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Abstract 

Nemaline myopathy (NM) is a muscle disorder with broad clinical and genetic heterogeneity. The clinical presenta‑
tion of affected individuals ranges from severe perinatal muscle weakness to milder childhood-onset forms, and 
the disease course and prognosis depends on the gene and mutation type. To date, 14 causative genes have been 
identified, and ACTA1 accounts for more than half of the severe NM cases. ACTA1 encodes α-actin, one of the princi‑
pal components of the contractile units in skeletal muscle. We established a homogenous cohort of ten unreported 
families with severe NM, and we provide clinical, genetic, histological, and ultrastructural data. The patients mani‑
fested antenatal or neonatal muscle weakness requiring permanent respiratory assistance, and most deceased within 
the first months of life. DNA sequencing identified known or novel ACTA1 mutations in all. Morphological analyses 
of the muscle biopsy specimens showed characteristic features of NM histopathology including cytoplasmic and 
intranuclear rods, cytoplasmic bodies, and major myofibrillar disorganization. We also detected structural anomalies of 
the perinuclear space, emphasizing a physiological contribution of skeletal muscle α-actin to nuclear shape. In-depth 
investigations of the nuclei confirmed an abnormal localization of lamin A/C, Nesprin-1, and Nesprin-2, forming the 
main constituents of the nuclear lamina and the LINC complex and ensuring nuclear envelope integrity. To validate 
the relevance of our findings, we examined muscle samples from three previously reported ACTA1 cases, and we iden‑
tified the same set of structural aberrations. Moreover, we measured an increased expression of cardiac α-actin in the 
muscle samples from the patients with longer lifespan, indicating a potential compensatory effect. Overall, this study 
expands the genetic and morphological spectrum of severe ACTA1-related nemaline myopathy, improves molecular 
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Introduction
Nemaline myopathies (NM) form a genetically and clini-
cally heterogeneous group of congenital myopathies 
characterised by early-onset hypotonia, muscle and facial 
weakness, respiratory distress, swallowing difficulties, 
delayed motor milestones, and skeletal deformities [20, 
23]. To date, 14 causative NM genes have been identified 
(ACTA1, ADSSL1, CFL2, KBTBD13, KLHL40, KLHL41, 
LMOD3, MYO18B, MYPN, NEB, TNNT1, TNNT3, 
TPM2, TPM3) [20, 32, 34], and they primarily code for 
components of the contractile unit, the sarcomere, or 
for auxiliary proteins regulating sarcomeric function, 
stability, or turnover [13]. As a direct consequence of 
pathogenic mutations in the NM genes, muscle biopsy 
specimens from affected individuals typically show 
abnormal accumulations of sarcomeric structures known 
as nemaline rods.

Mutations in ACTA1 account for more than half of the 
genetically characterised cases with severe NM. Most are 
heterozygous missense mutations occurring de novo and 
affecting highly conserved amino acids, while 10% are 
reported with autosomal recessive inheritance [17, 23]. 
ACTA1 encodes skeletal muscle α-actin (αskm-actin), 
a multi-functional protein able to polymerize and form 
the helical strands of the thin filaments. The formation 
of dynamic cross-bridges with the thick myosin filaments 
causes a sliding movement between actin and myosin, 
resulting in the shortening of the contractile unit, and the 
generation of force to enable motion [7]. Besides classi-
cal nemaline rods, histological investigations of muscle 
sections from ACTA1 patients often reveal other struc-
tural anomalies including focal disorganization (core-like 
areas) with or without inclusion of rods, congenital fibre 
type disproportion (CFTD), and—more rarely—intra-
nuclear rods or zebra bodies [20, 30]. The coexistence of 
several anomalies on the same muscle biopsy specimen 
is frequently observed, indicating that the ACTA1 muta-
tions can variably impact-on αskm-actin structure, func-
tion, and positioning, and thereby interfere with normal 
muscle architecture and physiology at different levels.

Here, we provide the clinical description of a series of 
ten unreported patients with severe NM together with a 
thorough analysis of the muscle morphology and ultra-
structure. Molecular investigations detected known 
and novel ACTA1 mutations in all affected individuals, 
including nine heterozygous missense mutations and 

a single heterozygous stop-loss mutation affecting the 
original termination codon and predicted to result in an 
extended protein. Histological and ultrastructural inves-
tigations of the muscle biopsy specimens uncovered 
common ACTA1-related anomalies such as clusters of 
rods, intranuclear rods and cytoplasmic bodies, and we 
detected additional structure abnormalities affecting the 
perinuclear space and the neuromuscular junction.

Patients and methods
Cohort description
We established a cohort of ten patients (cases 1–10) with 
a severe form of early-onset myopathy, and we exam-
ined muscle histology and ultrastructure, and performed 
genetic testing (Table  1). We subsequently included 
three previously reported cases (11–13) with concordant 
molecular diagnosis and similar clinical and histopatho-
logical presentation. The following points were investi-
gated and compared in the eight females and five males: 
birth weight and gestational age, antenatal and neonatal 
signs, respiration, orthopaedic and dysmorphic abnor-
malities, disease course, additional clinical features, and 
muscle morphology. Sample collection was performed 
for diagnostic purposes and with written informed con-
sent from the legal guardians of the patients according to 
the declaration of Helsinki and its later amendments.

Muscle biopsies—histology, ultrastructure, 
immunofluorescence
All 13 patients underwent open muscle biopsy of the 
deltoid or quadriceps muscles. Patients 5, 11, and 13 
underwent multiple biopsies. For morphological analy-
ses, transverse 10 µm snap frozen cryostat sections were 
stained with standardized histological and histoen-
zymological techniques [38] and digital photographs 
were obtained with the AxioCam HRc camera (Zeiss, 
Oberkochen, Germany). Cytoplasmic/sarcoplasmic rods, 
intranuclear rods, and cytoplasmic bodies were assessed 
on Gomori trichrome-stained sections.

Electron microscopy studies were performed on mus-
cle biopsy specimens from all 13 patients by stand-
ardized techniques [19]. The grids were viewed on a 
CM120 (Philips, Amsterdam, The Netherlands) and a 
Met Jeol 1400 Flash electron microscope (Jeol, Tokyo, 
Japan). Immunofluorescence studies were carried out 
on 8  µm muscle sections from the four patients with 

diagnosis, highlights the enlargement of the perinuclear space as an ultrastructural hallmark, and indicates a potential 
genotype/phenotype correlation.

Keywords:  ACTA1, Congenital myopathy, Nemaline rods, Intranuclear rods, Cytoplasmic bodies, Nuclear envelope, 
Neuromuscular junction
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sufficient biological material and two age-matched con-
trols. Images were acquired on a Ti2 microscope (Nikon, 
Tokyo, Japan) driven by Metamorph (Molecular Devices, 
San José, USA), and equipped with a CSU-W1 spin-
ning disk head (Yokogawa, Tokyo, Japan) coupled with a 
Prime 95 sCMOS camera (Photometrics, Tucson, USA) 
and a 100 × oil-immersion objective lens. Super-reso-
lution images were obtained using the LiveSR module 
(Gataca Systems, Massy, France). The following primary 
and secondary antibodies were used:

Primary 
antibodies

Epitope Origin Dilution Manufacturer

MAB 414 
(ab24609)

Nuclear pore 
complex

Monoclonal 
(mouse)

1:100 Abcam

MANEM 5 
(8A1)

Emerin Monoclonal 
(mouse)

1:100 Glenn Morris

MANEM 8 
(7B9)

Emerin Monoclonal 
(mouse)

1:100 Glenn Morris

MANLAC 1 
(4A7)

Lamin A/C Monoclonal 
(mouse)

1:100 Glenn Morris

MANNES 1A 
(7A12)

Nesprin 1 Monoclonal 
(mouse)

1:100 Glenn Morris

MANNES 1E 
(8C3)

Nesprin 1 Monoclonal 
(mouse)

1:100 Glenn Morris

MANNES 2C 
(12A5)

Nesprin 2 Monoclonal 
(mouse)

1:100 Glenn Morris

MANNES 2E 
(18F7)

Nesprin 2 Monoclonal 
(mouse)

1:100 Glenn Morris

MANNES 2F 
(11C5)

Nesprin 2 Monoclonal 
(mouse)

1:100 Glenn Morris

A9357 Cardiac actin Monoclonal 
(mouse)

1:500 Sigma Aldrich

L9393 Laminin Polyclonal 
(rabbit)

1:50 Sigma Aldrich

Secondary 
antibodies

Reference Specificity Manufacturer

ALEXA Fluor 
555

A-21422 Anti-mouse 
(red)

1:300 Life technolo‑
gies

ALEXA Fluor 
488

A-11034 Anti-rabbit 
(green)

1:300 Life technolo‑
gies

DAPI D-1306 Nuclei (blue) 1:1000 Life technolo‑
gies

The A9357 anti-cardiac actin antibody has been used 
according the manufacturer’s recommendations to 
ensure specificity.

Genetics—exome and Sanger sequencing
DNA was extracted from peripheral blood by routine 
methods. Exome sequencing was carried out for fami-
lies 3, 4, 5, and 9, panel sequencing covering 210 neu-
romuscular genes (MYOdiagHTS) for families 1 and 7, 
and direct Sanger sequencing of all coding ACTA1 exons 
and adjacent splice-relevant regions for families 2, 6, 8, 
and 10. For exome sequencing, leukocyte DNA librar-
ies were prepared with the SureSelect Human all Exon 

50 Mb capture library v5 (Agilent, Santa Clara, USA) and 
paired-end sequenced on an Illumina HiSeq2500 (Illu-
mina, San Diego, USA). Sequence data were aligned to 
the GRCh37/hg19 reference genome, and variants were 
filtered and ranked based on their frequency in the inter-
nal and gnomAD databases, their predicted impact and 
segregation, and their expression pattern and known 
implication in human disorders. The presence and segre-
gation of the variants was confirmed by Sanger sequenc-
ing. The ACTA1 mutations were numbered according to 
GenBank NM_001100.4 and NP_001091.1.

Results
Clinical data
The ten novel patients constituting our cohort are spo-
radic cases from unrelated families without ancestral 
history of a neuromuscular disorder. All presented 
with antenatal or neonatal onset of a severe myopathy. 
The clinical, genetic, and histological features are sum-
marized in Table  1, and compared to three previously 
reported patients with analogous phenotype [18, 24, 36].

Antenatal signs including hydramnios and reduced 
foetal movements were noted for patients 5 and 9, and 
patients 2 and 10 were born prematurely with a low birth 
weight. All neonates presented with pronounced hypo-
tonia and hypomobility at birth requiring immediate 
mechanical ventilation followed by tracheostomy. Suck-
ing and swallowing difficulties partially associated with 
hyper-salivation were seen in most infants and neces-
sitated tube feeding and subsequent gastrostomy. Addi-
tional clinical features encompassed arthrogryposis (7× ), 
facial anomalies (3× ), high-arched palate (3× ), and skel-
etal deformities including clubfoot/clubfeet (4× ), pectus 
excavatum (2× ), scoliosis (1× ), and short ribs (1× ). Major 
hip retractions with legs bent over the abdomen at birth 
were observed in patients 8 and 10. None of the patients 
manifested an involvement of extraocular muscles.

The disease course was severe and most often fatal. Five 
neonates deceased during the first weeks of life (patients 
1, 2, 4, 6, and 9), and two infants before the age of three 
years (patients 5, 7) (Table1). The surviving children are 
4 and 13 years of age (patients 3 and 10), use orthopae-
dic corsets, are under permanent respiratory assistance, 
and never acquired walking. The oldest patient can move 
his hands, is able to write, and attends regular school 
courses.

Identification of ACTA1 mutations in all patients
Exome, panel, or Sanger sequencing was carried out for 
the ten patients and the available clinically unaffected par-
ents and uncovered ACTA1 mutations in all families. These 
encompassed heterozygous missense mutations affect-
ing highly conserved amino acids in patient 1 (c.109G > C; 
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p.Val37Leu), patient 2 (c.113G > A; p.Gly38Asp), patient 3 
(c.203C > A; p.Thr68Asn), patient 4 (c.282C > A; p.Asn94Lys), 
patient 5 (c.283G > A; p.Glu95Lys), patient 6 (c.355G > C; 
p.Glu119Gln), patient 7 (c.493G > T; p.Val165Leu), patient 
8 (c.592C > T; p.Arg198Cys), and patient 9 (c.686  T > C; 
p.Met229Thr), as well as a stop-loss mutation predicted to 
generate an elongated protein with 47 supernumerary amino 
acids in patient 10 (c.1132  T > C; p.Ter378GlnextTer47), 
(Table 1 and Fig. 1). The missense mutations were evenly dis-
tributed over exons 2, 3, 4, and 5, and had no predicted impact 
on splicing. None was listed in the gnomAD public human 
variant database (https://​gnomad.​broad​insti​tute.​org/), but 
c.109G > C (p.Val37Leu; initially described as p.Val35Leu) 
[36], c.203C > A (p.Thr68Asn) [17], c.282C > A (p.Asn94Lys) 
[6], c.283G > A (p.Glu95Lys), c.493G > T (p.Val165Leu, ini-
tially described as p.Val163Leu) [14, 25, 36, 40], c.592C > T 
(p.Arg198Cys) [17], c.686 T > C (p.Met229Thr) [17, 36], and 
c.11132  T > C (p.Ter378GlnextTer47) [39] have previously 

been reported in unrelated NM cases. Furthermore, the 
LOVD mutation database lists the c.283G > A (p.Glu95Lys) 
mutation found in patient 5, and also registered different 
mutations affecting residues Val37, Gly38, Thr68, Asn94, 
Val165, Arg198, Met229, or the stop codon (https://​datab​
ases.​lovd.​nl/​shared/​varia​nts/​ACTA1/​unique).

Segregation analyses revealed a de novo occurrence of 
the mutations in families 1, 2, 3, 4, 5, 6, 9, and 10, while 
parental DNA samples were not available for family 8 
(Table  1). The c.493G > T (p.Val165Leu) missense in 
patient 7 was also found in the leucocyte DNA from the 
clinically unaffected mother with a low signal intensity 
on the electropherogram, indicating a mosaic pattern of 
the mutation.

Taken together, all ACTA1 mutations described in the 
present study either arose de novo or were described in 
previously reported nemaline myopathy cases, pointing 
out their causality and pathogenicity.

Fig. 1  Overview of the ACTA1 mutations. A Schematic representation of the seven ACTA1 exons and position of the mutations in the ten novel 
patients (bold) and in the previously reported cases (light). B Resolved 3D protein structure of an αskm-actin monomer with position of the 
missense mutations highlighted in red

https://gnomad.broadinstitute.org/
https://databases.lovd.nl/shared/variants/ACTA1/unique
https://databases.lovd.nl/shared/variants/ACTA1/unique
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Common histopathological and ultrastructural hallmarks
The ten novel patients enrolled in the study underwent 
open muscle biopsies between 2  days and 3  months of 
life, and patient 5 had an additional biopsy at a later stage 
(Table 1). The muscle sections were examined through a 
standard panel of histological and histochemical stains 
and revealed distinct structural anomalies and pathologi-
cal protein accumulations. All muscle biopsy specimens 
displayed prominent fibre size variability (Fig. 2) associ-
ated with type I fibre atrophy, often accompanied by type 
I fibre predominance and occasionally by endomysial 
fibrosis. We also detected numerous fibres containing 
scattered central and clustered subsarcolemmal rods in 
patients 1, 2, 3, 6, 8, and 9, intranuclear rods in patients 6, 
7, 8, and 9, and cytoplasmic bodies in patients 4, 5, 8, and 
9. Signs of necrosis and muscle fibre degeneration were 

not seen. In patients 4, 5, 7, and 10, no cytoplasmic rods 
were detectable by light microscopy.

Ultrastructural analyses of the muscle samples by elec-
tron microscopy confirmed the presence of cytoplasmic 
rods of variable size and shape, sometimes with thin fila-
mentous protrusions as in patients 2, 6, and 7, or ema-
nating from thickened Z-line segments as in patients 1 
and 9 (Fig. 3). We also found mini-rods in patients 1, 4, 
5, 7, and 10, and intranuclear rods in patients 5, 6, 7, 8, 
and 9 (Figs.  3 and 5). Cytoplasmic bodies characterized 
by the typical halo of radiating filamentous material were 
observed in patients 2, 4, 5, 8, and 9 (Fig. 4). Apart from 
these histopathological features classically characterizing 
nemaline myopathy, we also detected structural myofi-
bre anomalies affecting the nuclear envelope, the nuclear 
lamina, and the neuromuscular junction (Figs. 5 and 6). 

Fig. 2  Muscle histology. Gomori trichrome staining on transverse muscle sections evidenced fibre size variability throughout the samples. The 
images also show an increased interstitial connective tissue in patients 4, 5, 7, 10, and 13 (B, C, E, H, I), abundant cytoplasmic rods in patients 2, 6, 
8, 9, and 13 (A, D, F, G, I), cytoplasmic bodies (arrows) in patients 4, 5, 8, and 9 (B, C, F, G), major accumulations of thin filaments in patient 13 (I), as 
well as intranuclear rods in patient 7 (arrow, highlighted in the inset). In patient 10 (H), no rods or cytoplasmic bodies were observed
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Indeed, on muscle sections from patients 1, 4, 5, 6, 7, and 
9, the perinuclear space appeared significantly enlarged 
in 10 – 12% of the fibres. In contrast to the average dis-
tance of 40 nm between the inner and the outer nuclear 
membrane in control myofibres, the width of the perinu-
clear space scaled up to 1200 nm in our patients (Fig. 5). 
Patient 1 additionally displayed increased spots of dense 
heterochromatin. Myofibrillar disorganization was 
prominent throughout the muscle biopsy specimens, and 
many atrophic fibres showed an undulating and partially 
detached basal lamina projecting into the interstitial tis-
sue (Figs. 4 and 6). We also noted that all neuromuscu-
lar junctions were abnormal in patient 5, manifesting 
a reduced number of postsynaptic membrane folds and 
impoverished sub-neural structures (Fig. 6).

Taken together, the patients of our cohort presenting 
with severe ACTA1-related nemaline myopathy mani-
fested major structural anomalies on the muscle biopsy 
specimens including a high frequency of cytoplasmic 

bodies and intranuclear rods, an unusual enlargement of 
the perinuclear space, and—in a single case—an aberrant 
architecture of the neuromuscular junction.

Comparison with other severe ACTA1 patients 
and immunohistopathological analysis of nuclei
Nuclear envelope deformities in combination with rods 
and cytoplasmic bodies constituted the principal anoma-
lies on the muscle biopsy specimens from our patients. 
In order to conclude on the potential relevance of these 
structural aberrations as disease signature of severe 
ACTA1-related nemaline myopathy, we reviewed the 
clinical data from 3 previously reported cases with simi-
lar clinical presentation [18, 24, 36], and performed 
complementary investigations on the muscle biopsy 
specimens. Patient 11 harboured a homozygous non-
sense mutation, and patients 12 and 13 carried heterozy-
gous missense mutations (Fig.  1). Analogous to our ten 
unreported patients described here, the three additional 

Fig. 3  Cytoplasmic and intranuclear rods by electron microscopy. Ultrastructural investigations of the muscle biopsy specimens illustrate 
cytoplasmic rods with the typical lattice structure in patients 4, 6, and 9 (D, E, F), thin filaments emanating from thickened Z-lines in patients 6 and 
9 (arrow) (E, F), numerous intranuclear rods in patients 7 (arrow) and 12 (A, B, C), accumulations of thin filaments in patients 7 (arrow) and 13 (H, I), 
and major myofibre disorganization in patients 4, 7, and 9 (D, G, H). Note the square shape of the intranuclear rods in patient 12 (B, C)
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cases presented with severe neonatal hypotonia and res-
piratory distress, and all deceased in infancy or child-
hood (Table 1). Thorough morphological analyses of the 
muscle sections revealed the same set of principal archi-
tectural aberrations including fibre size variability, atro-
phy associated with endomysial fibrosis, cytoplasmic and 
intranuclear rods, cytoplasmic bodies, and especially the 
enlargement of the perinuclear space (Figs. 3–5). Moreo-
ver, all neuromuscular junctions showed a reduced num-
ber of postsynaptic membrane folds and impoverished 
sub-neural structures in patient 11 (Fig. 6), and patient 12 
displayed a large number of intranuclear-rods with unu-
sual square shape (Fig. 3).

To shed light on the factors contributing to the patho-
logic widening of the perinuclear space in our patients, 
we investigated the localization of inner and outer 
nuclear membrane proteins forming the LINC (linker of 
nucleoskeleton and cytoskeleton) complex and connect-
ing the nuclear lamina with the cytoskeleton. Immuno-
fluorescence on muscle sections from patients 6 and 7 
revealed abnormal lamin A/C, Nesprin-1, and Nesprin 2 
signals compared with the control (Fig. 7 and Additional 

file 1: Fig. S1). Confocal microscopy across the nuclei and 
quantification of the signal intensities through line scans 
confirmed the narrow localization of the three proteins 
at the nuclear envelope in the control muscle samples, 
while the distribution pattern of lamin A/C, Nesprin-1 
and Nesprin 2 was significantly wider in the ACTA1 
patients (Fig.  7 and Additional file  1: Fig. S1). Indeed, 
lamin  A/C signals were detectable within the nuclei, 
and Nesprin-1 and Nesprin-2 signals in the perinuclear 
region in patients 6 and 7, indicating an impairment of 
the NE integrity.

Increased cardiac α‑actin expression in the patients 
with longer lifespan
The cohort described here is composed of patients with 
severe nemaline myopathy. While most deceased within 
the first days or weeks of life, others lived into childhood 
or early adolescence. To investigate the potential molec-
ular causes accounting for the intrafamilial variability, 
we determined the expression level of cardiac α-actin 
by western blot and immunofluorescence on muscle 
samples from our patients and age-matched healthy 

Fig. 4  Cytoplasmic bodies by electron microscopy. Cytoplasmic bodies showing the characteristic halo of radiating filaments as illustrated on 
muscle sections from patients 4, 5, 8, and 9 (arrows, A–D). The patients also displayed fibre size variability, myofibre disorganization and endomysial 
fibrosis. The enlargement of the perinuclear space is indicated in patient 9 (arrow, D)
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controls (Fig. 8). Cardiac α-actin differs from αskm-actin 
in only 4 amino acids, is the predominant α-actin form 
in skeletal muscle during embryonic development, and is 
replaced by αskm-actin around birth [35]. Patients with 

homozygous ACTA1 null mutations and a total absence 
of αskm-actin in skeletal muscle were found to persis-
tently express cardiac α-actin after birth, which may 
have contributed to a less severe disease course in the 

Fig. 5  Ultrastructure of the nuclei. Electron microscopy detected nuclear anomalies in the muscle samples including intranuclear rods in patients 5 
and 7 (B, C), and especially a significant enlargement of the perinuclear space scaling up to 165 nm in patient 5 (B), 195 nm in patient 1 (A), 217 nm 
in patient 4 (E), 230 nm in patient 11 (F), 390 nm in patient 7 (D), and 1230 nm in patient 6 (C) as indicated by the red bars. Patient 1 additionally 
displayed dense heterochromatic areas (A)
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reported cases [24]. In agreement with its physiological 
role in embryonic muscle development, cardiac α-actin 
was detectable on muscle samples from the younger con-
trol of 10 days, and was largely absent in the older con-
trol of 5 years (Fig. 8). Of note, the cardiac α-actin signals 
were significantly enhanced in muscle samples from 
the patients with longer lifespan (patients 7 and 8, lived 
until 2.5 and 5  years, respectively) compared with the 
patients perished in the neonatal period (patients 2 and 
6, deceased at 1 and 3 months, respectively), suggesting 
a compensatory effect of cardiac α-actin in patients with 
ACTA1 missense mutations.

Discussion
Here, we describe ten novel patients with severe nema-
line myopathy associated with dominant ACTA1 muta-
tions. Through in-depth histological, ultrastructural, and 
immunofluorescence investigations of the ten new and 
three published cases, we expand the spectrum of mor-
phological muscle anomalies in severe ACTA1-related 

NM, and we also provide a potential disease signature 
encompassing intranuclear rods, cytoplasmic bodies, 
neuromuscular junction abnormalities, and the enlarge-
ment of the perinuclear space.

The genetics of severe ACTA1‑related NM
To date, more than 200 ACTA1 mutations have been 
described, and they give rise to a spectrum of muscle 
disorders collectively classified as actinopathies and var-
ying in disease severity and the presence of histopatho-
logical hallmarks on muscle biopsy specimens [17, 23] 
(https://​datab​ases.​lovd.​nl/​shared/​genes/​ACTA1). Mis-
sense mutations are most commonly found, but nonsense 
mutations, splice mutations, as well as insertions/dele-
tions have also been described. The mutations are evenly 
distributed over the six coding exons of ACTA1, and the 
absence of an obvious hotspot is supported by the obser-
vation that the number of reported mutations correlates 
with the size of the individual exons [17]. Accordingly, 

Fig. 6  Ultrastructural endplates and membrane anomalies. Electron microscopy uncovered an abnormal organization of the skeletal muscle 
basal membrane in atrophic fibres showing ripples of excessive membrane projecting into the interstitium in patients 8 and 11 (arrows, B, D), and 
depleted postsynaptic membrane fold of the neuromuscular junctions in patients 5 and 11 (A, C, arrows)

https://databases.lovd.nl/shared/genes/ACTA1
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nine of our novel patients carried ACTA1 missense muta-
tions, and they were spread along the exons.

ACTA1 is a highly conserved gene barely tolerat-
ing genetic modifications. Any mutation is likely to 
have major pathogenic effects on αskm-actin func-
tion and muscle contraction, which presumably 
accounts for the elevated number of ACTA1 patients 
with severe clinical presentation. Consistently, all our 
patients manifested marked disease signs in the neo-
natal period with pronounced hypotonia, general mus-
cle weakness, and respiratory distress. In agreement 
with the high degree of premature lethality of affected 
individuals, only ACTA1 mutations associated with a 
milder phenotype have been reported with autosomal 

dominant inheritance, while most arise de novo [17]. 
Indeed, nine of the ten mutations described here were 
undetectable in the parents. For one family, parental 
DNA was not available for segregation studies, but 
the index patient had no ancestral history of a mus-
cle disorder, suggesting that the respective mutation 
occurred de novo. The c.493G > T (p.Val165Leu) mis-
sense mutation in patient 7 constitutes an exception. 
Exome sequencing detected the same nucleotide trans-
version with a low number of reads in the leucocyte 
DNA from the clinically unaffected mother, indicating 
mutation mosaicism. Another ACTA1 mosaic muta-
tion associated with marked left–right asymmetry has 
recently been reported [18]. The c.1132 T > C mutation 

Fig. 7  Immunofluorescence of nuclei. Representative images of muscle samples showing an abnormal nuclear shape in patients 6 and 7 compared 
with the age-matched control as illustrated by the lamin A/C, Nesprin-1, and Nesprin-2 signals. Laminin indicates the basal lamina. The images 
correspond to a single z-plane after super-resolution of confocal acquisition
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found in patient 10 affects the terminal stop codon 
of ACTA1 and is predicted to result in an elongated 
αskm-actin protein. It remains to be determined how 
and to what extent the 47 supernumerary amino acids 
interfere with αskm-actin structure, function, and the 
interaction with other proteins, but the fact that the 
very same mutation has been described in unrelated 
cases with severe disease presentation [39] is in favour 
of a strong pathogenic effect. However, our patient is 
now 13, while the published cases deceased in infancy, 
suggesting that additional genetic and non-genetic fac-
tors modulate disease development and survival.

Intranuclear rods, cytoplasmic bodies, and an enlarged 
perinuclear space as histopathological hallmarks of severe 
NM
The pathognomonic nemaline rods are the most com-
mon histopathological feature in NM patients [23, 30]. 
They are found in the cytoplasm throughout most mus-
cle biopsy specimens from affected individuals, irrespec-
tively of the implicated gene and the causative mutation 
[14]. The rods are essentially composed of thin filaments 
and Z-line material forming the lateral boundaries of the 
contractile units, and contain α-actinin, actin, tropomyo-
sin, myotilin, γ-filamin, cofilin-2, telethonin, and nebulin 

Fig. 8  Cardiac α-actin immunofluorescence. (A) Cardiac α-actin signals (Magenta) on muscle sections from patients and age-matched controls. 
Laminin appears in Cyan. Scale bar:100 µ m (B) Normal distribution of each fibre intensity for cardiac actin demonstrates an increased cardiac α-actin 
level in patients 6 and 7 compared with the other patients and the controls. The number of analysed fibres is indicated for each patient. (C) Western 
blot on muscle extracts shows intense cardiac α-actin bands in patients 7 and 8, and a lower expression in patient 2 and in the controls. Ponceau 
red served as loading control
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[34]. Noteworthy, cytoplasmic rods were invisible by 
histology in five of our patients, and were ultimately 
detected through ultrastructural analyses by electron 
microscopy. This is possibly due to the restricted reso-
lution of light microscopy and the little size of the rods, 
but may also reflect the absence of rods on specific mus-
cle sections or is associated with the age of the patient at 
the time of muscle biopsy. Indeed, myofibres from neo-
nates are often small, and it may be challenging to detect 
histological lesions within hypotrophic fibres. Patient 
13 underwent muscle biopsies at 20 days, 2.5 years, and 
6 years, and we observed a distinct evolution of the his-
topathological features with barely detectable mini-rods 
on the first muscle biopsy specimen, and prominent clus-
ters of rods with aggregation of thin filaments on the last 
muscle biopsy specimen.

In contrast to cytoplasmic rods, intranuclear rods are 
seen less often, and it is currently not fully understood 
why and how the rods form within the myonuclei [5]. 
It is however well known that the intracellular localiza-
tion of α-actin is not restricted to the cytoplasm or to a 
given tissue or organism. Indeed, nuclear α-actin has 
been observed across species and in many different cell 
types, indicating a role in transcriptional regulation [15]. 
It has also been demonstrated that specific chemical sub-
stances and an increased temperature can stimulate the 
formation of intranuclear rods in cultured cells [8, 41], 
suggesting that mechanical or another form of cellular 
stress may trigger the abnormal accumulation of αskm-
actin bundles in ACTA1 patients. Of note, intranuclear 
rods are mainly found in severe ACTA1 cases, and espe-
cially in patients carrying missense mutations affecting 
amino acids 139 to 165, encompassing the hinge domain 
responsible for protein flexibility [17, 21]. In our cohort, 
intranuclear rods were noted in five patients. All carried 
missense mutations encoded by exons 3, 4, and 5, indi-
cating that structural modification of the central part of 
αskm-actin may indeed promote the formation of intra-
nuclear rods. However, mutations between amino acids 
139 and 165 were only found in two patients, suggest-
ing that the sensitive region may be larger than currently 
assumed.

In analogy to nemaline rods, cytoplasmic bodies are 
also believed to derive from Z-line material. Cytoplas-
mic bodies are not pathognomonic for a particular neu-
romuscular disease as they can be found in myofibrillar 
myopathies, reducing body myopathy, myotonic dystro-
phy, or periodic paralysis [6, 33]. They are however rarely 
seen in ACTA1-related NM, and the few described cases 
were invariably severe [6, 11, 16, 37]. Noteworthy, one of 
these patients carried the same c.282C > A (p.Asn94Lys) 
missense mutation as our patient 4, and the c.283G > A 
(p.Glu95Lys) mutation affecting the adjacent amino acid 

was detected in patient 5. Both patients displayed cyto-
plasmic bodies on the muscle biopsy specimens, indicat-
ing a common role of αskm-actin residues 94 and 95 in 
the formation of cytoplasmic bodies.

Another striking histopathological feature in the 
muscle fibres of our patients is the abnormal nuclear 
shape. The nuclear envelope (NE) separates the nucleus 
from the cytoplasm in all eukaryotic cells and is com-
posed of an outer and inner nuclear membrane border-
ing a perinuclear space of 30 to 50 nm [10]. The spatial 
and structural integrity of the nucleus is maintained by 
the LINC complex, which also controls nuclear orienta-
tion, and possibly plays a regulatory role in replication, 
DNA repair, and cell division [3]. The mechanical link 
between the nuclear envelope and the cytoskeleton is 
mediated by F-actin, which is essentially composed of 
cytoskeletal actins encoded by ACTB and ACTG1 [27]. 
In our patients, inner and outer membranes were disas-
sembled with an enlargement of the perinuclear space of 
up to 1200 nm and more, and consistently, we observed 
an abnormal localization of the LINC proteins Nesprin-1 
and Nesprin-2. Together with the concurrent mislocali-
sation of lamin A/C, coating the inner nuclear membrane 
and implicated in transcriptional modulation [4], this 
suggests that the ACTA1 mutations directly or indirectly 
impact on the function of F-actin as a molecular linker, 
and that the aberrant nuclear envelope architecture 
may interfere with gene expression as in nuclear envel-
opathies [2] and contribute to the severe phenotype of 
our patients. Of note, a single study previously reported 
irregularities in nuclear distribution and shape associated 
with chromatin abnormalities in both ACTA1 and NEB 
patients [31], indicating that alterations of the nuclear 
envelope can also be seen in other nemaline myopathy 
forms and potentially involve a common pathomecha-
nism. An enlargement of the perinuclear space has 
furthermore been reported in myogenic-type arthro-
gryposis multiplex congenita-3 (AMC3) patients harbor-
ing SYNE1 mutations [1].

A significant loss of postsynaptic membrane folds 
was seen in one novel (Patient 5) and in one previously 
reported patient (Patient 11). However, biopsies are 
muscle fragments and usually reflect only a narrow tis-
sue section. In most of our patients, the samples did not 
contain areas with neuromuscular junctions, preclud-
ing a general conclusion on the correlation between 
ACTA1 mutations and aberrant NMJ architecture. How-
ever, this is clinically meaningful since motor, respira-
tory and bulbar fatigability is a relevant feature, often 
observed in nemaline myopathy. It is worth mentioning 
that NMJ anomalies are commonly seen in acquired and 
genetic myasthenic diseases (myasthenia gravis, congeni-
tal myasthenic syndromes (CMS)) and can also occur in 
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congenital myopathies [28]. Treatment with salbutamol 
or with the cholinesterase inhibitor pyridostigmine is 
efficient in myasthenia gravis and in different CMS, and 
has been shown to improve muscle function in patients 
with TPM3-related congenital fibre type disproportion 
(CFTD) [22] and in patients with centronuclear myo-
pathy (CNM) caused by DNM2, MTM1, or RYR1 muta-
tions [9, 12, 29], and may therefore suggest a therapeutic 
option for severe ACTA1-related NM.

Potential genotype/phenotype correlation
The interfamilial disparity of disease course, severity, and 
lifespan in our patients probably reflects a combination of 
numerous individual parameters including the position 
of the mutation and pathogenic impact, ethnic origin, the 
diverging activity of modifier genes, and the intensity of 
clinical care. A genotype/phenotype correlation may nev-
ertheless be drawn from the histological and ultrastruc-
tural anomalies on the muscle biopsy specimens. Indeed, 
none of the patients featuring at the same time intranu-
clear rods, cytoplasmic bodies, and perinuclear space 
enlargement survived beyond the age of 18 months, and 
from the patients living more than 3 years, all except one 
manifested none or only one of these hallmarks. This 
indicates that distinct missense mutations affecting spe-
cific amino acids or protein domains have a more del-
eterious effect on skeletal muscle integrity, and directly 
correlate with disease severity. However, it remains to be 
determined why and how other ACTA1 missense muta-
tions in the same region lead to a comparably milder 
phenotype. The relative expression of cardiac α-actin—
although only assessed in four patients with sufficient 
biological material—appears to be another contributing 
factor. Indeed, patients 7 and 8 showed increased levels 
of cardiac α-actin in skeletal muscle, and both survived 
beyond the age of 2 years, while patient 2 and 6 expressed 
significantly less cardiac α-actin and lived for a few weeks 
only. In accordance, the overexpression of cardiac α-actin 
in Acta1 KO mice was shown to preserve muscle func-
tion [26]. Overall, the findings in humans and mice sug-
gest that cardiac α-actin is able to partially attenuate 
disease progression and to increase lifespan in ACTA1-
related NM, and highlight the therapeutic potential of the 
cardiac actin paralogue.

Concluding remarks
ACTA1 is a major NM gene, and pathogenic mutations 
are most often associated with a severe clinical presen-
tation and poor prognosis. Histological investigations of 
muscle biopsy specimens from affected neonates can be 
inconclusive in the absence of classical nemaline rods 
and may systematically require complementary ultra-
structural analyses. ACTA1 should be considered in 

patients with pronounced antenatal or neonatal muscle 
weakness, especially if electron microscopy on muscle 
sections detects intranuclear rods, cytoplasmic bodies, 
and an enlargement of the perinuclear space.
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