel �
24.1pixel) region of interest was specified at the lateral edge
of the fiber for laser ablation. Fibers were irradiated with a
405 nm laser set to 100% power (corresponding to �0.9 - 1.1
mW) for 8 s. Images were acquired in Nikon Elements soft-
ware once immediately before and after injury, then for
every 4 s for a total of 2 min (32 images total), and finally
every 15 s for a total of 5 min (21 images total). Times are
reported as time from the start of scanning image No.1
(preinjury) t = 0.

Echocardiogram

Echocardiography was conducted as described previously
(26). Briefly, mice were anesthetized by isoflurane inhalation
with body temperature maintained at 37�C. Measurements
were performed using a Vevo 2100 Imaging System (Visual
Sonics) equipped with a MS-400 transducer. M-mode meas-
urements were taken of the parasternal short-axis view.
Systolic and diastolic ventricular chamber dimensions, ven-
tricular wall, and septal thicknesses were assessed, and frac-
tional shortening was calculated using VevoLab software.

Statistics

Statistical significance was determined via unpaired
Welch’s t test for two groups or one-way ANOVA with
Tukey’s posttest correction for three ormore groups. The sig-
nificance of the results obtained from multiple groups with

an additional factor was evaluated by two-way ANOVA with
Sidak’s multiple-comparisons test. Statistical analyses were
performed using Prism 8 software (GraphPad). A P-value of
less than 0.05 was considered significant.

RESULTS

Male Patients with ANO5Myopathies Exhibit Increased
Skeletal and Cardiac Muscle Pathology

We analyzed 22 published articles published between 2010
and 2021 reporting skeletal and/or cardiac muscle patholo-
gies of patients with LGMD-R12. Since we focus on sex differ-
ences in myopathy of patients with LGMD-R12, we excluded
a report without sex information of recruited patients. If
studies presented age range instead of exact age, we used the
median value of the range. The meta-analysis from 2010 to
2021 revealed that 74.3% of 404 genetically diagnosed
patients with ANO5 myopathy are male (Fig. 1A, Supplemen-
tal File S1; see https://doi.org/10.6084/m9.figshare.16661206.
v3) (1, 3, 5, 7, 8, 19, 20, 27–40). Age of onset of male patients
(33.7±0.7) averaged 3 yr younger than in females (36.7± 1.6)
(Fig. 1B). Females aremore likely to present as “asymptomatic”
with hyperCKemia with no skeletal muscle symptoms beyond
mild myalgia (33%) compared with males (17%). Most asymp-
tomatic male patients were younger than 40 yr, whereas over
half of asymptomatic female patients were older than 40 yr
(Fig. 1, C and D). This suggests that myopathy develops more
slowly in females than in males. Male patients with ANO5
mutations were more likely to show cardiac symptoms (16%)
than female patients (9%), but females with cardiac abnormal-
ities are 8.5 yr younger than male patients on average,
although the group of female patients with cardiac involve-
ment is small (Fig. 1, E and F). On average, male patients with
cardiac symptoms were older than patients with no cardiac
symptoms. In contrast, female patients with cardiac abnor-
malities tended to be younger than both male symptomatic
patients and female asymptomatic patients. Our analysis con-
firmsmale prevalence of both skeletal and cardiac pathologies
in patients with ANO5 mutations and suggests that age corre-
lates with skeletal and cardiacmyopathy inmale patients.

Skeletal Muscle Pathology Is Reduced in Ano5�/�

Female Mice

This meta-analysis of the research literature suggests that
sex modifies the manifestation of symptoms caused by dis-
ruption of the ANO5 gene, but these sex differences can be
explained in many diverse ways. To explore the involvement
of sex in ANO5 myopathy further, we compared males and
females in a mouse model of ANO5 myopathy (17). Because
elevated serum creatine kinase is a diagnostic feature of
LGMD-R12, we first measured serum creatine kinase before
and after mice had exercised on a treadmill (Fig. 2A).
Although creatine kinase was significantly increased in
Ano5�/� male mice after exercise (2-fold), there was no dif-
ference between wild-type and Ano5�/� females.

Increased serum creatine kinase occurs when muscle
fibers become damaged and release cytoplasmic contents.
We have previously shown that membrane repair in male
Ano5�/� mice is impaired (18) and proposed that the
increased serum creatine kinase is caused by this defective
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membrane repair. To determine whether male and female
mice differ in their ability to repair damaged sarcolemma,
we assayed the ability of isolated myofibers to repair dam-
age caused by an intense 405 nm laser pulse as described
previously (18). We used a common damage assay based
on the cell-impermeant dye FM1-43 (41–47). FM1-43 is a
water-soluble stearyl dye that is not fluorescent in aqueous
solution, but fluoresces intensely when inserted into lipid-
rich membranes. When the sarcolemma is damaged, FM1-
43 enters the cell, labels internal membranes, and pro-
duces a bright fluorescent spot around the site of injury. If
the membrane is repaired, the quantity of dye entering the
fiber is attenuated compared with fibers where repair is de-
fective (Fig. 2B). As we have previously reported, FM1-43
fluorescence increases after injury two to three times more
rapidly in Ano5�/� male muscle fibers than in wild type
(18). However, FM1-43 fluorescence increases at the same

rate in WT and Ano5�/� females (Fig. 2, C and D). This rate
is very similar to that observed in WT males. This suggests
that membrane repair in male Ano5 KO mice is more
severely affected than in female Ano5 KOmice.

Male and Female Ano5�/� Mice Exhibit Similar Exercise
Intolerance

To determine whether ANO5-deficient muscles were func-
tionally different between males and females, we challenged
mice with a downhill treadmill run for up to 60 min. Both
male and female Ano5�/� mice stopped running more fre-
quently than sex-matched WT animals and they ran for
shorter periods of time before they exceeded the threshold of
75 stops (Fig. 3). It is also notable that the performance of KO
animals was considerably more variable than WT animals.
This recapitulates the variability in clinical symptoms in the
human LGMD-R12 population. Although WT males and
females performed similarly on the treadmill, Ano5�/�

females stopped more frequently and ran for significantly
less time than WT females or males (Fig. 3, Supplemental
File S2). These results are consistent with the conclusion that
Ano5�/� males have a skeletal muscle dysfunction that pre-
vents them from running consistently on a treadmill.
However, because Ano5�/� female mice do not exhibit ele-
vated serum creatine kinase or defective membrane repair, it
seemed unlikely that their reduced performance was related
to skeletal muscle defect. Therefore, we performed addi-
tional experiments to understand the reduced exercise per-
formance ofAno5�/� females.

Ano5�/� Mice Do Not Exhibit Muscle Atrophy

To examine the anatomical features of Ano5-myopathy in
mice, we undertook a histological examination of muscle
fibers frommale and femaleAno5�/� mice. Tominimize bias
for histological analysis, we used an automated muscle his-
tology analysis software, Myosoft (24), to analyze all the

Figure 1. Clinical data analysis of patients with ANO5 myopathy.
Published data from 21 clinical case reports published between 2010 and
2021 were analyzed. A: percentage of male and female patients with
LGMD-R12. Of a total 404 genetically diagnosed patients with ANO5 my-
opathy, male patients represented 74.3% and female patients represented
25.7%. B: average age of onset of male patients is 3 yr earlier than female
patients Welch’s t test was used for statistical analysis. C: morphological
and functional analyses of skeletal muscles from 404 patients with sex in-
formation were performed in 22 clinical case studies. Asymptomatic was
defined as no pathological symptoms with or without elevated serum cre-
atine kinase levels. Approximately 83% of male patients and 67% of
female patients exhibited skeletal muscle pathologies, which were
measured by electromyography, MRI/CT, or muscle biopsy. D: age of
male and female patients with symptom or without symptom of skeletal
pathology. E: morphological and functional analysis of cardiac muscles
were performed on 268 patients with sex information in 15 clinical
case studies. Asymptomatic was defined as no morphological and
functional abnormalities from electrocardiography and echocardiogra-
phy. Approximately 16% of male patients and 9% of female patients
exhibited cardiac muscle pathologies such as left ventricle hypertro-
phy. F: age of male and female patients with symptom or without symp-
tom of cardiac abnormality. Data are represented as means ± SE. One-
way ANOVA with Tukey’s multiple-comparisons test was used to
determine statistical significance. �P < 0.05, ���P < 0.001. ANO5,
Anoctamin-5; CT, computerized tomography; LGMD-R12, limb-girdle
muscular dystrophy R12.
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muscle fibers in gastrocnemius muscle sections (7,000–
8,000 fibers/tissue). Muscle fiber cross-sectional area (CSA)
was not different between WT and Ano5�/� sex-matched
mice, although males of both genotypes had significantly

larger CSAs than females of the respective genotype (Fig. 4).
Becausemuscles are composed of several differentmetabolic
types of muscle fibers and differences within one fiber type
might not be revealed in averages of the fibers in an entire

Figure 2. Skeletal muscle pathology is reduced in female
Ano5�/� mice. A: Ano5�/� male showed higher serum
CK levels after exercise; n = 8–10 animals per group.
Two-way ANOVA with Tukey’s multiple-comparisons
test was used to determine statistical significance. B:
representative images of FM1-43 infiltration at indicated
time following membrane damage in WT or Ano5�/�male
and female fibers. Scale bar = 10 mm. C: time course of FM1-
43 fluorescence normalized to initial fluorescence before
laser-induced damage in WT and Ano5�/� male (left) and
female (right) fibers. D: area under the curve (AUC) in E for
individual WT or Ano5�/�

fibers. WT: n = 27–30 fibers
pooled from three mice of each sex. Ano5�/�: n = 25 fibers
pooled from three mice of each sex. Data are represented
as means ± SE. One-way ANOVA with Tukey’s multiple-
comparisons test was used to determine statistical signifi-
cance. �P < 0.05 and ��P < 0.01. CK, creatine kinase; WT,
wild type.
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muscle, we evaluated myofiber CSAs by fiber type. Fiber
types (I, IIa, IIb, and IIx) were defined by staining with anti-
bodies against fiber-type specific myosin heavy chain. No
differences between WT and Ano5�/� were found (Fig. 4 and
Supplemental File S3), indicating that muscle atrophy is not
present in 9–12-mo-old Ano5�/� mice of either sex. This
result was unexpected because we previously reported that
the diameters of both gastrocnemius and tibialis anterior
Ano5�/� mice was less than WT (17), but in these previous
studies, animals were not sex-matched, so differences may
be explained by unequal male-female ratios in different
genotypes.

Ano5�/� Male and Female Mice Have Divergent Cardiac
Phenotypes

One explanation to reconcile the reduced exercise per-
formance of Ano5�/� females with their apparent normal
skeletal muscle function and histopathology is that ANO5
deficiency manifests in other tissues in females. Because it
has been suggested that patients with LGMD-R12 exhibit a
higher-than-expected incidence of cardiovascular disorders
(7, 8), we examined cardiac function of 10-mo-old live mice
by echocardiography. All of the echocardiogram-derived pa-
rameters for male mice were the same for WT and Ano5�/�

(Fig. 5, B, D, and F and Supplemental File S4). In contrast,
female Ano5�/� mice had significantly smaller left ventricu-
lar end-diastolic volume (LVEDV), smaller left ventricular in-
ternal diameter (LVID), and larger left ventricular end
volume anterior wall thickness (LVAW) (Fig. 5, C, E, and G).
The reduction in LVID and increased LVAW along with a
trend for increased LV posterior wall diameter (data not
shown) is indicative of cardiac hypertrophy and is consistent
with Ano5�/� female mice having a decrease in cardiac func-
tion that may lead to exercise intolerance. However, we did
not observe fibrosis or other abnormalities in cross-sectioned

hearts stained with Masson’s trichrome or hematoxylin and
eosin in any group.

ANO5 Expression Is Similar in Male and Female and
Decrease with Age in LimbMuscles

To determine whether differences in ANO5 expression in
males and females might explain the differences in pheno-
type, we quantified the expression of Ano5 in several differ-
ent muscles and tissues from mice of different ages using
quantitative real-time PCR (qRT-PCR). Ano5 transcript levels
were not different between male and female mice of the
same age (3 mo or 22 mo) in quadriceps, but in gastrocne-
mius muscles, Ano5 expression was statistically higher in
females than males. Skeletal muscles are derived from two
different developmental origins (somite and pharyngeal
arches) and have distinct transcriptional profiles reflective of
their specialized roles within the body (48), so we tested both
limb and craniofacial muscles. Overall, Ano5 transcripts in
youngmale quadriceps and gastrocnemiusmuscles were sig-
nificantly higher than transcripts in craniofacial muscles
such as tongue and pharynx of young or old mice of either
sex (Fig. 6A, note different scales). Consistent with previous
reports (49), Ano5 expression was greater in limb muscles
than in other tissues, including brain, kidney, and liver
(Supplemental File S5). ANO5 expression was significantly
lower in limbmuscles from oldermice but not in craniofacial
muscles and other tissues.

To evaluate Ano5 expression in heart, we used RT-PCR to
confirm that all exons of Ano5 are expressed in heart (Fig.
6B). We found that female hearts contained less Ano5mRNA
than male hearts (Fig. 6C). Differences in ANO5 expression
do not obviously explain differences in phenotype between
male and femalemice.

DISCUSSION

The muscular dystrophies are highly heterogenous at
the clinical level, but factors underlying this phenomenon
are poorly understood. In particular, the contributions of
biological sex to pathology of autosomal muscle disease
are infrequently investigated despite clear physiological
differences in skeletal muscles of males and females.
Furthermore, disease comorbidities may differ between
males and females, affecting patient care and outcomes.
Although we previously demonstrated recapitulation of
LGMD-R12 phenotypes in Ano5�/� mice (17), we did not
consider sex as a biological variable. Some of our previous
findings, such as reduced myofiber sizes in Ano5�/� mice,
were reversed upon sex-based stratification by unbiased
analysis; myofiber size was sex-dependent but not geno-
type-dependent (Fig. 4). In the present study, we deter-
mined that while Ano5�/� female mice were resistant to
muscle damage following a downhill treadmill run, which
is a physiologically relevant assay for use-induced muscle
damage in vivo (Fig. 2). One possibility is that smaller
myofibers of female mice generate less force per contrac-
tion and consequently deliver less lateral strain to the
muscle plasma membrane. However, our finding that
male, but not female Ano5�/� muscle fibers had increased
susceptibility to laser-induced damage in vitro (Fig. 2)

Figure 3. Exercise intolerance of male and female Ano5�/�mice. A: WT
and Ano5�/� male and female mice were exercised on a treadmill running
at 10 m/min for 1 h with 10� decline. Running time was measured for 60
min or until animals stalled on shock pads (>1 s) 75 times. Ano5�/�female
mice showed significantly shorter running time compared with WT female
mice; n = 11–16. B: an exercise stop was counted when a mouse stopped
running and occupied the shock pad for >1 s. After 75 stops, mice were
removed from the treadmill and the trial ended. Ano5�/� male mice
showed significantly higher stopping numbers than WT mice of both
sexes but were not significantly different from Ano5�/� females; n = 8–10
animals. Data are represented as means ± SE. One-way ANOVA with
Tukey’s multiple-comparisons test was used to determine statistical signif-
icance. WT, wild type.
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suggests a bona fide difference between male and female
Ano5�/� muscles. Despite lacking this key phenotype,
female Ano5�/� mice exhibited exercise intolerance (Fig.
3). We hypothesized that abnormalities in cardiac rather

than skeletal muscle explain poor treadmill performance.
In support of this idea, our mouse studies showed differen-
tial cardiac function between male and female KO mice
(Fig. 5).
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Our meta-analysis of the literature showed that both
skeletal and cardiac pathologies were more commonly
reported in male than female patients with LGMD-R12
(Fig. 1). This is the opposite of what we would expect
based on our mouse data. One likely explanation is that
the number of female patients is underestimated due to
mild or asymptomatic skeletal muscle pathologies, which
make females less likely to receive a genetic diagnosis.
ANO5 is located on an autosomal chromosome (11p14.3),
and males and females should thus be equally likely to
harbor a mutant allele. The finding that fewer females
present in the clinic supports that disease symptoms are
less penetrant in females. Furthermore, several published
pedigrees show that females with ANO5 mutations are
less likely to have myopathic symptoms (3, 37). However,
other possible reasons for this sex difference might be
considered. One possibility is that males may be more
likely to perform activities that might induce more severe
muscle damage. Anecdotally, some patients with ANO5
mutations report high-level athletic activity in their lives
before presenting with LGMD-R12 (50).

It should be stressed that while the exercise intolerance of
female Ano5�/� mice may be explained by the presence of
cardiomyopathy, there is currently no evidence that such a
correlation exists in humans. It is possible that not all find-
ings in the mouse model will extend to humans, but this can
only be determined on an empirical basis. Nevertheless,
studies using other mouse models of muscular dystrophy
have demonstrated congruency between animal and human
cardiac phenotypes. A prominent example of this is the case
of dysferlinopathy (51), a class of muscle disease with clini-
cal, histological, and mechanistic similarities to ANO5 my-
opathies. Unlike ANO5 myopathies, male and female
patients are equally affected in dysferlinopathy (52), and di-
vergent phenotypes have not been noted in male and female
dysferlin-deficient mice, which are used interchangeably (51,
53–55). Dysferlin deficiency is linked to cardiomyopathy in
both male and female patients, though cardiac involvement
is not a universal feature of dysferlinopathy (52, 56–58).
Similarly, although dysferlin participates in cardiomyocyte
membrane repair, echocardiography revealed that dysferlin-
KOmice have only late-onset, mild cardiomyopathy (53, 54).
In mdx mice, a common model of Duchenne muscular dys-
trophy, echocardiography has demonstrated that cardiac pa-
thology is relatively late onset (59, 60), which is consistent
with the human disease where skeletal muscle involvement
precedes cardiomyopathy by several years (61). In many
cases, histopathological changes will occur before measura-
ble functional changes. In b-sarcoglycan-KO mice, a model
for LGMD-R4, echocardiography of adult mice returned nor-
mal results, while aspects of cardiomyopathy were noted fol-
lowing histological analysis (62, 63). Fatal cardiomyopathy
has been reported in young adult patients with b-sarcogly-
can mutations (64), highlighting another important caveat

to interpreting mouse studies: even when phenotypes match
between humans and animal models, disease timing cannot
be easily extrapolated from animals to humans.

Currently, 72 ANO5 mutations have been identified as
pathogenic; however, it remains unclear how these muta-
tions cause pathology partly because the correlation between
genotype and phenotype in patients is erratic and the pheno-
types of ANO5 myopathy animal models are controversial.
Furthermore, a significant fraction of patients with LGMD-
R12 also has mutations in other neuromuscular disease-asso-
ciated genes (4). Two animal models using complete knock-
out methods show no muscle pathology but a mouse model
generated by gene trapping between exon 8 and exon 9 (17)
and a CRISPR/Cas9 rabbit KO model with open reading
frame disruption of exons 12 and 13 (65) recapitulate the
human pathology. Dominant ANO5 mutations cause a bone
disease known as ganthodiaphyseal dysplasia (GDD), rather
than myopathy (49, 66, 67). Until recently, it was believed
that muscle- and bone-disease-causing mutations were dis-
tinguished by loss versus gain of function at the protein
level, specifically with respect to the PLS activity of ANO5
(68, 69). However, this model is complicated by the presence
of the PLSase ANO6 in muscle, which apparently fails to
compensate for the loss of ANO5. Furthermore, we recently
reported that muscle membrane repair proceeds independ-
ently of ANO5-PLS (18). Thus, even with recent progress in
understanding ANO5-related diseasemechanisms, outstand-
ing questions remain.

Myriad factors contribute to the complex manifestations
of genetic diseases in humans. Genetic modifiers represent a
prominent example of this: variants of “unaffected” genes
can dramatically influence disease courses in patients (70).
Recently, mutations in ANO5 have been recognized as a
genetic modifier of cardiomyopathy in patients with he-
reditary neuromuscular diseases using next-generation
sequencing analysis (9, 10). From a Scottish genome-wide
association study, single-nucleotide polymorphisms of
ANO5 were associated with elevation of cardiac troponin I,
which is a strong risk factor for cardiovascular disease (10).
Both reports emphasize the role of ANO5 for cardiac mus-
cle functions. Our literature review concludes that �15% of
patients with ANO5 mutations exhibit some cardiomyopa-
thy, which is much higher than the prevalence of cardio-
myopathy in the general population (�0.2%). Altogether,
available evidence suggests that ANO5 mutations are
linked to cardiomyopathy. In the future, defining the
mechanisms by which other disease modifiers, such as
aging and biological sex, alter pathophysiology will like-
wise carry potential for developing treatments.

Conclusions

Ano5�/� model mice exhibit male-dominant skeletal mus-
cle phenotypes of ANO5 myopathies. Female Ano5�/� mice
have reduced skeletal muscle pathology compared with

Figure 4. No evidence of muscle atrophy in Ano5�/�mice. Gastrocnemius muscles were isolated from 9–12-mo-old WT and Ano5�/�male and female
mice. Gastrocnemius muscles were sectioned and immunostained with anti-laminin, and antibodies to type I, IIa, and IIb myosin heavy chain. Cross-sec-
tional areas (CSA) of whole muscle sections (A) and specific fiber types (B–E) were analyzed by Myosoft, an automatic muscle histology analysis program
(24); n = 4–6 animals for each group. Approximately 7,000–8,000 myofibers were analyzed for each muscle section. Data are presented as means ± SE.
Two-way ANOVA with Sidak’s multiple-comparisons test was used to determine statistical significance. �P < 0.05 compared with male and female
group. WT, wild type.
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male mice. Female KO mice are more resistant to exercise-
induced muscle damage and normal membrane patching af-
ter sarcolemmal wounding but show exercise intolerance.
Female Ano5�/� mice exhibit abnormal cardiac morphology,
such as left ventricular hypertrophy, which may account for

reduced performance in a treadmill functional assay.
Therefore, male and female mice can be used to study rele-
vant (skeletal or cardiac) pathology of ANO5myopathies. The
mechanism of sex-differential effects of ANO5mutations may
hold clues for therapeutic development in the future.
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Figure 5. Ano5�/�KO female mice have left ventricle hypertrophy. A: representative image of echocardiogram (M mode) of WT and Ano5�/�male and
female heart. B: echocardiograms were performed on 10-mo-old mice to measure left ventricle (LV), interior diameter (LVID), and left ventricle anterior wall di-
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G). Ano5�/�female mice exhibited left ventricle hypertrophy compared with WT female. n= 3–6 animals for male groups and n = 6–9 animals for female
groups. Data are presented as means ± SE. Welch’s t test was performed to determine statistical significance. �P< 0.01. KO, knockout; WT, wild type.
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Figure 6. ANO5 is highly expressed in limb muscles and decreases with age. A: steady state level of Ano5 mRNA was measured from quadriceps,
gastrocnemius, tongue, and pharyngeal muscles of 3- and 22-mo-old male and female C57BL/6 mice. Relative expression was normalized to a
housekeeping gene, Hprt, and resulting values were compared with the level of Ano5 mRNA levels in quadriceps of 3-mo-old males, which is indi-
cated by a dashed line; n = 3–5 animals. Data are represented as means ± SE. One-way ANOVA with Tukey’s multiple-comparisons test was used
to determine statistical significance. ��P < 0.01, ���P < 0.001, ����P < 0.0001, #P < 0.05 compared with 3-mo-old quadriceps, $P < 0.05 com-
pared with 3-mo-old gastrocnemius. B: expression of all ano5 exons in 3-mo-old heart were confirmed by RT-PCR. S indicates skeletal muscle tis-
sues as control tissues and H indicates heart tissues. C: steady state levels of Ano5 mRNA were measured from heart of 3-mo-old WT male and
female male; n = 4 animals. Relative expression was normalized to a housekeeping gene, Hprt, and resulting values were compared with the level
of Ano5mRNA levels in hearts of 3-mo-old males. Data are represented as means ± SE. Welch’s t test was performed to determine statistical signif-
icance. ��P < 0.01. ANO5, Anoctamin-5; WT, wild type.
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