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Abstract Myofibrillar myopathies (MFMs) are genetically

heterogeneous dystrophies characterized by the disinte-

gration of Z-disks and myofibrils and are associated with

mutations in genes encoding Z-disk or Z-disk-related pro-

teins. The c.626 C[T (p.P209L) mutation in the BAG3

gene has been described as causative of a subtype of MFM.

We report a sporadic case of a 26-year-old Italian woman,

affected by MFM with axonal neuropathy, cardiomyopa-

thy, rigid spine, who carries the c.626 C[T mutation in

the BAG3 gene. The patient and her non-consanguineous

healthy parents and brother were studied with whole exome

sequencing (WES) to further investigate the genetic basis

of this complex phenotype. In the patient, we found that the

BAG3 mutation is associated with variants in the NRAP

and FHL1 genes that encode muscle-specific, LIM domain

containing proteins. Quantitative real time PCR, immuno-

histochemistry and Western blot analysis of the patient’s

muscular biopsy showed the absence of NRAP expression

and FHL1 accumulation in aggregates in the affected

skeletal muscle tissue. Molecular dynamic analysis of the

mutated FHL1 domain showed a modification in its surface

charge, which could affect its capability to bind its target

proteins. To our knowledge this is the first study reporting,

in a BAG3 MFM, the simultaneous presence of genetic

variants in the BAG3 and FHL1 genes (previously

described as independently associated with MFMs) and

linking the NRAP gene to MFM for the first time.

Keywords Myofibrillar myopathies � Exome sequencing �
LIM proteins � BAG3

Introduction

Myofibrillar myopathies (MFMs) are a heterogeneous

group of inherited or sporadic neuromuscular disorders

with clinical and genetic heterogeneity, characterized by

the disintegration of Z disks and myofibrils, followed by

the accumulation of myofibrillar degradation products and

the ectopic accumulation of multiple proteins in the

abnormal fiber regions.

The clinical phenotypes include limb-girdle muscular

dystrophy, distal myopathy, scapuloperoneal syndrome or

rigid spine syndrome. The diagnosis of MFM is based on

clinical findings, electromyography (EMG), nerve con-

duction studies and, most importantly, muscle histology.
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Most patients with MFM present progressive muscle

weakness but in some patients cardiomyopathy may pre-

cede muscle weakness. MFMs follow an autosomal dom-

inant inheritance pattern although X-linked or autosomal

recessive inheritance patterns can be occasionally

observed.

These disorders have been associated with mutations in

genes encoding sarcomeric Z-disk or Z-disk-related pro-

teins, such as desmin (Clemen et al. 2013), alpha crystallin

B chain (Vicart et al. 1998), myotilin (Selcen and Engel

2004), Z-band alternatively spliced PDZ motif-containing

protein (Selcen and Engel 2005), filamin C (Vorgerd et al.

2005), four and a half LIM domain 1 (Schessl et al. 2008),

titin (Pfeffer et al. 2014), Bcl-2-associated athanogene-3

(BAG3) (Selcen et al. 2009). The involvement of BAG3 in

MFM has been described in a very limited number of MFM

patients who carry the heterozygous mutation c.626 C[T

(p.P209L) (Selcen et al. 2009; Odgerel et al. 2010; Jaffer

et al. 2012; Lee et al. 2012; Kostera-Pruszczyk et al. 2015).

In most of the cases, this mutation has occurred de novo.

The clinical phenotype includes early age of onset, rapid

evolution of the disease, respiratory insufficiency, neu-

ropathy, limb and axial muscle weakness, cardiomyopathy.

Rigid spine is present only in a few BAG3 MFM patients.

The BAG3 protein belongs to the BAG co-chaperon family

and it is involved in major biological processes such as

apoptosis, protein quality control, autophagy and

cytoskeleton organization (Rosati et al. 2011). Moreover,

the BAG3 protein appears to be important for the mainte-

nance of mature skeletal muscle (Homma et al. 2006),

although a direct role for BAG3 in muscle function has not

yet been fully elucidated (Hishiya et al. 2010).

In this paper, we used whole exome sequencing (WES)

to study an Italian female MFM patient who had been

previously specifically investigated for mutations in the

BAG3 gene and characterized as a carrier of the

c.626C[T mutation (Selcen et al. 2009), in order to

identify possible other genes involved in the patient’s

severe phenotype.

The WES analysis has been extended to her unaffected,

non-consanguineous parents and brother. In the patient we

identified variants in the NRAP and FHL1 genes that

encode muscle-specific, LIM domain containing proteins

and investigated their effect at mRNA and protein level in

her skeletal muscle. NRAP is a 197 kDa multi-domain

scaffolding protein with a N-terminal LIM domain, a

C-terminal domain composed of five nebulin-related super-

repeats (SR) and a linker region with nebulin-related single

repeats (IB) (Mohiddin et al. 2003). We identified three

non-synonymous variants in the NRAP gene. Two of them

lead to amino acid substitutions in the protein’s SR region,

involved in the binding with actin, vinculin (Luo et al.

1999) and filamin C (Lu et al. 2003). The third causes an

amino acid change in the IB region, which binds a-actinin

(Lu et al. 2003) and MLP (Ehler et al. 2001). FHL1 is a

32 kDa protein characterized by a N-terminal half LIM

domain followed by four complete LIM domains. In the

FHL1 gene we identified a non-synonymous variant that

causes the substitution of an aspartic acid with an aspar-

agine in the fourth LIM domain.

To our knowledge, this is the first study linking variants

in the NRAP gene to a MFM phenotype. We also describe

the simultaneous occurrence in the same patient of BAG3

and FHL1 gene variants already independently associated

to MFMs, and suggest the involvement of BAG3 and FHL1

in the same signaling pathway.

Materials and methods

Ethical issue

This study was performed according to the guidelines of

the Committee on the Use of Human Subjects in Research

of the Policlinico Hospital of Milan (Milan, Italy).

Informed consent was obtained from all family members.

Immunohistochemistry analysis on muscle biopsy

Triceps surae muscle biopsies were obtained from healthy

subjects and from the patient. Normal subjects were age

and sex matched: females aged between 18 and 30 years

old. Biopsies were frozen in liquid nitrogen-cooled

isopentane and sectioned on a cryostat. Serial sections of

10 lm thickness were stained with Hematoxylin & Eosin,

Gomori’s Trichrome, Oil Red O, Acid phosphatase,

reduced nicotinamide adenine dinucleotide (NADH), Suc-

cinic dehydrogenase (SDH), Cytochrome oxidase,

Myofibrillar ATPase and GPD staining. Images were cap-

tured using a Leica DM6000B microscope at 920 and 940

magnification (Leica, Germany). For immunohistochemi-

cal staining, sections were incubated at room temperature

for 30 min with a solution of methanol containing 0.03 %

H2O2, for 30 min with 2 % horse serum and then for 1 h

with anti-NRAP (1:50, Santa Cruz Biotechnology Inc.,

Dallas, Texas, USA), anti-FHL1 (1:50, Millipore, Darm-

stadt, Germany) and anti-BAG3 (1:50, Abcam, Cambridge,

UK) antibodies. After rinses with PBS 1X, sections were

incubated with biotinylated secondary antibodies (1:100;

Vector Laboratories, Burlingame, CA, USA), washed and

incubated with the avidin–biotinylated peroxidase complex

(avidin-biotin complex method kit, Vector Laboratories,

Burlingame, CA, USA). Sections were counterstained with

hematoxylin. For all immunostaining, negative controls did

not contain the primary antibody, which was replaced with

non-immune serum. Images were captured using a Leica

J Muscle Res Cell Motil

123



DM6000B microscope at 10x and 40x magnification (Le-

ica, Germany).

Whole exome sequencing (WES)

Genomic DNA was extracted from peripheral venous

blood from all family members following standard pro-

cedures. For DNA library construction and exome cap-

ture, the Agilent SureSelectXT HumanAll Exon 50 Mb

kit (Agilent Technologies, Santa Clara, CA, USA) was

used starting from 3 lg of genomic DNA. Sequencing

was performed as 72 bp paired-end reads on Illumina

Genome Analyzer IIx.

The quality check of raw reads was performed using

FASTQC (http://www.bioinformatics.babraham.ac.uk/pro

jects/fastqc) and Prinseq (Schmieder and Edwards 011).

Reads were aligned using Burrows-Wheeler Aligner

BWA (Li and Durbin 2009) with default parameters and

using Hg19 as reference genome. We performed duplicate

marking, local-realignment around INDELs and base

quality score recalibration using Picard Tools (http://

picard.sourceforge.net) and the GATK suite (DePristo

et al. 2011). We used the GATK Haplotype caller to call

single nucleotide variants (SNVs). Annotations were

performed using Annovar (Wang et al. 2010) with com-

plete database signatures updated to March 2014. We

filtered out variants with low genotype quality (GQ\ 50)

and coverage lower than 7x. High quality variants

underwent a custom prioritization procedure aimed at

identifying rare variants at population level in the patient

compared to family members: we discarded variants in

which the genotype of the patient was homozygous for

the reference allele or was identical to the brother or to

both parents. We focused on rare non-synonymous and

stop-codon variants that followed classical patterns of

inheritance (recessive, dominant, compound heterozygous

and X-linked). Rarity was set as minor allele frequency

(MAF) lower than 1 % in the 1000 Genomes Project.

With regard to variants that support a heterozygous

compound model of inheritance, rarity was applied when

at least one of them followed such rule. Finally, we

selected variants mapping in genes mainly expressed in

skeletal and cardiac muscle. SIFT (Kumar et al. 2009),

CONDEL (González-Pérez and López-Bigas 2011) and

PROVEAN (Choi et al. 2012) software were used for the

prediction of the pathogenicity of top variants. The

genotypes for the variants in the NRAP gene were con-

firmed in all family members by pyrosequencing using

Pyromark Q24 (Qiagen, Valencia, CA, USA). The variant

in the FHL1 gene was validated by Sanger sequencing in

all family members. All PCR and sequencing primers are

listed in Table 1. The genotypes for all the four variants

were confirmed in the patient and in her relatives. T
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Quantitative PCR analysis (qPCR)

Total RNA was extracted from the biopsy of the patient

and of three age and sex matched controls using Trizol

Reagent according to the manufacturer’s instructions (In-

vitrogen Life Technologies, Grand Island, New York,

USA). The samples were treated with RNase-Free DNase

(Promega, Madison, WI, USA). First strand cDNA was

prepared using SuperScript First-Strand III Synthesis Sys-

tem for RT-PCR (Invitrogen Life Technologies), starting

from 2 lg total RNA with oligo(dT)12–18 primer. Absolute

Real-Time PCR (qPCR) was used to have an absolute

quantification of human NRAP, FHL1 and BAG3 expres-

sion. We also determined the expression of the human-

specific GAPDH housekeeping gene for each sample. Pri-

mer sequences are shown in Table 2. Target gene levels

were measured in real-time with the SYBR GREEN tech-

nique using GoTaq MasterMix SyberGreen (Promega,

Madison, WI, USA). Each sample was evaluated in tripli-

cate and three independent experiments were performed.

Statistical analysis was conducted comparing the average

of all experiments by unpaired T test (p\ 0.05).

Western blot analysis

Human muscle biopsies isolated from Triceps Surae of

three healthy subjects and from the patient were homoge-

nized in a lysis buffer containing 20 mM Tris–HCl (pH

7.8), 140 mM NaCl, 1 mM EDTA, 0.5 % NP40, 1 mM

phenylmethylsulfonil fluoride, and complete protease

inhibitor mixture (Roche Diagnostics, Rotkreuz, Schweiz),

with a POTTER S Homogenizer (B.Braun Biotech Inter-

national-Sartorius group). Samples were pulsed 5 times for

5 s each at a speed of 1000 rpm. Samples were then passed

5 times through a 30.5-gauge needle to disrupt the nuclei,

then incubated at 4 �C for 15 min and finally centrifuged at

13,000 rpm for 15 min at 4 �C. Total protein concentration

was determined according to Lowry’s method. Samples

were resolved on 8 % polyacrylamide gel for NRAP, 12 %

for FHL1 and BAG3 and transferred to nitrocellulose

membranes (Bio-Rad Laboratories, Hercules, CA, USA).

The following antibodies were used for the assays: anti-

NRAP (1:50) (Santa Cruz Biotechnology, Dallas, Texas,

USA), anti-FHL1 (1:500) (Millipore, Darmstadt, Germany)

and anti-BAG3 (1:1000) (Abcam, Cambridge, UK). The

BAG3 antibody recognizes the C terminal part of the

protein (196 amino acids). The FHL1 antibody recognizes

the amino acid sequence CRDPLQGKKYVQKDGRH

(amino acid 10–26).The NRAP antibody recognizes an

internal sequence amino 1309–1393 (UniProt ID:

Q86VF7). We also determined the expression for each

sample of the anti-b-Tubulin III (1:500) (SIGMA, Saint

Louis, MO, USA) housekeeping protein. Detection was

performed with horseradish peroxidase (HRP)-conjugated

secondary antibodies (DakoCytomation, Carpinteria, CA,

USA), followed by enhanced chemiluminescence (ECL)

development (Amersham Biosciences, Piscataway, NJ,

USA). Bands were visualized by autoradiography using

Amersham HyperfilmTM (Amersham Biosciences, Piscat-

away, NJ, USA). Densitometric analysis was performed

using ImageJ software (http://rsbweb.nih.gov/ij/). Each

sample was evaluated in three independent experiments.

Molecular dynamics (MD) simulation

and electrostatic potential studies of FHL1 fourth

LIM domain

The NMR structure of the fourth LIM domain in FHL1

(PDB ID: 2egq) was obtained from the protein databank

(PDB, http://www.rcsb.org/pdb/). Starting from the 3D

structure of the fourth LIM domain, the D275N mutant was

modeled using SCWRL4 (Krivov et al. 2009). MD simu-

lations of the wild type and D275N mutant were carried out

by producing runs of 30 ns using AMBER12. In order to

assess the impact of the amino acid substitution on protein

folding and on the protein’s ability to bind target proteins,

we performed (for the wild type and mutant proteins) a

structural statistical analysis of all conformations obtained

during molecular dynamics and an electrostatic potential

surface analysis using the Adaptive Poisson-Boltzmann

Solver program (Baker et al. 2001).

In vitro wild type and mutated BAG3 transfection

experiments

Immortalized human healthy myoblasts (CHQRb) and

myoblasts isolated from the patient were expanded and

cultured on uncoated standard tissue culture plastic at

37 �C in 5 % CO2 95 % air. Cells were plated onto six-

Table 2 Primer sequences (50–
30) used in qPCR analysis

Gene Forward primer sequence Reverse primer sequence

GAPDH GTGGCAAAGTGGAGATTGTTGCC GTAGATGACCCGTTTGGCTCC

BAG3 GCTCCGACCAGGCTACATT GATAGACATGGAAAGGGTGC

NRAP GCTGCAGAGTGATGTCAAGTAT CCGAGCCATTTCCACTTTGTA

FHL1 AAAGGACTGTGTCAAGAGTGAG AAACAGGGTGAGAGGCAAG
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well plastic tissue culture plates in DMEM (Euroclone,

Italy), supplemented with 15 % fetal bovine serum

(Euroclone, Italy) and 0.1 % penicillin/streptavidin

antibiotic. CHQRb cells and the patient’s myoblasts were

then seeded at 2.0 9 105 cells per well in a 6-well plate,

grown for 24 h and transfected in different experiments

with wild type pCIneoHisBag3 or mutated pCIneoHisBag3

c.626C[T. The transfection mixtures for each sample

contained 5 ll of Lipofectamine (Invitrogen Life Tech-

nologies, Carlsbad, CA, USA) and 3.5 lg plasmid in a

1.4 ml total volume of DMEM (Invitrogen Life Tech-

nologies, Carlsbad, CA, USA) without antibiotics and fetal

bovine serum. Western blot analysis was performed 48 h

after transfection to verify the expression of BAG3, NRAP

and FHL1 proteins as described in Materials and Methods.

For immunofluorescence analysis, CHQRb transfected

cells and the patient’s myoblasts were incubated with pri-

mary antibody against FHL1 (1:50) (Millipore, Darmstadt,

Germany). Images were captured using the Leica TCS SP2

confocal system (Leica, Germany).

Results

Case description

We studied an Italian family with a 26-year-old female

patient suffering from a BAG3 myopathy, her non-con-

sanguineous asymptomatic healthy parents and her

asymptomatic healthy brother (Fig. 1). The age of onset of

symptoms in the patient ranged between 11 and 14 years.

Creatine kinase (CK) levels ranged from normal to

1.500 U/L. The progression of the disease started with

early spinal contractures causing spinal rigidity, scapular

winging and later postural muscle atrophy as well as the

development of an additional proximal weakness in a limb-

girdle distribution pattern with loss of deambulation.

Muscle biopsy at age of 13 years showed Z disk aggregates

and atrophic type I fibers whereas type II fibers were

hypertrophic. Electromyography showed axonal neuropa-

thy. In the last 5 years the patient developed respiratory

insufficiency, thus requiring ventilatory support on a con-

tinuous basis or overnight. Impaired conduction, arrhyth-

mia and cardiac hypertrophy were reported.

Characterization of muscle tissue

For this study Triceps Surae muscle biopsy was performed

on the patient (Fig. 2). All experiments were conducted on

the only available dystrophic muscle biopsy. Muscle

biopsies from the patient’s parents and brother were not

available. The patient’s muscle biopsy showed myofibrillar

breakdown and Z-line streaming. Hematoxylin & Eosin

staining revealed variability in the diameter of muscle

fibers (from 10 to 100 lm), some of them divided by

splitting and several muscle fibers in necrosis (Fig. 2a, a’).

Some muscle fibers displayed vacuoles. Gomori’s tri-

chrome (Fig. 2i, i’) staining showed increased collagen

deposition while Oil Red O staining evidenced the for-

mation of lipid droplets (Fig. 2j, j’). NADH (Fig. 2e, e’),

SDH (Fig. 2h, h’) and COX (Fig. 2d, d’) staining showed

normal mitochondrial or oxidative metabolism even in the

presence of amorphous deposits. Trichrome staining

showed small dense granules or amorphous masses in

several muscle fibers (data not shown). Conversely, the

aGPD enzyme permitted to visualize cytoplasmic gly-

colytic bodies (Fig. 2c, c’). No difference in the number of

fast (Fig. 2f, f’) and slow myofiber staining was observed

(Fig. 2g, g’). Increased acid phosphatase activity was evi-

denced by many cytoplasmic inclusions (Fig. 2b, b’).

Whole exome sequencing and variant calling

On average 144 million raw 72 bp paired-end reads were

generated among the samples, with a mean of 121 million

reads after PCR duplicate removal. The mean coverage

over the targeted exome across all samples was 46X. After

quality filtering and removal of intergenic, intronic and

synonymous variants, we identified 3663 SNPs. We con-

firmed the heterozygous c.626 C[T (p.P209L) mutation

in BAG3 in the patient and its absence in her relatives, as

previously reported (Selcen et al. 2009). Moreover, both

the patient and her relatives were found to be negative for

variants in all the already known MFM-related genes such

as DES, CRYAB, MYOT, ZASP, FLNC and TTN, except

for the FHL1 gene. We identified the non-synonymous

variant rs151315725 located in exon 8 (c.823G[A,

p.D275N) in the heterozygous FHL1 gene in the patient.

The FHL1 gene maps on chromosome X and the patient

Fig. 1 Family pedigree. The patient is marked with an arrow and is

indicated with a filled circle. The unaffected relatives are marked with

open circle/square
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inherited this variant from her heterozygous mother, in

accordance with an X-linked model of inheritance. Neither

her father nor her brother carry this variant. Rs151315725

is very rare with a MAF = 0.0048 in the 1000 Genomes

Project and is predicted to be deleterious by most predic-

tion tools. After applying all prioritization filters, we also

identified three non-synonymous variants in the NRAP

gene on chromosome 10: rs200747403 in exon 32

(c.3674G[A, p.A1225 V), rs2270182 in exon 16

(c.1556T[A, p.N519I) and rs2275799 in exon 9

(c.844C[T, p.A282T). Rs200747403 has been annotated

in the 1000 Genomes Project with a MAF of the derivative

A allele equal to 0.0004. The patient inherited the A allele

from her father. At protein level, this variant falls in super

domain 4 (SR4) and is predicted to be damaging by most

prediction tools. Conversely, the derivative alleles A at

rs2270182 and T at rs2275799 are frequent in the 1000

Genomes Project (MAF = 0.25 and 0.27 respectively) and

are both inherited from the mother. Rs2270182 falls in SR1

and rs2275799 localizes in the single repeat region (IB).

We validated the FHL1 variant in Sanger sequencing and

NRAP variants in pyrosequencing. The genotypes for all

the four variants were confirmed in the patient and in her

relatives.

BAG3, NRAP and FHL1 expression in muscle

biopsies

All experiments were conducted on the only available

dystrophic muscle biopsy from the patient and on three

healthy muscle tissues. Muscle biopsies from the healthy

patient’s parents and brother were not available. Real time

PCR results showed a non-statistically significant reduction

of BAG3 (Fig. 3a) and a statistically significant reduction

of NRAP mRNA expression in the patient (p\ 0.05)

(Fig. 4a), while FHL1 mRNA tended to be lower in the

patient though the difference was not statistically signifi-

cant (Fig. 4d). Western Blot analysis confirmed that the

levels of BAG3 (Fig. 3b, c) and NRAP (Fig. 4b, c) proteins

in the patient’s muscle were respectively reduced and

absent compared to the healthy muscle. Moreover, we

demonstrated an increased expression of FHL1 protein

Fig. 2 Immunohistochemistry analysis on the patient’s muscle

biopsy. a, a’ Histological characterization of the patient’s muscle

tissue by Hematoxylin & Eosin. b, b’ Acid phosphatase activity

showed many cytoplasmic inclusions. c, c’ Cytoplasmic glycolytic

bodies were visualized by aGPD enzyme. Sections were stained for

COX (d, d’) NADH (e, e’), SDH (h, h’), showing the presence of

amorphous deposits. Fast (f, f’) and slow (g, g’) myofiber staining was

performed. Gomori’s trichrome (i, i’) and Oil Red O (j, j’) staining.

Note the variability in fiber areas, collagen and oil droplets deposition
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isoform A (Fig. 4e, f) and the absence of the other isoforms

compared to the control muscle specimens (data not

shown). Immunohistochemistry (IHC) analysis was per-

formed in the patient’s and control muscle to evaluate

BAG3, NRAP and FHL1 localization. In the patient, BAG3

(Fig. 3d) was present in abnormal cytoplasmic accumula-

tions in some myofibers, whereas NRAP (Fig. 4g) was

totally absent. On the contrary, subsarcolemmal and intra-

cytoplasmic immunoreactivity of FHL1 was observed in

several muscle fibers suggesting the presence of FHL1 in

aggregates (Fig. 4g).

Molecular dynamics (MD) simulation

and electrostatic potential studies of fourth LIM

domain of FHL1

MD simulations of the fourth LIM domain were carried out

to investigate the relationship between structure and func-

tion in the D275N mutant. A statistical analysis (clustering)

of the structures was performed to obtain the most

representative of both wild type and mutant for their

comparison. NMR data (pdb ID:2egq) showed that the

FHL1 wild type adopted a well-defined structure (residues

217–276) and a highly flexible region (residues 200–216).

Wild type and mutant protein showed very similar repre-

sentative structures in the well-defined region (residues

217–276), suggesting conservation of the overall tertiary

structure of the fourth LIM domain in the presence of the

amino acid substitution (Fig. 5a). The structural analysis of

the second Zinc atom involved in the C-terminal binding

site conserved the coordination status during the simulation

in spite of the proximity with the mutated residue (275N).

On the other hand, the mutated 275N residue located on the

surface of the domain modified the local charge of the

surface compared to the wild type. To evaluate the effect of

charge modification on protein function due to the D275N

change, the electrostatic potential on the fourth LIM

domain surface was calculated. It was observed that the

D275N change was responsible for a modification of the

surface charge distribution in the C-terminal Zinc binding

Fig. 3 Analysis of BAG3 expression, content and localization in the

patient’s muscle biopsy. a RT-qPCR analysis of BAG3 mRNA

revealed a non-statistically significant downregulation of BAG3

expression in the patient’s muscle compared with healthy controls.

b WB analysis of BAG3 performed on the patient’s and control

muscles showed a downregulation of BAG3 expression in the

patient’s muscle. Images of bands were obtained using the CanoScan

LiDE60 Scanner (Canon) and the Canon ScanGear Software.

c Densitometric analysis of the protein levels was performed using

ImageJ software (http://rsbweb.nih.gov/ij/). d Immunohistochemical

analysis of BAG3 in the patient’s and control muscles. In the controls

BAG3 localized with sarcolemma, while in the patient it accumulated

in the cytoplasm of some muscle fibers
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site. The replacement of aspartic acid with an asparagine

results in a generalized positivization of the surface area

(Fig. 5b).

In vitro evaluation of NRAP and FHL1 expression

in human normal myoblasts and in the patient’s

myoblasts

In order to evaluate the influence of the c.626C[T BAG3

mutation on NRAP and FHL1 expression, we performed

transfection experiments in immortalized human healthy

myoblasts (CHQRb) and in the patient’s myoblasts.

CHQRb cells were transfected with wild type BAG3

(pCIneoHisBag3) or the mutated form of BAG3 (pCI-

neoHisBag3 c.626C[T) (BAG3P209L), and NRAP and

FHL1 expression was evaluated by Western blot. No dif-

ferences in NRAP expression were detected in CHQRb

cells transfected with wild type BAG3 or BAG3P209L

(Fig. 6a, b). These results suggest that the absence of

mRNA (Fig. 4a) and protein (Fig. 4b, c) found in the

patient’s muscle was not influenced by mutated BAG3. On

the contrary, FHL1 expression was reduced in CHQRb

Fig. 4 Analysis of NRAP and FHL1 expression, content and

localization in the patient’s muscle biopsy. a RT-qPCR analysis

showed a statistically significant downregulation of NRAP expression

in the patient’s muscle compared with healthy controls (unpaired

t test, p\ 0.05). b WB analysis of NRAP in the patient’s and control

muscle. The analysis showed the absence of NRAP expression in the

patient. c Densitometric analysis of the protein levels was performed

using ImageJ software (http://rsbweb.nih.gov/ij/). d RT-qPCR anal-

ysis showed a non-statistically significant downregulation of FHL1 in

the patient’s muscle compared to healthy controls. e WB analysis

revealed an overexpression of FHL1 in the patient’s muscle compared

to the healthy controls. f Densitometric analysis of the protein levels

was performed using ImageJ software (http://rsbweb.nih.gov/ij/).

g Immunohistochemical analysis of NRAP was performed on the

patient’s and control muscles. In the control NRAP localized with

myofibrils, while in the patient it was not detectable. Immunohisto-

chemical analysis of FHL1 demonstrated an intracytoplasmatic

myofiber association of the protein in the controls while in the patient

it was detectable in intracytoplasmatic aggregates
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overexpressing wild type BAG3, and it was increased in

CHQRb overexpressing BAG3P209L (Fig. 6a, b) compared

to the control. The patient’s myoblasts were transfected

only with wild type BAG3 and no difference in NRAP

expression was detected compared to non-transfected

patient myoblasts (Fig. 6c, d). On the contrary, FHL1

expression was reduced in the patient’s myoblasts trans-

fected with wild type BAG3 compared to non-transfected

patient myoblasts (Fig. 6c, d), similarly to what we

observed in CHQRb transfected with wild type BAG3

(Fig. 6a, b).

Since these data suggest that BAG3 influences FHL1

expression both in CHQRb and in the patient’s myoblasts,

we investigated whether BAG3P209L affects FHL1 aggre-

gation in these cell types. When wild type BAG3 was

expressed in CHQRb cells, FHL1 had a diffuse cytosolic

localization (Fig. 6g). In contrast, CHQRb cells expressing

BAG3P209L showed a fine granular FHL1 positive pattern

with significant perinuclear aggregation (Fig. 6h). More-

over, FHL1 expression was reduced in the patient’s myo-

blasts transfected with wild type BAG3 (Fig. 6f) compared

with the patient’s non-transfected myoblasts (Fig. 6e).

Discussion

In this work we provide data showing the co-presence of

genetic variants in the NRAP and FHL1 genes in a patient

with phenotypic features of MFM and who carries the

BAG3 c.626C[T mutation. The MFM BAG3 phenotype

Fig. 5 Molecular dynamics simulation and electrostatic potential

study of FHL1 fourth LIM domain. a Structure of fourth LIM domain

from MD simulation of wild-type FHL1 and the D275N FHL1

mutant. Each structure was the most representative frame obtained

from the cluster analysis of the simulations. A ribbon representation

of the wild-type protein is shown in green with the mutant structure

superimposed in cyan. Asp275, Asn275 mutant and the zinc ion

coordination residues are shown in rod and colored by atom type,

while the zinc ions are shown in space-filling (van der Waals)

representations. The D275N mutant remained folded in native

conformation, with zinc sites almost fully intact. b Surface electro-

static potential distribution of D275N mutant compared to the wild

type LIM domain. Green circles indicate the position of Asp275 and

Asn275 in wild type and mutant, respectively. The potential scale

ranges from -1 kT/e to 1 kT/e from red to blue
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is very rare and accounts for twelve patients described

worldwide. In this paper we focused on the only known

Italian case of Bag3Opathy and examined the patient and

her unaffected relatives with WES. WES received wide-

spread consideration for the discovery of novel causative

variants also in small pedigrees (Glazov et al. 2011). The

genetic variants identified in the patient map in the NRAP

and FHL1 genes, which are specifically expressed in mus-

cles and both encode LIM domain containing proteins. LIM

domain containing proteins have been reported as important

for normal skeletal and cardiac structure and function.

Mutations in MLP (muscle LIM protein) and in Cipher/

ZASP have been found in patients affected by both dilated

and hypertrophic cardiomyopathy (Knöll et al. 2002; Geier

et al. 2003; Sheikh et al. 2007) and Cypher/ZASP mutations

were also identified in zaspopathies, a subtype of MFM

(Selcen and Engel 2005; Griggs et al. 2007).

NRAP is an actin-binding LIM protein encoded by a

gene mapping on chromosome 10q25 (Luo et al. 1997a, b)

and specifically expressed in skeletal and cardiac muscle

tissues (Mohiddin et al. 2003; Luo et al. 1997a, b). In the

patient, we identified three non-synonymous variants in the

NRAP gene: rs200747403 (inherited from her father and

predicted as deleterious), rs2270182 and rs2275799,

inherited from her mother and predicted as benign.

Rs200747403 and rs2270182 localize in the SR region,

which contains the binding sites for actin, vinculin (Luo

et al. 1999) and filamin C (Lu et al. 2003). Rs2275799 falls

in the IB region that binds a-actinin (Lu et al. 2003) and

MLP (Ehler et al. 2001). In the patient, both alleles of the

NRAP gene are affected by variants that cause the substi-

tution of highly conserved amino acids and NRAP was

completely absent at mRNA and protein level in the

patient’s muscle. The absence of NRAP mRNA in the

patient’s muscle suggests that both the very rare

rs200747403 inherited from the father and the variants

rs2270182 and rs2275799 inherited from the mother may

have a deleterious effect on the messenger’s stability by

affecting both NRAP alleles. Though mRNA instability has

been linked to the presence of non-sense and frame-shift

Fig. 6 In vitro evaluation of NRAP and FHL1 expression after

transfection with wild type and mutated BAG3. a Evaluation of the

expression of BAG3, NRAP and FHL1 expression in CHQRb cells

before and after transfection with wild-type pCIneoHisBag3 (BAG3)

and mutated pCIneoHisBag3 c626C[T (BAG3*) by WB analysis.

b Densitometric analysis of BAG3, NRAP and FHL1 levels in

CHQRb cells performed using ImageJ software (http://rsbweb.nih.

gov/ij/). c WB analysis for BAG3, NRAP and FHL1 expression in

patient’s myoblasts before and after transfection with wild-type

pCIneoHisBag3 (BAG3). d Densitometric analysis of BAG3, NRAP

and FHL1 levels in patient’s myoblasts performed using ImageJ

software (http://rsbweb.nih.gov/ij/). e–h Evaluation of the expression

of FHL1 in patient’s myoblasts before (e) and after (f) transfection

with wild type pCIneoHisBag3 (BAG3) and in normal myoblasts

treated with wild type (g) and mutated (h) BAG3 by immunofluo-

rescence analysis. Images were captured using the Leica TCS SP2

confocal system (Leica, Germany), 920 magnification, scale bar

100 lm
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variants in previous papers (Gong et al. 2007; Zarraga et al.

2011), Vasilopoulos et al. have also reported a decreased

mRNA stability caused by a non-synonymous substitution

(Vasilopoulos et al. 2007). Our transfection experiments

suggest that the absence of NRAP in the patient’s muscle

may be due to the three variants and not to the BAG3

mutated allele. NRAP mRNA and protein levels in the

patient’s relatives were not evaluated because no biopsies

were available. To our knowledge, this is the first study

describing variants in the NRAP gene in a MFM pheno-

type. The absence of NRAP protein in the patient’s muscle

could contribute to the disorganized myofibril assembly

(Manisastry et al. 2008; Carroll et al. 2004). Dhume et al.

were able to demonstrate that NRAP knockdown in cul-

tured embryonic mouse cardiomyocytes resulted in disor-

ganized myofibril assembly and led to a decrease in non-

muscle myosin (NMHC) IIB by post-transcriptional

mechanisms (Dhume et al. 2006). Moreover, there are

reports of a direct interaction of NRAP with NMHC IIB

and a decrease of NRAP protein levels in mouse car-

diomyocytes by NMHC IIB knockdown (Lu and Horowits

2008). The Authors assigned two separate but tightly

linked functional roles in cardiomyocyte biology to NMHC

IIB and NRAP, with NMHC IIB involved in cardiomy-

ocyte spreading and NRAP in myofibril assembly. How-

ever, the role of NMHC IIB in the assembly of pre-

myofibrils is still questioned and to be elucidated (Lu and

Horowits 2008; Tullio et al. 1997). No variant in the

NMHC IIB (MYH10) gene was found either in the patient

or in her relatives.

We also identified the c823G[A transition

(rs151315725) in the FHL1 gene, already reported in the

1000 Genomes Project, although extremely rare

(MAF = 0.0048), leading to D275N amino acid substitu-

tion in one of the three splicing isoforms of the FHL1

protein, i.e. FHL1A, which is the full-length protein

(rewieved in Cowling et al. 2011). Rs151315725 has been

already reported as a variant in a German family with the

characteristic XMPMA phenotype and the Authors

hypothesized a negative effect of the D275N amino acid

change on FHL1 function when inherited together with the

V280 M amino acid substitution caused by the c.838G[A

missense mutation (Schoser et al. 2009). Moreover,

rs151315725 was also identified in three unrelated Euro-

pean families with hypertrophic cardiomyopathy (HCM),

and FHL1D275N was found to activate a fetal hypertrophic

gene program in rat-engineered heart tissue, suggesting that

it could cause hypertrophic cardiomyopathy (HCM) in

these patients (Friedrich et al. 2012). Mutations in the

FHL1 gene have been also associated with arrhythmias,

HCM and dilated cardiomyopathy in several patients

affected by skeletal muscle disorders as well (reviewed in

Cowling et al. 2011). Rs151315725 could play a role in the

patient’s compromised cardiac phenotype, which includes

arrhythmias and cardiac hypertrophy. Additionally,

rs151315725 has been reported as deleterious in the

NHLBI Exome Sequencing Project (ESP) (https://esp.gs.

washington.edu/drupal/) (MAF = 0.011) and in the Exome

Aggregation Consortium (ExAC) (http://exac.broad

institute.org/) (MAF = 0.013) databases, both including

individuals affected by heart diseases. This could explain

the difference in MAF reported in these databases com-

pared to the 1000 Genomes Project. In addition to

XMPMA (Windpassinger et al. 2008), mutations in the

FHL1 gene have been associated with other four clinically

distinct human myopathies, including reducing body

myopathy (RBM) (Schessl et al. 2008, 2009), X-linked

dominant scapuloperoneal myopathy (SPM) (Quinzii et al.

2008; Chen et al. 2010), Emery-Dreifuss muscular dys-

trophy (EDMD) (Gueneau et al. 2009), and rigid spine

syndrome (RSS) (Shalaby et al. 2008). Spinal rigidity is the

most common clinical feature associated with FHL1

mutations and has been reported in patients with RBM

(Schessl et al. 2010), XMPMA (Schoser et al. 2009) and

EDMD (Gueneau et al. 2009). In our patient rs151315725

in the FHL1 gene is associated with a BAG3 MFM phe-

notype that also presents the rigid spine feature.

Rs151315725 in FHL1 is present in the patient’s

asymptomatic mother and this could be explained by X

chromosome inactivation and by the mosaic for X-linked

gene expression in heterozygous women. As previously

reported for members of a German family affected by a

familiar reducing body myopathy, females carrying the

C150R amino acid change in the FHL1 LIM2 domain

showed various clinical manifestations and may be

asymptomatic, reflecting different degrees of X-inactiva-

tion (Schessl et al. 2010). We did not perform any X-in-

activation study in this family. We further investigated

mRNA and protein expression in the patient’s muscle

biopsy and found a slight (though not statistically signifi-

cant) reduction in mRNA and a weak increase in FHL1

isoform expression, which could be linked to FHL1 accu-

mulation in the deposits observed in the patient’s muscle

fibers. Additionally, in the patient’s myoblasts we observed

a threefold increase in FHL1 protein expression compared

to normal myoblasts (data not shown).

In order to assess the effect of the D275N change on

FHL1 function, MD simulation and electrostatic potential

analysis were performed on the fourth LIM domain of the

protein. MD simulations showed that the wild type and the

mutant had the same structural regions and that the second

zinc binding site remained largely intact in the mutant.

These findings suggest that protein function is not impaired

by structural distortions that could generate unfolded pro-

tein. In line with these data, gene transfer experiments

showed that the FHL1D275N protein was stable in cardiac
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myocytes and the protein levels were not affected by pro-

teasome inhibition (Friedrich et al. 2012). Electrostatic

potential studies showed the loss of negative potential on

the fourth LIM domain surface that might create an unfa-

vorable environment for the recognition of FHL1 target

proteins. These data are supported by the observation that

the FHL1D275N protein had a lower binding specificity for

proteins localized at the I-band (Friedrich et al. 2012;

Sheikh et al. 2008). Indeed, FHL1A localizes to the sar-

comeric I-band and to focal adhesions (Brown et al. 1999;

Ng et al. 2001). Little is known about FHL1 function, but

the available data suggest that it participates in muscle

growth and differentiation, as well as in the assembly of the

sarcomere, and that it is a regulator of skeletal muscle mass

through the interaction with transcription factors and

myosin-binding protein C (Cowling et al. 2008; McGrath

et al. 2006). Domenighetti et al. demonstrated that FHL1-

null mice develop an age-dependent myopathy associated

with myofibrillar and intermyofibrillar disorganization

(Domenighetti et al. 2014). FHL1 was recently found as

part of a complex which binds gamma-actin and NMHC

IIB in vivo and in vitro (Wang et al. 2013). Both NRAP

and FHL1 are partners of NMHC IIB (Lu and Horowits

2008; Wang et al. 2013) and the patient’s variants in these

genes could affect their interactions with NMHC IIB, with

possible implications in myofibrillar assembly.

Our study started from the identification in the patient of

the P209L mutation in the BAG3 gene (Selcen et al. 2009).

In the original paper by Selcen, the authors described a

subtype of MFM sharing common clinical features such as

progressive limb and axial muscle weakness, contractures,

respiratory insufficiency and hypertrophic cardiomyopathy

(Selcen et al. 2009). A characteristic of the disease is the

association with peripheral neuropathy that may in some

patients be the initial clinical manifestation (Jaffer et al.

2012). The morphological analysis performed in the patient

confirmed the feature of MFM.

BAG3 is co-chaperone for other heat shock proteins and

has anti-apoptotic properties. It localizes to and co-chap-

erones the Z disk in skeletal and cardiac muscles. BAG3

protein deficiency determines fulminant myopathy and

early mortality in mice (Homma et al. 2006) and

BAG3P209L tends to aggregate into small granules, proba-

bly as a result of its altered folding and function (Selcen

et al. 2009). The results of our study demonstrated a lower

muscular expression of BAG3 compared to the healthy

controls, both at mRNA and protein level. In the patient,

BAG3 IHC showed cytoplasmic accumulation in some

muscle fibers. This data could be explained by a mecha-

nism of wild type BAG3 sequestration into BAG3P209L

mediated aggregates (Ruparelia et al. 2014), leading to a

different localization or rapid degradation of this protein.

In particular, the replacement of the 209 leucine caused by

the BAG3 mutation in the patient could affect the binding

properties of the wild type BAG3 domains.

Our transfection experiments show that BAG3 influ-

ences FHL1 protein content both in CHQRb and in the

patient’s myoblasts, suggesting the involvement of these

two proteins in the same signaling pathway. To address

this, Feldkirchner et al. used a quantitative proteomic

approach to explore the plaque content in a MFM patient

carrying the C224W amino acid substitution in FHL1 and

found the accumulation of a series of 15 proteins

including FHL1, BAG3 and NRAP (Feldkirchner et al.

2012).

The effect of wild type BAG3 transfected in the

patient’s myoblasts suggests a role for wild type BAG3 in

the control of FHL1 protein turnover, while this does not

occur with the mutated BAG3 form.

Immunofluorescence analysis shows that wild type

BAG3 expression in CHQRb and in the patient’s myoblasts

gives rise to a diffuse cytosolic immuno-localization of

FHL1, whereas both BAG3P209L expressed in CHQRb and

the endogenous BAG3P209L in the patient’s myoblasts

caused a prevalently perinuclear immuno-localization of

FHL1. These data suggest that the different localization

and level of aggregation of FHL1 depend on wild type

BAG3 form.

In conclusion, this is the first study linking variants in

the NRAP gene to a MFM phenotype and reporting, in the

same patient, the simultaneous occurrence of BAG3 and

FHL1 gene variants that have already been independently

associated with MFMs. Moreover, our data suggest that

BAG3 and FHL1 could be involved in the same signaling

pathway. These data could also suggest that few genes

might modulate this MFM phenotype. Examples are pre-

sent in the literature revealing that for some diseases the

phenotype cannot be completely explained by mutations at

a single locus. This also applies to some neuromuscular

disorders (Badano and Katsanis 2002; Cady et al. 2015;

Van Blitterswijk et al. 2012). The aetiology of these dis-

eases could then require the combined action of mutant

alleles at a small set of genes.
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