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Abstract

Filamin C (encoded by the FLNC gene) is a large actin‐cross‐linking protein involved

in shaping the actin cytoskeleton in response to signaling events both at the sar-

colemma and at myofibrillar Z‐discs of cross‐striated muscle cells. Multiple muta-

tions in FLNC are associated with myofibrillar myopathies of autosomal‐dominant

inheritance. Here, we describe for the first time a boy with congenital onset of

generalized muscular hypotonia and muscular weakness, delayed motor develop-

ment but no cardiac involvement associated with a homozygous FLNC mutation

c.1325C>G (p.Pro442Arg). We performed ultramorphological, proteomic, and

functional investigations as well as immunological studies of known marker proteins

for dominant filaminopathies. We show that the mutant protein is expressed in

similar quantities as the wild‐type variant in control skeletal muscle fibers. The

proteomic signature of quadriceps muscle is altered and ultrastructural perturba-

tions are evident. Moreover, filaminopathy marker proteins are comparable both in

our homozygous and a dominant control case (c.5161delG). Biochemical

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Human Mutation published by Wiley Periodicals LLC

http://orcid.org/0000-0001-9629-7053
http://orcid.org/0000-0002-9750-8913
mailto:heike.koelbel@uk-essen.de


investigations demonstrate that the recombinant mutant protein is less stable and

more prone to degradation by proteolytic enzymes than the wild‐type variant. The

unusual congenital presentation of the disease clearly demonstrates that homo-

zygosity for mutations in FLNC severely aggravates the phenotype.

K E YWORD S

congenital myopathy, filamin C, FLNC, myofibrillar myopathy, proteomic signature, recessive

inheritance

1 | INTRODUCTION

Myofibrillar myopathies (MFMs) are a group of genetic muscle dis-

orders characterized by histological abnormalities originating in the

Z‐disc, causing progressive disorganization of the intermyofibrillar

network, build‐up of abnormal protein inclusions, and vacuole forma-

tion within the sarcoplasm. MFM‐causing genes encode a range of

proteins related to the Z‐disc, including DES (desmin), CRYAB

(αB‐crystallin), MYOT (myotilin), FLNC (filamin C), ZASP (LIM domain‐
binding protein 3), and BAG3 (BAG family molecular chaperone reg-

ulator 3; Selcen, 2011). MFMs typically manifest in the third or fourth

decade of life or later, although rare cases of adolescent onset have

also been reported and show an autosomal‐dominant inheritance

pattern. Filamin C‐related myopathies show three typical manifesta-

tions: (a) protein aggregation myopathy affecting skeletal and some-

times also cardiac muscles with initial proximal weakness caused by

filamin C rod and dimerization domain mutations (Shatunov

et al., 2009; Vorgerd et al., 2005), (b) distal myopathies due to

haploinsufficiency or altered actin‐binding capacity without protein

aggregation pathology (Duff et al., 2011; Guergueltcheva et al., 2011),

and (c) isolated cardiac phenotypes without symptoms of skeletal

myopathy often caused by a premature stop codon in FLNC (Ader

et al., 2019; Valdes‐Mas et al., 2014). Patients with protein aggregation

myopathy initially present with proximal muscle weakness, while distal

and respiratory muscles become affected with disease progression

(Furst et al., 2013).

Filamin C (FLNC) contains an N‐terminal actin‐binding domain (ABD)

followed by a semiflexible rod domain comprising 24 immunoglobulin (Ig)‐
like folds that serve as an interface for interactions with numerous

proteins (Furst et al., 2013; van der Flier & Sonnenberg, 2001). Notably,

proteomic analysis of laser‐microdissected protein aggregates from

skeletal muscle fibers of MFM‐filaminopathy patients allowed the iden-

tification of aggregate marker proteins including FLNC itself and many of

its binding partners (Kley, Maerkens, et al., 2013). MFM‐filaminopathy is

associated with the expression of a toxic protein and not with reduced

expression of FLNC. Here, for the first time, we describe a homozygous

FLNC mutation leading to the manifestation of a severe myopathic

phenotype. A combination of morphological, functional, and biochemical

studies was performed to demonstrate pathogenicity. As the parents are

asymptomatic and there is no family history of muscle disease, our data

suggest that this novel c.1325C>G (p.Pro442Arg) mutation is the first

recessive mutation to be described for FLNC.

2 | PATIENTS, MATERIALS, AND METHODS

2.1 | Patients

Muscle biopsies were obtained from the pediatric patient with the

homozygous FLNC variant at the Department of Pediatric Neurology of

Duisburg‐Essen University as well as from one adult patient with a

dominant mutation (c.5161delG) from the Institute of Myology in Paris.

Both biopsies were collected for diagnostic purposes, respectively.

The biopsy derived from the adult case was used as a dominant disease

control in our study. This adult patient (a 64‐year‐old male at the time of

muscle biopsy, which has been performed in 2008) showed first symp-

toms around the age of 40 years with predominantly axial (unable to lift

the head in supine position and to get out the bed without assistance)

and proximal weakness more severe at the level of the lower limbs.

Facial weakness was not noticed. Whereas distal upper limb muscles

strength was normal, distal lower limb muscles showed weakness.

2.2 | Editorial policies and ethical considerations

Ethical approval was granted by the relevant local ethical committee

of the participating centers of the MYO‐SEQ project (14‐6013‐BO).

Written informed consent was obtained from the legal guardians for

the participation into the subsequent research and for publication of

the findings.

2.3 | Genetic analysis

Exome sequencing and data analysis was performed as part of the

MYO‐SEQ project (Töpf et al., 2020). Sanger sequencing was per-

formed in DNA to confirm the detected variants. Annotation of the

FLNC gene is according to GenBank NC_000007.14 and transcript

ENST00000325888. The c.1325C>G; p.Pro442Arg variant in FLNC,

which we detected in our patient, is not observed in any current

database of human genetic variations including the ExAC (http://exac.

broadinstitute.org) and gnomAD (https://gnomad.broadinstitute.org)

databases. In silico prediction modeling using different prediction tools

lead to consistent variant classification of damaging (SIFT; https://sift.

bii.a-star.edu.sg), possibly damaging (PolyPhen‐2; http://genetics.bwh.
harvard.edu/pph2) and disease‐causing (MutationTaster; http://www.
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mutationtaster.org), with a CADD score of 25, indicating that this

change is among the top 0.3% most deleterious variants (https://cadd.

gs.washington.edu).

2.4 | Histology and electron microscopy

Serial cryosections (10 μm) of transversely oriented muscle blocks were

stained according to standard procedures with hematoxylin and eosin

(H&E), Gömöri trichrome (GT), oil red O, adenosine triphosphatase

(preincubation at pH 4.3 and 9.4), and nicotinamide adenine dinucleo-

tide tetrazolium reductase (NADH‐TR). Light microscopic investigations

were performed using a Zeiss Axioplan epifluorescence microscope

equipped with a Zeiss Axio Cam ICc 1. Glutaraldehyde‐fixed muscle

biopsy specimens from our patient were processed for ultrastructural

examination by standard procedures. The tissue was postfixed in 1%

osmium tetroxide and embedded in Epon 812. Semithin sections for

light microscopy were stained with toluidine blue. Ultrathin sections

were contrasted with uranyl acetate and lead citrate and examined

using a Philips CM10 transmission electron microscope as described

previously (Katona, Weis, & Hanisch, 2014).

2.5 | Proteomic profiling in human skeletal muscle

Analysis of the proteomic signature of the quadriceps muscle derived

from the patient with the homozygous FLNCmutation was performed

as described in Supporting Information Document S1.

2.6 | Immunological studies

Immunofluorescence studies were carried out on cryosections of our

patient with the homozygous FLNC variant to study the distribution

of FLNC and paradigmatic marker proteins of protein aggregates in

filaminopathies (Kley, Maerkens, et al., 2013), to verify the proteomic

findings and to compare them with those from a patient with a

heterozygous dominant FLNC mutation (Rossi et al., 2017). Applied

techniques were described previously (Kley, van der Ven, et al., 2013;

Kolbel et al., 2019; Roos et al., 2014). Antibodies used for this pur-

pose are listed in Supporting Information Document S1. Light mi-

croscopic investigations were performed using a Zeiss Axioplan

epifluorescence microscope equipped with a Zeiss Axio Cam ICc 1.

Immunoblot analyses were carried out as described previously

(Roos et al., 2014) utilizing the same FLNC antibody (1:500) as for

the immunofluorescence studies (see above).

2.7 | In vitro analysis of stability of mutant versus
wild‐type FLNC

To investigate the susceptibility of mutant and wild‐type FLNC to

proteolytic digestion, recombinantly expressed wild‐type and mutant

FLNC fragments encompassing Ig domains one to three (d1–3) were

incubated with the endopeptidase thermolysin under native conditions.

Hence, 3 μl of 100 μg/ml thermolysin solution (Sigma‐Aldrich) was

added to 20 μg purified protein solubilized in 140 μl 50mM NaH2PO4,

300mM NaCl, 250mM imidazole, pH 8.0, and the mixture was in-

cubated at 37°C. After different incubation times, the reaction was

stopped by addition of 0.2 volumes of 5× SDS (sodium dodecyl sulfate)

sample buffer. Samples were heated for 5min at 95°C and analyzed by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS‐PAGE).

3 | RESULTS

3.1 | Clinical presentation

The patient is the first child of non‐consanguineous parents. After an

uneventful pregnancy and normal birth, the mother recognized weak

sucking in the first month of life. An inguinal hernia operation was

performed at the age of 3months. Due to motor development delay, the

patient was unable to pivot. Moreover, generalized muscular hypotonia

with frog‐leg posture and contractures in both knees were noticed.

Physiotherapy was started and at 10months of age the boy achieved

free sitting after being placed. At the age of 14months he began to

crawl. At the same age, neuropediatric consultation revealed general

muscular hypotonia and weakness, a pectus carinatum, a gothic palate,

chewing difficulties, and no reflexes. Motor neurography showed normal

amplitudes of the muscle action potential and normal conduction velo-

cities. All sensory and F‐wave conduction velocities were normal,

thereby excluding a general neuropathy or significant α‐motoneuron

decay. The serum creatine kinase level was not elevated and examina-

tion of SMN1 gene revealed no mutations. Based on the proximal

weakness the child achieved the ability of free walking at the age of

28months. After febrile infections a worsening of the symptoms were

notable. Up to now, several examinations excluded cardiac involvement.

However, the boy was examined twice a year with pulmonary function

test and developed a restrictive ventilatory problem (FVC 61%) and a

reduced peak cough flow (140 L/min) with no acute need for noninvasive

or invasive ventilation. At the age of 10 years, he could independently

walk 200m, but needed assistance when climbing stairs. He showed

normal speech and cognitive development. At his last visit at the age of

13 years, he had lost ambulation. Progressive loss of proximal and (later)

distal muscle mass is illustrated in Figure 1a. A myopathic face or weak

neck flexors were not noticed in the progression of the disease.

The parents (aged 42 and 49 years, respectively) are clinically ex-

amined and unaffected, so far. Furthermore, three subsequent genera-

tions of the family revealed no prevalence of a neuromuscular or cardiac

disease.

3.2 | Molecular genetic findings

Exome sequencing was carried out on DNA extracted from blood in

the framework of the MYO‐SEQ project (Töpf et al., 2020) by
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focusing on potential mutations in a list of selected 169 genes that

are known to be associated with manifestation of neuromuscular

disorders (list is available on request). This analysis revealed a

homozygous mutation in exon 8 of the FLNC gene (hg19:

chr7:128478771C>G; c.1325C>G; p.Pro442Arg) that would lead to

exclusive expression of FLNC with a p.Pro442Arg substitution in Ig‐

like domain 2 of the FLNC rod domain. This variant is absent in Exac,

gnomAD, and 1,000 genomes. Homozygosity of the mutation was

confirmed by Sanger sequencing. The mutation was found in a het-

erozygous status in the thus far clinically unaffected parents

(Figure 1b). No other homozygous variants with Variant Effect Pre-

dictor (VEP) mod to high and minor allele frequency (MAF) < 0.01

F IGURE 1 Clinical and molecular genetic findings. (a) Progressive muscle wasting: left—knee contractures and muscular hypotonia at the

age of 2 years; middle—mild proximal involvement at the age of 5 years; right—distal myopathy combined with proximal involvement at the age
of 10 years. (b) Sanger sequencing electropherograms showing a homozygous c.1325C>G nucleotide substitution in the index patient while both
parents are heterozygous for the mutation. (c) The figure displays computed method‐of‐moments F coefficient estimates for all samples in a

callset. The coefficients were generated using PLINK's‐het method over 88,393 SNPs for each sample to calculate (observed autosomal
homozygous genotype count − expected count)/(total observations − expected count) where the expected counts are based on imputed MAFs.
MAFs, minor allele frequencies; SNPs, single‐nucleotide polymorphisms
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were found in any of the analyzed genes. Computed method‐of‐
moments F coefficient estimates for all samples in a callset estimated

a value for this family of 0.089. Given that this value is higher than it

would be expected (>0.05) one might conclude that even if the

parents are not knowingly consanguineous it would appear that they

are related (Figure 1c).

3.3 | Histological findings

Quadriceps muscle biopsy taken at the age of 30months, showed mild

variation in fiber size, atrophied fibers, and amorphous eosinophilic

deposits on H&E stain (Figure 2a, a1, a2). ATPase treatment (pH 9.4)

demonstrated fiber‐type I predominance (Figure 2a, a3). Moreover,

modified GT staining revealed subsarcolemmal enrichment of amor-

phous material and sharply circumscribed areas with decreased

enzyme activity in many abnormal fiber regions (Figure 2a, a4).

Nicotinamide adenine dinucleotide (NADH) muscle histology revealed

increased enzyme activity in subsarcolemmal areas (black arrows in

Figure 2a, a5–a7), weak myofibrillar NADH‐TR activity, and core‐like
fibers with unstained central areas (white arrows in Figure 2a, a5, a6)

as well as whorls (Figure 2a, a7). Increased enzyme activity in sub-

sarcolemmal areas (black arrows in Figure 2a, a8) and weak myofi-

brillar enzyme activity with central unstained areas was observed in

COX (cytochrome c oxidase)‐/SDH (succinate dehydrogenase)‐stained
muscle sections (see white arrows in Figure 2a, a8). Periodic

acid–Schiff (PAS) staining also revealed sarcoplasmic areas with re-

duced labeling (white arrows in Figure 2a, a9) as well as increased

labeling of vacuoles (black arrows in Figure 2a, a9).

3.4 | Electron microscopic findings

Ultrastructural findings comprised ring fibers and subsarcolemmal

depositions including elements of degenerated myofibrils and

other sarcoplasmic components. In addition, muscle fibers with

grouped electron‐dense inclusions reminiscent of myofibrillar

rods, probably representing advanced sarcomeric lesions, were

observed (Figure 2b).

3.5 | Proteomic findings

Proteomics is a powerful tool for the unbiased investigation of

pathophysiological processes in rare disorders such as neurode-

generative and neuromuscular diseases (Roos, Thompson,

Horvath, Lochmuller, & Sickmann, 2018). Here, we studied the

proteomic signature of the patient‐derived quadriceps using

quantitative mass spectrometry. We identified 33 differentially

abundant proteins associated with the expression of c.1325C>G/

p.Pro442Arg mutant FLNC/FLNC; of these 29 were upregulated

and 4 downregulated (Figure 3a). A proteomaps‐based pathway

analysis (www.proteomaps.net) revealed that altered protein

abundances, apart from cytoskeleton, also impinge on alterations

in cellular mechanisms such as signaling pathways and comple-

ment activation (Figure 3b). Moreover, functional information of

the affected proteins from uniprot (www.uniprot.org) showed that

proteins involved in muscle regeneration are increased along with

alpha‐1‐antichymotrypsin, which is a biomarker of muscle atrophy

(Table 1). An analysis of functional protein association networks

via STRING (www.string-db.org) revealed a functional interplay of

a proportion of proteins affected by the homozygous expression

of mutant FLNC in the muscle fibers of our patient carrying the

homozygous variant (Figure 3c). Notably, altered abundances of

some of these proteins can be linked to known FLNC functions

and might suggest activation of compensatory mechanisms:

galectin‐3, increased in patient‐derived quadriceps muscle, is

known to promote myogenesis and increase transketolase as a

modulator of sugar metabolism might counteract loss of FLNC

function in metabolic processes (see below).

3.6 | Immunological findings

Immunofluorescence examinations performed in the context of a

routine diagnostic work‐up showed reduced expression of dystrophin

2, dystrophin 3, and alpha‐dystroglycan (data not shown), while

muscle fibers showed focally increased abundance of desmin, alpha‐
actinin, myotilin, and FLNC (Figure 4a, a1–a4) in the sarcoplasmic and

subsarcolemmal mass. The immunoblot analysis showed no reduction

of the FLNC amount (Figure 5b). Laser‐capture microdissection and

subsequent mass spectrometric analysis of protein aggregates de-

rived from skeletal muscle fibers of MFM‐filaminopathy patients al-

lowed the definition of a set of marker proteins for protein aggregate

formation in this subtype of structural myopathies (Kley, Maerkens,

et al., 2013). To investigate pathogenicity of the c.1325C>G

(p.Pro442Arg) variant, a total of eight marker proteins were ana-

lyzed. Four of these markers (myomesin, myopodin, Xin, and XIRP2)

are defined markers for MFMs including filaminopathies (Claeys

et al., 2009). The other four (vimentin, lamin A/C, Rab35, and dys-

ferlin) were identified by proteomic investigation of protein ag-

gregates of filaminopathy patients (Kley, Maerkens, et al., 2013).

Examinations of protein distribution were based on immuno-

fluorescence and/or immunohistochemistry studies utilizing muscle

biopsy sections derived from our patient and a case with a described

dominant form of filaminopathy (as disease control; see above) as

well as two age‐matched control muscles. Co‐immunofluorescence‐
based studies of the distribution of myomesin, myopodin, Xin, and

XIRP2 revealed FLNC aggregates, which also presented im-

munoreactivity Xin and XIRP2, and to a weaker degree with myo-

podin and myomesin (Figure 4). Moreover, our studies revealed

occasionally small Rab35‐immunoreactive deposits, which are more

frequent in the quadriceps muscle of the c.1325C>G (p.Pro442Arg)

patient (white arrows in Figure 4c). Immunolocalization of dysferlin

revealed a conspicuous accumulation of the protein in sub-

sarcolemmal regions (white arrows in Figure 4c) in our patient that

1604 | KÖLBEL ET AL.

http://www.proteomaps.net
http://www.uniprot.org
http://www.string%2010db.org


was accompanied by a reduced staining of the sarcolemmal region in

other areas. In the muscle fibers of the heterozygous patient, only

few dysferlin‐immunoreactive irregular sarcoplasmic dots were ob-

served (white arrows in Figure 4c).

Moreover, we observed subsarcolemmal deposits immunoreactive

for vimentin in both patients, which were more frequently present

in the sarcoplasm in the muscle biopsy of the dominant case (white

arrows in Figure 4c).

Immunohistochemistry studies of lamin A/C revealed in both

cases sarcoplasmic deposits immunoreactive for lamin A/C (white

arrows in Figure 4c), which might result from nucleophagy of cen-

tralized myonuclei. These deposits were more pronounced in the

case carrying the dominant FLNC mutation.

Given that our proteomic profiling approach focused on

potential changes of protein signature in the entire muscle upon

expression of mutant FLNC, we next confirmed the altered

F IGURE 2 (a) Muscle histology and enzyme histochemistry in c.1325C>G/p.Pro442Arg FLNC/FLNC mutant quadriceps muscle. (a1 and a2)
H&E staining revealed mild variation in fiber size, atrophied fibers, and subsarcolemmal amorphous eosinophilic deposits (black arrows). (a3)
ATPase treatment (pH 9.4) revealed fiber‐type I predominance. (a4) Modified Gömöri trichrome‐stained muscle fibers show subsarcolemmal

enrichment of amorphous material (black arrows), sharply circumscribed decrease of enzyme activity and sarcoplasmic enrichment of
amorphous material (white arrow). (a5–a7) NADH muscle histology revealed subsarcolemmal increased enzyme activity (black arrows), weak
myofibrillar NADH‐TR activity, core‐like fibers with central unstained areas, and whorls (white arrows). (a8) COX/SDH‐stained muscle fibers

show increased enzyme activity in subsarcolemmal areas (black arrows) and weak myofibrillar enzyme activity with central unstained areas
(white arrows). (a9) PAS staining revealed sarcoplasmic areas of reduced labeling (white arrows) as well as increased labeling in vacuoles (black
arrows). (b) Occasionally ring fibers are seen (asterisks: misoriented myofibrills) displaying subsarcolemmal areas of advanced myofibrillar
dissolution. Here, clumped filaments resembling Z‐disc material (arrows) are a frequent finding (b1, bar = 1 µm). Ring fiber with disorientated

myofibrils (asterisks) ending up in subsarcolemmal deposits including glycogen, elements of degenerated myofibrils (Z‐disc remnants, arrows),
and other sarcoplasmic components (b2, bar = 1 µm). Subsarcolemmal accumulation of myofibrillar debris including filamentous material
(asterisks) (b3, bar = 2 µm). Cytoplasmic zone of myofibrillolysis and abnormal deposition of glycogen and Z‐disc‐associated proteins (arrows) as

well as granulofilamentous material (asterisk) (b4, bar = 500 nm). Muscle fiber with grouped electron‐dense (lipo‐)protein aggregates (asterisks)
(b5, bar = 500 nm). Large subsarcolemmal deposits also occur without adjacent misorientated myofibrils. Note hyperlobulated myonuclei (N) (b6,
bar = 2 µm). COX/SDH, cytochrome c oxidase/succinate dehydrogenase; H&E, hematoxylin and eosin; NADH, nicotinamide adenine

dinucleotide; NADH‐TR, nicotinamide adenine dinucleotide tetrazolium reductase; PAS, periodic acid–Schiff
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abundances of galectin‐3 and transketolase. Hereby, galectin‐3
was selected as it is known to promote myogenesis (Rancourt

et al., 2018) and transketolase (involved in sugar metabolism)

based on the fact that FLNC is known to be involved in regulation

of metabolic processes (Furst et al., 2013; Leber et al., 2016; Molt

et al., 2014). These studies revealed a (sub)sarcolemmal increase

of galectin‐3 in both, the recessive and the dominant case (white

arrows in Figure 4c). Moreover, in both cases, sarcoplasmic de-

posits immunoreactive for galectin‐3 were identified (white ar-

rows in Figure 4c). For transketolase, a cellular increase could be

observed in both, the recessive and the dominant case whereby

the elevation seemed to be more pronounced in the dominant

case (white arrows in Figure 4c).

3.7 | In vitro versus ex vivo analysis of stability of
mutant versus wild‐type FLNC

Improperly folded and unstable proteins are often more prone to

degradation by proteolytic enzymes. The fact that it was more dif-

ficult to obtain sufficient amounts of purified mutant protein may

already be taken as an indication for reduced stability. To prove this

F IGURE 3 Proteomic profiling and subsequent data analysis. (a) Volcano‐plot (Nolte, MacVicar, Tellkamp, & Krüger, 2018) of proteomic
findings showing reduced abundance of 4 (blue dots) and increased abundance of 29 proteins (green dots) indicating pathogenicity of

c.1325C>G/p.Pro442Arg mutant FLNC/FLNC. (b) Proteomaps‐based pathway analysis revealed that altered protein abundances affect
cytoskeleton and further cellular mechanisms including signaling pathways and complement activation. (c) STRING‐protein network analysis
(highest confidence 0.9 interaction evidence setting) revealed a functional interplay of a proportion of proteins affected by the homozygous

expression of mutant FLNC in the muscle
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assumption, corresponding wild‐type and mutant protein fragments

comprising domains 1–3 were treated with the protease thermolysin,

an enzyme that preferentially cleaves proteins before leucine and

phenylalanine residues. In this assay, natively folded proteins are a

lot more stable than proteins, which have problems acquiring or

stabilizing their tertiary structure. Gel‐electrophoretic analysis of the
resulting digests revealed that, in contrast to the wild‐type variant,

the mutant protein was already partially digested after 5 min of in-

cubation, with the largest part digested after an incubation time of

40min, while the wild‐type protein was essentially not digested

(Figure 5a). This indicates that the c.1325C>G (p.Pro442Arg) muta-

tion causes misfolding of FLNC resulting in increased susceptibility to

proteolysis in solution. Proteomic profiling revealed no significant

differences in the expression level of FLNC between control muscles

and the patient‐derived muscle sample as exemplified by the 3D‐
montages for the peptide APLQVAVLGPTGVAEPVEVR (Figure 5c).

Ratios for further peptides unique for FLNC confirmed highly similar

protein levels (Figure 5d). This indicates that high levels of misfolded

FLNC protein are expressed in the muscle fibers of our homozygous

c.1325C>G (p.Pro442Arg) patient.

To summarize our combined proteomic and immunological

findings, unbiased analyses of the protein signature of homozygous

c.1325C>G/p.Pro442Arg FLNC/FLNC mutant quadriceps muscle al-

lowed the identification of novel marker proteins (of pathophysio-

logical relevance), which could be confirmed in an additional biopsy

derived from patient suffering from a dominant FLNC mutation.

Moreover, known marker proteins for dominant filaminopathies

could be confirmed in our case. These combined findings support the

F IGURE 4 Immunological studies of filaminopathy marker proteins. (a) Immunofluorescence‐based investigation of structural proteins
including desmin, alpha‐actinin, myotilin, and FLNC revealed irregular localizations along with increased immunoreactivity.

(b) Co‐immunofluorescence‐based studies of FLNC, myopodin, myomesin, XIRP2, and Xin revealed the presence of FLNC aggregates also
immunoreactive for myopodin and Xin (b1–b3) as well as also for XIRP and occasionally myomesin (b4–b6). (c) Analysis of expression and
distribution of filaminopathy protein aggregate markers Rab35, dysferlin, vimentin, and lamin A/C showed focal sarcoplasmic and sarcolemmal
increase (white arrows) compared with investigated controls (one representative control is shown/left column). The pathological protein

distributions were usually more pronounced in the quadriceps muscle biopsy derived from the patient carrying the dominant FLNC mutation.
Antibody‐based immunofluorescence labeling of galectin‐3 and transketolase also revealed focal sarcoplasmic and sarcolemmal increase of the
proteins in the muscle biopsies derived from the filaminopathy patients with a more pronounced effect in the dominant case (white arrows)

compared to the investigated controls (one representative control is shown)
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concept of the homozygous c.1325C>G/p.Pro442Arg FLNC/FLNC

mutation being causative for the manifestation of a filaminopathy

characterized by the expression of a mutant protein with presumably

altered stability.

4 | DISCUSSION

We have for the first time identified a homozygous missense muta-

tion in the FLNC gene in our pediatric patient that results in an amino

acid exchange of proline to arginine. This mutation was not found in

several genetic databases and control populations (dbSNP, ESP,

ExAC, and gnomAD) or as a causal mutation in the literature.

Algorithms to predict the deleteriousness of this amino acid ex-

change classify this variant as probably pathogenic, and within the

0.3% most damaging variants of the genome. Mechanical instability

of mutant FLNC and associated reduced strain resistance of myofi-

brillar Z‐discs are well‐known major pathophysiological cascades in

MFM‐filaminopathy, first identified in the most prevalent human

FLNC mutation p.2710X and the corresponding heterozygous mouse

knock‐in model (Chevessier et al., 2015). The impaired protein sta-

bility is the basis of the formation of micro‐ and macro‐lesions, which

were suggested to be preclinical disease stages preceding the de-

velopment of the characteristic protein aggregates (Chevessier

et al., 2015). Our proteomic findings and Western blot analysis ex-

periments revealed no changes in the expression level of FLNC

F IGURE 5 Analysis of FLNC stability. (a) Investigation via thermolysin digestion: wild‐type (wt) and c.1325C>G/p.Pro442Arg mutant (mut)
FLNC/FLNC d1–3 fragments were treated with the protease thermolysin for 1–40min, as indicated above each lane. Samples were analyzed by
polyacrylamide gel electrophoresis. Note that the mutant protein was already partly digested after an incubation time of 5min, and almost

completely digested after 40min, while the wild‐type variant was still completely intact after 40min of incubation, indicating less stable folding
of the mutant protein. Black arrowhead: intact FLNc d1–3. Stars: proteolyzed protein fragments. (b) Western blot analysis of FLNC abundance:
Investigation of FLNC and actin revealed no reduction in the level of these two structural proteins compared to the level detected in whole

muscle protein extract derived from a control individual. Ponceau red staining of the PVDF membrane was used to visualize concentration of
whole protein loading. (c) 3D‐montage (Progenesis) of the unique tryptic FLNC peptide APLQVAVLGPTGVAEPVEVR showing similar
abundances in whole quadriceps muscle protein extracts of a control and the patient carrying the c.1325C>G (p.Pro442Arg) mutation. (d) Listing
of ratios of abundances of unique tryptic peptides for FLNC in whole protein extracts of control and patient‐derived muscle revealing no

significant changes based on the presence of the c.1325C>G (p.Pro442Arg) mutation. PVDF, polyvinylidene difluoride
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between the pediatric patient and respective control muscle protein

extract, indicating that the observed phenotype is not a consequence

of reduced amounts of FLNC. Instead, our in vitro protein stability

studies revealed that the c.1325C>G/p.Pro442Arg mutant FLNC/

FLNC revealed that the mutant protein is clearly more susceptible to

proteolysis by the protease thermolysin, probably due to misfolding

of Ig‐like domain 2. Within FLNC the proline residue at amino acid

position 422 is conserved across all species, including mammals,

birds, reptiles, and fish. Moreover, the mutated proline at this posi-

tion is highly conserved in the large majority of the Ig‐like domains of

not only human filamins A, B, and C, but even in filamins from Dro-

sophila melanogaster and Dictyostelium discoideum. As the level of

FLNC is not reduced in patient muscle, the expression from both

mutant alleles is apparently not impaired; however, the mutant

protein is less stable. Our combined biochemical findings suggest that

the reduced stability of the mutant protein might be compensated by

forced expression or translation of the respective transcripts. The

concept of misfolded FLNC impinging on disintegration of sarcomeric

structures and concomitant aggregate formation is supported by our

immunofluorescence finding showing sarcoplasmic protein ag-

gregates immunoreactive for FLNC and known marker proteins in-

cluding Xin and XIRP2, as well as our electron microscopic findings

revealing electron‐dense inclusions reminiscent of myofibrillar rods

and probably represent advanced sarcomeric lesions along with de-

generated myofibrils and other sarcoplasmic components. It was

postulated that the lesion pathology and not the formation of protein

aggregates may be the major contributing factor to muscle weakness

in patients (Chevessier et al., 2015). However, one might assume that

both, the presence of lesions and the concomitant occurrence of

protein aggregates impinge on general proteostasis of the muscle

cells and thus lead to further pathological cascades significantly

contributing to muscle cell vulnerability. Given that in our case the

biopsy was taken at 30months of age, well after the occurrence of

the first symptoms at birth, the biopsy represents a stage of pro-

gressed disease rather than an early stage. This is confirmed by the

results of our histological and enzyme histochemistry studies.

Moreover, the results of our proteomic profiling revealed affection of

proteins involved in a diversity of cellular processes, such as sugar

metabolism and signaling cascades, thus supporting the concept that

lesions and aggregate‐build‐up secondarily affect processes beyond

cytoskeleton and protein clearance. This is in accordance with the

notion that FLNC is a highly dynamic protein involved in signaling

pathway control and metabolic regulation (Furst et al., 2013; Leber

et al., 2016; Molt et al., 2014). Verification of our proteomic findings

revealing increased abundance of transketolase in muscle fibers of

our patient further accords with this assumption. Given that a variety

of myosin‐ or myosin‐modulating proteins are known to be

predominantly expressed in certain fiber types, a vulnerability of

those—as identified by our proteomic profiling—most likely suggests

a predominance of type 1 fibers (a finding observed in a variety of

congenital myopathies). Increased expression of galectin‐3 as a

known promoter of myogenesis improving skeletal muscle function in

mdx mice (mouse model of Duchenne muscular dystrophy; DMD;

Rancourt et al., 2018) suggests activation of myocellular compensa-

tory mechanisms. However, the progressive nature of the muscle

disease in our patient with current loss of ambulation, might accord

with the assumption that the pathological cascades triggered by the

lesions and concomitant protein aggregate formation not only sig-

nificantly contributed to muscle cell vulnerability but also led to

apoptosis.

Previous proteomic studies of protein aggregates in dominant

filaminopathy cases allowed the identification of potential marker

proteins (Kley, Maerkens, et al., 2013). To further address the pa-

thogenicity of this first recessive FLNC variant, the expression and

localization of several of these markers were investigated in our

patient. Indeed, most of these marker proteins were also found in the

protein aggregates in the muscle fibers of our patient. This not only

supports the pathogenicity of the homozygous c.1325C>G

(p.Pro442Arg) FLNC mutation, but also suitability of these proteins as

markers for protein aggregation in filaminopathy. Further evidence

for pathogenicity is provided by the results of our ultrastructural

investigations focusing on pathomorphological findings characteristic

for filaminopathies and revealing pathological findings indicative for

an MFM‐filaminopathy.

Interestingly, heart tissue derived from an individual with FLNC‐

truncating variant showed reduced levels of the FLNC compared to

control samples by Western blot analysis (Begay et al., 2016). In

addition, is has been demonstrated that a reduction in flncb (ortholog

of human FLNC) RNA expression in zebrafish results in structural and

functional cardiac abnormalities (Begay et al., 2016), further sup-

porting the theory that reduced FLNC expression may be causative

for cardiac dysfunctions (Begay et al., 2018). Given that in our case

the level of FLNC is not reduced, one might assume that this mole-

cular finding correlates with the lack of cardiac involvement in

our case.

Although both parents are heterozygous for the mutation, both

are “classified” as clinically healthy (neither signs of a neuromuscular

nor cardiac disease) after multiple clinical examinations including

cardiac screening. In this context, it is also important to note that

three preceding generations did not show the presence of a muscle

or cardiac disorder. Hence, a dominant effect of the c.1325C>G;

p.Pro442Arg FLNC mutation seems to be unlikely and by the same

token indicates this amino acid substitution to be the first recessive

mutation described for FLNC thus far. However, the contribution of

another mutation (for instance in a gene not yet linked to the man-

ifestation of a neuromuscular disease) cannot be excluded. Given that

FLNC mutations published so far are very frequently associated with

the manifestation of cardiac symptoms, we recommended an annual

cardiac examination of the index patient to exclude development of

cardiomyopathy, and regular neuromuscular and cardiac examination

of the parents.

The notion that homozygous mutant protein expression may

severely aggravate the disease phenotype is corroborated by recent

findings in a mouse model of the human p.W2710X filaminopathy

mutation. While heterozygous expression of the mutant protein re-

sults in a relatively mild phenotype (Chevessier et al., 2015).
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5 | CONCLUSIONS

Hence, our combined findings confirm the pathogenicity of the

c.1325C>G/p.Pro442Arg FLNC/FLNC variant in the rod domain of

FLNC as the first homozygous mutation of filaminopathies pre-

sumably associated with a recessive mode of inheritance. In contrast

to muscular disease caused by heterozygous FLNC mutations, here

the disease course started neonatally as a congenital proximal

myopathy developing into a distal form in childhood. Our histological,

biochemical, and ultrastructural examinations revealed typical signs

of an MFM that is compatible to the expression of high levels of a

misfolded, toxic variant of FLNC. The unique homozygous FLNC

mutation in our patient results in a congenital presentation of the

disease with a very progressive development. Thus, our combined

data significantly extend the currently recognized clinical and genetic

spectrum of filaminopathies.
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