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1  |  INTRODUC TION

Distal myopathies are a group of rare muscle disorders characterized 
by selective or predominant weakness in the feet and/or hands.1 The 
age at onset can be variable ranging from early childhood to even 
late adulthood. The myopathological findings are also heteroge-
neous and vary widely including dystrophic changes, rimmed vacu-
oles, and myofibrillar features. To date, more than 25 different genes 
have been identified, exhibiting autosomal dominant or recessive 

inheritance pattern.1,2 Notably, a significant number of the identi-
fied genes encode proteins that are component of Z- disk or Z- disk 
relevant structures such as ZASP,3 DES,4 MYOT,5,6 FLNC,7 and TTN.8

Alpha- actinin- 2 encoded by ACTN2 gene is one of the major 
components of the Z- disk.9 It crosslinks actin filaments and sarco-
meric proteins such as titin10,11 and myopalladin12 to maintain the 
integrity of the contractile apparatus. The gene ACTN2 was previ-
ously known as a causative gene of cardiomyopathies.13,14 In 2019, 
two distinctly different skeletal muscle diseases including multiple 
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Abstract
Introduction: Distal myopathies are a group of rare muscle disorders characterized by 
selective or predominant weakness in the feet and/or hands. In 2019, ACTN2 gene was 
firstly identified to be a cause of a new adult- onset distal muscular dystrophy calling 
actininopathy and another distinctly different myopathy, named multiple structured 
core disease (MsCD). Thus, the various phenotypes and limited mutations in ACTN2- 
related myopathy make the genotype- phenotype correlation hard to understand.
Aims: To investigate the clinical features and histological findings in a Chinese family 
with distal myopathy. Whole exome sequencing and several functional studies were 
performed to explore the pathogenesis of the disease.
Results: We firstly identified a novel frameshift variant (c.2504delT, p.Phe835Serfs*66) 
within ACTN2 in a family including three patients. The patients exhibited adult- onset 
distal myopathy with multi- minicores, which, interestingly, was more like a combina-
tion of MsCD and actininopathy. Moreover, functional analysis using muscle samples 
revealed that the variant significantly increased the expression level of α- actinin- 2 
and resulted in abnormal Z- line organization of muscle fiber. Vitro studies suggested 
aggregate formations might be involved in the pathogenesis of the disease.
Conclusion: Our results expanded the phenotypes of ACTN2- related myopathy and 
provided helpful information to clarify the molecular mechanisms.

K E Y W O R D S
ACTN2, aggregates, Chinese family, distal myopathy, multi- minicores

www.wileyonlinelibrary.com/journal/cns
mailto:
mailto:￼
https://orcid.org/0000-0003-2106-572X
http://creativecommons.org/licenses/by/4.0/
mailto:zhiyingwu@zju.edu.cn
mailto:gongluliu@zju.edu.cn


    |  1199CHEN Et al.

structured core disease (MsCD) in congenital myopathy and adult- 
onset distal muscular dystrophy calling actininopathy were reported 
caused by ACTN2 mutations.15,16

Although myofibrillar features are the most common character-
istics in various distal myopathies caused by genes encode Z- disk 
or Z- disk relevant protein, it seems that no aggregates are found in 
muscle biopsy of ACTN2- related myopathy. Instead, in MsCD, mul-
tiple structured cores are the main histological findings. Core pa-
thology (central cores and multiple minicores) is rare in adult- onset 
distal myopathy. It has been reported that multicore- like unevenness 
of stain could occasionally occur in patients with distal myopathy 
caused by RYR1 mutations.17,18

Herein, we firstly identified a novel ACTN2 variant causing an 
adult- onset distal myopathy with a morphological feature of multiple 
well- defined minicores, which, interestingly, was more like a com-
bination of MsCD and actininopathy. Further, we investigated the 
functional characterization of this mutation, together with the previ-
ously reported mutations in ACTN2- related myopathy, providing in-
sightful information to clarify the molecular mechanisms underlying.

2  |  MATERIAL S AND METHODS

2.1  |  Study subjects and clinical examinations

Three patients and four family members from a Chinese pedigree 
affected by distal myopathy were collected in December 2019. The 
clinical evaluations and neurological examinations were performed 
by two senior neurologists. The patients were diagnosed with dis-
tal myopathy based on the clinical features and myopathological 
results. This study was approved by the Ethics Committee of the 
Second Affiliated Hospital, Zhejiang University School of Medicine. 
Written informed consents were obtained from all the participants.

2.2  |  Immunohistochemical analysis

Open muscle biopsy of the quadriceps was obtained from the 
proband at the age of 46. Standard histochemical reactions on 8 µm 
frozen sections encompassed hematoxylin and eosin (H&E), modi-
fied Gomori trichrome (MGT), nicotinamide adenosine dinucleotide- 
tetrazolium reductase (NADH- TR), succinate dehydrogenase (SDH), 
cytochrome C oxidase (COX), and the adenosine triphosphatase 
(ATPase pH = 4.3, 4.6, and 9.4, respectively) reactions.

2.3  |  Genetic analysis

Genomic DNA was extracted from peripheral EDTA- treated blood 
using a commercial blood genomic extraction kit (Qiagen, Hilden). 
Whole exome sequencing (WES) was performed on the Illumina 
HiSeq X Ten platform (XY Biotechnology Co. Ltd.), captured by the 
Agilent Sure Select Human All Exon V6 products. For details on 

sequencing protocols, bioinformatic analysis and filtering methods 
can be found in our previously reported publications.19– 21 All vari-
ants were filtered with the frequency ≤0.05 in Genome Aggregation 
Database (gnomAD) (http://gnomad.broad insti tute.org/), ExAC 
database (ExAC) (https://exac.broad insti tute.org/), and 1000 
Genomes Project (https://www.ncbi.nlm.nih.gov/varia tion/tools/ 
1000g enome s/), and variants that were not in the exonic or splicing 
site were excluded. Three software programs, including SIFT (http://
sift.jcvi.org/), PolyPhen- 2 (http://genet ics.bwh.harva rd.edu/pph2/), 
and MutationTaster (http://www.mutat ionta ster.org/), were used 
to predict the possible changes in protein function caused by the 
variants. Sanger sequencing was performed to confirm the potential 
variants and co- segregation of the pedigree.

2.4  |  Immunoblotting analysis

Frozen muscle samples of the proband and two controls with nor-
mal muscle pathology were resolved by 10% SDS- polyacrylamide 
gel electrophoresis (SDS- PAGE), transferred to polyvinylidene flu-
oride (PVDF) membranes. The following primary antibodies were 
used to detect the specific bands: anti- ACTN2 (A8939; Abclonal), 
anti- ACTA1 (A2172; Sigma- Aldrich), and anti- GAPDH (8884S; Cell 
Signaling Technology).

2.5  |  Plasmid constructs and reagents

The wild- type (WT) full- length coding region of human ACTN2 
(NM_001103) with additional 200bp 3’UTR nucleotides was cloned 
into pcDNA.3.1- 3Xflag- C and pEGFP- C2 vectors (Invitrogen). 
All the mutant constructs of ACTN2, including c.2504delT (p. 
Phe835Serfs*66) in present study and three previously reported 
mutations, c.392T>C (p. Leu131Pro), c.1459T>C (p. Cys487Arg), and 
c.2180T>G (p. Leu727Arg), were created by PCR mutagenesis and 
verified by Sanger sequencing. They were designated as pcDNA3.1- 
Flag- WT (Flag- WT) and pEGFP- WT (eGFP- WT); pcDNA3.1- Flag- 
Phe835Serfs*66 (Flag- F835Sfs*66) and pEGFP- Phe835Serfs*66 
(eGFP- F835Sfs*66); pcDNA3.1- Flag- Leu131Pro (Flag- L131P) and 
pEGFP- Leu131Pro (eGFP- L131P); pcDNA3.1- Flag- Cys487Arg 
(Flag- C487R) and pEGFP- Cys487Arg (eGFP- C487R); pcDNA3.1- 
Flag- Leu727Arg (Flag- L727R) and pEGFP- Leu727Arg (eGFP- L727R), 
respectively.

2.6  |  Cell culture and transfection

HEK- 293T and C2C12 cells were maintained at 37℃ in Dulbecco's 
modified Eagle's medium (DMEM, HyClone) supplemented with 10% 
fetal bovine serum (FBS, Gibco). HEK- 293T cells were transfected 
with expression vectors with Lipofectamine 3000 (Invitrogen) and 
C2C12 myoblasts with TurboFect (Thermo Fisher Scientific) accord-
ing to the manufacturer's instructions.

http://gnomad.broadinstitute.org/
https://exac.broadinstitute.org/
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/
https://www.ncbi.nlm.nih.gov/variation/tools/1000genomes/
http://sift.jcvi.org/
http://sift.jcvi.org/
http://genetics.bwh.harvard.edu/pph2/
http://www.mutationtaster.org/
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2.7  |  Immunofluorescence analysis

Frozen muscle sections were fixed at room temperature in acetone 
for 10 min and washed in PBS. Nonspecific sites were blocked in PBS 
with 1% BSA and 0.01% Triton X- 100 for 1 h and incubated over-
night at 4°C with rabbit anti- ACTN2 (A8939; Abclonal). After wash-
ing, the sections were incubated 1h with the secondary antibody: 
Alexa Fluor 594 goat anti- rabbit antibodies at room temperature. 
Cell nuclei were then stained with 40, 6- diamidino- 2- phenylindole 
(DAPI; Life Technologies). For C2C12 cell lines, after 24 h transfec-
tion with eGFP- tagged ACTN2, cells were fixed at room temperature 
in 4% PFA for 10 min. DAPI was used for the staining of cell nuclei. 
Fluorescence images were captured by Olympus FV3000 OSR con-
focal system.

2.8  |  Protein solubility assay

Cells were pelleted and lysed with the lysis buffer (CelLytic™ M, 
Sigma) on ice for 20 min. Subsequent centrifugation at 12,000 rpm 
for 15min at 4°C resulted in a soluble and insoluble fraction. The 
insoluble fraction was resuspended in the following lysis buffer 
(10% SDS and 1 M Tris- buffer with protease inhibitors) and soni-
cated with 10 × 1- s bursts at 10% amplitude and 0.6 pulse rate. 
Western blotting proceeded as described previously. Specific 
bands were detected by the following antibodies: anti- Flag 
(14793S; Cell Signaling Technology) and anti- β- Tubulin (5346S; 
Cell Signaling Technology).

2.9  |  Statistical analysis

GraphPad Prism 8.0 and Adobe Photoshop CC 2017 software were 
used for data analysis. Data were first tested by Shapiro- Wilk test 
for normality and lognormality. All the experiments were repeated 
at least three times independently, and data were expressed as the 
mean ±standard deviation. One- way ANOVA test was performed 
followed by Turkey's multiple comparisons test for multiple com-
parisons. p value <0.05 was considered statistically significant.

3  |  RESULTS

3.1  |  Clinical features

The proband of the family (Figure 1A) is a 46- year- old male who 
had symmetric weakness of distal lower limbs at the age of 39. As 
the disease slowly progressed, he developed foot drop and noticed 
muscle atrophy in his distal legs. One year ago, he complained of 
chest tightness when walking for a long time and progressed to 
heart failure. Echocardiography at that time revealed decreased 
left ventricular diastolic function. On examination, he had bilat-
eral steppage gait, severe distal lower limb atrophy, and weakness 

with Medical Research Council (MRC) grade 2/5 and mild proxi-
mal weakness (MRC 4/5) (Figure 1B). Neck flexion strength was 
reduced (MRC 3/5), and reflexes were absent in the lower limbs. 
Sensation was intact. The creatine kinase (CK) level was normal 
with 85 U/L (reference <194 U/L), and EMG demonstrated posi-
tive sharp waves and fibrillation potentials, accompanied by short- 
duration, polyphasic, and early recruited motor unit potentials 
(MUPs). Muscle magnetic resonance imaging (MRI) of his left leg re-
vealed extensive fatty degeneration and muscle edema (Figure 1C- 
D). Echocardiography showed no significant abnormalities.

His father (I- 2) presented with lower limb weakness at the age of 
40. In addition to distal lower limbs weakness, he developed severe 
weakness of proximal upper limbs and contractures of his hands 
(Figure 1E- F). He lost his ambulation at the age of 65. Besides, he 
also had a history of heart failure. Muscle atrophy was marked in 
the proximal upper limbs and not obvious in his lower limbs. The CK 
level was normal with 25 U/L (reference <194 U/L). His 38- year- old 
younger sister (II- 3) had asymmetrical muscle involvements in the 
distal lower limbs for about 2 years. On examination, she had asym-
metric bilateral ankle dorsiflexion weakness (MRC 3/5 in right and 
MRC 4/5 in left) with steppage gait. EMG showed low- amplitude, 
polyphasic MUPs with spontaneous potential in the distal leg mus-
cles. There is no symptom in his 19- year- old daughter whose CK 
level was normal with 77 U/L (reference <170 U/L).

3.2  |  Muscle pathology

Quadriceps muscle biopsy was performed in the proband. H&E stain-
ing revealed fiber size variability with remarkable internal nuclei. 
Oxidative enzyme reactions uncovered several small well- delimited 
cores, predominantly in type I fibers. ATPase reaction showed both 
type I and type II fibers- grouping (Figure 1G). No necrotic fibers 
were observed, and no aggregates or nemaline rods were found in 
the histopathologic staining.

3.3  |  Genetic analysis and the spectrum of 
ACTN2 mutations

After WES analysis on the proband, a novel heterozygous frameshift 
variant (c.2504delT, p. Phe835Serfs*66) in ACTN2 (NM_001103.3) 
was identified and confirmed by Sanger sequencing (Figure 2A). The 
co- segregation was demonstrated. The variant was absent in the 
gnomAD, ExAc, and 1000 genomes databases and located at evo-
lutionarily highly conserved region (Figure 2B). Moreover, the single 
nucleotide deletion prolonged the original stop codon, resulting in 
a C- terminal extension of the protein. According to the standard of 
American College of Medical Genetics and Genomics (ACMG),22 the 
variant was classified as a pathogenic variant.

To date, a lot of heterozygous pathogenic variants have been re-
ported related to cardiomyopathies and/or other cardiac abnormali-
ties, while, only 4 variants were associated with skeletal myopathies 
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(HGMD https://my.qiage ndigi talin sights.com/bbp/view/hgmd/pro/
start.php). These variants were widely distributed, and most were 
found in the SRs domain, followed by the ABD domain (Figure 2C).

3.4  |  The analysis of α- actinin- 2 expression and 
distribution

To assess the impacts on the α- actinin- 2 expression by the identified 
variant, we performed Western blot analysis of the muscle extracts 
obtained from the proband and two controls with normal pathol-
ogy. The results revealed significantly increased level of α- actinin- 2 

and α- actinin in the proband compared with the controls (Figure 3A- 
B). Moreover, immunofluorescence analysis on muscle frozen sec-
tions showed a structural turbulence of α- actinin- 2 staining in the 
proband compared with the control who exhibited a highly ordered 
structure (Figure 3C), indicating the abnormal Z- disk organization.

3.5  |  Protein subcellular localization

To further elucidate the biological effects, the plasmids with N- 
terminal eGFP or flag tagged WT, F835Sfs*66, and three previ-
ously reported variants including L131P (actininopathy), C487R 

F I G U R E  1  Clinical and histopathological features in our patients. (A) Pedigree of our family with ACTN2 variant. Circle: females; square: 
males; open symbol: unaffected; filled symbol: affected; arrow: proband. The “+” symbols indicate the presence and the “- ” symbols indicate 
the absence of the mutation. (B) Marked atrophy of the proband's legs. (C and D) MRI imaging of the proband. Extensive fatty infiltration 
(white arrow) and partial edema (yellow arrow) on the left leg. (E) Severe upper limbs atrophy in the father (I- 2). (F) Contractures in hands of 
the father (I- 2). (G) Histological findings in the proband. Internal nuclei (yellow arrow) in H&E staining. Multiple well- delimited cores (yellow 
arrow) observed in NADH- TR, SDH, and COX reactions. ATPase reaction (pH =4.6 and 9.4, respectively) showed both type I and type II 
fibers- grouping and atrophy predominantly in type I fibers; Scale bar, 50 μm

(A) (B) (C)

(D)

(E)

(F)

(G)

https://my.qiagendigitalinsights.com/bbp/view/hgmd/pro/start.php
https://my.qiagendigitalinsights.com/bbp/view/hgmd/pro/start.php
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(actininopathy), and L727R (MsCD) were constructed. We found 
diffused intracellular α- actinin- 2 in C2C12 myoblasts transiently ex-
pressing eGFP- WT, eGFP- C487R, and eGFP- L727R. By contrast, the 
eGFP- F835Sfs*66 and eGFP- L131P mutants displayed aggregates 
throughout the cytosol (Figure 3D). Then, we investigated the pres-
ence of α- actinin- 2 aggregations in the soluble and insoluble fraction 
by Western blot. In the HEK- 293T cells transfected with Flag- WT, 
Flag- C487R, and Flag- L727R, α- actinin- 2 was mainly present in the 
soluble fraction; however, in cells transfected with Flag- F835Sfs*66 
and Flag- L131P, we detected an enrichment of α- actinin- 2 in the 
insoluble fraction which was consistent with the observation in 
C2C12 myoblasts (Figure 3E- G). Altogether, the data confirmed 
the p. Phe835Serfs*66 and p. Leu131Pro resulted in aggregates of 
α- actinin- 2.

4  |  DISCUSSION

In this study, we firstly reported a novel heterozygous pathogenic 
variant within ACTN2 causing distal myopathy with multi- minicores 
in a Chinese family. The variant resulted in an increased expression 
level of α- actinin- 2, abnormal Z- disk organization, and aggregate 
formations, implying the disease pathogenesis, might relate to ag-
gregate formations.

The presence of minicores with the loss of oxidative enzyme 
activity on muscle biopsy in our patient suggested the diagnosis of 
minicore disease.23 Core myopathies including central core disease 
(CCD) and multi- minicore disease (MmD) are often considered pre-
eminently pediatric conditions characterized by marked extensive 
weakness, early spinal rigidity, and respiratory impairment.24 The 
most common causative gene for core myopathies is RYR1 and less 
frequent one is SEPN1. An unusual adult- onset, mild calf- predominant 
myopathy in combination with well- defined cores and multicore- like 
unevenness of stain was reported due to RYR1 mutations (Table 1). 
In addition, a sporadic case with a missense RYR1 mutation was 

reported to exhibit an adult- onset, anterior tibial muscle- prominent 
distal myopathy with multiple cores pathology.17 Compared to our 
patients, they showed mild lower limb distal muscle weakness and 
no upper limbs weakness and contractures were observed.

Patients with ACTN2 mutations could present with a wide clinical 
spectrum including cardiomyopathies and/or other cardiac abnor-
malities, MsCD, and actininopathy. MsCD is characterized by pro-
gressive early- onset extensive myopathy clinically manifesting with 
severe muscle atrophy, facial weakness, contractures, and respira-
tory symptoms and a unique histopathology of multiple structured 
cores in the biopsy, and actininopathy is a late- onset symmetric/
asymmetric distal muscular dystrophy (Table 1). In this study, our 
patient presented with an adult- onset distal myopathy with multi- 
minicores, progressive to proximal upper and lower limbs with con-
tractures, which, interestingly, was more like a combination of MsCD 
and actininopathy. Besides, cardiomyopathies were not remarkable 
in all reported patients with ACTN2- related myopathy, but heart fail-
ure or cardiac arrhythmia could be occurred in some patients.16

Alpha- actinin- 2 is composed of an N- terminal actin- binding 
domain (ABD), a central rod domain of four spectrin- like repeats 
(SRs), and a C- terminal calmodulin- like domain (CAMD) with two 
EF- hand motifs (EF1/2 and EF3/4).11 It functionally acts as a ho-
modimer where SRs repeats are thought to be responsible for the 
dimerization.25 The EF3/4 domain interacts with the “neck” region 
between the ABD and first SR of the opposing monomer, making 
actinin to be a “closed” conformation.10,11 This closed conformation 
will be changed into an “opening” structure when phospholipid bind-
ing to the ABD, allowing the interactions of α- actinin- 2 with actin 
filaments as well as the titin Z- repeats.10,26 Such conformational 
switch provides its structural rigidity and plasticity, essential for 
the maintenance of integrity in contractile apparatus during muscle 
contraction. The present mutation p. Phe835Serfs*66 located in the 
EF3/4 domain was close to Ser834 site, which was thought to be an 
important EF3/4- neck- interacted position.11 Thus, we hypothesized 
that the present mutation might affect the EF3/4- neck interaction, 

F I G U R E  2  Genetic findings in patients 
and pathogenic variants in ACTN2. 
(A) Sequencing chromatogram of the 
presence of mutation c.2504delT, p. 
Phe835Serfs*66 in the proband (upper), 
and absence in the control (lower). (B) 
The Phe835 residue is highly conserved 
in different species. (C) Schematic 
representation of ACTN2 and summary 
of reported pathogenic variants. Red: 
novel variants; Blue: actininopathy- related 
variants; Green: MsCD- related variants; 
Black: HCM, DCM and/or other cardiac 
abnormalities- related variants
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resulting in abnormal binding of α- actinin- 2 with actin and titin, lead-
ing to an impaired conformational change and eventually disruption 
of sarcomere.

The increased expression level of α- actinin- 2 and α- actin, Z- line 
disorganization and aggregate formations supported the assumption 
in some degree. Moreover, in cells transfected with the p. Leu131Pro 

F I G U R E  3  Functional analyses of ACTN2 variants. (A) Western blot analysis of α- actinin- 2 and α- actin expression in protein extracts 
obtained from the proband's muscle. (B) The graph shows GAPDH normalized α- actinin- 2/α- actin expression. (n = 4 biological repeats, 
data are shown as mean ±SD, **p < 0.01; ***p < 0.001). (C) Alpha- actinin- 2 (red) immunofluorescence analysis. Scale bar, 50 μm. (D) 
Alpha- actinin- 2 localization in C2C12 myoblasts expressing WT or mutant eGFP- ACTN2. Scale bar, 10 μm. (E) Soluble (S) and insoluble (P) 
protein fraction per variant with Western blot probing for Flag- ACTN2 and β- Tubulin. F- G, The graphs show β- Tubulin normalized Flag- α- 
actinin- 2 level per variant in soluble protein fraction (F) and insoluble protein fraction (G). (n = 3 biological repeats, data are shown as mean 
± SD. ****p < 0.0001; ns: not significantly)
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located in ABD domain, we observed the similar aggregations, suggest-
ing the notion that the impaired conformational change possibly partici-
pated in the pathogenesis of p. Phe835Serfs*66 and p. Leu131Pro. Since 
SRs domain acts as an interface of multiple interactions with various 
proteins, it possibly explains for the distinguished clinical heterogeneity 
caused by variants in SRs domain. Besides, it is noteworthy that genes 
encoded the Z- disk or Z- disk relevant proteins could cause different 
myopathies. For example, mutations in gene ACTA1 encoding α- actin 
cause 9 different muscle pathologies such as actin filament aggregates, 
core- like areas, nemaline bodies et al.,27 and various of titinopathy due 
to TTN variants.28 Thus, the multiple interactions of proteins in the Z- 
disk possibly account for the various phenotypes. Therefore, additional 
patients with ACTN2- related myopathy are important to investigate 
the clinical features and more functional studies are needed to clar-
ify the molecular mechanisms. Since most core diseases are caused by 
RYR1 variants, it may also be another target in excitation- contraction 
coupling for the studies of ACTN2- related myopathy.24,29

In conclusion, we identified a novel ACTN2 pathogenic variant 
as the cause of adult- onset distal myopathy with multi- minicores 
in a Chinese family. Functional studies indicated that the abnormal 
protein aggregates possibly participated in the pathogenesis and 
eventually resulted in structural turbulence of Z- line. This study ex-
panded the clinical and spectrum of ACTN2 variants and provided a 
perspective to understand the various clinical phenotypes and com-
plex mechanisms caused by ACTN2 mutations.
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