
HAL Id: hal-02901906
https://amu.hal.science/hal-02901906

Submitted on 31 Aug 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Novel CAPN3 variant associated with an autosomal
dominant calpainopathy

Mathieu Cerino, Emmanuelle Salort-Campana, Alexandra Salvi, P Cintas, D.
Renard, R Juntas Morales, C Tard, F. Leturcq, T Stojkovic, Nathalie

Bonello-Palot, et al.

To cite this version:
Mathieu Cerino, Emmanuelle Salort-Campana, Alexandra Salvi, P Cintas, D. Renard, et al.. Novel
CAPN3 variant associated with an autosomal dominant calpainopathy. Neuropathology and Applied
Neurobiology, 2020, �10.1111/nan.12624�. �hal-02901906�

https://amu.hal.science/hal-02901906
https://hal.archives-ouvertes.fr


Novel CAPN3 variant associated with an autosomal dominant calpainopathy

M. Cerino*†‡ , E. Campana-Salort*§, A. Salvi*, P. Cintas¶,1 , D. Renard**,1,
R. Juntas Morales††‡‡, C. Tard§§¶¶ , F. Leturcq***, T. Stojkovic††† , N. Bonello-Palot*† ,
S. Gorokhova*† , J. Mortreux*† , A. Maues De Paula*‡‡‡, N. L�evy*†, J. Pouget§,
M. Coss�ee††§§§ , M. Bartoli* , M. Krahn*†,1 and S. Attarian*§,1

*Aix Marseille Univ, Inserm, U1251-MMG, Marseille Medical Genetics, Marseille, †APHM, Hôpital Timone Enfants,
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Novel CAPN3 variant associated with an autosomal dominant calpainopathy

Aims: The most common autosomal recessive limb gir-dle muscular dystrophy is associated with the CAPN3 gene. 
The exclusively recessive inheritance of this disor-der has been recently challenged by the description of the 
recurrent variants, c.643_663del21 [p.(Ser215_-Gly221del)] and c.598_612del15 [p.(Phe200_Leu204-del)], 
associated with autosomal dominant inheritance. Our objective was to confirm the existence of autosomal dominant 
calpainopathies. Methods: Through our activ-ity as one of the reference centres for genetic diagnosis of 
calpainopathies in France and the resulting collabora-tions through the French National Network for Rare 
Neuromuscular Diseases (FILNEMUS), we identified four families harbouring the same CAPN3 heterozygous vari-ant 
with supposedly autosomal dominant inheritance. Results: We identified a novel dominantly inherited CAPN3 
variant, c.1333G>A [p.(Gly445Arg)] in 14

affected patients from four unrelated families. The com-plementary phenotypic, functional and genetic findings 
correlate with an autosomal dominant inheritance in these families, emphasizing the existence of this novel 
transmission mode for calpainopathies. The mild pheno-type associated with these autosomal dominant cases widens 
the phenotypic spectrum of calpainopathies and should therefore be considered in clinical practice. Con-clusions: We 
confirm the existence of autosomal domi-nant calpainopathies as an entity beyond the cases related to the in-frame 
deletions c.643_663del21 and c.598_612del15, with the identification of a novel dom-inantly inherited and well-

documented CAPN3 missense variant, c.1333G>A [p.(Gly445Arg)]. In addition to the consequences for genetic 
counselling, the confirmation of an autosomal dominant transmission mode for cal-painopathies underlines the 
importance of re-assessing
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other myopathies for which the inheritance is consid-

ered as strictly autosomal recessive.

Keywords: dominant, calpainopathy, NGS, myopathy, CAPN3

c.1333G>A [p.(Gly445Arg)], CAPN3 heterozygous vari-ant associated with autosomal dominant inheritance as 
confirmed by the familial segregation analysis. There-fore, we describe here the first missense variant and the third 
well-documented CAPN3 variant associated with LGMDD4, underlining the importance of this clini-cal and genetic 
entity to be considered in future diag-nostic strategies for myopathies.

Materials and methods

Patients

Among our cohorts of patients investigated for a diag-nostic suspicion of calpainopathy, we identified four families 
harbouring the same CAPN3 heterozygous vari-ant with supposedly autosomal dominant inheritance. All families 
originated from France. Informed consent was obtained according to the Declaration of Helsinki. Phenotype and 
familial clinical history were systemati-cally reviewed for each proband. When possible, clinical examination was 
extended to family members. Other-wise, the review of the family medical records was undertaken. Serum creatine 
kinase (CK) levels were tested in probands and in available family members. Muscle MRI and/or CT-scan was also 
performed for the four index cases and four additional family members (Table 1 and Figure 2). Muscle biopsies were 
obtained for the four probands and two family members for histo-logical analyses and western blotting.

Molecular analyses

During the past decade, our molecular diagnosis strat-egy has been altered to include next-generation 
sequencing (NGS) technologies and follow the associ-ated recommendations [13]. The timeline of our study 
overlaps those changes in sequencing strategy. There-fore, mutational analysis was performed via different 
technologies ranging from Sanger sequencing [14] to whole-exome sequencing (WES).

Introduction

Calpainopathies, also known as Limb-Girdle Muscular Dystrophy Recessive type 1 (LGMDR1, formerly LGMD2A), are 
considered the most frequent recessive LGMD [1,2] and are typically associated with symmet-ric and progressive weakness of 
proximal limb-girdle muscles, but with significant clinical heterogeneity [3,4]. CAPN3 variants were initially linked to 
LGMDR1 in 1995 [5]. The CAPN3 gene encodes a calcium-de-pendent cysteine protease, calpain-3, that is expressed 
predominantly in skeletal muscle and could play an important role in processing various proteins involved in sarcomere 
maintenance [6-8].
The majority of known CAPN3 pathogenic variants are loss-of-function resulting in a recessive disease. Recently, this 

exclusive autosomal recessive transmis-sion mode has been reconsidered with the description of the recurrent variant, 
c.643_663del21, associated with an autosomal dominant inheritance in 10 families [9]. Shortly after, three additional 
families harbouring the same variant in an autosomal dominant transmission mode were described [10], followed by the 
reporting of 17 additional index cases carrying the c.643_663del21 variant [11]. Based on these observations, the LGMD 
classification was revised [12], introducing the CAPN3 associated Limb-Girdle Muscular Dystrophy Dominant type 4 
(LGMDD4). Another CAPN3 variant with suppos-edly autosomal dominant inheritance, c.598_612del15, has since been 
reported in 15 index cases in a very large cohort of 4656 LGMD patients [11].
However, no documented phenotype nor familial seg-regation analysis was available for these cases in order to confirm that 

the c.598_612del15 variant caused the dominant form of the disease.
Our activity as one of the reference centres for the genetic diagnosis of calpainopathies in France and the resulting 

national collaborations through the French National Network for Rare Neuromuscular Diseases FILNEMUS 
(www.filnemus.fr) enabled us to identify four independent families harbouring the same,

http://www.filnemus.fr
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disorders (=clinical exome) was performed for the index

case from family 1 (1/III.5). WES was performed for two

patients of family 1 (1/III.5 and 1/II.3).

The NGS approach used HaloPlex (Agilent, Santa

Clara, CA, USA), Nimblegen (Roche, Basel, Switzerland)

or ClearSeq Inherited Disease Panel (Agilent) target

enrichment systems, whereas WES was performed with

the SureSelect Human All Exon Kit version 5 (Agilent).

Sequencing was then done either with the MiSeq, the

Next Seq550 (Illumina, San Diego, CA, USA), the

HiSeq 2000 (Illumina) sequencers or on an Ion Proton

platform (Thermo Fisher Scientific).

Finally, complementary CAPN3 Multiplex Ligation-

dependent Probe Amplification (MLPA; MRC-Holland,

Amsterdam, the Netherlands) analysis was also done

for two patients (2/III.1 and 3/II.6).

All these results are detailed in Table 1.

Figure 1. Pedigrees and segregation analysis of the c.1333G>A CAPN3 variant for family 1 (A), family 2 (B), family 3 (C) and family 4

(D). (+) A nonmutated allele for the c.1333G>A CAPN3 variant; (�) a mutated allele for the c.1333G>A CAPN3 variant; (?) individuals

with unknown clinical status and/or ongoing clinical exploration; (*) clinically asymptomatic subject associated with muscular

impairment on MRI analysis; black colour indicates clinically symptomatic patients; grey colour indicates subjects with isolated

hyperCKaemia.

CAPN3 gene targeted Sanger sequencing was per-
formed on a 3500XL Genetic Analyzer� (Thermo Fisher 
Scientific, Waltham, MA, USA) for 17 patients (Figure 1). 
Targeted NGS analysis used different genes panels, 

depending on the genetic laboratory, but covered at least 
the initial ‘Limb Girdle Muscular Dystrophies’ clinical 
entry-diagnosis group defined by the FILNEMUS network 
guidelines, with the exception of a few newly involved 
genes added very recently to the corresponding genes list 
[13]. Therefore, targeted NGS sequencing was performed 
for 306 genes [15], 135 genes [16] or 38 genes associated 
to neuromuscular disorder [17], depending on the genetic 
laboratory, respectively for index cases from family 2 (2/
III.1) and family 3 (3/II.6) as well as for a symptomatic 
patient from family 4 (4/II.1). See Supporting Information 
for detailed genes panels and genes lists (Appendix S1). 
Targeted NGS of 2742 genes known to cause inherited



1/5000 (ab5449, lot number GR178625-1; Abcam, Cambridge, UK) and anti-V5tag antibody 1/1000 (ab27671, 
lot number GR322548-6; Abcam).

Results

Diagnostic course and molecular testing

We undertook genetic analysis on DNA from the pro-band of family 1 (patient 1/III.5 in Table 1 and Fig-ure 1A). 
This patient had complained of diffuse myalgia since adolescence with high CK levels ranging from 1600 to 6000 IU/
l. Clinical examination was nor-mal. The family history suggested autosomal dominant inheritance as the proband’s 
mother presented with a similar phenotype with an onset at 35 years of age. The proband’s daughter also had 
myalgia and hyperCKaemia.

For the proband, the clinical exome NGS analysis filtered initially on 44 genes (see Supporting Infor-mation, Appendix S1) 
associated with neuromuscular disorders [17] revealed only a heterozygous, c.1333G>A [p.(Gly445Arg)], CAPN3 variant. This 
variant was also identified in the affected mother and daughter of the pro-band, but not in the nonaffected son of the proband 
(Fig-ure 1A). The c.1333G>A CAPN3 variant was not initially considered as disease-causing due to the absence of a second 
CAPN3 variant. Complementary WES was thus performed for this index case and his mother (patient 1/II.3 in Figure 1A and 
Table 1) revealing no other alter-native molecular diagnosis. Therefore, the possibility of a CAPN3 autosomal dominant 
inheritance was considered, especially after the first description of a CAPN3 variant with that novel transmission mode [9] and 
strengthened by the consistent familial segregation analysis of the c.1333G>A variant (family 1 in Figure 1A).

Since the segregation data for this family was highly suggestive of an autosomal dominant role for the

c.1333G>A variant, we retrospectively reanalysed our suspected calpainopathy patient database and found two additional index 
cases harbouring this CAPN3 variant. Interestingly, these patients’ mutational status was also heterozygous for this variant, 
whereas familial clinical and molecular explorations for these two addi-tional families were consistent with autosomal domi-nant 
inheritance (Figure 1B,C and Table 1). A fourth family (Figure 1D) was subsequently identi-fied through the FILNEMUS network, 
resulting in a

Confirmation of variants identified by NGS as well as variant familial segregation analyses was undertaken by targeted Sanger 
sequencing.

Sequence variants were described using the Human Genome Variation Society recommendations [18] for the CAPN3 
transcript reference NM_000070.2.

In vitro functional assay

Intramolecular and intermolecular autolytic activities of different calpain-3 forms were assessed by western blotting after 
transfection of different mutated calpain-3, including the c.1333G>A [p.(Gly445Arg)] CAPN3 variant, in human immortalized 
calpain-3 deficient myoblasts. These in vitro functional assays have been performed according to the experiments described by 
Milic et al. [19].

DNA constructs

The human calpain-3 (ENST00000397163.8) sequence was subcloned in pEGFPN1 (addgene #6085-1) to produce recombinant 
protein fused with green fluorescent protein (GFP). Site directed mutagenesis was performed using Quick Change II site-directed 
mutagenesis kit (Agilent).

Cell culture and transfection

Immortalized human skeletal muscle cells derived from a LGMDR1 patient harbouring a homozygous variant of exon 13, 
c.1699G>T [p.(Gly767Trp)], in the CAPN3 gene were generated in the Institute of Myology human cell immortalization 
platform, as previously described [20].

Cells were cultured in medium 199 and Dubelcco’s modified Eagle medium (Thermo Fisher Scientific) in a 1/ 4 ratio, 
supplemented with 20% (v/v) fetal bovine serum (Thermo Fisher Scientific), 25 µg/ml fetuin (Thermo Fisher Scientific), 5 ng/µl 
hEGF (Thermo Fisher Scientific), 0.5 ng/µl bFGF (Thermo Fisher Scientific), 5 µG/ml insu-lin (Sigma-Aldrich, Saint-Louis, MO, 
USA) and 0.2 µg/ml dexamethasone (Sigma-Aldrich). Two micrograms of each plasmids was transfected in cells with 6 µl 
Lipofectamine 2000 (Thermo Fisher Scientific). An equimolar concen-tration was used for co-transfection.

Western blot

Western blot analysis was performed on protein extracts from transfected cells with anti-GFP antibody



total of 14 affected patients in four different families

harbouring this c.1333G>A CAPN3 variant (Table 1).

Moreover, for the index cases from these three addi-

tional families (Figure 1B–D), complementary analyses

were performed by targeted CAPN3 MLPA and/or NGS

explorations revealing no alternative molecular diagno-

sis (Table 1). The fact that no convincing alternative

molecular diagnosis was identified despite extensive

genetic exploration strongly suggests that the

c.1333G>A CAPN3 variant is the underlying cause of

the phenotype observed in the 14 affected patients.

This class 5 (pathogenic) c.1333G>A CAPN3 variant

autosomal dominant inheritance of a relatively mild

adult-onset disease.

Taken together, our findings strongly suggest that

the c.1333G>A CAPN3 variant can be responsible for

an autosomal dominant form of calpainopathy, con-

firming the initial findings of Vissing et al. [9]. Thus,

the previously identified cases of milder and late onset

myopathy cases associated with this variant could have

been misinterpreted as partial diagnoses due to putative

absence of the second CAPN3 variant.

Clinical phenotype

The 14 patients harbouring the c.1333G>A CAPN3

variant revealed significant variability of severity rang-

ing from isolated hyperCKaemia to late onset clinical

presentations, predominated by mild proximal muscular

impairment, more prominent in the lower limbs

(Table 1). Mean age at onset was 39.3 years (range

12–60). Six subjects presented with isolated hyperCK-

aemia, without any weakness. Among them, two sib-

lings had exertional rhabdomyolysis. Myalgia was a

common feature, observed in five out of 14 patients.

The muscle weakness affected preferentially the proxi-

mal lower limbs, notably the hamstring muscles, and

dorsal as well as spinal column muscles. Prominent

axial involvement was noticed in five out of 14

patients. Among them, three presented with campto-

cormia. Muscle atrophy was rare, present in only two

patients (Table 1). All patients but one (patient 2/IV.6)

had high CK levels (Table 1).

These observations are consistent with the first auto-

somal dominant calpainopathy description associated

with the c.643_663del21 CAPN3 variant in 13 differ-

ent families [9,10], which showed a milder and late-on-

set muscular phenotype for this novel transmission

mode for calpainopathies.

Complementary analyses

Muscle imaging In eight patients, muscle imaging (CT

scan or MRI) was performed (Figure 2). Fatty

degenerative changes at the thigh level were present in

all, but one patient (1/IV.2). Their distribution was

variable and sometimes asymmetrical, but a common

feature was the prominent involvement of the hamstring

muscles. Semitendinosus and semimembranosus

muscles were also frequently affected. At the lower leg

[21] has been previously reported 18 times in the LOVD 
database [22] (http://www.lovd.nl, 16 July 2019) and 
twice in the ClinVar database [23] (https://www.ncbi. 
nlm.nih.gov/clinvar, 16 July 2019) as well as in the lit-
erature [2,24-29], but only for supposedly autosomal 
recessive calpainopathies. Thus, out of 20 reported indi-
viduals harbouring the c.1333G>A CAPN3 variant (in 
LOVD database and literature referenced above), 16 
patients (80%) were single heterozygous for this variant 
(see Table 2 for the summary of all previously identified 
cases). If patients described here are included, in 30 out 
of 34 reported cases (88%) the c.1333G>A CAPN3 vari-
ant is heterozygous without any second pathogenic 
CAPN3 variant identified in trans to date. Interestingly, 
there is approximately the same percentage (90%) of 
patients reported in the LOVD database with the initial 
autosomal dominant CAPN3 variant, c.643_663del21, 
without a second mutation found in this gene, contrast-
ing significantly with other known pathogenic CAPN3 
variants in exon 10 such as c.1343G>A and c.1322delG 
variants for which no second mutation was identified in 
respectively only 30% (3/10) and 12.5% (1/8) reported 
cases in LOVD database. In addition, this c.1333G>A 
CAPN3 variant was described in a heterozygous state for 
supposedly mild and/or late onset phenotypes in the lit-
erature [2,24,26], without available familial segregation 
data, but potentially compatible with the phenotype 
associated with autosomal dominant inherited calpain-
opathies.

Furthermore, the c.1333G>A CAPN3 variant is pre-
sent in only 3 out of 107778 alleles in the European 
non-Finish population (allele frequency of 
0.00002783) and is absent from other populations 
(132490 alleles) (GnomAD, http://gnomad.broadinsti 
tute.org/, 16 July 2019). This extremely low frequency 
in the general population is compatible with an

http://www.lovd.nl
https://www.ncbi.nlm.nih.gov/clinvar
https://www.ncbi.nlm.nih.gov/clinvar
http://gnomad.broadinstitute.org/
http://gnomad.broadinstitute.org/


Table 2. Summary of all previously identified cases associated with the c.1333G>A CAPN3 variant

CAPN3 (NM_000070.2): c.1333G>A [p.(Gly445Arg)]

Source Classification†

Second CAPN3 pathogenic

variant Phenotype†

ClinVar

database [23]

ClinVar SCV000791979.1 Likely

pathogenic

Not provided LGMD2A

ClinVar SCV000337170.4 Pathogenic Not provided Not provided

LOVD

database [22]

LOVD #0000264269 (no individual ID) Pathogenic No second pathogenic variant

reported

Not provided

LOVD #0000324031 (no individual ID) Pathogenic No second pathogenic variant

reported

Not provided

LOVD #0000447298 (individual ID: #00213752) Pathogenic c.1333G>A [p.(Gly445Arg)] LGMD2A

LOVD #0000447299 (individual ID: #00213752)* Pathogenic c.1333G>A [p.(Gly445Arg)] LGMD2A

LOVD #0000447622 (individual ID: #00213950) Pathogenic c.1746-20C>G‡ LGMD2A

(moderate)

LOVD #0000447624 (individual ID: #00213951) Pathogenic No second pathogenic variant

reported

LGMD2A

LOVD #0000447625 (individual ID: #00213952) Pathogenic No second pathogenic variant

reported

LGMD2A

LOVD #0000447834 (individual ID: #00214106) Pathogenic c.1505T>C [p.(Ile502Thr)] LGMD2A

LOVD #0000448278 (individual ID: #00214328) Pathogenic No second pathogenic variant

reported

LGMD2A

LOVD #0000448615 (individual ID: #00214538) Pathogenic No second pathogenic variant

reported

LGMD2A

(moderate)

LOVD #0000448631 (individual ID: #00214546) Pathogenic c.662G>T [p.(Gly221Val)] LGMD2A

LOVD #0000448651 (individual ID: #00214559) Pathogenic No second pathogenic variant

reported

LGMD2A

LOVD #0000460647 (individual ID: #00220099) Pathogenic No second pathogenic variant

reported

LGMD

LOVD #0000460712 (individual ID: #00220437) Pathogenic No second pathogenic variant

reported

LGMD

LOVD #0000460931 (individual ID: #00221637) VUS No second pathogenic variant

reported

LGMD

LOVD #0000460973 (individual ID: #00221919) Pathogenic No second pathogenic variant

reported

LGMD

LOVD #0000460990 (individual ID: #00221975) Pathogenic No second pathogenic variant

reported

LGMD

LOVD #0000461066 (individual ID: #00222408) Pathogenic No second pathogenic variant

reported

LGMD

Literature Richard et al., 1999 [24] + Guglieri et al., 2008 [2] +
Magri et al., 2015 [29]

Pathogenic No second pathogenic variant

reported

LGMD2A

Richard et al., 1999 [24] + Guglieri et al., 2008 [2] Pathogenic No second pathogenic variant

reported

Late-onset

LGMD2A

Richard et al., 1999 [24] + Guglieri et al., 2008 [2]

(=Individual LOVD ID: #00214546)*
Pathogenic c.662G>T [p.(Gly221Val)] LGMD2A

Fanin et al., 2004 [25] +
Nascimbeni et al., 2010 [27] (=Individual
LOVD ID: #00213950)*

Pathogenic c.1746-20C>G‡ LGMD2A

Saenz et al., 2005 [26] (=individual
LOVD ID: #00214328)*

Pathogenic No second pathogenic variant

reported

Late-onset

LGMD2A

Schr€oder et al., 2013 [28] Pathogenic No second pathogenic variant

reported

LGMD2A

Nallamilli et al., 2018 [11] (=individual
LOVD ID: #00221637)*

VUS No second pathogenic variant

reported

LGMD2A

LGMD2A, Limb-Girdle Muscular Dystrophy type 2A; VUS, variant of uncertain significance.

*Second description of a same individual in LOVD and/or literature.
†Classification and phenotype suggested by source.
‡Deleterious splicing effect later confirmed by Nascimbeni et al. [27].



described by Vissing et al., but no muscle imaging was performed, which could well have revealed presymp-

tomatic muscular involvement in their patient [9].

Muscle tissue histology and protein analysis In the available samples, muscle histology showed nonspecific myopathic 
changes, with mild to moderate variation in fibre size, nonspecific atrophy of type II fibres and few necrotic/
regenerating fibres (Table 1). In patient 1/III.5, mild endomysial infiltrates and uniform overexpression of MHC-I were 
observed. Caffeine/halothane in vitro contracture tests were performed in this patient and were positive, classifying the 
patient as having malignant hyperthermia susceptibility (Table 1).

Figure 2. Muscle imaging findings in eight patients harbouring the c.1333G>A CAPN3 variant. CT muscle imaging was performed in

patients 1/III.5 and 3/II.6 and muscle MRI was performed in patients 1/IV.2, 2/III.1, 2/III.3, 2/IV.6, 4/II.1, 4/II.2. Patients numbers are

indicated in this figure and correspond to those indicated in the family trees in Figure 1. (A) CT and MRI imaging of lumbar and pelvic

muscles of five patients. Patients 1/III.5, 3/II.6 and 4/II.2 have severe fatty replacement of lumbar paraspinal muscles (asterisk). Patients

2/III.3 and 4/II.1 have heavy fibro-fatty bilateral changes in glutei minimi and medii muscles (arrows) with respect of gluteus maximus.

(B) CT and MRI imaging of thighs of eight patients. CT muscle scan of patient 1/III.5 shows selective hypodensities in semitendinosus

and semimembranosus more pronounced on the right side (arrow). Axial imaging (T1 sequences) of patient 1/IV.2 at 8 years, shows no

involvement of thighs muscles. MRI imaging (T1 sequences) of patient 2/III.1, 2/III.3 and 4/II.2 shows severe fatty degenerative changes

in hamstrings on both sides with preservation of sartorius and gracilis muscles. Patient 2/IV.6 fatty degenerative changes are present in

the hamstrings predominantly on the right side, bilaterally in semimembranosus and long head of biceps femoris and in semitendinosus

also on the right side. In T1 axial slice of patient 3/II.6, selective hypodensities are present in hamstring muscles, mainly on the left side.

Biceps femoris and adductor magnus are the most seriously affected by fatty infiltration. (C) CT and MRI imaging of legs of four patients.

On T1 axial slices of both lower legs of patients 2/III.3, 2/IV.6, 4/II.1, 4/II.2, fatty degenerative changes were present at the posterior

compartment of legs, mainly in gastrocnemius medialis (arrows). On muscle imaging of the other four patients, legs muscles were

unaffected (data not shown). In patient 2/III.3, there was a significant muscle atrophy of the posterior compartment on the left side. In

patients 4/II.1 and 4/II.2, fatty degeneration on gastrocnemius medialis and soleus muscles is pronounced, whereas gastrocnemius

lateralis is relatively spared.

level, the medial gastrocnemius muscle was the most frequently affected (Table 1 and Figure 2).
The nonspecific, mild and even subclinical presenta-tion of autosomal dominant calpainopathies contrasts with the 

consistent muscular damage found by muscle imaging, especially MRI. Indeed, this approach enabled us to confirm 
the muscle involvement in patient 2/IV.6 (Figure 2) harbouring the c.1333G>A CAPN3 variant, even though she was 
asymptomatic with normal CK levels (Table 1 and Figure 1). MRI revealed a similar muscle involvement as her 
symptomatic father (patient 2/III.3 in Figure 2), that is predominant in the ham-string and medial gastrocnemius 
muscles, but obviously to a lesser extent. Interestingly, a very similar case was



Figure 3. Intramolecular and intermolecular autolytic activity of different calpain-3 forms. Cells were transfected with different plasmid construction alone 
(A) or in combination (B) with CAPN3 p.(Cys129Ser). Forty-eight hours after transfection, cells were harvested and lysed for protein extraction. Western 
blot analysis was performed using an anti-GFP (1/5000, ab5449; Abcam) and an anti-V5tag (1/1000, ab27671; Abcam).

Discussion

We report here the second well-documented CAPN3 variant associated with autosomal dominant inherited calpainopathies. Indeed, we 
identified a single heterozy-gous c.1333G>A [p.(Gly445Arg)] CAPN3 variant in 14 patients from four independent families. The familial 
segregation analysis performed for members of the four families described here is strongly suggestive of an autosomal dominant inheritance. 
Our findings confirm the existence of autosomal dominant calpainopathies, as an entity beyond the cases related to the initially described 
recurrent CAPN3 variant [9].

This autosomal dominant inheritance was recently described for late-onset and mild forms of calpain-opathies [9,10]. 
Interestingly, patients from the four families described here also presented with a mild phe-notype, with hyperCKaemia, myalgia and/
or moderate

The calpain-3 western blot analysis of muscle biop-sies from the four index cases, performed in different laboratories more than 10 years ago, 
revealed contra-dictory information. Only patient 3/II.6 had total cal-pain-3 loss. Another patient (4/II.2) presented with a partial calpain-3 
defect, whereas the other two index cases had seemingly normal expression of calpain-3. However, it is known that it is difficult to obtain reli-
able calpain-3 western blot analysis. Moreover, inter-laboratory as well as intralaboratory variability is not rare for this type of analysis.

Modified catalytic activity of the calpain-3 p.(Gly445Arg) mutant In order to investigate the effect of c.1333G>A CAPN3 variant on calpain-3 
protein function, we transfected mutated CAPN3 constructs into human immortalized myoblasts lacking endogenous calpain-3, alone or in 
combination with other constructs. Inactive calpain-3 p.(Cys129Ser) was used as a specific substrate to evaluate the catalytic activity of 
transfected mutants (Figure 3). As expected, the inactive calpain-3 p.(Cys129Ser) was not degraded when transfected alone, as only one 
specific band is visible corresponding to the full-length calpain-3 p.(Cys129Ser) fused with GFP at 121 kDa (Figure 3A) or fused with V5tag at 
92 kDa (Figure 3B). The calpain-3 p.(Gly445Arg) mutant expressed alone had the same proteolytic profile as the calpain-3 p.(Cys129Ser) 
mutant (Figure 3A), indicating the absence of autolytic activity.

In the second experiment, we co-transfected calpain-3 p.(Cys129Ser) as a substrate and the different cal-pain-3 constructs and 
mutants to examine catalytic activities. Co-expression with WT calpain-3 led to par-tial degradation of calpain-3 p.(Cys129Ser), as 
seen by the presence of a fragment at 56 kDa (Figure 3B).

The co-expression with calpain-3 p.(Gly445Arg) mutant shows only the calpain-3 full-length band (Fig-ure 3B), which means 
that this mutated protein is not effective at cleaving other calpain-3.

Another c.1343G>A p.(Arg448His) CAPN3 variant, close to our variant, is known to retain catalytic activ-ity but loses the 
interaction with titin [30]. As previ-ously described, we show that this calpain-3 p.(Arg448His) mutant cleaves the 
calpain-3 p.(Cys129-Ser) protein (Figure 3B). All together, these results indi-cate that the c.1333G>A [p.(Gly445Arg)] variant 
impacts calpain-3 catalytic activity and intra/inter-molecular autolysis.



as CAV3, GMPPB and more recently SGCA and TCAP [34-36]. Thus, autosomal dominant inherited calpain-opathy should be 
considered when faced by a wide range of initial phenotypic presentations from hyperCK-aemia (asymptomatic or not), myalgia 
with or without exertional rhabdomyolysis to mild LGMD.

This experience demonstrates that despite the advent of NGS, the simplest assumption remains the first one to consider; in the present 
case, the probable existence of an autosomal dominant form of calpainopathy asso-ciated with the c.1333G>A CAPN3 variant. Indeed, 
despite numerous molecular analyses, especially by NGS, no alternative molecular diagnosis could be estab-lished for these four different 
families, thus consolidat-ing the implication of this CAPN3 variant in an autosomal dominant inherited calpainopathy.

At the functional level, c.1333G>A [p.(Gly445Arg)] CAPN3 variant involves a modification of calpain-3 catalytic activity in cells, with 
a loss of intramolecular and intermolecular autolysis (Figure 3). The origin of this modification of activity could be an indirect loss of 
catalytic activity and possibly a modification of interac-tions with partners due to conformational changes in the protein structure. 
Indeed, using the available infor-mation regarding the calpain-3 structure, we locate the
c.1333G>A [p.(Gly445Arg)] CAPN3 variant in the cal-pain b-sandwich domain (CBSW) interacting with the penta-EF-hand 
domain (PEF) supposedly involved in the dimerization of two calpain-3 units [37]. Interest-ingly, the c.1333G>A [p.

(Gly445Arg)] CAPN3 variant is located on a loop of the CBSW domain that has interactions with the PEF domain, and is 
expected to be involved in the communication of Ca2+-induced con-formational change throughout these domains. There-fore, 
the charge alteration associated with the

c.1333G>A [p.(Gly445Arg)] CAPN3 variant could dis-rupt communication between Ca2+-induced alteration in the PEF domain 
and the rest of the molecule [38]. Consequently, the c.1333G>A [p.(Gly445Arg)] CAPN3 variant could indirectly impair the 
catalytic activity of the mutated calpain-3 protein and secondarily, due to conformation changes, disrupt interactions with part-
ners potentially resulting in the retention of calpain-3 in the sarcomere due to strong interaction with titin and/or to the other 
functional calpain-3 allele in case of homodimerization. This suggestion is reinforced by the fact that calpain-3 has already 
been shown to interact with titin in the region of the p.(Gly445Arg)

proximal muscle weakness, predominantly affecting the hamstrings as shown by muscle imaging (Figure 2), therefore expanding 
the phenotypic spectrum of cal-painopathies.
Three subjects from our cohort had camptocormia. The same presentation of late-onset axial myopathy has been previously 

described in a patient carrying a single heterozygous CAPN3 variant, c.759_761delGAA, suggesting a possible familial autosomal 
dominant cal-painopathy [31]. Moreover, among patients carrying the c.643_663del21 CAPN3 variant, paraspinal mus-cles 
were particularly affected on MRI studies [9].
These observations suggest that an autosomal domi-nant calpainopathy should be considered when faced with a prominent 

axial myopathy, widening the spec-trum of neuromuscular disorders for which MRI is use-ful in assisting genetic testing 
beyond the recent observations for distal myopathies [32].
Thus, it is reasonable to conceive a broad continuum of clinical phenotypes for calpainopathies, from severe early childhood onset to 

moderate adult-onset autoso-mal recessive forms [24,33], possibly depending on the CAPN3 mutational combination, overlapping with 
milder late-onset autosomal dominant forms that could extend to the extreme end of the spectrum to isolated hyperCKaemia. The 
evaluation of serum CK levels, despite its nonspecificity, seems to be of importance for autosomal dominant calpainopathies as it is a 
signifi-cant presenting finding. However, there is great vari-ability in terms of levels and positivity for this biomarker, as demonstrated by 
patient 2/IV.6 (Table 1 and Figure 1), similar to other cases reported in the lit-erature [9].
It is likely that some of these late-onset mild clinical phenotypes could easily have been confused with sup-posedly natural 

muscular senescence or even missed because of the patient’s premature death, only to be discovered recently as life 
expectancy gradually extended and novel biomarkers, notably CK measure-ment, as well as complementary diagnosis tool, such 
as muscle MRI, were available, enabling us to objectify and label these atypical clinical phenotypes.
In addition, we describe exertional rhabdomyolysis in two siblings (3/III.1 and 3/III.2 in Figure 1). Although this clinical presentation 

has to be confirmed for other reported cases before considering it a definite feature of calpainopathies, such a presentation has already 
been described for other genes associated with LGMD, such
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