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Abstract

Background The ANO5 gene encodes for anoctamin-5, a chloride channel involved in muscle cell membrane repair. Recessive
mutations in ANOS are associated with muscular diseases termed anoctaminopathies, which are characterized by proximal
or distal weakness, or isolated hyperCKemia. We present the largest series of patients with asymptomatic/paucisymptomatic
anoctaminopathy reported so far, highlighting their clinical and radiological characteristics.

Methods Twenty subjects were recruited retrospectively from the Neuromuscular Disorders Units database of two national
reference centers. All had a confirmed genetic diagnosis (mean age of diagnosis was 48 years) established between 2015
and 2019. Clinical and complementary data were evaluated through clinical records.

Results None of the patients complained about weakness or showed abnormal muscular balance. Among paucisymptomatic
patients, the main complaints or findings were generalized myalgia, exercise intolerance and calf hypertrophy, occasion-
ally associated with calf pain. All patients showed persistent hyperCKemia, ranging from mild-moderate to severe. Muscle
biopsy revealed inflammatory changes in three cases. Muscle magnetic resonance imaging revealed typical signs (preferential
involvement of adductor and gastrocnemius muscles) in all but one patient. In two cases, abnormal findings were detectable
only in STIR sequences (not in T1). Three patients showed radiological progression despite remaining asymptomatic. Twelve
different mutations in ANOS5 were detected, of which seven are novel.

Conclusions Recessive mutations in ANOS are a frequent cause of undiagnosed asymptomatic/paucisymptomatic hyperCK-
emia. Patients with an apparent indolent phenotype may show muscle involvement in complementary tests (muscle biopsy
and imaging), which may progress over time. Awareness of anoctaminopathy as the cause of nonspecific muscular complaints
or of isolated hyperCKemia is essential to correctly diagnose affected patients.

Keywords ANOS5 gene - Asymptomatic hyperCKemia - STIR sequences - Inflammatory biopsy - Calf hypertrophy -
Exercise intolerance

Introduction ANOS are associated with gnathodiaphyseal dysplasia,
whereas recessive mutations have been described in several
The ANOS5 gene encodes for anoctamin-5, a calcium-acti-  muscular diseases, termed anoctaminopathies, presenting

vated chloride channel involved in muscle cell membrane  with predominantly proximal or distal weakness (limb-girdle
fusion and repair processes [1]. Dominant mutations in ~ muscular dystrophy 12 [LGMDR12] or Miyoshi-like muscu-
lar dystrophy 3 [MMD?3], respectively) [2]. Recent progress
in next-generation sequencing (NGS) techniques has uncov-
ered that mutations in ANOS5 known to cause progressive
muscular dystrophy can also cause isolated hyperCKemia
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this is an early stage of the muscular dystrophy phenotype
or whether it represents the mildest end of the spectrum of
anoctaminopathies [1].

No clear genotype—phenotype correlations have so far
been described for ANOS5 mutations. Indeed, patients with
different phenotypes have similar biopsy and magnetic reso-
nance imaging (MRI) features, with medial gastrocnemius
involvement in different radiological examinations being an
outstanding characteristic of these disorders [1, 4, 5]. MRI
can, nevertheless, be potentially useful in the initial differen-
tial diagnosis to distinguish ANO5-related muscular diseases
from other genetic myopathies [5].

In the present study, we summarize the clinical, patho-
logical and radiological features of 20 adult patients with
recessive mutations in ANO5 and with hyperCKemia with-
out overt clinical weakness, despite a long period of disease
evolution. We also include a radiological follow-up of five
patients and describe seven novel ANOS5 mutations related
to this disease.

Methods
Patients and data

We report a series of 20 adult patients with asymptomatic
or mildly symptomatic hyperCKemia with pathogenic muta-
tions in ANO5 (NM_213599.2). The study subjects were
recruited retrospectively from the Neuromuscular Disorders
Unit database of two tertiary hospitals (Hospital Univer-
sitario 12 de Octubre, Madrid and Hospital Universitari I
Politeécnic La Fe, Valencia), which act as National Refer-
ence Centers of rare neuromuscular diseases in Spain. The
centers followed 14 and 13 ANOS5 patients (irrespective
of clinical phenotype) with genetic diagnosis established
between 2015 and 2019. Of the 27 ANO5 patients, 20 were
evaluated because of asymptomatic or mildly symptomatic
hyperCKemia without fixed weakness and were included
in the present study. According to the Ethics Committee
requirements, written informed consent was obtained from
all patients allowing clinical data publication for scientific
purposes. Clinical and complementary data were assessed
through clinical records and are shown in Table 1.
Regarding complementary studies, CK levels were deter-
mined on several occasions from the first presentation, and
the range of values was recorded for each patient. Seven-
teen of the 20 patients were investigated with electromyo-
graphy. Also, a muscle MRI protocol using a 1.5 T MRI
system, including T1-weighted and short tau inversion
recovery (STIR) sequences, was performed in all but one
patient. Details of the STIR sequence were available for
nine patients, and five patients had sequential MRI assess-
ments performed after an interval of 3-5 years. Muscle

biopsies were obtained from all but one patient and were
processed for routine histochemical and immunohistochemi-
cal analyses.

NGS was performed at both participating hospitals: the
first reference center used a custom amplicon-based tar-
geted gene panel covering 59 genes known to be associ-
ated with muscular dystrophies and myopathies (Ion-PGM
Platform; Thermo Fisher Scientific, Carlsbad, CA, USA)
[6]; the second reference center used a custom amplicon-
based targeted gene panel covering 40 genes known to be
associated with muscular dystrophies and myopathies (Ion-
Torrent Platform). All variants detected were confirmed by
Sanger Sequencing. The pathogenicity of novel variants
was assessed following the American College of Medical
Genetics and Genomics (ACGM) consensus criteria for the
interpretation of sequence variants [7].

Results
Clinical features

Twenty patients were analyzed retrospectively (12 men, 8
women) (Table 1). The mean age at first detection of hyper-
CKemia was 39 years (range 13—66) and the mean age at
genetic diagnosis of anoctaminopathy was 48 years (range
27-69). None of the cases had evidence of previously nor-
mal CK levels. The average time from the first detection of
high CK levels to data analysis was 8.85 years (range 0-24).
Only three patients reported a history of statin intake.

All 20 patients showed elevated levels of liver aspartate
and alanine aminotransferase. Details of the liver enzyme
alterations were available for all but one patient. Ten of
the 20 patients (50%) showed increases in the hepatic ami-
notransferases without evidence of a liver disorder for many
years before the detection of hyperCKemia.

None of the patients complained of weakness and all had
a normal muscular balance on examination. Of the patients
presenting with mildly symptomatic hyperCKemia (13/20),
five complained of generalized myalgia (25%), five of exer-
cise-induced myalgia (25%), one of nonspecific fatigue (5%),
and two of calf pain (10%) with concomitant moderate calf
hypertrophy (Fig. 1). Six other patients had calf hypertro-
phy without calf pain, giving a total of eight patients with
this sign in our cohort (40%). Those patients with exercise
intolerance were initially evaluated for suspected metabolic
myopathy.

All patients showed some degree of hyperCKemia, rang-
ing from mild—moderate to severe (range 250-15,000 UI/1).
Electromyography was performed in 17 patients. Elec-
tromyography was normal in ten patients (10/17, 59%),
whereas six patients (6/17, 35%) had a myopathic pattern
and one patient had a neurogenic pattern (1/17, 6%). Results
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Fig. 1 Calf hypertrophy. Image of calf hypertrophy in patient 8

of muscle biopsy, obtained from all but one patient, were
normal in four patients (4/19, 21%), whereas six patients
had nonspecific myopathic signs (6/19, 31%), four patients
had minimum regenerative and/or necrotic changes (4/19,
21%), two patients had mitochondrial or dystrophic signs
(2/19, 11%), and three patients had inflammatory changes
(3/19, 16%). Of the latter three patients, two had only slight
signs of inflammation (isolated inflammatory focus) whereas
the other patient had a prominent inflammatory infiltrate in
the muscle biopsy with positivity for HLA class I (MHC-I)
immunostaining (Fig. 2), which was initially interpreted as
polymyositis.

Imaging results

Typical muscle MRI findings associated with ANOS5 muta-
tions include an asymmetric and preferential involvement
of adductor muscles in the thigh and/or gastrocnemius
muscles in the leg. Of the 19 patients subjected to MRI,
all but one patient (95%) showed these typical changes at
some point along the follow-up. For the one patient with
no evidence of radiological muscle changes, only a thigh
MRI was available; thus, an involvement of lower leg mus-
cles could not be ruled out.

A detailed analysis of STIR MRI sequences was avail-
able for nine patients (data summarized in Table 2). Patho-
logical imaging findings were observed in eight of these
patients; of them, abnormal changes were detectable in
the T1 sequence in six cases (75%), but in the other two
cases (patients 3 and 5) pathological changes were detect-
able only in STIR sequences (Fig. 3a, d). Furthermore,
evidence of muscular involvement was generally more
apparent and extensive in STIR sequences than in T1
sequences (Fig. 3b, e). Finally, five patients had a control
muscle MRI after an interval of 3-5 years, a period during
which they kept showing normal motor balance. Three of
these five patients showed a progression of radiological
alterations (Fig. 3c, f) and one patient with a previously
normal MRI showed new signs of edema in the medial
gastrocnemius muscle (detected only in STIR sequences)
(Fig. 3a, d).

Fig.2 Muscle biopsy. Hematoxylin and eosin (H&E) staining of
muscle biopsies from patient 1 (a) and 20 (d) showing slight regen-
erative changes and an isolated necrotic fiber. H&E staining of mus-
cle biopsy from patient 7 showing a small inflammatory focus (b) and

@ Springer

a negative staining for HLA class I (MHC-I) (e). Muscle biopsy of
patient 2 showing prominent inflammation in H&E staining (c) and a
positive HLA staining (f)
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Table 2 Muscle MRI
Case Thigh Leg Follow-up MRI MRI asymmetry
T1 sequence STIR sequence T1 sequence STIR sequence
Normal Normal NA NA NA NAp
Bi adductors, Bi semi- Posterior compart-  Medial gastrocn R>L Medial gastrocn R>L 3 years (more exten-  Yes
membranosus ment Medial soleus R> L sive involvement)
Normal Normal Normal Normal 5 years (medial gas-  Yes
trocnemius in STIR)
R adductors, R semi- R adductors Bi medial gastrocn Bi medial and lateral 3 years (more exten-  Yes
membranosus R semimembranosus gastrocn sive involvement)
R biceps femoris L medial soleus
Normal Normal Normal Medial soleus NA Yes
(L>R)
Normal R adductor Medial soleus (L>R) Medial soleus (L>R) 5 years (more exten-  Yes
R biceps femoris L medial gastrocn L medial gastrocn sive involvement)
R semimembranosus
Normal R semimembranosus L medial gastrocn L medial gastrocn NA Yes
L medial soleus
Bi adductors Bi adductors Medial gastrocn L>R Medial and lateral NA Yes
semimembranosus semimembranosus Bi soleus gastrocn L>R
L>R L>R Bi soleus
Bi adductors Bi adductors R medial gastrocn R medial gastrocn 3 years (similar) Yes
semimembranosus semimembranosus
R>L R>L

Bi bilateral, gastrocn gastrocnemius muscle, L left, MRI magnetic resonance imaging, NA non-available, NAp non-applicable, R right

Fig.3 Muscle MRI. Muscle MRI at calf level (patient 3) showing
incipient pathological changes in medial gastrocnemius muscles bilat-
erally (right>left), absent in T1 sequences (a) and detectable only
in STIR sequences (d). Muscle MRI at thigh level (patient 2) show-
ing more apparent and extensive muscular involvement in STIR (e)
compared with T1 sequences (b); there is an asymmetric involvement
of both adductors and semimembranous muscles (right>left) in T1

sequences, and a more extensive involvement of the posterior com-
partment of the right thigh in STIR sequences, preserving only graci-
lis and sartorius muscles. Control muscle MRI at thigh level (patient
2) after a period of three years showing progression of the radiologi-
cal involvement of the posterior compartment of the thighs asymmet-
rically, appreciable in T1 sequences (¢) and more apparent in STIR
sequences (f); gracilis and sartorius muscles remain intact

@ Springer



2552

Journal of Neurology (2020) 267:2546-2555

Genetic results

NGS analysis of ANOS5 revealed a total of 12 different
homozygous or compound heterozygous mutations, all
with a recessive inheritance pattern. The most frequent
mutations detected in our series were the missense vari-
ants c.692G > T (p.Gly231Val) in exon 8 and c.191dupA
(p.-Asn64LysfsX15) in exon 5. Both variants have been
described as the most common mutations associated with
LGMDR12 and MMD3 phenotypes [8], whereas asymp-
tomatic hyperCKemia has only been associated with the
latter [9]. Half of all the patients (10/20) harbored the
c.191dupA variant: patients 6, 7, 10, 12 and 15 were
homozygous, and patients 2, 4, 8, 17 and 18 were com-
pound heterozygous. By contrast, the ¢.692G > T variant
was detected in homozygosity in five patients (patients
3,5,9, 11 and 20), whereas patients 2, 14 and 19 had
this variant in compound heterozygosity. One patient
(patient 8) had the previously described nonsense muta-
tion ¢.220C > T (p.Arg74X) in exon 5, which has been
reported to cause LGMDR12 [10] but not asymptomatic
hyperCKemia.

Seven mutations in our study have not been previ-
ously reported. In patient 1, we identified two previously
unreported compound heterozygous mutations in ANOS5:
a missense variant on one allele in exon 8 (c.653A > G,
p-Tyr218Cys), classified as of uncertain significance, and a
second variant on the other allele in exon 11 (c.1088G > A,
p-Trp363Ter). This latter sequence change creates a prema-
ture translational stop signal and is expected to result in a
loss or truncation of the protein product.

Patient 4 was compound heterozygous for the already
reported genetic duplication c.191dup and a second new var-
iant, c.1982 T > C, p.Leu661Pro. Patient 13 was compound
heterozygous for two novel missense variants: ¢.2317A>G
and ¢.2222C> G, in exons 20 and 19, respectively. Patient
14 was compound heterozygous for the relatively frequent
¢.692G > T variant and a new missense variant ¢.950C > A.
All of these newly described missense variants are classified
as of uncertain significance by AGCM classification criteria
and are predicted as deleterious by the likelihood ratio test.

Finally, Patient 18 was compound heterozygous for the
known c¢.191dup variant and a novel frameshift mutation,
¢.108_109delGA, p.Glu36AspfsTer7, classified as patho-
genic by AGCM classification criteria.

Discussion
Here we describe 20 adult patients with long-standing

asymptomatic/paucisymptomatic anoctaminopathy, high-
lighting their clinical and radiological characteristics.

@ Springer

Clinical aspects

Anoctaminopathy is recently viewed as a relatively common
cause of muscular diseases, presenting either as proximal
(LGMDR12) or distal (MMD?3) weakness, or as paucisymp-
tomatic hyperCKemia. Indeed, Penttild et al. reported that up
to 25% of previously undiagnosed cases associated with one
of the aforementioned clinical presentations were found to
have pathogenic recessive mutations in ANOS [11].

Isolated asymptomatic or mildly symptomatic hyperCK-
emia is increasingly recognized as a frequent presentation
of anoctaminopathy. In the aforementioned study by Penttild
et al., 36% of patients with ANOS5 mutations presented with
hyperCKemia without muscle weakness [11]. Likewise, in
a very recent study of 66 patients with isolated hyperCK-
emia, pathogenic or likely pathogenic ANOS variants were
found to be the underlying cause of 6% of the total cases,
representing 30% of all the pathogenic mutations (excluding
likely pathogenic variants) found in the cohort [12]. Accord-
ingly, mutations in ANOS5 should be considered as part of the
differential diagnosis when encountering persistently high
CK levels of unknown origin, ranging from mild to severe
(200-40,000 TU/), as previously reported by Papadopoulos
et al. [1]. In these cases, genetic testing is the only way to
achieve a definitive diagnosis.

In our cohort, calf hypertrophy was the only relevant
finding on neuromuscular examination, and was present in
eight of 20 patients (40%). This feature has been previously
described in patients presenting with paucisymptomatic
anoctaminopathy [1, 2, 11, 13] and is not rarely reported
in symptomatic patients harboring ANOS5 mutations [13].
Because calf hypertrophy is the most common neuromus-
cular feature associated with all clinical forms of dystro-
phinopathies [14], these disorders should be suspected first.
However, we would recommend that, once deletions/duplica-
tions in the Duchenne muscular dystrophy (DMD) gene are
ruled out, the SGC, FKRP, CAPN3 and ANOS5 genes should
be studied simultaneous to the sequencing of the entire DMD
gene through NGS approaches [2], as they are all candidates
for mutations that manifest a similar phenotype.

Exercise intolerance, encountered in five patients, has
also been previously described as the sole clinical manifes-
tation in patients with mutations in ANOS5 [1, 11, 13, 15]. In
these cases, metabolic myopathies should also be considered
in the differential diagnosis, as well as other muscular dys-
trophies that can present with a pseudometabolic phenotype,
such as those associated with dystrophin, dysferlin, sarco-
glycans, fukutin-related protein and calpain-3, and caveolin-
related disorders [16-19].

It has been proposed that anoctaminopathy with isolated
hyperCKemia and presenting with overt weakness might
constitute a continuum of the same pathological process,
although no genotype—phenotype correlation has been found
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[1]. The age at the detection of hyperCKemia does not seem
to predict the evolution of the disease [1], and additional
genetic factors should be studied to explain the differences
found in the severity of the phenotypes. Indeed, the pro-
portion of this mild phenotype among anoctaminopathies
is highly discordant in the literature. Considering series
of anoctaminopathies comprising at least ten patients, the
proportion of asymptomatic ANOS patients ranged from
10 to 52% [1, 11, 13, 20-22]. In our series, asymptomatic/
paucisymptomatic patients represented 74% of all patients
with ANOS mutations followed in the two reference centers
participating in the study.

Muscle biopsy

Regarding muscle biopsy, we would like to highlight the
three asymptomatic patients whose muscle biopsy showed
inflammatory changes. Occasional lymphocytic infiltrations
(as observed in patients 7 and 13) but not prominent (as
observed in patient 2) have previously been reported in the
muscle biopsy of patients with ANOS5 mutations [11], lead-
ing to the misdiagnosis as myositis. In these cases, MHC-I
immunostaining may help to differentiate genuine inflam-
matory myopathies from dystrophies associated with inflam-
matory foci. Nevertheless, in our series, patient 2 showed
a false-positive MHC-I immunostaining (Fig. 2) and was
initially diagnosed with polymyositis. Other described find-
ings that contribute to a misdiagnosis of inflammatory myo-
pathies are the presence of necrotic fibers on biopsy, signs
of edema on MRI, and pathological spontaneous activity
on electromyography [13]. However, the lack of a reduc-
tion in CK levels or clinical response to immunosuppressive
therapy argues against this diagnosis [13].

Lymphocytic infiltrations have increasingly been reported
in other genetic myopathies, for example, facioscapulo-
humeral muscular dystrophy [23, 24], dysferlinopathies [18]
and titinopathy [25], among others. While the discussion of
these histologic findings goes beyond the scope of this study,
we would nevertheless underscore the importance of reading
and interpreting complementary results always within the
clinical framework.

Genetic studies

Most patients in our cohort carried two of the most com-
mon variants of ANOS gene in Europe [13], c.191dupA and
¢.692G > T, either showing homozygosity or compound het-
erozygosity with other less common variants. Accordingly,
similar to the muscular dystrophy phenotype, exons 5 and
8 are also hot spots for mutations in ANOS5 that cause only
hyperCKemia.

We also report seven novel variants in heterozygosis, six
missense variants classified as of uncertain significance by

the AGCM and predicted as deleterious by the likelihood
ratio test, and one nonsense mutation classified as patho-
genic with the same criteria.

Muscle MRI

Muscle MRI plays an increasingly important role in the
diagnostic workup of muscular diseases [26]. In this sense,
previous studies have revealed that muscle MRI of ANOS
patients shows characteristic and homogeneous—although
non-specific—patterns irrespective of the clinical pheno-
type. At the level of the thigh, the most frequent and severely
affected muscles are the adductors, followed by semimem-
branosus and semitendinosus muscles. By contrast, gracilis,
sartorius and the short head of the biceps femoris are rarely
affected and only then at later stages of the disease [3, 4, 13].
At the calf level, involvement of the medial gastrocnemius
and soleus muscles is the most typical finding [3, 4, 13].
Interestingly, muscle involvement in anoctaminopathies is
typically asymmetrical [11, 13], and anterior compartments
are usually spared or only slightly affected in later stages
[4]. Our study is in consonance with these findings, and also
highlights that the medial gastrocnemius muscle seems to
be the earliest and most severely affected muscle in ANOS
patients, as all patients with abnormal muscle MRI in our
study showed some degree of medial gastrocnemius muscle
involvement.

Eighteen of the 19 patients in our series with available
muscle MRI showed some degree of radiological involve-
ment. In this sense, our study also draws attention to the
fact that typical radiological abnormalities may be present
even in the absence of overt weakness [1]. Moreover, these
changes can evolve over time [1, 2], as demonstrated by the
presence of radiological progression in four of five patients
with sequential MRI assessments. In addition, and as pre-
viously demonstrated in other dystrophies [27, 28], STIR
sequences are more sensitive than T1 sequences in detect-
ing incipient changes [4]. Indeed, it is remarkable that two
patients showed pathological changes detectable solely in
STIR sequences (patients 3 and 5). With all these considera-
tions in mind, we strongly believe that muscular MRI is a
powerful tool to aid in the differential diagnosis and guide
genetic tests in patients with asymptomatic hyperCKemia.

High CK levels were the sole manifestation of the disease
during our patients’ follow-up (several years in some cases),
without the appearance of any other symptom despite the
pathological changes in muscle MRI. The mean age at diag-
nosis of these patients is rather high (48 years) compared
with the age of patients diagnosed with other dystrophies.
This raises the question as to whether asymptomatic hyper-
CKemia is actually a mild phenotype in a wide clinical spec-
trum of anoctaminopathies rather than always a prodromal
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sign. In this sense, more studies are needed to predict its
progression.

Conclusions

Recessive mutations in ANOS are a frequent cause of asymp-
tomatic or mildly symptomatic hyperCKemia. There is no
genotype—phenotype correlation, and the same frequent
mutations responsible for muscular dystrophy can also cause
isolated persistent high CK levels. There is no known factor
that serves to predict clinical progression: neither the age of
detection nor the radiological findings are useful. In addi-
tion, we would underscore that patients with an apparent
indolent phenotype may show evident muscle involvement
in complementary tests (muscle biopsy and imaging), which
may even progress over time. Finally, additional studies are
warranted to further define remaining uncertainties about the
clinical evolution of ANOS patients, which may allow more
reliable prognostic predictions to be made at the moment
of diagnosis.
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