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Introduction 

 

LINC Complex 

The LINC (Linker of Nucleo- and Cytoskeleton) complex is an evolutionarily 

conserved complex of nuclear envelope (NE) proteins that forms a direct connection 

between the nucleoskeleton and cytoskeleton via the NE (Crisp et al., 2006). Core 

components of prototype LINC complexes are members of two transmembrane protein 

families: SUN domain proteins and KASH domain proteins (Mejat and Misteli, 2010). 

Lamin A/C and emerin are considered as additional LINC complex components (Fig.1).    

 

Figure 1: LINC complex (Wehnert and Meinke, 2012b). 
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The SUN domain proteins (Sad1/UNC84 homology) at the inner nuclear membrane 

and the KASH domain proteins (Klarsicht/ANC-1/Syne homology) at the outer nuclear 

membrane interact with each other by SUN-KASH interactions in the perinuclear space 

(Haque et al., 2006);(Padmakumar et al., 2005b). So far five SUN proteins have been 

identified in human - encoded by the genes SUN1 (ENSG00000164828), SUN2 

(ENSG00000100242), SUN3 (ENSG00000164744), SUN4 (ENSG00000061656) and 

SUN5 (ENSG00000167098). Of these five SUN domain proteins only SUN1 and SUN2 

seem to be widely expressed (Hodzic et al., 2004);(Padmakumar et al., 2005a), whereas the 

expression of SUN3-5 seems to be testis-specific (Shao et al., 1999; Tzur et al., 2006). 

SUN1 and SUN2 have been shown to be redundant (Lei et al., 2009), both proteins have an 

N-terminal lamin A binding domain in common, furthermore they interact with emerin and 

short nesprin 1 and 2 isoforms (Fig. 1;(Haque et al., 2010). For SUN1 a meiosis specific 

isoform - SUN1η – has recently been described lacking the emerin/short nesprin binding 

domain (Gob et al., 2010). 

So far four human KASH domain proteins are known: the nesprins 1-4 (nuclear 

envelope spectrin repeat proteins, ENSG00000131018, ENSG00000054654, 

ENSG00000176438 and ENSG00000181392). All 4 nesprins share a C-terminal KASH 

domain and a number of spectrin repeats (Apel et al., 2000; Roux et al., 2009; Zhang et al., 

2001; Zhen et al., 2002). The KASH domain contains a transmembrane domain necessary 

for the localisation at the NE. All nesprins are interacting with the cytoskeleton via their N-

terminal domain. Nesprin 1 and 2 giant isoforms interact with actin, nesprin 3 interacts 

with plectin (Wilhelmsen et al., 2005) and nesprin 4 with kinesin (Roux et al., 2009). For 

the nesprins1 and 2 a large number of isoforms is known. Small isoforms have been shown 

to be localised at the inner NE (Mellad et al., 2011; Zhang et al., 2007a). Furthermore, 

small muscle specific isoforms of nesprin 1 and nesprin 2 have been described (nesprin 1α 

respectively nesprin 2β;(Zhang et al., 2007a). Such manifold of interactions between the 

different LINC proteins generates the possibility of a wide variability of LINC complexes 

(Fig.2) specific for different tissues or developmental stages (Mejat and Misteli, 2010).  
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Figure 2: Possible formation of different LINC complexes and involvement in different     

     cellular functions (Mejat and Misteli, 2010). 

The nuclear lamina is a protein meshwork underlying the inner NE consisting of the 

filament proteins lamin A, B1, B2 and C. Lamin A and C (A-type lamins) are encoded by 

one gene, LMNA (ENSG00000160789) and generated by alternative splicing (Fisher et al., 

1986; Mckeon et al., 1986). SUN1 and SUN2 have been shown to interact with A-type 

lamins (Haque et al., 2010). Further isoforms derived by alternative splicing of the LMNA 

gene are lamin A∆10 and lamin C2, which is expressed specifically during 

spermatogenesis (Alsheimer and Benavente, 1996). In contrast to B-type lamins, that are 

present in all nucleated somatic cells, the expression of A-type lamins seems to be 

correlated with the terminal differentiation process (Rober et al., 1989). Furthermore 

lamins are involved in DNA replication, chromatin organization, mechanical stabilization 

of the nucleus, positioning of nuclear pores and anchoring of nuclear membrane 

components (reviewed by Dechat et al., 2008). (Dechat et al., 2008)  
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Emerin, encoded by the EMD gene (ENSG00000268557), is a protein located at the 

inner NE that is interacting with lamins. It is anchored in the NE by its C-terminal domain 

(Clements et al., 2000; Manilal et al., 1998; Manilal et al., 1996). The function of emerin is 

still unclear, but hypothetically it is involved in nuclear structural integrity, cellular 

susceptibility to mechanical stress damage, alterations in gene expression and has effects 

on cell proliferation and differentiation (Muchir and Worman, 2007). 

Recently the SUN–KASH interaction complex has been solved by X-ray 

crystallography (Sosa et al., 2012), showing that SUN-proteins form a trimer that interacts 

with three KASH peptides (Fig.3). 

 

 

Figure 3: Model of the LINC Complex bridging the nuclear envelope (Sosa et al., 2012). 
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Function of the LINC complex 

 As the connector of the cyto- and the nucleoskeleton and due to its variety of 

composition the LINC complex is involved in a number of cellular functions like nuclear 

positioning, cell division and the organisation of the cytoskeleton (Fig.2;(Mejat and 

Misteli, 2010). LINC complex components have been shown to be important for telomere 

positioning (Ottaviani et al., 2009) and for association of the centrosome with the nuclear 

membrane (Salpingidou et al., 2007). As link between cyto- and nucleoskeleton LINC 

complexes are transducing mechanical signals inside the nucleus and are involved in the 

activation of mechano-sensitive genes (Wang et al., 2009). Furthermore the LINC complex 

has an important role in the positioning of nuclei in muscle fibers. Nesprin 1 and nesprin 2 

double knockout mice fail to recruit synaptic nuclei to the neuromuscular junction of the 

skeletal muscle (Zhang et al., 2007b). SUN1 and SUN2 double knockout mice have been 

shown to have abnormal synaptic nuclei (Lei et al., 2009). The fact that single knockouts 

present with a milder phenotype also shows that SUN1 and SUN2 as well as nesprin 1 and 

nesprin 2 are – at least partially – redundant. 

 A number of LINC complex components are meiosis specific and there are even 

muscle specific protein isoforms that contribute to the whole complex. Therefore LINC 

complexes specific for different tissues or developmental stages are likely. Indeed, during 

mouse sperm development, the existence of distinctive LINC complexes has been shown. 

They consist either of spermatogenesis-specific SUN3 and nesprin 1 or SUN1η and 

nesprin 3. These two LINC complexes were shown to localise specifically to opposite 

spermatid poles (Fig.4;(Gob et al., 2010). The existence of muscle specific isoforms of 

nesprin1 and 2 makes it likely that there are some muscle specific LINC complexes, too - 

at least during some stages of muscle development. This would be a possible explanation 

for the fact that mutations in proteins expressed in several tissues have only an effect for 

example in skeletal muscle and heart (Wehnert and Meinke, 2012b). 
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Figure 4: Model illustrating the polarization of distinct LINC complexes during sperm head 

formation (Gob et al., 2010). 

 

 

 The source of the LINC complex tissue specificity could also be underlined by 

SUN proteins. Their predicted coiled-coil domain, spanning the perinuclear space, is of 

various lengths (Fig.5). Therefore it seems likely that either this coiled-coil domain 

determines the width of the perinuclear space or the composition of LINC components is 

adapted to it (Sosa et al., 2013). 
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Figure 5: Model of different SUN trimers at the nuclear envelope (Sosa et al., 2013). 

 

 

LINC complex and disease 

 There are six genes encoding proteins of a prototypical muscle specific LINC 

complex (LMNA, EMD, SYNE1, SYNE2, SUN1 and SUN2; Wehnert and Meinke, 2012b), 

four of them have been associated with inherited diseases in human so far (Table1). Beside 

a large number of disease phenotypes associated with mutations in the LMNA gene (see 

laminopathies) the genes LMNA, EMD, SYNE1 and SYNE2 share a common phenotype 

caused by mutational events: Emery-Dreifuss muscular dystrophy (EDMD).  
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Laminopathies 

Laminopathies are a group of rare genetic diseases caused by mutations in genes 

encoding proteins of the nuclear lamina (primary laminopathies) or proteins interacting 

with lamina proteins (secondary laminopathies). These include several inherited muscular 

dystrophies, a major inherited cardiomyopathy with conduction defect, dermopathies, 

neuropathies, bone disorders, lipodystrophies, and premature ageing syndromes (Table 1).  

Most of these diseases are both relatively rare such that they could be categorized as 

orphan diseases and they tend to be genetically as well as clinically variable. Emery-

Dreifuss muscular dystrophy is among this list of diseases known as laminopathies or more 

correctly nuclear envelopathies. 
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Table 1: Primary and secondary laminopathies 

Gene Phenotype OMIM* Reference 

LMNA Cardiomyopathy, dilated, 1A  #115200 (Fatkin et al., 1999) 

LMNA Charcot-Marie-Tooth disease, type 

2B1  

#605588 (De Sandre-Giovannoli et al., 

2002) 

LMNA Emery-Dreifuss muscular dystrophy 

2, AD  

#181350 (Bonne et al., 1999) 

LMNA Emery-Dreifuss muscular dystrophy 

3, AR  

#181350 (Bonne et al., 2000) 

LMNA Heart-hand syndrome, Slovenian 

type  

#610140 (Renou et al., 2008) 

LMNA Hutchinson-Gilford progeria  #176670 (De Sandre-Giovannoli et al., 

2003; Eriksson et al., 2003) 

LMNA Lipodystrophy, familial partial, 2  #151660 (Cao and Hegele, 2000; 

Shackleton et al., 2000) 

LMNA Malouf syndrome  #212112 (McPherson et al., 2009) 

LMNA Mandibuloacral dysplasia  #248370 (Novelli et al., 2002) 

LMNA Muscular dystrophy, congenital  #613205 (Mercuri et al., 2004) 

LMNA Muscular dystrophy, limb-girdle, 

type 1B  

#159001 (Muchir et al., 2000) 

LMNA Restrictive dermopathy, lethal  #275210 (Navarro et al., 2004b) 

LMNA Atypical Werner’s syndrome #277700 (Chen et al., 2003) 

FACE1 Mandibuloacral dysplasia with type 

B lipodystrophy  

#608612 (Agarwal et al., 2003) 

FACE1 Restrictive dermopathy, lethal #275210 (Navarro et al., 2005) 

SYNE1 Emery-Dreifuss muscular dystrophy 

4, autosomal dominant  

#612998 (Zhang et al., 2007a) 

SYNE1 Spinocerebellar ataxia, autosomal 

recessive 8  

#610743 (Gros-Louis et al., 2007) 

SYNE2 Emery-Dreifuss muscular dystrophy 

5, autosomal dominant  

#612999 (Zhang et al., 2007a) 

EMD Emery-Dreifuss muscular dystrophy 

1, X-linked 

#310300 (Bione et al., 1994) 

*OMIM (Online Mendelian Inheritance in Man): http://www.ncbi.nlm.nih.gov/omim  
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Emery-Dreifuss Muscular Dystrophy 

Emery-Dreifuss muscular dystrophy (EDMD) is a rare, genetically heterogeneous 

neuromuscular disorder. Clinical features are slowly progressive skeletal muscle wasting 

and weakness, early contractures and cardiac arrhythmia that can evolve to 

cardiomyopathy (Fig.6). The first description of patients suffering an X-linked form of 

EDMD dated to 1902 (Cestan and Lejonne), autosomal dominant inheritance was first 

described in 1941 by Hauptmann and Thannhäuser. In 1966 Emery and Dreifuss 

distinguished the particular clinical phenotype of EDMD to other muscular dystrophies 

(Emery and Dreifuss, 1966). The first gene associated with X-linked EDMD was EMD 

(also known as STA; Bione et al., 1994; OMIM #310300). The next gene associated to the 

disease was the LMNA gene – mutations in this gene have been shown to cause autosomal 

dominant as well as autosomal recessive EDMD (Bonne et al., 1999; Bonne et al., 2000; 

OMIM #181350). Until now the genes EMD, LMNA, SYNE1 (OMIM #612998), SYNE2 

(OMIM #612999; see Table1) and FHL1 (OMIM #300696), have been associated to 

EDMD. (Céstan and LeJonne, 1902; Hauptmann and Thannhauser, 1941) 

 

 
Figure 6: EDMD patient at age of 22 years with mild wasting of the upper arm and the lower 
leg muscles, contracture of the elbow tendons and pacemaker – indicated by the arrow 
(Wehnert and Meinke, 2012b).  
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As a characteristic for EDMD, contractures occur as a first clinical manifestation 

before there is any significant muscular weakness. These contractures affect the elbows, 

Achilles tendons and postcervical muscles. The contractures of the postcervical muscles 

are limiting the movement of head and spine, also known as “rigid spine”. A slow and 

progressive muscle wasting and weakness can start already in the early childhood. It starts 

with a distinctive humeroperoneal distribution (proximal in the upper limbs and distal in 

the lower limbs) but extends to the proximal limb girdle musculature during the course of 

the disease (Emery, 2000). The most serious and life-threatening clinical manifestation of 

the disease is the cardiac involvement. Even for female carriers of X-chromosomal 

recessive mutations cardiac defects were described (Emery, 1989). It has been shown there 

are four independent features of the cardiac involvement that often occur in combination: 

(1) increased atrial and ventricular heterotopia, (2) impairment of impulse generating cells, 

(3) conduction defects with atrial preponderance and (4) functional impairment of the 

ventricular myocardium (Voit et al., 1988). The insertion of a cardiac pacemaker may 

become necessary for patients. 

There is a remarkable intra- and interfamilial variability regarding onset and 

severity of the disease (Fig.7a and b;(Bonne et al., 2000; Granger et al., 2011; 

Hoeltzenbein et al., 1999; Mercuri et al., 2004; Rankin et al., 2008). Especially mutations 

in the LMNA gene are known to cause diseases with only heart involvement, only muscle 

involvement or both. This is raising the possibility of modifier genes - as shown by 

Muntoni et al., 2006 for desmin. Furthermore it seems appropriate to extend the 

nomenclature of the disease. The appellation Emery-Dreifuss syndrome has already been 

used to describe the variability of the disease (Witt et al., 1988), but another matching 

description would be Emery-Dreifuss-like syndrome. (Muntoni et al., 2006) 
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Figure 7: Two patients with the same EMD mutation (c.251_255delTCTAC; p.L84Pfs*):      

a) patient affected by “typical” EDMD with rigid spine, contractures of the elbows and 

Achilles tendons and slight muscular weakness (Wehnert and Meinke, 2012b)                          

b) patient with an unusually severe clinical manifestation of the phenotype - including early 

onset of the disease, loss of ambulation (wheelchair) and severe contractions of the elbows 

and Achilles tendons (Hoeltzenbein et al., 1999). 

 

Despite the fact that there are already five genes linked to EDMD, only in around 

50% of the patients the cause for the disease is known (Fig.8). Therefore the contribution 

of additional genes to the disease is likely. Regarding the pathomechanism how these 

mutations in genes encoding NE proteins are causing EDMD there are two main theories 

(Hutchison et al., 2001; Roux and Burke, 2007). First the so-called “structural” hypothesis 

proposing a weakening of the NE and cytoskeleton connection and resulting in an 

increased susceptibility to mechanical stress - especially in cells suffering an intense 

mechanical strain.  Second the “gene expression” hypothesis proposing an altered 

chromatin organization resulting in changed gene expression patterns affecting specific 

tissues. 

 

a b 
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Figure 8: Results of mutational analysis in an EDMD patient cohort. 

 

 

 

Progeroid Laminopathies 

 Progeroid syndromes are among the group of laminopathies. They mimic 

clinical and molecular features of aging. These progeroid laminopathies can be caused by 

mutations in LMNA (primary laminopathies) or ZMPSTE24 (secondary laminopathies, 

(Worman and Bonne, 2007). The gene ZMPSTE24 (also known as FACE1, 

ENSG00000084073) is encoding the zinc metalloproteinase ZMPSTE24, which is 

necessary for the processing of prelamin A to mature lamin A. Mutations in ZMPSTE24 

are known to cause restrictive dermopathy (RD; OMIM #275210; Fig.9c) and 

mandibuloacral dysplasia (MAD-B; OMIM #608612; Fig.9d; Table 1; Navarro et al., 

2013). LMNA mutations have been associated with Hutchinson Gilford progeria syndrome 

(HGPS; OMIM #176670; Fig.9a and b), mandibuloacral dysplasia (MAD-A; OMIM 

#248370), restrictive dermopathy (RD; OMIM #275210) and atypical Werner’s syndrome 

(aWS; OMIM #277700) as well as a couple of overlapping phenotypes (Fig.9e-g; Fig.11; 

Table 1; Wehnert and Meinke, 2012a; Starke and Meinke et al., 2013).  
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A common feature of these progeroid syndromes is a phenotype resembling 

premature aging. Mutations in ZMPSTE24 and some LMNA mutations affecting the C-

terminal cleavage site of the lamin A protein are known to cause an accumulation of 

unprocessed prelamin A (or truncated forms of it) inside the nucleus. Explanations for the 

pathomechanism of this prelamin A-accumulation are altered chromatin organization and 

impaired DNA-damage response pathways resulting in increased genomic instability as 

observed in patients  with HGPS or RD as well as in cultured human and murine cells with 

aberrant lamin A processing pathways (Liu et al., 2005; Musich and Zou, 2009). 

 

 

Figure 9: Patients affected with progeroid syndromes,  a) and b) HGPS patient,                      
c) RD patient, d) MAD patient (all from Wehnert and Meinke, 2012a),                                      
e)-g) patient with atypical progerie (Starke and Meinke et al., 2013).  
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All patients with progeroid syndromes caused by ZMPSTE24 mutations follow a 

recessive inheritance. Compound heterozygous or homozygous nonsense mutations in the 

ZMPSTE24 gene are causing a complete loss of ZMPSTE24 and result in RD. A 

combination of a nonsense and a missense mutation is causing a reduced catalytic 

ZMPSTE24 activity and resulting in MAD (Fig.10;(Agarwal et al., 2003; Miyoshi et al., 

2008); Navarro et al., 2013).  

 

 

 

Figure 10: Genotype-phenotype correlation in progeroid laminopathies: ZMPSTE24 

mutations (modified from Wehnert and Meinke, 2012a). 
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Progeroid syndromes caused by LMNA mutations follow different ways of 

inheritance. De novo heterozygous mutations in autosomal dominant cases as well as 

homozygous mutations in autosomal recessive inheritance have been described (Fig.11). 

Although the accumulation of aberrant prelamin A forms is an explanation for the 

pathomechanism of the mutations affecting the C-terminal processing site there is still no 

functional evidence for the pathogenic effect of the mutations within other domains of 

lamin A. But a common feature of all these patients with progeroid syndromes is the 

occurrence of DNA damage. Other progeroid syndromes that are not classified as 

laminopathies - like the Werner syndrome (OMIM #277700) - are even caused by 

mutations in genes encoding proteins directly involved in DNA repair (Hickson, 2003). 

Interestingly increased genomic instability has been also reported in LMNA-knockout cells 

completely lacking lamin A (Gonzalez-Suarez et al., 2009). 

 

 

Figure 11: Genotype-phenotype correlation in progeroid laminopathies: lamin A mutations 

(modified from Wehnert and Meinke, 2012a)  
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Patients 

Informed consent for genetic testing was obtained from the parents of all the 

patients included in this study, complying with the ethical guidelines of the institutions 

involved. EDMD patients for this study were selected based on the results of a routine 

diagnostic mutational analysis of EMD, LMNA, FHL1, SYNE1 and SYNE2. 175 

pseudoanonymized patients negative for mutations in these genes and 70 patients known to 

carry mutations in the LINC components emerin, lamin A/C and nesprin 1 or 2 alpha and 

beta were tested for mutations in SUN1 and SUN2. The clinical features of these unrelated 

predominantly Caucasian index cases were within the diagnostic criteria for EDMD 

despite the variable clinical expression. All materials (blood and muscle biopsies to 

generate myoblast lines) included in this study were taken with informed consent of the 

donors and with approval of the local ethical board. Ethical approval of the local ethics 

committee of the Universitätsmedizin Greifswald was provided by the vote bb 53/07. 

 

 

Materials and Methods 

The following materials and methods were used: PCR and Sanger sequencing 

(Meinke et al., 2013; Navarro et al., 2013; Starke and Meinke et al., 2013), Multiplex 

Ligation-dependent Probe Amplification (MLPA, Starke and Meinke et al., 2013). High 

resolution melting (HRM), restriction digestion, real-time PCR, site-directed mutagenesis, 

cell culture methods and transfection of plasmids in tissue culture systems are described in 

Meinke et al., 2013. For cell extraction and immunoblotting as well as indirect 

immunofluorescence microscopy see Meinke et al., 2013. Bioinformatic tools used are 

listed in Meinke et al., 2013 and Navarro et al., 2013. For plasmid constructs see Meinke et 

al., 2013 and Starke and Meinke et al., 2013 - for antibodies Meinke et al., 2013; Starke 

and Meinke et al., 2013 and Taranum et al., 2012. (Meinke et al., 2013; Starke et al., 2013; 

Taranum et al., 2012).   

(Meinke et al., 2013; Navarro et al., 2004a; Navarro et al., 2013b; Starke et al., 

2013).  
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Results 

Following a functional candidate gene approach the SUN1 and SUN2 genes were 

sequenced in a cohort of 175 pseudoanonymized EDMD patients without a known 

mutation and 70 patients with known mutations in other LINC components.  Sequencing 

the 23 exons of the SUN1 gene and 19 exons of the SUN2 gene containing coding regions 

as well as the intron-exon boundaries of these exons we found 34 single nucleotide 

polymorphisms (SNP’s) within the coding regions. Of these SNP’s 18 were classified as 

rare, non-synonymous variants following analysis of their frequencies in sequenced 

genome databases. Three of these variants, when heterozygous, did not segregate with the 

disease in three families. In nine unrelated families or sporadic cases, we identified 10 rare 

non-synonymous variants in SUN1 and SUN2 for which we have obtained evidence of 

pathogenic effects, as deduced from genetic, phenotypic and/or functional data. The SUN1 

mutations p.G68D and p.G338S were found compound heterozygous in one patient. 

Functional analyses using cultured myoblasts of this patient showed defective protein 

interactions within the LINC complex, altered mRNA expression levels of some LINC 

components, an enhanced differentiation rate and defects in myonuclear organization. The 

myoblasts also showed a loss of centrosomal protein (pericentrin) recruitment to the NE of 

differentiating myonuclei as well as a loss of microtubule nucleation at the NE. C2C12 

myoblasts expressing the SUN1 variants p. G68D, p.G338S and p.W377C confirmed the 

loss of centrosomal protein recruitment to the NE. In six patients with known EMD or 

LMNA mutations heterozygous SUN1 (p.G76A, p.A203V, p.W377C) or SUN2 (p.A56P, 

p.V378I) mutations have been identified. In all cases the SUN mutations alone did not 

cause disease. However, if individuals carried a LMNA or EMD mutation, additional SUN 

variants caused a significantly more severe clinical course of the disease. The disease 

associated SUN1 variants p.G68D, p.G338S and p.W377C as well as the SUN2 variants 

p.A56P and R620C disrupted centrosome reorientation and nuclear movement when 

expressed in NIH3T3 fibroblasts (Meinke et al., 2013).  

In a patient suffering Duchenne muscular dystrophy (DMD) caused by the DMD 

mutation p.E1137X two additional variants in genes encoding LINC components were 

identified:  29A>G in the 5’UTR of the nesprin 1α2 isoform and p.Q93P in SUN1. In a 

patient showing signs of EDMD and Charcot-Marie-Tooth syndrome (CMT) the two 

variants nesprin 1α1 p.N323H and SUN2 p.T33A were found. Primary fibroblasts of both 
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patients showed changes in cell adhesion, cell migration, senescence and stress response as 

well as changes in nuclear shape and NE composition (Taranum et al., 2012). 

 The second part of this work is focused on progeroid laminopathies. Some novel 

ZMPSTE24 mutations causing mandibuloacral dysplasia (MAD) and restrictive 

dermopathy (RD) have been identified. Based on these results and a review of the literature 

regarding ZMPSTE24 mutations, it could be shown that all mutations involved in RD are 

null mutations whereas all patients with MAD are compound heterozygotes carrying one 

loss-of-function mutation and one missense mutation (Navarro et al., 2013). 

A further part of this work is the description of the molecular genetics and 

functional background of a rare, unclassified progeroid syndrome. Sequencing of the 

LMNA gene in one patient revealed the homozygous mutation c.1303C>T (p.R435C). The 

heterozygous mutation was present only in the mother while the father was wild type. 

Sequencing of polymorphic markers on chromosome 1 revealed a partial uniparental 

disomy of chromosome 1 (1q21.3 to 1q23.1) including the LMNA gene as causative for the 

homozygosity of the mutation. Immunohistological analyses of tissue samples taken at the 

beginning and the end of the disease course showed a decreasing amount of lamin A. DNA 

double strand breaks were observed in different tissues by γH2AX staining at the age of 11 

months. Transfection of human normal fibroblasts with either LMNA p.R435C or LMNA 

wt plasmids and treatment of the transfected cells with hydrogen peroxide showed that the 

ability of the mutant protein to recruit 53BP1, a component of the DNA repair pathway, to 

damaged DNA sites is impaired (Starke and Meinke et al., 2013).  
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Discussion 

Emery-Dreifuss muscular dystrophy (EDMD) is an inherited neuromuscular 

disorder with variable clinical presentation. Only less than the half of all EDMD patients is 

linked to a disease allele. Except SUN1 and SUN2, all known LINC complex components 

have been associated with EDMD so far. Thus these two proteins were strong candidates 

for being also linked with EDMD (Meinke et al., 2011b). Following a functional candidate 

gene approach the SUN1 and SUN2 genes were sequenced in a cohort of 175 EDMD 

patients without a known mutation and 70 patients with known mutations in other LINC 

components. Based on these results the pathomechanism causing the phenotype in patients 

with SUN1 or SUN2 mutations was investigated. A total of 11 SUN1 and 7 SUN2 rare 

variants causing amino acid substitutions were identified in the patient cohorts. The 

compound heterozygous SUN1 mutations p.G68D and p.G338S showed an autosomal 

recessive inheritance in one patient. In six patients with known EMD or LMNA mutations 

heterozygous SUN1 or SUN2 mutations have been identified. The additional SUN variants 

in all of these six cases modified the course of disease making it more severe. Thus the 

modifying effect of SUN mutations could explain the clinical intra- and interfamilial 

variability observed in EDMD.  Functional analyses using cultured myoblasts of a patient 

with the compound heterozygous SUN1 mutations p.G68D and p.G338S showed defective 

protein interactions within the LINC complex as well as altered mRNA levels of some 

LINC components. Additionally, an enhanced differentiation rate and defects in 

myonuclear organization were also observed. Patient myoblasts were not able to recruit 

centrosomal proteins to the NE during differentiation myonuclei combined with loss of 

microtubule nucleation at the NE. These results provide clear evidence that SUN1 and 

SUN2 mutations may cause EDMD and act as modifier genes in LMNA- and EMD-linked 

EDMD. Furthermore these results provide first insights into the pathomechanism of the 

disease by weakening of the LINC complex in differentiating muscle cells and impairing 

nuclear attachment to the microtubule network resulting in disrupted myonuclear 

alignment. This may in turn cause an impaired muscle function and provide an explanation 

for the tissue specific effect of mutations in proteins that are ubiquitously expressed 

(Meinke et al., 2013).  

Studies performed on primary fibroblasts of a patient suffering Duchenne muscular 

dystrophy (DMD) and a patient showing signs of EDMD and Charcot-Marie-Tooth 

syndrome (CMT) give further evidence for the modifying effect of LINC mutations. The 
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DMD patient had apart from the mutation in the DMD gene two variants in the genes 

encoding nesprin 1α2 and SUN1. The EDMD/CMT patient carried two variants in nesprin 

1α1 and SUN2. Both cell lines showed characteristics for laminopathies. This shows that 

mutations in components of the LINC complex may have influence on the clinical outcome 

and the molecular pathology in these patients. (Taranum et al., 2012). 

As SUN1 and SUN2 mutations have been also associated to EDMD now, EDMD 

represents to a large part as a “LINC disease”. Disease causing SUN mutations have been 

identified in approximately one percent of our EDMD patients, therefore roughly 53% of 

all EDMD patients are still unlinked to a disease allele (Fig.12). It is possible that LINC 

complexes are tissue specific due to their composition (see introduction), but it is also 

likely that the tissue specific effects of mutations in LINC components are caused by 

interactions with binding partners that are only expressed in the affected tissues. Such 

proteins may be mutated in the remaining unlinked EDMD patients.  

 

 

 

 

Figure 12: Results of mutational analysis in an EDMD patient cohort (Wehnert and Meinke, 

2012b). 
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Mutations in genes encoding LINC complex proteins are not only associated with 

EDMD but also with a number of other diseases. Pleiotropic LMNA mutations have also 

been linked with progeroid syndromes – genetic diseases that mimic clinical and molecular 

features of aging. Progeroid syndromes caused by LMNA mutations are Hutchinson Gilford 

progeria syndrome (HGPS), mandibuloacral dysplasia (MAD), restrictive dermopathy 

(RD) and atypical Werner’s syndrome (aWS) as well as a couple of overlapping 

phenotypes. It is expected that insight into the pathomechanism of this group of diseases 

might provide clues to normal aging process. Thus the second part of this work is focused 

on progeroid syndromes. Both - RD and MAD patients - were analyzed for mutations in 

the ZMPSTE24 gene. The ZMPSTE24 or FACE1 gene is encoding the ZMPSTE24 protein 

which is necessary for the processing of prelamin A to mature lamin A. ZMPSTE24 

mutations are known to cause RD and MAD. A review of all available ZMPSTE24 

mutations showed a clear genotype-phenotype correlation: a combination of two nonsense 

mutations resulted in RD whereas a missense mutation together with a nonsense mutation 

was causing MAD (Navarro et al., 2013).  

Furthermore this work describes the molecular genetics and functional background 

of a rare, unclassified progeroid syndrome. The patient appeared clinically as an 

accelerated HGPS finally ending up in a delayed RD and presenting overlapping clinical 

features of MAD. A homozygous LMNA mutation within the IF-tail of the protein was 

found to be causative for the disease. The homozygosity of this mutation was caused by a 

partial uniparental disomy of chromosome 1. This shows for the first time that partial 

uniparental disomy can result in rare homozygous LMNA mutations. Immunohistological 

analyses of tissue samples taken at the beginning and the end of the disease course showed 

a decreasing amount of lamin A, but no accumulation of prelamin A. Staining against 

γH2AX revealed massive DNA double strand breaks. Transfection of human normal 

fibroblasts with mutant LMNA confirmed that the LMNA mutation p.R435C impaired the 

ability of the cells to recruit 53BP1, a component of the DNA repair pathway, to damaged 

DNA sites. This provides the first evidence in human that lamin A is directly involved in 

DNA repair (Starke and Meinke et al., 2013). 
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There are three groups of mutations in LMNA causing progeroid phenotypes. The 

first are heterozygous mutations at the C-terminus that affect the processing of prelamin A. 

These mutations were found in patients with RD or HGPS.  Second are mutations affecting 

the IF-tail of lamin A that are homozygous or compound heterozygous and result in MAD 

or atypical progeroid phenotypes. The third group consists of N-terminal heterozygous 

mutations resulting in aWS and atypical progeroid phenotypes (Wehnert and Meinke, 

2012a). As there is evidence now that homozygous LMNA mutations in the IF-tail have 

direct influence on DNA repair (Starke and Meinke et al., 2013) and DNA damage has 

been reported also in cases characterized by the accumulation of unprocessed prelamin A 

(or truncated forms of it;(Liu et al., 2005; Musich and Zou, 2009), this shows that 

increased DNA damage is a major factor in progeroid laminopathies. Furthermore this 

DNA damage seems not to be caused by the accumulation of prelamin A but rather by a 

loss of mature lamin A in mutations affecting the processing site and loss of direct or 

indirect interaction with DNA repair enzymes in the other groups of LMNA mutations.  

 

 

(Meinke et al., 2013; Meinke et al., 2011a; Navarro et al., 2013a; Starke et al., 2013; 

Taranum et al., 2012; Wehnert and Meinke, 2012a; Wehnert and Meinke, 2012b) 
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The LINC complex and human disease
Peter Meinke, Thuy Duong Nguyen1 and Manfred S. Wehnert2

Institute of Human Genetics, Fleischmannstrasse 42-44, D-17475 Greifswald, Germany

Abstract
The LINC (linker of nucleoskeleton and cytoskeleton) complex is a proposed mechanical link tethering the
nucleo- and cyto-skeleton via the NE (nuclear envelope). The LINC components emerin, lamin A/C, SUN1,
SUN2, nesprin-1 and nesprin-2 interact with each other at the NE and also with other binding partners
including actin filaments and B-type lamins. Besides the mechanostructural functions, the LINC complex is
also involved in signalling pathways and gene regulation. Emerin was the first LINC component associated
with a human disease, namely EDMD (Emery–Dreifuss muscular dystrophy). Later on, other components of the
LINC complex, such as lamins A/C and small isoforms of nesprin-1 and nesprin-2, were found to be associated
with EDMD, reflecting a genetic heterogeneity that has not been resolved so far. Only approximately 46%
of the EDMD patients can be linked to genes of LINC and non-LINC components, pointing to further genes
involved in the pathology of EDMD. Obvious candidates are the LINC proteins SUN1 and SUN2. Recently,
screening of binding partners of LINC components as candidates identified LUMA (TMEM43), encoding a
binding partner of emerin and lamins, as a gene involved in atypical EDMD. Nevertheless, such mutations
contribute only to a very small fraction of EDMD patients. EDMD-causing mutations in STA/EMD (encoding
emerin) that disrupt emerin binding to Btf (Bcl-2-associated transcription factor), GCL (germ cell-less) and
BAF (barrier to autointegration factor) provide the first glimpses into LINC being involved in gene regulation
and thus opening new avenues for functional studies. Thus the association of LINC with human disease
provides tools for understanding its functions within the cell.

The LINC (linker of nucleoskeleton and
cytoskeleton) complex
The NE (nuclear envelope) defines the barrier between the
nucleus and cytoplasm and features inner and outer
membranes separated by a perinuclear space. The inner
nuclear membrane contains specific integral and associated
proteins, including emerin, lamin A, lamin C, SUN1,
SUN2, nesprin-1 and nesprin-2 that are proposed to form
a mechanical link, called the LINC complex, tethering
the nucleo- and cyto-skeleton via the NE [1] (Figure 1). The
LINC components interact with each other at the NE and
also with other binding partners, including actin filaments
and B-type lamins [2]. Disruption of nesprin-2 giant,
SUN2 or actin prevents nuclear movement and centrosome
reorientation. The coupling of actin cables to the nuclear
membrane for nuclear movement via specific membrane
proteins indicates that, like plasma membrane integrins,
nuclear membrane proteins assemble into actin-dependent
arrays for force transduction. Many nuclear movements
are microtubule-dependent. However, nuclear movement
to reorient the centrosome in migrating fibroblasts occurs

Key words: Emery–Dreifuss muscular dystrophy (EDMD), linker of nucleoskeleton and

cytoskeleton complex (LINC complex), neuromuscular disorder.

Abbreviations used: EDMD, Emery–Dreifuss muscular dystrophy; FHL1, four and a half LIM

domain 1; LINC, linker of nucleoskeleton and cytoskeleton; LMNA, lamin A/C; NE, nuclear

envelope; SYNE, synaptic nuclear envelope; XMPMA, X-linked myopathy with postural muscle

atrophy.
1Present address: Vietnam Institute of Biotechnology, Vietnam Academy of Science and

Technology, Hanoi, Vietnam.
2To whom correspondence should be addressed (email mwehnert@uni-greifswald.de).

through an actin-dependent mechanism. Linear arrays of
outer (nesprin-2 giant) and inner (SUN2) nuclear membrane
proteins assembled on and moved with actin cables participate
in nuclear movement in polarizing cells [3]. The nucleus
is the largest and most rigid cell organelle. Therefore its
physical properties contribute critically to the biomechanical
behaviour of contractile cells, e.g. during amoeboid migration
or perfusion through narrow capillaries. Furthermore, it has
been speculated that nuclear deformations could allow cells to
sense mechanical stress directly, e.g. by modulating the access
of specific transcription factors to their binding sites. Defects
in nuclear mechanics have also been reported in a variety
of muscular dystrophies, particularly EDMD (Emery–
Dreifuss muscular dystrophy) caused by mutations in
NE proteins. These findings have provided important
insights into the mechanical behaviour of the nucleus
under physiological conditions, the distinct mechanical
contributions of the nuclear lamina and interior, and how
mutations in NE proteins associated with a variety of
human diseases can cause distinct alterations in the physical
properties of the nucleus and contribute to the disease
mechanism [4].

Clinical picture of EDMD
EDMD is clinically very variable and genetically hetero-
geneous [5]. Emery [6] adopted the term Emery–Dreifuss
‘syndrome’, recognizing that the clinical features may cover
more than one disease entity and, more recently, the term
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Figure 1 Schematic representation of the LINC complex

NPC, nuclear pore complex.

‘Emery–Dreifuss-like syndromes’ has been employed [7].
Clinically, EDMD is characterized by early contractures of
elbow and Achilles tendons as well as postcervical muscles
that lead to rigidity of the spine and the neck, also known as
rigid spine. Frequently, contractures of the Achilles tendons
without muscle involvement in the first decade of life are
observed as the first signs of the disease. Contractures of the
elbows and rigid spine appear mostly in early adolescence.
Slowly progressive muscle weakness and wasting may
occur in early childhood, typically affecting particular
muscle groups. Initially, humero-peroneal distribution can be
observed: proximally the upper extremities and distally the
lower extremities are affected. In later stages of the disease,
the proximal lower extremities will also be affected.
Usually, the patients remain ambulant, but, in severe cases, pa-
tients may become wheelchair-bound [8]. Cardiomyopathy
is clinically the most important aspect of the disease, usually
starting after the occurrence of muscular weakness in early
adulthood. At onset, conduction defects can be observed,
which lead to a high risk of sudden heart death and require
pacemaker or defibrillator implantation and, in rare cases,
heart transplantation [9]. Muscle biopsies show mild to
moderate myopathic features with variation in fibre size and
mild fibrosis, but rarely fibre necrosis [10,11]. Nuclear shape
changes, including lobulation, herniation and micronuclei,
can be observed [12–14]. Electron microscopy can reveal
nuclear changes in the form of chromatin clumping and
detachment from the nuclear membrane [10,13,15].

LINC components and EDMD
Emerin, encoded by STA/EMD, was the first LINC
component associated with EDMD [16]. STA is located
on Xq28. Thus mutations in STA result in X-linked
EDMD (EDMD1, OMIM #310300). Emerin is anchored
with its C-terminal domain in the nuclear membrane [17].
Its precise function is unclear, but working hypotheses
include, as a LINC component, effects on nuclear structural

integrity, increased cellular susceptibility to mechanical stress
damage, alterations in gene expression in response to NE
changes and effects on cell proliferation and differentiation
[18]. A clear effect of defective emerin on nuclear
signalling has been demonstrated [19]. Since the discovery
of the gene, more than 100 STA mutations have been
identified (http://www.dmd.nl; http://www.hgmd.cf.ac.uk;
and http://www.umd.be/EMD/). The mutations are quite
evenly distributed over the gene, but seem to occur more
frequently at the 3′ end coding for the C-terminal anchoring
domain. Most of the mutations (approximately 86%) cause
a total lack of emerin. Missense mutations usually result in a
milder phenotype.

The LMNA (lamin A/C) gene associated with autosomal
dominant and recessive EDMD (EDMD2, OMIM #181350;
EDMD3, OMIM #604929) [20,21] is localized on chromo-
some 1q21-q23. The gene consists of 12 exons distributed over
24 kb of genomic DNA. Alternative splicing in exon 10 results
in two different forms: lamin A and lamin C. Furthermore,
lamins C2 and �10 are also derived from LMNA by
alternative splicing. To date, more than 200 different, mostly
missense, mutations of LMNA have been reported and col-
lected in locus-specific databases (http://www.hgmd.cf.ac.uk;
http://www.umd.be). Lamins, including lamin A, B1, B2
and C, are preferentially localized in the nuclear lamina
adjacent to the inner nuclear membrane. Lamins are
implicated in DNA replication, organization of chromatin,
mechanical stabilization of the nucleus, positioning of nuclear
pores and anchoring of nuclear membrane components.
The multiple functions of lamins may explain the clinical
variability produced by particular mutations [22,23] and
the wide variety of disease phenotypes, collectively called
laminopathies, caused by pleiotropic mutations in LMNA
[24,25]. Besides EDMD, limb-girdle muscular dystrophy
type 1B, Charcot–Marie–Tooth neuropathy type 2B, dilated
cardiomyopathy type 1A, familial partial lipodystrophy
type Dunnigan, mandibuloacral dysplasia, Hutchinson–
Gilford progeria syndrome and restrictive dermopathy also
belong to the laminopathies [25].

SYNE1 (SYNE is synaptic nuclear envelope) and SYNE2
are located on chromosomes 6q25 and 14q23 respectively,
encoding nesprin 1 and nesprin 2. Nesprin-1 and -2 are
multi-isomeric spectrin-repeat proteins that bind both emerin
and lamins A/C and form a network in muscle linking
the nucleoskeleton to the inner nuclear membrane, the outer
nuclear membrane, membranous organelles, the sarcomere
and the actin cytoskeleton [26–28]. Thus disruptions in
nesprin–lamin–emerin interactions might play a role in the
muscle-specific pathogenesis of EDMD. Thus a functional
candidate gene approach was applied to associate SYNE1
and SYNE2 to EDMD (EDMD4, OMIM #612998; EDMD5,
OMIM #612999) [27]. So far DNA variations in nesprin-1α

and nesprin-2β have been found in EDMD patients, resulting
in amino acid exchanges in SYNE1 as well as in SYNE2.
All amino acid exchanges were found in the evolutionarily
highly conserved emerin- and lamin-binding domains of
the nesprins. Fibroblasts from these patients exhibited
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Figure 2 Segregation of mutations LMNA p.M348I and STA p.0 in family Antwerpen-EMD-2

(A) Pedigree. (B) Sequence analysis of LMNA. (C) Restriction digestion with enzyme SmuI validating LMNA p.M348I. WT,

wild-type. Sizes are indicated in bp.

morphological nuclear defects and specific patterns of emerin
mislocalization. In addition, diminished NE localization
of nesprins and impaired nesprin–emerin–lamin binding
interactions were a common feature of all EDMD patient
fibroblasts. siRNA (small interfering RNA) knockdown
of nesprin-1 or -2 in normal fibroblasts reproduced
the nuclear morphological changes and mislocalization of
emerin observed in patient fibroblasts. Taken together,
these data suggest that uncoupling of the nucleoskeleton
and cytoskeleton due to perturbed nesprin–emerin–lamin
interactions may cause EDMD. The inheritance follows an
autosomal dominant pattern. However, in one family, a
digenic inheritance was observed. The clinical expression
of nesprin mutations vary from asymptomatic, through
slightly increased creatine kinase to dilated cardiomyopathy,
limb-girdle muscular dystrophy and muscular dystrophy
with severe dilated cardiomyopathy requiring heart trans-
plantation at age 26 [27]. Nesprin mutations affecting the
giant isoforms have also been shown to be associated
with a severe recessive form of myogenic arthrogryposis
[29].

Digenic pathogenesis involving components of the LINC
complex have also been observed in EDMD patients [30,31].
Digenic mutations in STA and LMNA such as STA c.1A>G,
p.0 and LMNA c.1044G>T, p.M348I recently found in a
Belgian family (Figure 2) may help to explain the clinical
variability in EDMD.

The mutation STA c.1A>G, p.0 leading to a loss of
emerin has been shown previously to be causative for X-
linked recessive EDMD [16] and would explain the lack of

emerin and a pathogenic effect found in the male patient
G-13730 by itself (Figure 2). Obviously, the additional
presence of LMNA c.1044G>T, p.M348I seems to worsen
the phenotypic expression in G-13730. However, the index
case’s elder sister, G-14537, is heterozygous only for the
STA c.1A>G, p.0 mutation, while clinically showing very
mild conduction defects, but no skeletal muscle involvement,
which has occasionally reported from female carriers of STA
mutations and can be explained by unequal X-inactivation.
Conduction defects, without muscle impairment, but on a
more advanced level requiring pacemaker implantation, was
observed in the LMNA c.1044G>T, p.M348I/STA c.1A>G,
p.0 double heterozygous mother G-14538. Considering STA
c.1A>G, p.0 as an X-linked recessive mutation [16] means
that it probably has no clinical effect on the carrier, G-14538.
Thus the dominant LMNA c.1044G>T, p.M348I mutation
should explain the cardiac conduction defect in G-14538.
On the basis of these findings, LMNA c.1044G>T, p.M348I
should be considered causative for a dilated cardiomyopathy
(CMD1A) phenotype.

Similarly, digenic pathogenic effects have been shown for
mutations in SYNE1 and SYNE2 [27] or in desmin and
LMNA [30]. Such cases highlight that digenic inheritance
should be considered when the clinical features are atypical
or quite variable. All of the LINC components associated
with EDMD interact with each other at the inner nuclear
membrane [17,32]. But, unlike the majority of muscular
dystrophies, which are caused by changes at the sarcolemma,
LINC links the nuclear membrane to the actin cytoskeleton,
just as dystrophin links the sarcolemma to the actin

C©The Authors Journal compilation C©2011 Biochemical Society
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Table 1 Patients identified with mutations in genes associated

with EDMD

Gene mutated Proportion of EDMD patients (%)

STA/EMD 19

LMNA 22

SYNE1/SYNE2 2

FHL1 3

cytoskeleton, and this may explain why both nuclear and
sarcolemmal protein changes can cause similar muscular
disorders.

Non-LINC components and EDMD
An example for a non-LINC component is the FHL1 (four
and a half LIM domain 1) encoded by the X-linked FHL1
gene [33] that is associated with EDMD (EDMD6, OMIM
#300696). All FHL1 mutations associated with EDMD cause
changes in the distal region of the gene and putatively
destroy one of the four LIM domains or an NLS (nuclear
localization signal) of the three known isoforms of the protein
[34]. Surprisingly, to date, no functional relationships or
interactions have been found between FHL1 isoforms and
lamins, emerin or nesprins. However, the X-linked EDMD
associated with FHL1 mutations shows some phenotypic
peculiarities specific for XMPMA (X-linked myopathy with
postural muscle atrophy) [34]. Besides the typical variable
age of onset and clinical intrafamilial variability of EDMD,
the FHL1 mutations specifically show atrophy of postural
muscles, while other muscle groups are hypertrophic,
which may lead to an athletic constitution of the patients.
Moreover, hypertrophy of the heart muscle can be observed,
finally leading to a hypertrophic cardiomyopathy. Sometimes
patients suffer scoliosis. Thus the FHL1-associated X-
linked EDMD shows a substantial phenotypic overlap with
XMPMA [34]. FHL1 mutations can also produce other
myopathic phenotypes [35].

Recently, LUMA, another nuclear membrane protein and
binding partner of emerin and SUN2, encoded by TMEM43,
was identified as a component involved in atypical EDMD
[36].

Outlook
In our cohort of 195 EDMD patients, only approximately
46% of the EDMD patients can be linked to LINC and non-
LINC components (Table 1). Thus one can speculate that
further genes, each probably less than 5% of all patients, are
involved in the molecular pathogenesis of EDMD.

Other LINC components such as SUN1 and SUN2
are promising candidates to be associated with EDMD
[37]. In the search for further candidates, non-LINC
components, but interacting with individual LINC proteins,
should be considered, as shown for LUMA [36]. EDMD-
causing mutations in STA/EMD, disrupting emerin binding
to the transcriptional repressor Btf (Bcl-2-associated

transcription factor), GCL (germ cell-less) and BAF (barrier
to autointegration factor) provide the first glimpses into
LINC being involved in gene regulation and thus opening
a new avenue for functional studies [38]. Finally, the
association of LINC and LINC-related components with
human disease helps us to resolve genetic heterogeneity and
clinical variability and provides tools for understanding their
functions within the cell as well.
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12 Favreau, C., Dubosclard, E., Östlund, C., Vigouroux, C., Capeau, J.,
Wehnert, M., Worman, H.J., Courvalin, J.-C. and Buendia, B. (2003)
Expression of lamin A mutated in the carboxyl-terminal domain
generates a cell type sensitive aberrant nuclear phenotype similar to
that observed in cells from patients with naturally occurring lamin A/C
mutations. Exp. Cell Res. 282, 14–23
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Merlini, L., Muntoni, F., Greenberg, C.R., Gary, F., Urtizberea, J.-A. et al.
(1999) Mutations in the gene encoding lamin A/C cause autosomal
dominant Emery–Dreifuss muscular dystrophy. Nat. Genet. 21, 285–288

21 di Barletta, R., Ricci, M., Galluzzi, E., Tonali, G., Mora, P., Morandi, M.,
Romorini, L., Voit, T., Orstavik, K.H., Merlini, L. et al. (2000) Different
mutations in the LMNA gene cause autosomal dominant and autosomal
recessive Emery–Dreifuss muscular dystrophy. Am. J. Hum. Genet. 66,
1407–1412

22 Rankin, J., Auer-Grumbach, M., Bagg, W., Colclough, K., Fenton-May, J.,
Hattersley, A., Hudson, J., Jardine, P., Josifova, D., Longman, C. et al.
(2008) Extreme phenotypic diversity and non-penetrance in families
with the LMNA gene mutation R644C. Am. J. Med. Genet. Part A 146,
1530–1542

23 Vytopil, M., Ricci, E., Dello Russo, A., Hanisch, F., Neudecker, S., Zierz, H.,
Ricotti, R., Demay, L., Richard, P., Wehnert, M. et al. (2002) Frequent low
penetrance mutations in the lamin A/C gene. Neuromusc. Disord. 12,
958–963

24 Worman, H.J. and Bonne, G. (2007) Laminopathies: a wide spectrum of
human disease. Exp. Cell Res. 313, 2121–2133

25 Bertrand, A.T., Chikhaoui, K., Ben Yaou, R. and Bonne, G. (2011) Clinical
and genetic heterogeneity in laminopathies. Biochem. Soc. Trans. 39,
1687–1692

26 Libotte, T., Zaim, H., Abrahamm, S., Padmakumar, V.C., Schneider, M., Lu,
W., Munck, M., Hutchison, C., Wehnert, M., Fahrenkrog, B. et al. (2005)
Lamin A/C dependent localization of nesprin-2, a giant scaffolder at the
nuclear envelope. Mol. Biol. Cell 16, 3111–3424

27 Zhang, Q., Bethmann, C., Worth, N.F., Davies, J.D., Wasner, C., Feuer, A.,
Ragnauth, C.D., Yi, Q., Mellad, J.A., Warren, D.T. et al. (2007) Nesprin-1
and -2 are involved in the pathogenesis of Emery–Dreifuss muscular
dystrophy and are critical for nuclear envelope integrity. Hum. Mol.
Genet. 16, 2816–2833

28 Noegel, A.A. and Neumann, S. (2011) The role of nesprins as
multifunctional organizers in the nucleus and the cytoskeleton. Biochem.
Soc. Trans. 39, 1725–1728

29 Attali, R., Warwar, N., Israel, A., Gurt, I., McNally, E., Puckelwartz, M.,
Glick, B., Nevo, Y., Ben-Neriah, Z. and Melki, J. (2009) Mutation of
SYNE-1, encoding an essential component of the nuclear lamina, is
responsible for autosomal recessive arthrogryposis. Hum. Mol. Genet.
18, 3462–3469

30 Muntoni, F., Bonne, G., Goldfarb, L.G., Mercuri, E., Piercy, R.J., Burke, M.,
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a  b  s  t  r  a  c  t

Emery-Dreifuss  muscular  dystrophy  (EDMD)  is  a  late  onset-disease  characterized  by  skeletal  mu
wasting  and  heart  defects  with  associated  risk  of  sudden  death.  The  autosomal  dominant  form  of
disease  is  caused  by  mutations  in the  LMNA  gene  encoding  LaminA  and  C, the  X-linked  form  results  f
mutations  in  the  gene  encoding  the  inner  nuclear  membrane  protein  Emerin  (STA).  Both  Emerin
LaminA/C  interact  with  the  nuclear  envelope  proteins  Nesprin-1  and  -2  and  mutations  in genes  enco
C-terminal  isoforms  of  Nesprin-1  and  -2  have  also  been  implicated  in  EDMD.  Here  we  analyse  prim
fibroblasts  from  patients  affected  by  either  Duchenne  muscular  dystrophy  (DMD)  or  Emery-Drei
muscular  dystrophy/Charcot-Marie-Tooth  syndrome  (EDMD/CMT)  that  in addition  to  the disease  cau
Laminopathy
EDMD
Muscular dystrophy
SUN2  proteome

mutations  harbour  mutations  in  the Nesprin-1  gene  and  in  the  SUN1  and  SUN2  gene,  respectively.  SUN
proteins  together  with  the  Nesprins  form  the  core  of  the  LINC  complex  which  connects  the  nucleus  with
the  cytoskeleton.  The  mutations  are  accompanied  by  changes  in  cell  adhesion,  cell  migration,  senescence,
and  stress  response,  as  well  as  in  nuclear  shape  and  nuclear  envelope  composition  which  are  changes
characteristic  for laminopathies.  Our  results  point  to  a  potential  influence  of mutations  in components
of  the  LINC  complex  on the  clinical  outcome  and  the  molecular  pathology  in the  patients.
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Introduction

The nuclear envelope (NE) forms an interface between the c
plasm and the nuclear interior during interphase. It is compo
of the outer and inner nuclear membranes (ONM and INM, resp
tively), the nuclear lamina and the nuclear pore complexes (NP
The ONM is continuous with the endoplasmic reticulum (ER) 

connects with the INM at the NPCs, the INM associates with
nuclear lamina and with chromatin (Mellad et al., 2011; Starr 

Fridolfsson, 2010). The NE proteome comprises several prot
that perform critical functions in the maintenance of nuclear ar
tecture, positioning and migration. Mutations in these proteins 

to a variety of diseases, collectively called laminopathies, inc

ing partial lipodystrophy, mandibulolacral dysplasia (MAD), dilated
cardiomyopathy, autosomal-dominant limb-girdle muscular dys-
trophy type 1B (LGMD1B), Charcot-Marie-Tooth neuropathy type
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2B1 (CMT2B1), restrictive dermopathy, Hutchinson-Gilford pro
ria, Werner’s syndrome and Emery-Dreifuss muscular dystro
(EDMD) (Capell and Collins, 2006). EDMD is typically character
by the clinical triad of (1) early contractures of the Achilles t
dons, elbows and postcervical muscles (with subsequent limita
of neck flexion, but later forward flexion of the entire spine becom
limited); (2) progressive skeletal muscle weakness and was
with a humero-peroneal predominance at the onset of the 

ease (i.e. proximal in the upper limbs and distal in the lower lim
and (3) a life threatening cardiac disease where conduction def
coexist with ventricular and supraventricular arrhythmias, ch
ber dilation and heart failure.

Charcot-Marie-Tooth disease (CMT) constitutes a clinically 

genetically heterogeneous group of hereditary motor and sens
neuropathies. On the basis of electrophysiological criteria, C
can be divided into two major types: type 1, the demyelina
forms, characterised by a motor median nerve conduction ve
ity less than 38 m/s; and type 2, the axonal form, with a nor
or slightly reduced nerve conduction velocity (The UMD-LM

database: www.umd.be/LMNA).

To date, mutations in LMNA, STA and the Nesprin-1 and
-2 genes SYNE1 and SYNE2 have been associated with EDMD.
Mutations in the LMNA gene encoding the intermediate filament

dx.doi.org/10.1016/j.ejcb.2012.03.003
http://www.sciencedirect.com/science/journal/01719335
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proteins LaminA and C of the nuclear lamina cause the autoso
mal dominant form of the disease while mutations in the STA gen
encoding the INM protein Emerin cause the X-linked form (Bion
et al., 1994; Bonne et al., 1999; Manilal et al., 1996; Nagano et a
2006). SUN proteins like SUN1 and SUN2 and Nesprin-1 and- 2 ar
direct interaction partners of Emerin and LaminA/C and are can
didates for those cases of EDMD which do not involve Emerin o
LaminA/C (Zhang et al., 2007).

SUN1 and 2 are widely expressed type II INM proteins contain
ing at least one transmembrane domain and a conserved C-termin
SUN domain located within the lumen of the NE. Through th
domain they can recruit KASH (Klarsicht, ANC-1, Syne homo
ogy) domain proteins to the NE forming the LINC complex (linke
of nucleoskeleton and cytoskeleton) that provides a connectio
between the nucleoplasm and the cytoplasm and links it to th
cytoskeleton (Crisp et al., 2006; Haque et al., 2006; Padmakuma
et al., 2005; Starr and Han, 2002; Starr et al., 2001; Stewart et a
2007; Stewart-Hutchinson et al., 2008).

The KASH domain containing Nesprins (Nuclear envelop
spectrin repeat proteins) are spectrin repeat containing type 

transmembrane proteins that localise to the nuclear envelop
and are encoded by independent genes. Several isoforms exi
that are generated by the use of internal initiation sites or b
alternative splicing and vary in domain composition. The large
isoforms of Nesprin-1 and -2 (∼1000 kDa and ∼800 kDa, respec
tively) contain an N-terminal actin binding domain, a long ro
domain with several spectrin repeats and a C-terminal KAS
domain which tethers them to the nuclear membrane (Apel et a
2000; Mislow et al., 2002a; Padmakumar et al., 2004; Simpson an
Roberts, 2008; Zhen et al., 2002). Here we analysed componen
of the LINC complex in fibroblasts from a healthy donor ind
vidual and patients suffering from Duchenne muscular dystroph
(DMD) and Emery-Dreifuss muscular dystrophy/Charcot-Marie
Tooth  syndrome (EDMD/CMT). Sequence analysis revealed 

mutation in the DMD  gene in the case of the DMD  patient, wherea
for the EDMD/CMT the underlying mutation could not be ident
fied. Furthermore, the patients harboured additional mutations i
components of the LINC complex which initiated an analysis of N
components with particular emphasis on SUN2 and led to the estab
lishment of a SUN2 proteome for the EDMD/CMT fibroblasts whic
might deliver novel insights into the underlying pathomechanism
of the disease.

Materials and methods

Cell  culture

Human control and patient primary fibroblasts of a male (G
11235) and a female patient (G-11847) suffering from Duchenn
muscular dystrophy (DMD) and Emery-Dreifuss and Charco
Marie-Tooth syndrome (EDMD/CMT), respectively, were culture
in Eagle’s DMEM (Gibco) supplemented with 20% FBS, 1 mM glu
tamine, 1% penicillin/streptomycin and 7.5% sodium bicarbonat
at 37 ◦C and 5% CO2. Patients and mutation analysis have bee
described in Zhang et al. (2007). Cells were used between passag
4 and passage 16 as indicated. DMD  myofibroblasts were obtaine
from the Muscle Tissue Culture Collection, Friedrich-Baur-Institut
LMU  München.

Transfection experiments

A  mutation at position c.278A>C of SUN1 which leads to a

amino acid exchange p.Q93P was introduced into plasmid GFP-
hSun1 (Lu et al., 2008). Sun2-V5-His (Lu et al., 2008) was  used
for introduction of the mutation at position c.97A>G which leads
to an amino acid exchange p.T33A in SUN2. A site directed
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mutagenesis kit (Promega) was used. The mutation was confirme
by DNA sequencing. HaCaT cells were transfected using the Amax
cell line Nucleofector® kit V (Lonza) according to the manufac
turer’s instructions. Cells were analysed by confocal microscop
for the presence and distribution of nuclear envelope markers.

Immunofluorescence analysis

Cultured  cells grown on coverslips were fixed in 3
paraformaldehyde in PBS for 10 min  followed by permeabil
sation with 0.5% Triton X-100 for 5 min  for Nesprin-2 stainin
Alternatively, cells were fixed in cold methanol (−20 ◦C) fo
5 min  for Nesprin-1 staining. The following antibodies wer
used: mouse monoclonal anti-Nesprin-2 mAb K20-478 (Zhe
et al., 2002), affinity-purified rabbit anti-Nesprin-1 antibod
SpecII (this study), rabbit polyclonal Nesprin-2 pAbK1 (Libott
et al., 2005), rabbit anti-LaminB1 polyclonal antibodies (Abcam
mouse monoclonal anti-Emerin (Abcam), rabbit polyclon
anti-LaminA/C (Santa Cruz), polyclonal antibodies specific fo
pericentrin (Abcam), mouse monoclonal anti vinculin antibod
(Sigma), mouse monoclonal anti-V5 antibody (Invitrogen). Th
secondary antibodies used were conjugated with Alexa Fluor 48
(Molecular Probes), Cy3, TRITC and FITC (Sigma). The sample
were counterstained with DAPI (Sigma) and mounted in gelvato
Samples were analysed using confocal laser scanning microscop
(TCS-SP5, Leica). In general, cells between passages 8 and 16 wer
used for immunofluorescence.

Antibody generation

For  the investigation of Nesprin-1 polyclonal antibodies (SpecI
directed against the C-terminus of human Nesprin-1 were gen
erated. The last two  spectrin repeats (residues 8394–8608) o
Nesprin-1 were expressed as GST-fusion protein (GST-SpecII) an
used for immunisation of rabbits. Nesprin-1 specific antibodie
were purified by affinity chromatography. For this, the Nesprin-
polypeptide of GST-SpecII was cleaved from GST with thrombin
dialysed and coupled to CNBr-activated sepharose. The purifie
antibodies were highly specific for Nesprin-1. They reacted wit
GFP fusion proteins containing the Nesprin-1 C-terminus bu
not with GFP-fusions of the corresponding Nesprin-2 C-termin
sequences. They were used for immunofluorescence and Wester
blot analysis. Monoclonal antibodies specific for SUN2 were gene
ated against an N-terminal polypeptide of human SUN2 (Q9UH99
SUN2Nt, encompassing residues 1–138 and which is located i
the nucleoplasm. The ∼15 kDa polypeptide has a pI of 9.4. It wa
expressed as GST-fusion in E. coli XL1-Blue. After thrombin cleavag
the polypeptide was used for immunisation of mice. mAb  K80-20
was used in this work. The specificity of the antibodies was  con
firmed in experiments with V5-His-tagged SUN2 (Lu et al., 2008)

Western blotting

Cells  were grown to confluency, washed twice with ice cold PB
and resuspended in modified radio-immunoprecipitation (RIPA
lysis buffer (50 mM Tris–HCl, pH 7.5, 150 mM  NaCl, 1% NP-40, 0.5
Na desoxycholate, 0.1% SDS, 1 mM dithiothreitol, 1 mM benzam
dine, 1 mM PMSF, 1 mM  EGTA, 10 �g/ml aprotinin and 10 �g/m
leupeptin). Cell suspensions were passed through a 0.45 �m need
10 times and incubated for 15 min  on ice, followed by sonica
tion. The lysates were cleared by centrifugation at 10,000 rpm
for 5 min  at 4 ◦C. The samples were resuspended in 5× SDS  sam

ple buffer and heated at 98 ◦C for 5–10 min. For Western blot
analysis, proteins were resolved on 10%, 12% SDS- or 3–15%
gradient SDS polyacrylamide gels and transferred to PVDF mem-
brane (Pall Corporation) over 24–72 h. The blots were probed
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with primary antibodies, washed with TBST (10 mM Tris–HCl
8.0, 150 mM NaCl and 0.05% Tween-20) several times and in
bated with horseradish peroxidase-coupled secondary antib
(Dianova, Germany). The blots were washed again with T
and visualised using enhanced chemiluminescence (ECL) sys
(Luminol, p-Cumaric acid, Sigma–Aldrich, Steinheim, Germa
For control �-tubulin specific antibody mAb  WA3  provided
Dr. U. Euteneuer was used.

Heat stress experiments

Normal  and patient fibroblasts were trypsinised two days be
the experiment and plated on 12 mm glass coverslips and cultu
at 37 ◦C. For heat stress, cells were placed in an incubator se
45 ◦C for 30 min  and fixed immediately after treatment with 

methanol at −20 ◦C for 5 min  and incubated with anti-Lami
rabbit polyclonal antibodies or monoclonal antibody 4G5 (Abc
against emerin to detect the nuclear envelope and pericentrin 

cific polyclonal antibodies to detect the centrosome. Untre
normal and patient fibroblasts were used as control.

GST pull-down assay

Recombinant GST-SUN2Nt polypeptide expression was indu
in E. coli strain BL21 (0.5 mM IPTG, 4 h, 37 ◦C). Cells were lyse
described (Libotte et al., 2005) and the proteins were isolated f
the supernatant by incubating with glutathione agarose beads 

4 ◦C). Glutathione agarose beads coupled with GST-SUN2Nt w
washed five times with PBS (500 g, 4 ◦C, 1 min) before incuba
with the according human fibroblast total cell lysates (100,0
supernatant) at 4 ◦C for 6 h. Beads were washed three times w
PBS (500 g, 4 ◦C, 1 min) and heated in SDS sample buffer (9
5 min). Samples were analysed using 12% SDS polyacrylamide
and stained with Coomassie Brilliant Blue. Protein bands of in
est were excised from the gels and subjected to LCMS analysis.
experiment was carried out twice. For the analysis we used con
fibroblasts and EDMD/CMT fibroblasts. The EDMD/CMT fibrobl
were taken at passage 6 and 8, respectively.

Senescence-associated ˇ-galactosidase assays

Cells were seeded on cover slips; the next day cover slips w
washed with PBS and fixed with 3% PFA (5 min, RT). Cells w
washed twice with PBS and incubated at 37 ◦C with freshly 

pared senescence-associated �-Gal (SA-�-Gal) staining solu
(van der Loo et al., 1998). Examination for staining was done a
4–8 h under bright field microscopy at 40× magnification.

RNA  isolation and cDNA generation for quantitative RT-PCR
analysis

Total  RNA was  extracted from cells grown in a monolayer in
culture dishes with a kit following the instructions of the supp
(Promega, Heidelberg, Germany). First-strand cDNA synthesis
performed using M-MLV  reverse transcriptase RNase H Minus
from Promega. To evaluate the gene expression level of SUN
quantitative RT-PCR in the patient fibroblast in comparison to
control fibroblasts, total RNA was isolated from control fibrobl
at passage 8 and 22, EDMD/CMT fibroblasts at passage 4 and
DMD fibroblasts at passage 6 and 8. For normalisation GA
expression was used.
Focal  adhesion assay

Trypsinised  cells were seeded on coverslips in culture
dishes with an initial cell number of 1 × 103 and subjected to

37
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immunofluorescence as described above by staining for vincu
Analysis was carried out with a confocal laser scanning microsc
TCS-SP5 (Leica) equipped with TCSNT software. The individ
immunofluorescences shown in Fig. 4A have the same magnifi
tion (scale bar, 76.4 �m)  and were taken in the same z-plane so 

the spreading of focal adhesions on the surface of the coversl
comparable. LAS-AF Lite Application Suite software from Leica 

used to quantify the spreading area in �m2.

Wound healing assay

Control  and patient cells were grown on 10 cm tissue cul
plates until nearly confluent. Before experimentation, the c
were serum-starved overnight. The next day the medium 

replaced with serum-supplemented normal growth medium
scratch was  made in the monolayer with a 200 �l tip and the ra
cell migration into the wounded area was monitored using br
field microscopy. Images were captured at various time points
the distance migrated by the cells was  calculated by measuring
open wound area. Experiments were repeated at least thrice
each cell type.

Results

Case  report of Duchenne muscular dystrophy (DMD), and
Emery-Dreifuss muscular dystrophy/Charcot-Marie-Tooth
syndrome (EDMD/CMT) patients

We used primary fibroblasts from a patient (G-11235) suffe
from a muscular dystrophy compatible with a clinical phenot
of Emery-Dreifuss muscular dystrophy (EDMD). Mutational a
ysis was  negative in the genes known to be associated to ED
including STA, LMNA FHL1. We  therefore extended the anal
to components of the LINC complex and sequenced in partic
coding exons of Nesprin-1�1, Nesprin-1�2, Nesprin-2�1, Nesp
2�2, Nesprin-2�1 and Nesprin-2�2, SUN1 and SUN2. The DMD  g
was sequenced as well. This revealed the presence of a nonse
mutation c.3409C>T in the DMD  gene leading to a truncated 

trophin p.E1137X. The p.E1137X mutation is located in spec
repeat 7 of the protein (Legrand et al., 2011) (NCBI AAA5318
Based on this, patient G-11235 should phenotypically be con
ered as Duchenne muscular dystrophy (DMD). In addition, pat
G-11235 had a 29A>G mutation in the 5′UTR of the Nesprin-
isoform which was  not present in a reference population (386 a
les) suggesting a transcriptional mis-regulation of this Nespr
isoform. Nesprin-1� is a C-terminal isoform of Nesprin-1 an
primarily expressed in skeletal and cardiac muscle. It contai
transmembrane domain and several spectrin repeats but lacks
actin binding domain (Apel et al., 2000; Mislow et al., 2002a).
patient further harboured a mutation in SUN1 (c.278A>C, p.Q9

Patient  G-11847 suffers from a neuromuscular disorder show
clinical signs of EDMD and Charcot-Marie-Tooth syndrome (CM
She was  found to be heterozygous for a mutation p.N323H 

spectrin repeat of Nesprin-1�1. The patient inherited this muta
from her clinically healthy Asian mother. The p.N323H muta
was not found in Caucasians (254 alleles) but occurred in 4% o
Asian reference population (150 alleles). No primarily pathog
mutation for the disease in G-11847 could be found. G-11847 

carried a mutation in SUN2 at position c.97A>G which lead
an amino acid exchange p.T33A. This exchange represents a 

variant which appears to occur only in Asian populations (2/

chromosomes). At the protein level, the mutation is located in the
highly conserved N-terminal region of SUN2.

Obviously, the Nesprin-1 mutations found in patients G-11235
and 11847, respectively, are not primarily pathogenic. However, to
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Fig. 1. Nuclear defects in DMD  and EDMD/CMT fibroblasts. (a) Control (ctrl) and patient fibroblasts (EDMD/CMT, DMD) were stained for Emerin (left panel) and LaminA
(middle panel). Merge, right panel. Arrows in ctrl, Emerin and LaminA/C colocalisation; arrowheads (EDMD/CMT), colocalisation of Emerin and LaminA/C in nuclear patches;
DMD,  arrow, nuclear lobulation and bleb; DMD, middle panel, arrow head points to a nuclear patch. Alexa Fluor 568 and 488 conjugated secondary antibodies were used and
DAPI  for nuclear staining. Bar, 10 �m.  (b) The statistical analysis shows the increase of micronuclei and misshapen nuclei at increased passages. As misshapen we defined
nuclei which did not have an ovoid or round shape. One hundred nuclei per control and patient cells were evaluated at passage 8, 12 and 16 each. The error bars indicate
standard deviations. The experiment was carried out twice.
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Fig. 2. The distribution of nuclear envelope proteins is altered in patient fibroblasts. (a) LaminB1 was  stained using anti-LaminB1 as first antibodies; Alexa Fluor 568 as
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conjugated secondary antibodies; DAPI for nuclear staining. Arrows and arrow
defects in Emerin and LaminA/C localisation (see Fig. 1a for staining) was carri
indicate  standard deviations.

find out a possible contribution of those Nesprin-1 mutations to
clinical outcome we carried out investigations on the cellular l
to probe for alterations that are associated with diseases cause
mutations in components of the NE.

Patient fibroblasts show nuclear shape defects and have
alterations in components of the nuclear envelope

Nuclei of control cells generally have a round or ovoid shap
the patient fibroblasts we noted a variety of nuclear shape def
including folds, lobulations, blebs and micronuclei (Fig. 1a). Qu
tification showed that the number of cells with nuclear def
was increased compared to control cells (Fig. 1b). The DMD  pat
cells exhibited the most significant nuclear shape alterations. A
average, 30% of DMD  cells showed misshapen nuclei with a sl
increase from passage 8 to passage 16. In contrast, EDMD/C
fibroblasts exhibited 15 and 19% misshapen cells in passage 8
passage 12, respectively, and at passage 16 an increase to 32%
observed. The relation between micronuclei and misshapen 

correlated and remained almost constant (Fig. 1b).
When probing NE components in immunofluorescence anal

we found that nuclei of control cells displayed homogenous di
bution of Emerin and LaminA/C at the nuclear periphery. Lamin
showed in addition an even distribution throughout the nuc
(Fig. 1a, arrows). In EDMD/CMT patient fibroblasts, the per
eral distribution of Emerin was altered to a patchy stainin

the nucleus which was also observed for LaminA/C (Fig. 1a). In
fact, Emerin and LaminA/C colocalise frequently in these patches
(Fig. 1a, arrowheads). In the DMD  cells the nuclear rim staining was
retained for Emerin and Lamin and a localisation of Emerin and
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 indicate the defects described in the text. Bar, 10 �m.  (b) Statistical analysis of obse
t for each mutation. Nearly 300 nuclei were counted for each sample analysed. Error

LaminA/C  in blebs and protrusions was observed in dysmor
nuclei (Fig. 1a, arrow). Further, a fraction of fibroblasts also 

played reduced LaminA/C staining. However, in the nuclear b
depleted for LaminA/C, Emerin staining was still observed (Fig
arrows).

LaminB1 antibodies showed the protein at the nuclear en
lope in control fibroblasts (Fig. 2a). In EDMD/CMT fibroblasts
staining was discontinuous in nuclei that had blebs and blebs
not show significant LaminB1 labelling (Fig. 2a, arrowhead). Nu
with normal shape showed the expected nuclear distributio
LaminB1 (Fig. 2a, arrow). In DMD  fibroblasts the nuclear rim st
ing was not homogenous in misshapen nuclei (Fig. 2a, arrowhe
This aspect was observed in nuclei from cells at different pass
numbers. Another notable aspect was  the elongated appearanc
nuclei in a fraction of cells. A statistical analysis was carried ou
quantify the observations which confirmed increased number
patient cells exhibiting abnormalities (Figs. 2b and 3b).

When  we tested cells from patients suffering from Becker m
cular dystrophy for nuclear shape and distribution of NE prot
we observed normal shaped nuclei and a regular staining for
NE proteins (data not shown). This suggests that nuclear sh
alterations are not generally associated with muscular dystro
mutation. The patients harboured deletions of exons 2–11, ex
3–7 and 52–60, respectively, in the DMD gene.

Nesprin distribution and abundance is altered in control and

patient  fibroblasts

Based  on the findings that the patients have mutations in
Nesprin-1 we investigated the localisation of Nesprin-1 and 2 using
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Fig. 3. Nesprin-1 and -2 localisation is altered in fibroblasts from DMD and
EDMD/CMT  patients. (a) Control, EDMD/CMT and DMD  fibroblasts were stained for
Nesprin1 using anti-Nesprin-1 SpecII and Nesprin-2 using pAbK1 and mAb  K20-478
specific for the C- and N-terminus of Nesprin-2, respectively, as first antibodies;
Alexa  Fluor 568 and 488 as secondary antibodies; DAPI for nuclear staining. Arrows
and  arrowheads indicate the defects described in the text. Bar, 10 �m.  (b) Statistical
evaluation  of the observed defects. Approximately 300 nuclei were evaluated for
each mutation. (c) Presence of Nesprin-1 isoforms and of Nesprin-2 Giant in control
and patient fibroblasts. Cell lysates were separated on SDS gradient gels (3–15% acry-
lamide) and probed with SpecII antibodies specific for Nesprin-1 and mAb  K20-478
recognising the ∼800 kDa Nesprin-2 Giant. Equal loading was  assessed by Ponceau
S staining of the blots.
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polyclonal antibodies directed against the C-terminus of Nesprin-
and -2 (SpecII and pAbK1, respectively) and mAb  K20-478 directe
against the N-terminus of Nesprin-2 to detect Nesprin-2 Gian
(Padmakumar et al., 2005; Zhen et al., 2002). Control cells exhib
ited clear nuclear envelope localisation for both Nesprin-1 and -
with C-terminus specific antibodies (Fig. 3a, A, D, arrow). Nucle
staining was also observed for Nesprin-2 Giant with mAb  K20-47
(Fig. 3a, G). EDMD/CMT and DMD  cells showed nuclear envelop
staining for Nesprin-1 (Fig. 3a, B, C). In irregular shaped nucl
we saw also distribution into folds and pleats (Fig. 3a, B, arrow
head). pAbK1 recognised Nesprin-2 at the nuclear envelope, an
nuclei with misshapen morphology showed Nesprin-2 distributio
into blebs (Fig. 3a, E, arrowhead). By contrast, envelope stainin
with mAb  K20-478 was not pronounced in both patient fibroblast
Instead, Nesprin-2 Giant staining was uniform throughout th
nucleus in normal shaped nuclei and in nuclei with altered shap
A fraction of nuclei in the DMD  cells showed diminished nucle
staining of Nesprin-2 Giant with concomitant defects in the nucle
shape (Fig. 3a, I, asterisk). A statistical evaluation revealed th
increase of micronuclei, mislocalisation of Nesprins and reduce
staining in the patient cells (Fig. 3b).

To analyse the isoform expression patterns of Nesprin-1 and -
we performed Western blot analysis with pAb SpecII for Nesprin-
and mAb  K20-478 specific for Nesprin-2 (Fig. 3c). For Nesprin-1 w
observed a similar pattern in control and patient cell lysates an
detected proteins of ∼250 kDa, 400 and 600 kDa (Fig. 3c, arrows
However the intensity of the 250 and 400 kDa protein bands wa
reduced. This was most prominent in the DMD  fibroblasts. Fu
thermore, proteins of lower molecular masses corresponding 

C-terminal Nesprin-1 isoforms were not visible in the patien
lysates. By contrast, Nesprin-2 Giant levels were comparable to th
control in both patient cell lines.

SUN2 gene expression is down-regulated during passaging of
patient  cells

SUN  proteins are essential components of the LINC comple
In humans there exist several SUN isoforms with SUN2 being th
ubiquitously expressed one. In the following studies we focused o
SUN2 as the gene carries a mutation in the EDMD/CMT fibroblast
SUN2 specific antibodies showed a rim like staining pattern in DM
and EDMD/CMT fibroblasts comparable to wild type fibroblas
(data not shown). When we probed SUN2 expression at variou
passages we found that at lower passages (p6, p4, respectivel
SUN2 expression is comparable to wild type fibroblasts as analyse
by qRT-PCR, whereas at higher passages (p8, p16, respectivel
the expression level of SUN2 is remarkably decreased (Fig. 4a, b
Immunoblot analysis of control and patient fibroblasts with th
SUN2 specific mAb  K80-207-11 confirmed the results obtained fo
the mRNA at the protein level revealing a decrease in EDMD/CM
cell lysates at higher passages (passage 6 vs passage 8 or 16, respe
tively) (Fig. 4c, d).

The  diminished SUN2 transcript levels in senescent patient cel
might be a consequence of the mutations in SUN1 and SUN
respectively, leading to a weakening of the interactions of the LIN
complex or through perturbed mechanotransduction and subs
quent aberrant signalling pathways which in turn can affect th
levels of cellular and extracellular components.

The SUN2 proteome of EDMD/CMT fibroblast cells differs from that
of control fibroblast cells
In independent work we  have generated a SUN2 proteome for
HaCaT cells and identified proteins belonging to several functional
classes (Vaylann and Noegel, unpublished). Here we  followed up
and extended this work and carried out pull down experiments
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Fig. 4. SUN2 transcript and protein levels in control and patient fibroblasts at different passages. (a) Evaluation of Sun2 mRNA by qRT-PCR. The SUN2 mRNA levels in control
fibroblasts at passage 8 were set at 1.0, EDMD/CMT fibroblasts at passage 4 (p4), DMD  fibroblasts at passage 6 (p6). Relative amounts as compared to control fibroblasts are
shown.  (b) SUN2 transcript levels at higher passages. Control fibroblasts at passage 22 were taken for reference. EDMD/CMT fibroblasts at passage 16 (p16), DMD  fibroblasts
at  passage 8 (p8). (c, d) SUN2 protein levels as determined by immunoblot analysis of lysates from control and patient fibroblasts at different passages as indicated. For
loading control the blots were probed for �-tubulin. mAb  K80-207-11 was used for SUN2 detection, mAb  WA3  for �-tubulin detection.

Fig. 5. SUN2 proteome of control and EDMD/CMT fibroblasts. (a) Coomassie Blue stained SDS polyacrylamide gel (12% acrylamide) showing proteins from pull down assays
using  total control and EDMD/CMT cell lysates and GST-SUN2Nt as bait. Controls; ctrl1, GST-SUN2Nt beads incubated with PBS, ctrl2 and ctrl3, GST beads incubated with cell
lysate  from control fibroblasts (ctrl2) and EDMD/CMT cell lysate (ctrl3). Input ctrl and input EDMD/CMT show the proteins that were precipitated using GST-SUN2Nt coated
beads  from the corresponding lysates. Arrows point to the analysed gel areas. Black arrows, protein bands present in both samples; grey arrows, diminished in control or
patient cell lysate; red arrows, only found in control or patient cell lysate. (b) Graphical representation of Sun2 binding partners in control and EDMD/CMT fibroblasts. The
experiment was carried out twice. Only proteins that were detected in both analyses are shown. (c) Pull down experiments using GST (control) and GST-SUN2NT bound to
Sepharose beads to precipitate LaminA/C and Tubulin from control (WT) and patient fibroblast lysates (EDMD/CMT and DMD). The precipitated proteins were detected with
appropriate antibodies.

41
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Table  1
Proteins in control and EDMD/CMT fibroblast lysates that are precipitated by GST-SUN2Nt. They belong to the following categories, gene regulation (A), RNA processing (B),
architectural complex (C) and signalling (D). Identifier indicates the SwissProt accession number if not stated otherwise. Ctrl, control fibroblast lysate, EDMD/CMT, lysate
from  patient fibroblasts. +, presence; −, absence.

Identifier Name Category Ctrl EMD/CMT

Q9NVE4 (UniProtKB) CCDC87 A + +
P68104  (UniProtKB) EF1A1 B − +
NP  991247.1 HNRNPH1 B + +
O00571  mRNA helicase 3X B + −
EEF2  HUMAN EEF2 B + −
P60842  (UniProtKB) eIF4A-1 B + +
Q8N9N8 EIF1AD B − +
Q9UHB6 LIMA1 C + −
Q8WZ42  titin C − +
O43707.2  �-Actinin1 C + −
P12814.2  �-Actinin4 C + −
P41351 Tubulin � C + +
P05219 Tubulin � C + +
Q9ULV4.1 Coronin1C C + −
P02545.1  laminA/C* C, D + +
P68032 Actin* C, D + −
P35579  Myosin9* C, D + −
O00159 Myosin1c* C, D + −
Q8WXH0  Nesprin2* C, D + −
P53618.3  Coatomer � D + −
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AAH20498.2  Coatomer � 

P22314 Ubiquitin-like modifier-activating en

with total lysates from control and EDMD/CMT fibroblasts using th
N-terminus of SUN2, GST-SUN2Nt, as bait (Fig. 5a). This approac
might help to identify possible differences in protein interactio
partners of SUN2 in control and patient fibroblasts. The anal
sis was done by separating the protein complexes by SDS-PAG
followed by LC–MS (liquid chromatography–mass spectrometry
The identified proteins have roles in gene regulatory events (A), 

RNA-processing complexes (B), in architectural complexes (C) an
in signalling (D) (Table 1). Fig. 5b summarises the data and illu
trates the distribution of the proteins in control cell lysates an
EDMD/CMT cell lysates. Some proteins are present in both lysat
(Fig. 5b, intersection). Only one protein of category A, the coiled co
domain containing protein 87 (CCDC87) which has homology 

MAP65 (microtubule associated protein 65) in its C-terminus, w
shared by the proteomes of both cells. Equal numbers of protein
participating in RNA-processing were detected in both lysates. 

control cell lysates significantly more proteins contributing to ce
architecture and signalling events were found as compared to th
EDMD/CMT cell lysate.

Proteins  missing from the SUN2 proteome of EDMD/CMT cel
were mainly actin cytoskeleton related proteins such as acti
myosin1C and myosin9. Notably, Nesprin-2 was only found in con
trol cell lysates, LaminA/C was identified in both lysates (Table 1 an
Fig. 5b). The Nesprin-2 peptide identified in control cells match
to a sequence in the last spectrin repeat which is present in th
Nesprin-2 isoforms Nesprin-2 Giant, Nesprin-2�2 and Nesprin
2�1. We  verified some interactions by repeating the pull dow
and probing the presence of tubulin and LaminA/C in the precip
tate with antibodies (Fig. 5c). In this experiment we also include
a lysate from cells of the DMD  patient. LaminA/C was pulled dow
in nearly comparable amounts from all cell lysates, whereas f
tubulin the signal in the DMD  pull down was strongly reduced 

comparison to control (WT) and EDMD/CMT cell lysates. GST w
used for control.

Expression of mutant SUN1 and SUN2 proteins in HaCaT cells
Since  SUN proteins are crucial components of the LINC com-
plex we decided to probe the impact of the mutations found in
the patients on this complex. The corresponding mutations were
introduced into the respective cDNAs by site directed mutagenesis

42
D + −
D − +
D − +

and  the mutant proteins expressed in HaCaT cells. For the mutag
nesis plasmids GFP-hSun1 and Sun2-V5-His (Lu et al., 2008) we
used. Following transfection the presence of nuclear envelope com
ponents was probed by immunofluorescence analysis. We  observe
no changes at this level of analysis with regard to abundance an
distribution of Nesprin-2, Emerin and LaminB1 (Fig. 6a, b). The lo
transfection efficiency prevented us from carrying out biochemic
analysis which could give information on the stability of the LIN
complex.

The nucleus-centrosome distance is increased in EDMD/CMT and
DMD  fibroblasts

The  centrosome plays a key role in cellular architecture by dete
mining the position of several associated organelles including th
nucleus. Previous data indicated that nuclear envelope protein
like the LINC complex components and Emerin are participating 

centrosome-nucleus juxtaposition and mediate shuttling of nucle
and centrosomal proteins between these organelles (Schneid
et al., 2011; Salpingidou et al., 2007). Therefore we investigate
the localisation of the centrosome relative to the nucleus usin
antibodies against pericentrin (Fig. 7a, b). In control cells all cen
trosomes were in close proximity of the nucleus (1.3 �m mea
distance). Normal shaped as well as misshapen nuclei from patien
cells exhibited a slightly increased centrosome-nucleus distanc
(Fig. 7b). The mean distance measured for DMD  cells was 3.25 �
and for EDMD/CMT fibroblasts it had increased to 4 �m (Fig. 7c
The centrosome number per cell was not affected. In control a
well as in patient cells the centrosome nucleus number correlate
irrespective of the nuclear shape.

Cell adhesion is altered in patient fibroblasts

Cell adhesion contributes substantially to the maintenance 

tissue structure, the promotion of cell migration, and the tran
duction of information about the microenvironment of the ce
Vinculin is a plasma membrane-associated cytoskeletal prote

in focal adhesion sites that is involved in the linkage of integrin
adhesion molecules to the actin cytoskeleton (Ziegler et al., 2006).
When we  assessed cell adhesion by vinculin staining we found that
all cell lines attached to the substratum and adhesion increased
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ells trol
Fig. 6. Expression of mutant SUN1 and SUN2 in HaCaT cells. (a) HaCaT cells 

LaminB1 distribution using the corresponding antibodies. In (b) HaCaT cells exp
using  a V5-specific antibody. Bar, 10 �m.

progressively as revealed by vinculin staining (Fig. 8a). Control c

had at every time point the largest area of spreading on the sub-
stratum. Notably, when settling of the cells was completed after
75 min, the spreading area of the patient cells was  approximately
two fold lower than that of the control cells (Table 2). A statistic

Table 2
Analysis of cell spreading in control and patient fibroblasts. The vinculin stained
area  on the surface of coverslips of control and patient fibroblasts 15, 30, 45, 60 and
75 min  after seeding is measured in �m2.

15 min  30 min  45 min  60 min  75 min

ctrl 1277.5 2385.51 2389.04 3882.86 7165.07
EDMD/CMT 978.02 936.09 1453.69 3058.94 3193.63
DMD 989.18 1126.05 1800.52 2691.37 4012.26

 the
ells
min
min
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ssing GFP-SUN1 carrying the mutation Q93P were analysed for Nesprin-2, Emerin
g SUN2-V5-His carrying the mutation T33A were analysed. SUN2-V5-His was  recogn

evaluation of the adhesion ability showed that 30% of the con
cells had attached to the coverslip after 15 min. Attachment to
substratum was significantly lower in EDMD/CMT and DMD  c
at 30 and 45 min  in comparison to the control cells. After 60 

control and DMD  cells had attached completely and after 75 

EDMD/CMT cells had also completed attachment (Fig. 8b).

Cell  migration is altered in the mutant fibroblasts in an in vitro
wound  healing assay
Earlier  studies have demonstrated that mutations in key NE pro-
teins can result in slower migration rates of fibroblasts (Houben
et al., 2009; Lee et al., 2007; Lüke et al., 2008). To investigate
whether the mutations in the patient cells studied in this report
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also show similar defects we performed wound healing assays o
confluent monolayers of patient fibroblasts. This assay allows t
test the behaviour of the cells after physical injury of a cell laye
and also to evaluate the migration behaviour and speed of the cel
when they close the wound. Control fibroblasts quickly migrate
into the wound exhibiting a cell velocity of 10.4 ± 3.07 �m per hou
Mutant fibroblasts oriented towards the wound, however the tim
required for wound closure was significantly increased and the ce
velocities measured were reduced (6.9 ± 1.88 �m for EDMD/CM
and 6.0 ± 0.81 �m for DMD) (Fig. 9).
Senescence is increased in patient fibroblasts

An increased senescence has been reported for cells harbour-
ing defects in components of the nuclear envelope (Le Dour et al.,

44
ntinued ).

2011).  When we  stained for the senescence marker �-galactosidas
we found that in control fibroblasts of comparable passage num
bers less than 1% of the cells were positive. In contrast, EDMD/CM
cells revealed a positive staining in 11% of the cells, and in DM
fibroblasts this number increased to 14% (Fig. 10).

DMD fibroblasts display hypersensitivity to heat shock treatment

It  has been demonstrated that nuclei from laminopathy cel
are susceptible to heat stress (Vigouroux et al., 2001). To evaluat
the resistance of the nuclear envelope to damage induced by hea

stress, control and patient fibroblasts were subjected to heat shock
treatment for 30 min  at 45 ◦C. Following the treatment, the cells
were immediately fixed and stained for LaminB1 to assess nuclear
shape changes. In control cells LaminB1 distribution and nuclear
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Fig. 7. Nucleus-centrosome distance is altered in patient fibroblasts. (a, b) Immunofluorescence analysis of control (ctrl), EDMD/CMT and DMD  fibroblasts using pericentrin
specific antibodies to localise the centrosome. Detection was with Alexa Fluor 488 conjugated secondary antibodies, DAPI was used for nuclear staining. A, normal shaped
nuclei, B, irregular shaped nuclei. Size bar, 5 �m.  (c) Statistical evaluation of the nucleus centrosome distance. Nucleus-centrosome mean distances were measured in �m
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with  Leica LAS AF Lite software. Fifty cells for control, EDMD/CMT, DMD fibro
observed distances between 0 and 1.30 �m, for EDMD/CMT between 0 and 9
cells), 6 (DMD) and 14 (EDMD/CMT).

shape were not dramatically altered upon heat stress whereas
number of deformed nuclei was increased (Fig. 11a, b). Fibrobl
from DMD patients displayed profound nuclear abnormalities a
treatment. Nuclear envelopes were deformed and disorganised 
folds and pleats and many had a ruffled appearance. Many nuclei
also showed indentations (Fig. 11a, small arrowhead), tears in the
nuclear envelope and extensive lobulations (Fig. 11a, asterisk). Fur-
ther, heavily deformed nuclei appeared enlarged in both patient cell

45
 each were examined. The error bars indicate standard deviations. For control cell
,  and for DMD  they were between 0 and 8.67 �m.  Passage numbers were 17 (co

lines suggesting an alteration in the nuclear protein network 

resulted in hypersensitivity to heat stress induced deformation
quantitative analysis we observed a higher number of deform
nuclei in untreated patient cells as compared to control cells. T

number nearly doubled upon heat shock. A similar doubling was
also seen in heat treated control cells (Fig. 11b).

We  also determined whether heat shock affected the cen-
trosome positioning and stained for the centrosome marker
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Fig. 8. Cell surface adhesion in patient fibroblasts. (a) Immunofluorescence analysis of control and patient fibroblasts 15, 30, 45, 60 and 75 min  after seeding. Staining was
 nucle ol
eding 
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for  Vinculin. Alexa Fluor 488 conjugated secondary antibody was used, DAPI for
and patient fibroblasts 15, 30, 45, 60 and 75 min  after seeding. At 90 min  after se

pericentrin. We  found that the nucleosome–centrosome di
tance was slightly but not significantly increased in control an
EDMD/CMT fibroblasts. In DMD  fibroblasts the centrosome di
tance increased after heat shock. The difference was statistical
significant (Fig. 11c).

Discussion
Here  we characterised dermal fibroblasts from patients suf-
fering from DMD  and EDMD/CMT. In case of patient G-11235
the disease causing mutation was located in the dystrophin

46
ar staining. Scale bar, 76.4 �m (shown in every panel). (b) Adhesion ability of contr
attachment was completed. The error bars indicate standard deviations.

gene,  the mutation in patient G-11847 is not known. In additio
to the disease causing mutations the patients carry heterozy
gous mutations in Nesprin-1� and in SUN1 (patient G-11235
and SUN2 (G-11847) which are located in the N-termini 

the proteins. These mutations are normally not disease re
evant, however, in combination with further mutations the
may enhance the phenotype. Nesprin-1� has been characterise

quite well. In particular, binding to Emerin and to LaminA/C
have been described. Furthermore, it can homodimerise through
its spectrin repeats 3 and 5 to form an antiparallel homod-
imer (Mislow et al., 2002b). Whether these repeats also interact
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Fig. 9. In vitro wound healing is altered in patient fibroblasts. (a) A cell migration assay was carried out to measure the wound healing capacity of patient fibroblasts. Confluent
monolayers of control, EDMD/CMT and DMD  fibroblasts were scratched and wound closure was monitored by bright field microscopy over 20 h. Representative images of
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with the related spectrin repeats of Nesprin-2 to form
heterodimer cannot be excluded as recent work showed 

Nesprins can interact with each other and form a network 

rounding the nucleus (Taranum et al., 2012). In addition, thro
its C-terminal KASH domain Nesprin-1� is a component of the L
complex (Padmakumar et al., 2005). The mutations in the N-term
of SUN1 and SUN2, respectively, may  contribute to the obser
phenotypes as they may  be able to interact with Nesprin-1 isofo
in analogy to the observed interaction with Nesprin-2 isofo
They also have the potential to bind to LaminA/C (Haque et al., 20
(see discussion below).

Our  analysis of the patient fibroblast lines showed abnorm

ities in the nuclear structure with concomitant mislocalisation of
Nesprins, Emerin, LaminA/C and LaminB1 at the NE, and alterations
in adhesion, migration and further physiological properties such as

Fig. 10. Statistical evaluation of expression of �-galactosidase as senescence
marker.  Control and patient fibroblasts were assayed for �-galactosidase expres-
sion.  The experiment was done in duplicate, 200 cells were counted each. The error
bars indicate standard deviations. Control fibroblasts were taken at passage 22,
EDMD/CMT fibroblasts at passage 16, and DMD  fibroblasts at passage 8.
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47
igration. Each experiment was  repeated at least thrice. The error bars indicate stan

senescence and stress sensitivity which are in general character
for fibroblasts from laminopathies.

In  general, nuclear defects have not been studied for DMD  c
because Dystrophin is a protein of the sarcolemma. Lack of the 

tein affects the mechanical integrity of myofibres and leaves th
vulnerable to mechanical stress. Furthermore, aberrant activa
of various signalling processes and increased apoptosis has b
observed (Le Dour et al., 2011; Kumar and Boriek, 2003). The me
anisms are however not clear. If we  consider the possibility 

there is a continuous link between the nucleoplasm, the NE,
cytoskeleton and the plasma membrane, then Dystrophin at
sarcolemma can be integrated into this scenario. It is then also
surprising that the defects observed in DMD and laminopathies
overlap and resemble each other. At the cellular level we did h
ever not note obvious nuclear defects in DMD  myoblasts. The
related changes we  observed in the patient fibroblasts may  th
fore be a consequence of the additional mutations in the Nespr
gene.

Interestingly, Nesprin-1 and Nesprin-2 are expressed in con
and mutant fibroblasts and we observed alterations for both. B
proteins have a similar overall structure and have similar or id
tical binding partners (Simpson and Roberts, 2008). Whether
changes in Nesprin-1 and Nesprin-2 are due to a possible in
action between them or through alterations in the state of t
common binding partners Emerin and LaminA/C is not clea
case of the DMD  patient cells we found a reduction in Nesp
2 Giant at the NE in dysmorphic nuclei by immunofluoresce
analysis although overall protein levels were not altered. Los
Nesprin-2 has been shown to cause severe nuclear morpho
defects in LMNA S143F progeria cells (Kandert et al., 2007) 

Nesprin-2 knockout mice show an increase in nuclear volume (L
et al., 2008) suggesting that loss of Nesprin-2 Giant from the
results in nuclear morphology defects. The observed misloca
tion of Nesprin-2 may therefore be a factor that contributes to
severity of the condition.

Increased  fragility of the nucleus to heat shock has been repo

in patients with Dunnigan type familial partial lipodystrophy
(FPLD) as a functional consequence of an altered nuclear lamina
structure (Le Dour et al., 2011). Similar analyses with our patient
cells revealed that nuclei from both probands were hypersensitive
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Fig. 11. Heat shock induces severe nuclear shape alterations in DMD  and EDMD/CMT fibroblasts. (a) Control and patient fibroblasts were subjected to heat shock treatment
at  45 ◦C for 30 min  and fixed immediately in ice cold methanol and immunolabelled for LaminB1. Untreated cells (left column) and heat stressed nuclei (middle and right
columns) as indicated on top are shown. Arrows and arrowheads point to alterations. Bar, 10 �m.  (b) The number of deformed nuclei prior to and after heat shock was
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determined. Cells were fixed and stained for Emerin or with DAPI to reveal the nu
stained for Emerin and Pericentrin as centrosomal marker. The experiment was 

cells were analysed per strain.

to heat stress. Patient nuclei showed extensive changes with th
appearance of blebs, pleats, folds, and indentations in the nucl
upon hyperthermic shock. Furthermore, enlargement of nucl
upon heat shock was observed in both patient samples. A subs
of nuclei had a ruffled appearance and was extensively lobulate
indicating diminished resistance to stress.

There is evidence that alterations in nuclear morphology co
relate with chromatin rearrangement possibly involved in th
control of gene expression (D’Angelo and Hetzer, 2006). The
changes include altered sub-nuclear targeting of transcription fa
tors and/or nuclear domains. Principal components of chromat
remodelling complexes include actin and actin regulatory protein
Between nuclear actin, LaminA/C and Emerin a molecular link h
been suggested (Clements et al., 2000; Fairley et al., 1999; Vaugha
et al., 2001). Previously reported and further elucidated in th
study by Haque et al. (2010), is a direct interaction of LaminA
and the N-termini of SUN1 and SUN2. Noteworthy, both patien
carry additional mutations in the N-termini of SUN1 (DMD) an
SUN2 (EDMD/CMT), respectively. Loss or mutations that inhibit th
interaction between one of those proteins could result in an altere
relationship between the NE and chromatin. This can be extende
to any protein that is a member of the LINC complex. Interestingl
putative interaction partners of SUN2 differ significantly as far 

architectural proteins are concerned in EDMD/CMT cell lysates 

comparison to control cell lysates. Actin and actin related protein
like �-actinin, myosin and Nesprin-2 were only detected in contr
lysates. Since LaminA/C was still present in EDMD/CMT cell lysate
it is conceivable that the LaminA/C-SUN2 interaction is maintaine
in EDMD/CMT cells, and the interruption might be therefore u
or downstream of the LaminA/C-SUN2 connection. In any case, th
absence of the actin complex in the patient cell lysate points to a
altered cytoskeletal interaction.

Spectrin  repeat proteins are known to associate with F-actin n
only through their actin binding domains but also through bindin
sites along the molecule (Djinovic-Carugo et al., 2002). In a hyp
thetical scenario, mutated Nesprin-1� in EDMD/CMT cells mig
weaken the actin complex interaction and, by doing so, contribu
to the disease phenotype. It is therefore conceivable that altere

expression of LINC complex proteins and/or associated proteins
which interact with a nuclear actin scaffold may  affect gene expres-
sion in repair and/or maintenance of muscle fibres in laminopathy
patients. Further experiments assessing the interactions between
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shape. (c) Analysis of the nucleus centrosome distance after heat shock. The cells we
d out at passage number 14 (control cells), 16 (DMD), 13 (EDMD/CMT). One hundr

LINC  complex proteins and actin complex proteins will shed ligh
on these questions.

The  mutation in the dystrophin gene found in the DMD  patien
converts glutamic acid encoded by GAA/GAG into a premature te
mination codon resulting in a truncated protein which is lackin
a significant part of its rod domain onto which many interaction
have been mapped. This loss of protein function might disconne
the extra-cellular matrix from the cytoskeleton as these bindin
sites are lost. Additionally, the mutation found in Nesprin-1�2 

the DMD  patient and in Nesprin-1�1 in the EDMD/CMT patien
together with the SUN mutations being without consequences 

healthy individuals when occurring separately, might contribu
to weakened LINC complex protein interactions and thus pertur
signaling.
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ABSTRACT 

Proteins of the nuclear envelope (NE) are associated with a range of inherited disorders, most 

commonly muscular dystrophy and cardiomyopathy, including Emery-Dreifuss muscular 

dystrophy (EDMD). Six genes are linked to EDMD, four encoding proteins associated with 

the LINC complex that connects the nucleus to the cytoskeleton. However, 50% of patients 

have no identifiable mutations in these genes. Here, we identify putative disease-causing 

mutations in the SUN1 and SUN2 genes, also encoding LINC complex components, in 

patients with EDMD and related myopathies. We also show that SUN1 and SUN2 can act as 

disease modifier genes in individuals with co-segregating mutations in other EDMD genes. 

Five SUN1/SUN2 variants examined impaired rearward nuclear repositioning in fibroblasts, 

confirming defective LINC complex function in nuclear-cytoskeletal coupling. Furthermore, 

myotubes from a patient carrying compound heterozygous SUN1 mutations displayed gross 

defects in myonuclear organization, accompanied by loss of pericentrin accumulation and 

microtubule nucleation at the NE. Defective pericentrin recruitment was recapitulated in 

C2C12 myotubes expressing exogenous SUN1 variants. These findings highlight an 

important role for SUN1 and SUN2 in muscle disease pathogenesis and support the 

hypothesis that defects in the LINC complex may contribute to disease pathology through 

disruption of nuclear-cytoskeletal association and myonuclear positioning. 
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INTRODUCTION 

The nuclear envelope (NE) is a double membrane that encloses the chromatin in eukaryotic 

cells. Lamin intermediate filament proteins are the major structural components of the NE and 

polymerize to form a fibrous meshwork that underlies the inner face of the NE. This nuclear 

lamina is attached to the inner nuclear membrane through interactions with multiple integral 

inner nuclear membrane (INM) proteins (1). Together, these proteins form a structural 

network that plays a vital role in supporting the NE and maintaining nuclear integrity, whilst 

also contributing to chromatin organization and regulation of gene expression (reviewed in 

(2)). 

Mutations in genes encoding NE proteins are associated with a range of tissue-restricted 

inherited disorders, that can affect striated muscle, bone, fat or neurons and in some cases 

cause premature ageing syndromes (3). Most strikingly, different mutations in one gene – the 

LMNA gene that encodes A-type nuclear lamins – can cause many of these diseases, which 

have collectively been termed laminopathies (4). Diseases affecting striated muscle are the 

most common of the laminopathies and include autosomal dominant and recessive Emery-

Dreifuss muscular dystrophy (EDMD2 and EDMD3, respectively; OMIM#181350), limb-

girdle muscular dystrophy (LGMD) type 2B and dilated cardiomyopathy and conduction 

system disease (CMD) type 1A (5-8). These diseases share the common feature of 

cardiomyopathy, but EDMD and LGMD also involve progressive muscle wasting and 

weakness. In all cases, premature sudden death can result from cardiac arrhythmia and 

conduction defects.  

Striated muscle disease, in particular EDMD, can also be caused by mutations in genes 

encoding other NE proteins. An X-linked form of EDMD (EDMD1; OMIM#310300) is 

caused by mutations in EMD, that encodes the integral INM protein emerin (9). Together, 

mutations in LMNA and EMD account for around 40% of cases of EDMD (10). Rare 

mutations in the genes encoding FHL1, TMEM43 (also named LUMA), nesprin-1 and 

nesprin-2 have also been reported (11-13). Interestingly, A-type lamins, nesprins and emerin 

have all been shown to interact with each other (14-16), contributing to a network that 

connects the nuclear lamina to the cytoskeleton, termed the LINC (Linker of Nucleoskeleton 

and Cytoskeleton) complex (17). Furthermore, interactions are often perturbed by muscle 

disease-causing mutations, indicating that this network of interactions plays an important role 

in muscle function (12, 18, 19). 
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The central components of the LINC complex in mammals are SUN and nesprin proteins, that 

reside in the INM and outer nuclear membrane (ONM), respectively. The conserved SUN and 

KASH domains of the respective proteins interact in the perinuclear space to form a bridge 

spanning the NE that directly connects the nuclear lamina to the cytoskeleton. The 

nucleoplasmic N-termini of the SUN proteins, SUN1 and SUN2, interact with the nuclear 

lamina, anchoring the LINC complex at the NE (20-22). In turn, the cytoplasmic domains of 

the nesprins connect to the cytoskeleton. There are 4 nesprin isoforms encoded by different 

genes. Giant isoforms of nesprins-1 and -2 contain an N-terminal calponin homology domain 

responsible for actin binding (23, 24) and linkage to the centrosome (25). Nesprin-3 connects 

to the cytoplasmic intermediate filament network through interaction with plectin (26), whilst 

nesprin-4 is specific to epithelial cells and connects the NE to microtubules via the kinesin-1 

motor protein (27). 

A role for the LINC complex in nuclear positioning and anchoring was originally identified 

through studies in C. elegans (28, 29). This is supported by studies of knock-out mice lacking 

SUN proteins or nesprins, which have defects in myonuclear anchorage (30, 31) and by 

studies performed in muscle from subjects with laminopathies (32, 33). The LINC complex 

and connection with the nuclear lamina are also essential for nuclear movement and 

centrosome reorientation prior to cell migration in fibroblasts (34, 35).  

Despite the genetic studies so far carried out, causative mutations have been identified in only 

around 50% of EDMD and related muscle disease cases (10). It is therefore highly likely that 

mutations in additional genes contribute to the disease. Furthermore, there is significant 

heterogeneity in disease severity even within families carrying the same gene mutation (36-

40), which has led to the suggestion of modifier genes (41-43). 

Given that SUN1 and SUN2 interact with at least four of the known muscle disease-

associated NE proteins and that these interactions can be perturbed by disease-causing LMNA 

and EMD mutations (44), we investigated whether the SUN1 and SUN2 genes may also be 

mutated in some individuals. Screening of the SUN1 and SUN2 genes in a large cohort of 

patients with EDMD and related myopathies identified SUN1 and/or SUN2 variants in several 

patients. Presence of SUN1 or SUN2 variants correlated with increased disease severity in 

patients with EDMD carrying mutations in other genes, thus identifying SUN1 and SUN2 as 

modifiers of the EDMD disease phenotype. We further provide evidence that these mutations 

disrupt nuclear-cytoskeletal connection and nuclear positioning, supporting the hypothesis 

that muscular dystrophies arise from defective nuclear-cytoskeletal coupling.  

Human Molecular Genetics

53



For Peer Review

  

RESULTS 

Screening SUN1 and SUN2 genes in a cohort of patients with EDMD and related 

myopathies 

We analyzed DNA from 175 unrelated patients with EDMD and related myopathies, who had 

previously undergone screening for mutations in the LMNA, EMD, SYNE1/SYNE2 alpha and 

beta (encoding short isoforms of nesprin-1 and nesprin-2, respectively) and FHL1 genes and 

in whom no causative mutation had been found. These included both sporadic cases and index 

patients from familial cases. Furthermore, there have been several reports of modifiers of the 

phenotype of LMNA-linked muscle diseases (41-43). We therefore also screened EDMD 

patients carrying identified LMNA, SYNE1/SYNE2 alpha and beta and EMD mutations to 

determine whether mutation of SUN1 or SUN2 may influence disease phenotype. 

The 23 exons of the SUN1 gene (see Supplementary Material, Fig. S1) and 19 exons of the 

SUN2 gene (ENSG00000100242, ENST00000405510), including intron/exon boundaries and 

promoter regions were analyzed. DNA was amplified using PCR and analyzed by direct 

Sanger sequencing. In total, we found 34 single nucleotide polymorphisms within the coding 

regions of SUN1 and SUN2, 18 of which were classified as rare, non-synonymous changes 

following analysis of their frequencies in sequenced genome databases (Supplementary 

Material, Table S1). Three of these variants, when heterozygous, clearly did not segregate 

with disease in three families (Supplementary Material, Fig. S2). In nine unrelated families or 

sporadic cases, however, we identified 10 rare non-synonymous variants in SUN1 and SUN2 

for which we have obtained evidence of pathogenic effects, as deduced from genetic, 

phenotypic and/or functional data. 

 

Putative disease-associated SUN1 and SUN2 variants in patients with EDMD-like 

phenotypes 

We identified 5 rare, non-synonymous SUN1 and/or SUN2 variants in 3 individuals who 

lacked mutations in other genes but had EDMD or related myopathy phenotypes (Table 1). 

Patient MD-11 carried a single SUN2 p.R620C sequence variation. Patient MD-1 carried 

compound heterozygous SUN1 p.G68D and p.G338S variants. For patient MD-1 we had 

access to DNA from family members and observed apparent recessive inheritance (Fig. 1A). 

SUN1 p.G338S was also present in the reference population at a low frequency (see 

Supplementary Material, Table S1). Patient MD-12 carried heterozygous changes in both 
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SUN1 and SUN2, encoding SUN1 p.W377C and SUN2 p.E438D. Both of these amino acid 

substitutions affected highly conserved regions of the respective proteins (Supplementary 

Material, Fig. S3), suggesting that inheritance of these two variants led to disease.  

 

SUN1 and SUN2 variants with disease modifying effects in patients with co-segregating 

mutations in other genes 

Because patients with EDMD-like phenotypes exhibit variable disease severity, we screened 

for SUN1 and SUN2 variants in patients with known mutations in causative genes. SUN1 or 

SUN2 variants were indeed present in some patients and families with LMNA or EMD 

mutations (Table 2; Fig. 1B). These sequence changes correlated with increased disease 

severity. In one striking example, a SUN1 p.A203V polymorphism in patient MD-3 co-

segregated with a previously reported EMD p.L84Pfs*6 mutation in two brothers with 

unusually severe EDMD (Fig. 1B, Family 3) (39). The EMD p.L84Pfs*6 mutation, which 

abolishes emerin expression, has been reported in an unrelated family, where the course of the 

disease was significantly milder EDMD with later age of onset and no loss of ambulation 

(45). Another unrelated patient carrying EMD p.L84Pfs*6 was included in this study but no 

SUN1 or SUN2 variants were found and their phenotype was similar to that described by 

Manilal et al. (45). In another case, the SUN1 p.G76A mutation, when combined with EMD 

p.A56Pfs*9 in a previously described Korean patient (MD-4), led to a very severe clinical 

picture with complete atrioventricular block requiring pace maker implantation at age 14 

years (46). Similarly, SUN1 p.W377C was detected in combination with LMNA p.R453W in 

patient MD-5. This individual had severe disease and died early at the age of 34 years from 

heart failure. The patient’s son, carrying LMNA p.R453W only, did not show clinical signs of 

contractures or muscular weakness at age 10 years. LMNA p.R453W is a common EDMD-

associated LMNA mutation and is generally not associated with severe cardiac disease, 

suggesting that, in patient MD-5, SUN1 p.W377C had a modifying effect to increase disease 

severity (47, 48). The same SUN1 p.W377C variant was detected in patient MD-12, who had 

an EDMD-like phenotype but did not have mutations in EMD or LMNA but carried a 

concurrent SUN2 p.E438D variant. 

We detected SUN2 mutations in combination with LMNA mutations in two additional index 

cases. Patient MD-6 carried LMNA p.T528K and SUN2 p.A56P, whilst patient MD-7 carried 

LMNA p.R98P and SUN2 p.V378I (Table 2; Fig. 1B). In both cases, the LMNA mutation had 

arisen de novo, whilst the SUN2 mutation was inherited from an unaffected parent. Again, the 
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disease expression in both index patients was more severe than is typical for EDMD, with 

early onset at age 1 and 4 years, respectively, and early heart involvement (before age 20 

years). 

We also identified two SUN2 variants, encoding variants p.M50T and pV378I, in patient MD-

2 who had hypertrophic cardiomyopathy and a mutation in MYBPC3 (p.G148R), which 

encodes a myosin binding protein. The same MYBPC3 mutation was previously reported in a 

Dutch family, where a severely affected index patient had compound heterozygous mutations 

in MYCBP3 but other family members carrying only p.G148R were either asymptomatic or 

developed cardiomyopathy late in life (49). This MYBPC3 mutation was present in both 

patient MD-2 and his father (Fig. 1B; S. Waldmueller, personal communication). Patient MD-

2 presented as a 6 month-old boy with hypertrophic cardiomyopathy and died at 16 years 

from heart failure. His father, who carries the SUN2 p.M50T variant but not p.V378I, is 

asymptomatic. Thus, the SUN2 p.V378I variant appears to have a dramatic effect on disease 

severity. Notably, this variant is present in the reference population at a low frequency (see 

Supplementary Material, Table S1), suggesting that it may be a relatively common genetic 

modifier of inherited cardiomyopathy.  

 

SUN1 and SUN2 disease-associated variants disrupt centrosome reorientation and 

nuclear movement in NIH3T3 fibroblasts 

Our genetic results suggest that mutations or polymorphisms in SUN1 and SUN2 may cause 

muscular dystrophy and act as modifiers of EDMD and cardiomyopathy. To obtain additional 

evidence that these variants play a role in pathophysiology, we examined the effects of 

several variants on a known function of the LINC complex, namely centrosome orientation 

and nuclear movement in migrating cells. SUN2, along with the nesprin-2G isoform, 

assembles into transmembrane actin-associated nuclear (TAN) lines that couple actin cables 

to the nucleus to move it rearward and reorient the centrosome toward the leading edge in 

migrating NIH3T3 fibroblasts (34, 35). While SUN1 is not in TAN lines, it also functions in 

connecting the nucleus to the cytoskeleton via the LINC complex.  

We expressed three myc-SUN1 and three myc-SUN2 variants in NIH3T3 fibroblasts at the 

edge of a wounded monolayer by DNA microinjection and stimulated nuclear movement and 

centrosome reorientation with the serum factor, lysophosphatidic acid (LPA). Upon 

stimulation, non-expressing NIH3T3 cells or NIH3T3 cells exogenously expressing wild type 

SUN1 or SUN2, as well as the variant SUN2 M50T, reoriented their centrosomes (Fig. 2A,B). 
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Notably, SUN2 p.M50T did not appear to influence disease severity in family 2. In contrast, 

cells expressing the putative disease-causing SUN1 variants, G68D, G338S or W377C, 

inhibited centrosome reorientation by blocking rearward positioning of the nucleus (Fig. 

2A,B). Similarly, cells expressing SUN2 A56P or R620C failed to reorient their centrosome 

due to an inability to position their nuclei rearward of the cell centroid (Fig. 2A,B). All of the 

expressed SUN1 and SUN2 variants had a normal nuclear localization similar to the wild type 

proteins (Fig. 3A). The centrosome orientation defect in cells expressing the SUN variants 

occurred due to defective rearward nuclear movement and not disruption of positioning of the 

centrosome at the cell centroid (Fig. 3C). Hence, five putative disease-causing or disease-

modifying SUN variants blocked rearward nuclear movement in migrating NIH3T3 

fibroblasts. 

 

Expression of LINC complex components is elevated in patient myoblasts with 

compound heterozygous SUN1 mutations 

Having established that some of the variants identified in our patient cohort disrupted LINC 

complex function in fibroblasts, we next wished to examine their role in muscle cells. We 

were able to obtain primary myoblasts from patient MD-1, carrying compound heterozygous 

SUN1 p.G68D/p.G338S variants. To gain initial insight into the cellular effects of these 

mutations, we examined expression of LINC complex components in the myoblasts by 

immunofluorescence microscopy. No obvious defects in localization of SUN1 or its 

interacting NE partners were observed, but expression of SUN1 and nesprin-2 at the NE was 

enhanced in the patient myoblasts (Fig. 3).  

We then examined total protein expression level by Western blot and found that SUN1 

expression levels were elevated 8-fold in the patient versus control myoblasts (Fig. 3C,E). In 

keeping with the fact that SUN proteins form a complex with, and are responsible for 

anchoring of nesprins in the ONM, we also observed a 4-fold increase in expression of larger 

nesprin-2 isoforms in the patient myoblasts (Fig. 3D,E). In contrast, levels of SUN2, lamin 

A/C and emerin were not significantly altered in the patient cells (Fig. 3F). To address the 

mechanism of SUN1 elevation in the patient myoblasts, we examined SUN1 mRNA levels by 

qPCR and found no significant increase in mRNA level compared to the control, indicating 

that the p.G68D/p.G338S SUN1 variants do not lead to increased mRNA levels (Fig. 3E). In 

analyzing mRNA levels of other LINC complex-associated proteins, we observed a 
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statistically significant increase in expression of LMNA, SUN2, SYNE1 and SYNE2. In 

contrast, EMD (emerin) expression was decreased in the patient relative to control myoblasts. 

The fact that SUN1 mRNA levels were unchanged in the patient cells suggested that protein 

stability may be increased and we assessed this by cycloheximide treatment following 

transient transfection of myc-tagged SUN1 constructs into HeLa cells. However, we found 

that SUN1 protein stability was not significantly affected by either the p.G68D or p.G338S 

mutation (Supplementary Material Fig. S3). In contrast, the p.W377C variant was associated 

with decreased SUN1 stability, indicating that decreased SUN protein expression could 

contribute to EDMD disease pathophysiology in some instances. In the case of the p.G68D 

and p.G338S variants, we therefore conclude that the most likely reason for increased 

expression is due to increased translation. 

 

SUN1 interaction with emerin is impaired in MD-1 myoblasts 

One hypothesis to explain NE-associated muscle diseases is the “structural hypothesis”, 

which suggests that muscle damage occurs due to weakening of the protein network 

supporting the NE (50, 51). To determine whether muscle disease-associated SUN1 

alterations disrupt interactions with other LINC complex components, we performed 

immunoprecipitation with anti-SUN1 antibodies on protein extracts from control and patient 

MD-1 myoblasts and detected co-precipitating proteins. We observed a reproducible 

reduction in SUN1 interaction with emerin in the patient myoblasts, whilst interaction with 

lamin A/C was less obviously perturbed. Consistent with the enhanced recruitment of nesprin-

2 to the NE, interaction of SUN1 with larger nesprin-2 isoforms was also maintained in the 

MD-1 myoblasts. Thus, the SUN1 p.G68D and p.G338S variants in patient MD-1 appear to 

specifically disrupt interaction with emerin. 

 

MD-1 myoblasts exhibit an enhanced rate of differentiation but myonuclei are 

disorganized 

Exogenous expression of EDMD-associated lamin A/C and disruption of endogenous lamin 

A/C, emerin or the LINC complex all affect myoblast differentiation (52-55). Furthermore, 

studies in Drosophila indicate that the LINC complex is required for correct myonuclear 

spacing (56). We therefore determined whether the myoblasts carrying SUN1 variants had 
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defects in their ability to differentiate to form mature, multinuclear myotubes. We found that 

the MD-1 myoblasts exhibited an increased rate of differentiation, both in terms of the 

number of myotubes and the number of nuclei per myotube. There was a 60% increase in the 

number of myotubes (defined as muscle-specific caveolin3-positive cells containing at least 3 

nuclei) per unit area in patient cultures (77±8 versus 48±4 myotubes/cm
2
 in MD-1 and control 

cultures, respectively; mean± sem) and a 5-fold increase in myotubes possessing more than 10 

nuclei (Fig. 5A,B). Strikingly, 45% of these myotubes displayed gross nuclear misalignment 

and clustering, with up to 30 nuclei per myotube in some instances (Fig. 5A-D). Despite these 

abnormalities in nuclear organization, SUN1 staining was clearly evident at the nuclear 

envelope, as previously observed in myoblasts (Fig. 5D).  

We next performed transmission electron microscopy to observe ultrastructural details in the 

myotubes (Fig. 5E). Whilst nuclei were regularly spaced in control myotubes, those in the 

patient myotubes were often dysmorphic and had irregular spacing. In addition, sarcomeric 

structures were absent from those patient myotubes showing myonuclear clustering, and the 

dense heterochromatin layer present below the nuclear envelope in control cells was also 

absent from patient myotubes. Thus, we conclude that the SUN1 variants expressed in patient 

MD-1 disrupt both nuclear positioning and association of heterochromatin with the NE. 

Together with our earlier observation of defective nuclear repositioning in fibroblasts 

expressing disease-associated variants, these findings suggested that mutations in SUN1 and 

SUN2 disrupt connections with the cytoskeleton, thereby perturbing nuclear anchorage. 

Studies have previously shown that SUN1 and SUN2 become concentrated at the poles of the 

nucleus during human primary myoblast differentiation and that this polarization is linked to 

correct myonuclear spacing (32). We therefore examined SUN1 and SUN2 polarization in 

patient MD-1 myotube nuclei and found that, whilst SUN1 polarization was normal (Fig. 5D), 

SUN2 failed to polarize in clustered nuclei (Fig. 5F-G). In keeping with earlier observations 

in myoblasts, we also found that nesprin-2 fluorescence intensity was significantly increased 

in all patient myotubes (Supplementary Information, Fig. S4). Thus, our findings indicate that 

defects in SUN2 polarization could contribute to the nuclear misalignment observed muscular 

dystrophy-associated myotubes. 

 

Pericentrin recruitment and microtubule nucleation at the NE is defective in 

differentiating MD-1 myotubes 
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During myotube formation, the microtubule network is reorganized into a parallel array along 

the longitudinal axis of the myotube and is nucleated from the nuclear surface, which 

becomes the primary microtubule organizing centre (MTOC) of the cell (57). As part of this 

process, centrosomes undergo partial disassembly and centrosomal proteins, including γ-

tubulin, pericentrin and PCM-1, become concentrated at the nuclear periphery (58, 59). We 

hypothesized that polarization of SUN proteins may promote linear nuclear organization in 

myotubes by contributing to centrosomal protein recruitment to the NE. We therefore 

investigated the recruitment of centrosomal proteins to the NE during myogenesis, using 

pericentrin as a marker. In support of our hypothesis, in control myotubes we found that 

pericentrin became concentrated at the poles of the nuclei, in a similar manner to SUN2 (Fig. 

6A, untreated panels). In contrast, pericentrin failed to accumulate to any significant degree at 

the nuclear surface in MD-1 myotubes (Fig. 6A, untreated panels).  

We next investigated whether microtubule nucleation from the NE was disrupted in the 

patient myotubes by observing microtubule regrowth following nocodazole-induced 

depolymerization. In control cells, microtubules could be clearly observed emanating from 

around the nuclear surface after nocodazole wash-out (Fig. 6A). In contrast, the microtubule 

network in patient cells was disorganized and did not appear to be nucleated from the NE. 

These data suggested that centrosome attachment to the nucleus may also be disrupted in cells 

from this patient. We therefore examined nuclear-centrosomal distance in MD-1 myoblasts 

and indeed observed a 2-fold increase in separation between the nucleus and centrosomes in 

the patient myoblasts compared to controls (mean distance 4.34 µm versus 2.07 µm, 

respectively) (Fig. 6 B-C). 

To confirm that loss of pericentrin recruitment to the NE was a direct consequence of SUN1 

mutation, we observed pericentrin localization in C2C12 myotubes following transient 

transfection with myc-SUN1 variants. Pericentrin was absent from the NE of myonuclei 

expressing SUN1 G68D, G338S and W377C variants, but exhibited clear nuclear rim staining 

in myonuclei expressing wild type SUN1 (Fig. 7). Thus, all 3 mutants tested acted in a 

dominant manner in C2C12 cells to displace pericentrin from the NE. These findings confirm 

that the SUN1 p.G68D and p.G338S mutations are the primary cause of failure to recruit 

pericentrin to the NE in patient MD-1 and further indicate that this is likely to be common to 

patients carrying other SUN1 mutations. 
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In summary, our data demonstrate that muscle disease-associated alterations in SUN proteins 

result in loss of nuclear connectivity to the cytoskeleton. In myotubes, SUN1 mutations 

disrupt connections with centrosomal components and the microtubule network, in particular 

inhibiting microtubule nucleation from the NE. This in turn is likely to lead to impaired 

myonuclear positioning in multinuclear myotubes, which we propose is likely to be an 

important contributor to muscle dysfunction.  
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DISCUSSION 

We have identified a total of 11 SUN1 and 7 SUN2 rare, non-synonymous variants in our 

cohort of EDMD and related myopathy patients. Ten of these variants, identified in nine 

unrelated families had putative pathogenic effects, as deduced from genetic and functional 

analyses.  

Multiple modes of inheritance of SUN1 and SUN2 mutations in EDMD patients 

The variants appear to be inherited in highly variable manners, with or without the presence 

of a mutation in a second gene. In 2 families (families 1 and 2), SUN1 or SUN2 variants were 

inherited from each of the unaffected parents of the index patients, strongly supporting an 

autosomal recessive mode of inheritance in those families. In other instances, the index case 

carried only one SUN1 or SUN2 variant and often represented a sporadic case, suggestive of a 

dominant de novo mutation.  

There has been much speculation as to the existence of modifier genes in EDMD due to high 

variability in disease phenotype between affected individuals within families (37, 38, 47) and 

there is now some evidence to support this. In one very large French EDMD family with 

variable skeletal muscle involvement, a modifier locus has recently been mapped to a region 

on chromosome 2 (41). In another family with X-linked EDMD caused by an EMD p.Y105X 

mutation, disease severity was increased in one individual due to a second mutation present in 

the LMNA gene (42). Similarly, an individual with severe disease and carrying a LMNA 

p.R644C mutation was found to carry a second mutation in the gene encoding desmin (42). 

We identified SUN1 or SUN2 variants in individuals from 4 families with known LMNA or 

EMD mutations. In all cases, the SUN1/SUN2 mutation alone did not cause disease in other 

family members. However, disease severity was significantly increased in the individuals 

carrying both mutations compared to family members, or unrelated individuals, carrying only 

the LMNA or EMD mutation. In some cases this was expressed as clinically more severe 

muscular dystrophy (with reference to (60)). In other cases, the additional presence of a 

SUN1/SUN2 mutation was associated with more severe cardiac disease. For example, patient 

MD-5 from family 5, carrying both LMNA p.R454W and SUN1 p.W377C mutations, 

developed cardiac disturbances at age 25 and died from heart failure at age 34. The LMNA 

p.R453W is a relatively common mutation that has been reported in at least 15 individuals 

with EDMD and is typically associated with mild disease (8, 48, 61-64). Interestingly, we 

also identified SUN1 p.W377C in combination with SUN2 p.E438D in a sporadic case, 
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supporting the idea that a mutation in a second gene is required for disease causation in this 

instance.  

 

Muscular dystrophy-associated SUN1 and SUN2 variants perturb LINC complex 

expression and interactions 

We observed a significant increase in SUN1 and nesprin-2 expression in myoblasts from 

patient MD-1, harbouring SUN1 p.G68D/p.G338S variants, which could represent a 

compensatory mechanism in response to defective SUN1 and LINC complex function. In 

contrast, the SUN1 p.W377C variant had reduced stability. This mutation introduces a 

cysteine residue in place of a highly conserved tryptophan within the hydrophobic membrane-

associated region of SUN1 and could destabilize membrane association of SUN1 (20, 21, 65). 

A reduction in SUN1 expression has also been observed in EDMD2 due to mutations in 

LMNA (32). Thus, different mutations may perturb SUN1 expression in different ways, but 

still have the same overall effect on muscle function. It is currently unclear whether over-

expression of SUN1 in patient MD-1 contributes to the disease. Intriguingly, however, it has 

recently been shown that SUN1 down-regulation in Lmna
-/-

 mice affected by muscular 

dystrophy improves the clinical and cellular phenotype (66), suggesting that a cascade of 

events downstream of SUN1 over-expression contributes to the EDMD phenotype. 

We did not obtain any evidence that the central SUN-nesprin LINC complex interaction was 

perturbed in MD-1 myoblasts, suggesting that the defect lies elsewhere. Instead, SUN1 

interaction with emerin was disrupted. Reduction of SUN1/SUN2 interaction with emerin has 

also been observed in cases of X-linked EDMD due to mutations in emerin itself (44). 

Furthermore, EDMD has been associated with defects in emerin interaction with lamin A/C 

and nesprins (18, 19). Although the precise function of emerin is currently unclear, weakening 

of its connections with other NE components could therefore be a major contributor to 

EDMD.  

 

Muscular dystrophy-associated SUN1 and SUN2 variants cause loss of nuclear 

attachment to the cytoskeleton 

Through the various nesprin isoforms expressed at the ONM, the LINC complex mediates 

attachment to all three cytoskeletal filament networks (17, 67). In this study, we have 
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demonstrated, in two different systems, that muscular dystrophy-associated mutations in 

SUN1 or SUN2 impair nuclear coupling to the both actin and microtubule networks and 

disrupt nuclear movement and positioning. 

In mouse NIH3T3 fibroblasts, five out of six SUN1 and SUN2 variants inhibited rearward 

movement of the nucleus, which has previously been shown to be achieved through LINC 

complex attachment to actin cables closely associated with the nuclear surface (35). These 

data strongly indicate that at least five of the variants identified in our patient cohort have a 

negative functional impact upon nuclear-cytoskeletal connection, which is likely to be a major 

contributor to muscle disease pathophysiology. One of the variants examined, SUN2 p.M50T, 

did not impair rearward nuclear movement, suggesting that this variant is not disease-causing 

and this is entirely possible given the complex genetics in the individual carrying this 

mutation (patient MD-2). In agreement with our findings, EDMD-associated lamin A variants 

were recently shown to cause a similar defect in nuclear movement in NIH3T3 cells (34). 

Together, these studies indicate that complete connectivity between the actin cytoskeleton and 

the nuclear lamina, mediated by the LINC complex, is essential for nuclear movement in 

fibroblasts. 

 

Disruption of myonuclear organization in MD-1 myotubes 

In addition to observing direct effects of exogenously expressed SUN1 and SUN2 variants in 

fibroblasts, we were able to analyse the consequences of compound heterozygous SUN1 

mutations on nuclear organization in myotubes derived from patient MD-1. We observed 

gross defects in nuclear positioning in differentiating myotubes, consistent with recent 

findings that proper SUN1 and SUN2 recruitment to the NE is required for myonuclear 

spacing (32). During differentiation, myoblasts fuse to form long multinucleate myotubes and 

the nuclei migrate, becoming evenly positioned along the length of the myotube. A range of 

recent studies have shown that myonuclear position is controlled by nuclear attachment to the 

microtubule network and that this is mediated by the LINC complex (56, 68-71). Indeed 

nuclear positioning in skeletal muscle is disrupted in SUN or nesprin knockout mice (30, 31).  

At the onset of myoblast differentiation, proteins involved in microtubule nucleation 

redistribute from the centrosome to the NE. We found that recruitment of pericentrin, and 

presumably other centrosomal proteins, to the NE is disturbed by SUN1 mutants, resulting in 

impaired microtubule nucleation from the NE. The defect in microtubule nucleation could in 
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turn disrupt their organization, although this effect must be fairly subtle since no obvious 

defects in microtubule distribution were observable in the patient cells. Alternatively, or in 

addition, there could be a defect in subsequent microtubule-nuclear attachment. Interestingly, 

p150 Glued, a central component of the dynein-dynactin complex, has been shown to localize 

to the nuclear poles in a similar manner to SUN2, thus it is possible that dynein attachment to 

the NE is defective in these cells (70).  

Our findings indicate that presence of nesprins at the ONM is not sufficient for correct 

nuclear positioning, and that other NE proteins may also be involved in nuclear-cytoskeleton 

connection, including emerin. Interestingly, emerin has been shown to partially localize at the 

ONM, where it may contribute to centrosomal attachment to the NE and, in agreement with 

our findings, others have observed increased centrosomal separation from the nucleus in 

EDMD cells (72, 73). Thus, dysregulation of emerin may play an important role in the disease 

pathophysiology. 

Our data clearly implicate defects in pericentrin recruitment, microtubule nucleation and 

nuclear-cytoskeletal attachment in NE-associated muscular dystrophy pathogenesis and are in 

agreement with the bulk of results showing SUN1/SUN2 involvement in nuclear positioning 

and cell migration. It remains to be determined precisely how centrosomal components are 

recruited to the nuclear envelope in differentiating myotubes and how defects in this process 

result in misalignment of myonuclei in muscular dystrophy.  
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MATERIALS AND METHODS 

Patients and controls 

EDMD patients for this study were selected based on the results of a routine diagnostic 

mutational analysis of EMD, LMNA, FHL1, SYNE1 and SYNE2. 175 pseudo-anonymized 

patients negative for mutations in these genes and 70 patients known to carry mutations in the 

LINC components emerin, lamin A/C and nesprin 1 or 2 alpha and beta were tested for 

mutations in SUN1 and SUN2. The clinical features of these unrelated predominantly 

Caucasian index cases were within the diagnostic criteria for EDMD despite the variable 

clinical expression. All materials (blood and muscle biopsies to generate myoblast lines) 

included in this study were taken with informed consent of the donors and with approval of 

the local ethical board. 

 

Mutation analysis 

Primer pairs for all the coding exons and flanking intronic sequences of SUN1 (UNC84A, 

ENSG00000164828; see Supplementary Material, Fig S1) and SUN2 (UNC84B, 

ENSG00000100242, ENST00000405510) were designed using Primer-Blast 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi; Supplementary Material, Table 

S2). To standardize the sequencing reaction, all primers were tagged with an M13-tail 

(forward: 5’-GTAAAACGACGGCCAGT-3’ reverse: 5’-CAGGAAACAGCTATGAC-3’). 

Amplifications were performed in 25 µl volumes using Amplikon-Taq Polymerase (Biomol) 

under the following thermal conditions: initial denaturation at 94° for 5 min followed by 35 

cycles of denaturation (94°C for 15 sec), annealing at the appropriate temperature for 15 sec 

(see Supplementary Material, Table S2) and elongation (72°C for 1 min). A final elongation 

elongation (72°C for 7 min) preceded a 4°C cooling step  

Direct Sanger sequencing was used to analyse PCR products. Excess dNTPs and primers 

were removed using ExoSAP-IT
®

 (Affymetrix). Sequencing reactions were performed using 

ABI BigDye
®

 Terminator v3.1 Cycle Sequencing Kit with addition of 5% DMSO to the 

reaction mix. M13-oligonucleotides were used as sequencing primers. The reactions were 

analysed on a 3130xl GA DNA Sequencer (Applied Biosystems) according to the 

manufacturer’s instructions. All DNA variations identified were validated using a second 

independent DNA sample.  
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Analysis of the frequency of DNA variations  

Unique and rare sequence variations were tested for their frequency in 400 alleles of a 

Caucasian reference population. Additionally, sequence variations found in a patient of 

Turkish origin were tested in 138 alleles of a Turkish reference population. Co-segregation of 

DNA variations with the disease was analysed in patient families if available. For estimating 

the frequency of DNA variations found, restriction digestion and high resolution melting 

(HRM) were performed using patient DNA as positive control. Restriction enzymes cutting 

specifically at the DNA variation were selected using NEB-cutter 

(http://tools.neb.com/NEBcutter2/). HRM products amplified with LightCycler® 480 High 

Resolution Melting Master (Roche) were analysed on a LightCycler® 480 II (Roche) 

according to the manufacturer’s instructions. Samples showing abnormal signals were 

examined by restriction endonuclease digestion or direct sequencing. The frequency of 

changes found in patients of different origin was estimated from online accessible genome 

sequencing data (Supplementary Material, Table S1). 

 

Real-time PCR 

RNA extraction was performed using TRIzol® (Invitrogen) according to the manufacturer’s 

instructions. Real-time PCR was performed using a RealTime ready custom panel and 

LightCycler
® 

480 Probes Master (Roche), with primers as described in Supplementary 

Material Table S3, and evaluated on a LightCycler
® 

480 II (Roche), according to the 

manufacturer’s instructions. 

 

Plasmid constructs and site-directed mutagenesis 

For plasmid constructs the pCMVTag3B vector (Stratagene) was used to fuse a myc tag to the 

N-terminus of SUN1. The 916 amino acid version of the SUN1 cDNA, lacking the ATG start 

codon, was generated by PCR amplification in two stages. First, codons 2-362 were amplified 

using primers 5’-CACAGAATTCGATTTTTCTCGGCTTCACAT-3’ and 5’-

CACAGTCGACCTATCCGATCCTGCGCAAGATCTGC-3’ with IMAGE clone 40148216 

as template and inserted into pCMVTag3B via the EcoRI and SalI sites. This introduced a 

BglII site via a silent mutation at codon 356-358. Codons 352 -916 were then amplified using 

5’-TTACTTCTTGCTGCAGATCTTGCGCAGGATCGG-3’ and 5’-

GAGAGTCGACTCACTTGACAGGTTCGCCATG-3’ from an oligo dT-primed reverse 

transcription of U2OS cell mRNA and cloned into the BglII-SalI sites of the initial construct. 

Human Molecular Genetics

67



For Peer Review

 

EDMD-associated mutations were introduced using the QuikChange II site-directed 

mutagenesis kit (Stratagene), according to the manufacturer’s instructions.  

 

Antibodies 

Anti-human SUN1 2383 and anti-human SUN2 2853 antibodies have been described 

previously (44).  Anti-SUN1 Atlas antibody (HPA008346) was obtained from Sigma prestige 

antibodies. Anti-nesprin-2 (N2N3) antibody was kind gift from Q. Zhang (King’s College 

London) and has been described previously (16). Anti-nesprin-2G has been reported 

previously (35). Anti-nesprin-2 monoclonal antibody (IQ562) was purchased from 

Immuquest. Monoclonal anti-emerin antibody was a kind gift from G. Morris (Center for 

Inherited Neuromuscular Disease, Oswestry, UK). Anti-lamin A/C antibody (sc-6215) was 

purchased from Santa Cruz Biotechnologies. Anti- GAPDH (MAM374) was obtained from 

Millipore. Anti-α-tubulin (T9026), anti-β-actin (A5441) and anti-γ-tubulin antibodies (T6557) 

were purchased from Sigma. Anti-caveolin 3 monoclonal antibody (610420) was purchased 

from Transduction Laboratories and anti-desmin polyclonal antibody (MONX10657) was 

purchased from Monosan. Anti-pericentrin polyclonal antibody (Ab4448) was obtained from 

Abcam. 

 

Cell culture and transfection 

Myoblasts from patient MD-1 and controls were routinely cultured in high-glucose DMEM 

supplemented with 20% foetal bovine serum plus antibiotics penicillin, streptomycin and 

amphotericin B, at 37°C and 5% CO2, and were used between passages 3 and 7. Myoblasts at 

confluence were allowed to differentiate into myotubes in the same culture medium for 8-15 

days, replacing the medium every 5 days. HeLa cells were cultured in DMEM supplemented 

with 10% FBS and antibiotics. For SUN1 stability experiments, cells were seeded onto 3 cm 

dishes and were subsequently transfected with the appropriate pCMVTag3-SUN1 constructs 

using Lipofectamine 2000 (Inivtrogen) , according to the manufacturer’s instructions. 

Twenty-four hours later, the medium was supplemented with 50 µM cycloheximide (Sigma) 

and the cells further incubated at 37°C for 12 or 24 h prior to harvesting. pCMVTag3-SUN1 

constructs were transfected into C2C12 mouse myotubes using the Amaxa Nucleofector 

(Lonza), according to the manufacturer’s instructions. Cultures were fixed 24 hours after 

transfection and processed for immunofluorescence analysis. 

 

Centrosome reorientation and nuclear movement assay 
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NIH3T3 fibroblasts were cultured in 10% calf serum in DMEM (Gibco) as previously 

described (74). Following serum starvation for two days, confluent monolayers were 

“wounded” by removing a strip of cells and nuclei of cells at the edge of the wound were 

microinjected with the appropriate myc-tagged SUN1 or SUN2 DNA plasmids. After 

expression for 2 hr, cells were stimulated with 10 µM LPA for 2 hr, fixed in 4% 

paraformaldehyde, extracted with Triton X-100 and stained with antibodies to tyrosinated α-

tubulin (rat monoclonal antibody at 1/40 of culture supernatant), myc (mouse monoclonal 

antibody from clone 9E10, Roche) and DAPI (Sigma) followed by appropriate secondary 

antibodies. Stained samples were observed with a Nikon TE300 microscope using a 40x Plan 

Apo N.A.=1.0 or 60× Plan-Apo N.A.=1.4 objective and filter cubes optimized for DAPI, 

fluorescein/GFP, and rhodamine. Images were acquired with CoolSNAP HQ camera 

(Photometrics) driven by Metamorph software (MDS Analytical Technologies) and further 

processed in Image J. Centrosomes were considered oriented if they were localized in the pie-

shaped sector between the nuclear membrane the leading edge scored, as described (74, 75). 

Random orientation is ~33% by this measure. Nuclear and centrosome position relative to the 

cell centroid were determined as described (76). Data were plotted as % of the cell radius to 

normalize for differences in cell size. 

 

Cell extracts, immunoprecipitation, and immunoblotting 

To prepare total cell extracts for immunoblotting, cells were scraped into cold 1×phosphate-

buffered saline (PBS), pelleted by centrifuging at 200×g for 5 min and then pellets were 

resuspended in lysis buffer (10 mM HEPES [pH 7.4], 5 mM EDTA, 50 mM NaCl, 1% Triton 

X-100, 0.1% SDS) supplemented with 1mM PMSF and protease inhibitor cocktail (Roche) 

and an equal volume of Laemmli buffer was then added. For immunoprecipitations, cells 

were grown on 10 cm dishes and then immunoprecipitated as described previously (Haque et 

al., 2006) using 2 µg of SUN1 2383 antibody. 5% of the initial lysate was retained for 

immunoblot analysis. All samples were boiled in an equal volume of 2×Laemmli buffer, 

resolved on 6% or 7.5% or 10% polyacrylamide gels, followed by semidry transfer onto 

nitrocellulose membrane. Membranes were probed using the appropriate primary antibodies 

and dilutions: hSUN1 ATLAS (1:400), hSUN2 2853 (1:500), lamin A/C (1:2000), emerin 

(1:1500), nesprin-2 N2N3 (1:1500), α-tubulin (1: 10,000), β-actin (1:20,000), GAPDH (1: 

10,000). Primary antibodies were detected using horseradish peroxidase-conjugated 

secondary antibodies (Sigma), and visualization was performed using ECL reagents 

(Geneflow). 
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Indirect immunofluorescence microscopy  

Myoblasts and myotubes grown on glass coverslips were fixed in methanol at -20°C and 

processed for indirect immunofluorescence microscopy as previously described (Haque et al., 

2006). For SUN1 staining, cells were instead fixed in 4% paraformaldehyde and 

permeabilized with 0.5% Triton X-100 at room temperature for 5 min. Cells were washed in 

PBS and incubated with antibodies diluted in PBS–3% bovine serum albumin, using hSUN1 

2383 (1:150), hSUN2 2853 (1:100), lamin A/C (1:400), emerin (1:500), nesprin-2 SG-CH 

(1:300), γ-tubulin (1:500) pericentrin (1:50), caveolin 3 (1:30) and desmin (1:100) antibodies. 

Secondary antibodies were goat anti-rabbit AlexaFluor 488, donkey anti-mouse AlexaFluor 

594 and donkey anti-goat AlexaFluor 594 (Molecular Probes Inc.). DNA was stained with 50 

µg/ml 4ʹ,6-diamidino-2-phenylindole (DAPI; Sigma). Coverslips were mounted in 80% 

glycerol–3% n-propyl gallate (in PBS) or ProLong gold antifading reagent (Invitrogen). 

Fluorescence microscopy was performed with a Nikon TE300 inverted microscope with an 

ORCA-R
2
 charge-couple device camera (Hamamatsu) and Volocity software (PerkinElmer). 

Where required fluorescence microscopy was also performed with Leica TCS SP5 confocal 

laser scanning microscope and Leica LAS AF software. Images were processed with Adobe 

Photoshop (Adobe Systems). Quantification of fluorescence intensity was performed using an 

Olympus Scan^R microscope with a 20× objective. Approximately 1000 nuclei were selected 

at random in multiple experiments by their DAPI signal, and the intensity of SUN1, SUN2, 

emerin, lamin A/C and nesprin-2 was measured within the DAPI-stained region.  

 

Electron microscopy 

Cultured myoblasts and myotubes (at passage 2-3) from patient and age-matched controls 

were fixed in 2.5% glutaraldehyde-0.1 M cacodylate buffer pH 7.4 for 3 h at 4°C.  After post-

fixation with 1% osmium tetroxide (OsO4) in cacodylate buffer for 2 h, samples were 

dehydrated in an ethanol series, infiltrated with propylene oxide and embedded in Epon resin. 

Ultrathin sections (60 nm thick) were stained with uranyl acetate and lead citrate (10 min 

each) and were observed at 0° tilt angle with a Geol Jem 1011 transmission electron 

microscope, operated at 100 kV. At least 30 myoblasts/myotubes per sample were observed. 
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FIGURE LEGENDS 

Figure 1. Family pedigrees. (A) Pedigree with recessive inheritance of compound 

heterozygous SUN1 variants. (B) Pedigrees where index cases carry SUN1 and/or SUN2 

variants in combination with other gene mutations. Index patients are indicated by arrows. 

Figure 2. SUN1 and SUN2 variants disrupt nuclear-cytoskeletal coupling in NIH3T3 

fibroblasts (A) Representative immunofluorescence micrographs of LPA-stimulated NIH3T3 

fibroblasts expressing SUN1 or SUN2 variants. Cells were immunostained for myc (green), 

tubulin (red) and DAPI (blue). Location of centrosome (arrows) was determined by the center 

of microtubule array. Bar, 20μm. (B) Quantification of centrosome reorientation in LPA-

stimulated NIH3T3 fibroblasts expressing the indicated SUN variants. Significant differences 

are indicated by * with α<0.05 based on Student’s t-test when the sample is compared to 

nonexpressing NIH3T3 fibroblasts. (C) Quantification of nucleus and centrosome position 

relative to the cell centroid in NIH3T3 fibroblasts expressing the indicated SUN variants. 

Positive values are toward the leading edge, negative values toward the cell rear. Data are 

from at least three independent experiments for each sample. Significant differences are 

indicated by * with α<0.05 based on Student’s t-test when the sample is compared to non-

expressing NIH3T3 fibroblasts. 

Figure 3. Expression of LINC complex proteins is increased in patient MD-1 (SUN1 

p.G68D/p.G338S) myoblasts. (A) Control and MD-1 myoblasts were fixed in methanol and 

analysed by immunofluorescence microscopy using SUN1, SUN2, emerin, nesprin-2 (SG-

CH) and lamin A/C antibodies, as indicated, together with DAPI staining of DNA. Scale bar, 

22 µm. (B) Mean fluorescence intensity of SUN1, SUN2, emerin, nesprin 2 and lamin A/C 

was measured in individual DAPI-stained nuclei using an Olympus ScanˆR screening station 

and analysed using ScanˆR analysis software. The results are presented as mean ± S.E. of at 

least 3 independent experiments. **P≤0.05. Significant P-value for SUN1 was P=0.009. (C) 

Total protein extracts from control (C) and patient MD-1 myoblasts were Western blotted 

using antibodies against LINC complex-associated proteins, as indicated. (D) Samples 

prepared as in A were Western blotted using nesprin-2 (N2-N3) antibodies. (E-F) Protein 

expression was quantified by densitometric analysis of at least 3 independent experiments. 

The results are presented as mean ± S.E. *P≤0.05 and **P≤0.01. Each significant P- values 

are as follows: SUN1 P= 0.05, α-tubulin P=0.003, nesprin-2 P=0.002.  P- value for emerin 

was P=0.06. (G) Relative expression level of the indicated genes was assessed by quantitative 

real-time PCR using total RNA isolated from control and MD-1 myoblasts. Values are the 
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average of 2 independent experiments performed in duplicate ±S.E. Significant P-values are 

as follows: SUN2 P=0.019, LMNA P=0.009, SYNE1 P=0.0016, SYNE2 P=0.01.  

 

Figure 4. Emerin binding to p.G68D/p.G338S SUN1 is reduced in vivo. (A-B) SUN1 was 

immunoprecipitated from control (C) or MD-1 myoblast soluble lysates using 2383 SUN1 

antibodies and samples Western blotted to detect SUN1, lamin A/C, emerin (A) or nesprin-2 

(using N2-N3 antibody) (B). Size markers (kDa) are indicated in B. 

Figure 5. Enhanced rate of differentiation, nuclear misalignment and clustering in MD-1 

myotubes. (A) Phase contrast image of control and MD-1 cultured myotubes (arrows) 

showing myonuclear clustering in patient cells. Scale bar, 10 µm. (B-C) Graphical 

representation of the percentage of myotubes with myonuclear clustering (B) and the 

percentage of myotubes with more than 10 nuclei (C), produced from examination of samples 

produced in D. Data are presented as mean values ±S.D. of three independent experiments (50 

myotubes per sample were counted). (D) Immunofluorescence staining of control and MD-1 

myotubes using SUN1 (green) and caveolin 3 (red) antibodies. Chromatin was stained with 

DAPI (blue). Scale bar, 10 µm. (E) Ultrastructural analysis of control and MD-1 myotubes 

using transmission electron microscopy (see Materials and Methods for details). Sarcomeric 

structures are evident in control myotubes (arrow), whereas they are absent from MD-1 

myotubes showing myonuclear clustering. Heterochromatin is below the nuclear envelope in 

control cells but absent from MD-1 (arrowheads). Scale bar, 5 µm. (F) Immunofluorescence 

staining of control and MD-1 myotubes with SUN2 (green) and caveolin 3 (red) antibodies. 

Arrows indicate SUN2 polarization at the nuclear poles in control cells. (G) Graphical 

representation of the percentage of committed myoblast and myotube nuclei with enrichment 

of SUN2 staining at the nuclear pole(s). Data are presented as mean values ±S.D. of 3 

independent experiments (200 nuclei per sample). 

Figure 6. Impaired pericentrin localization and microtubule nucleation at the nuclear 

envelope in MD-1 myotubes. (A) Beta-tubulin (red) and pericentrin (green) double 

immunofluorescence staining in untreated control and MD-1 myotubes (untreated), or 

following nocodazole treatment and 30 min recovery in culture medium (nocodazole recovery 

30'). Chromatin was stained with DAPI (blue). Scale bar, 10 µm. Higher magnification (3x) 

of nuclear envelopes in nocodazole-treated cells is shown on the right of each picture. (B) 

Control and MD-1 myoblasts were fixed in methanol and subjected to immunofluorescence 

analysis using γ-tubulin antibodies to stain the centrosome and DAPI to stain the DNA. 

Distances between centrosomes and the nuclear periphery (µm) are indicated. Scale bar, 10 
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µm. C. Nucleus-centrosome distance was measured in 100 control and MD-1 myoblasts, in 

two independent experiments, using Leica LAS AF Lite software and analysed using SPSS 

software. The median values (thick black lines) were 0.96 and 2.43 µm for control and MD-1 

cells, respectively. P=0.00012. 
o
 and * correspond to mild and extreme outliers, respectively. 

 

Figure 7. Exogenously expressed SUN1 mutants impair pericentrin recruitment to the nuclear 

envelope. (A) Differentiated C2C12 myotubes transfected with wild-type SUN1, or the 

indicated mutants, were labeled with anti-Myc (red) and anti-pericentrin antibodies (green). 

Caveolin 3 antibody (violet) was used as a muscle differentiation marker. Nuclei were 

counterstained using DAPI. Samples were observed using a Nikon laser confocal microscope. 

(B) The percentage of transfected myotubes showing absence of pericentrin from the nuclear 

envelope is reported (30 myotubes per sample were counted in two different experiments). 

Differences for all mutants were statistically significant with respect to wild-type-transfected 

myotubes. P<0.01.  
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Table S1: Single nucleotide changes found in coding regions of SUN1 and SUN2 and 
their frequencies in sequenced genome databases. Rare, non-synonymous variants are 
highlighted in bold, with blue shading. 
 

 
Gene 

 
DNA 

variation 

 
Amino 

acid 
exchange 

Frequency in 
all patients 

(n=490 
alleles) 

 
rs-number 

 
NHLBI-

ESP:ESP_Cohort 
_Populations 

 
1000GENOMES:

phase_1_ALL 

SUN1 c.114 G>A p. T38T 3 rs76073621 --- 87/2097 
SUN1 c.203 G>A p. G68D 1 rs188935423 --- 4/2180 
SUN1 c.227 G>C p. G76A 1 rs149038179 --- 5/2179 
SUN1 c.235 A>G p. S79G 1  --- --- 
SUN1 c.281 G>A p. R94H 1 rs112598200 --- 1/2183 
SUN1 c.352 C>T p. H118Y 203 rs6461378 --- 1153/1031 
SUN1 c.366 C>T p. V122V 6 rs41273066 --- 13/2171 
SUN1 c.543 C>T p. N181N 1  --- --- 
SUN1 c.589 G>A p. V197M 1 rs116520953 --- 7/2177 
SUN1 c.606 C>T p. P202P 21 rs113652875 --- 54/2130 
SUN1 c.608 C>T p. A203V 1 rs144929525 --- 4/2180 
SUN1 c.869 A>G p. Y290C 28 rs74742245 --- 358/1826 
SUN1 c.973 G>A p. A325T 2 rs139112134 --- 7/2177 
SUN1 c.1013 G>A p. G338S 1  --- --- 
SUN1 c.1131 G>T p. W377C 2 rs142011077 --- 5/2179 
SUN1 c.1815 A>G p. T605T 160 rs10950789 --- 968/1216 
SUN1 c.1819 G>A p. E607K 76 rs59910530 --- 359/1825 
SUN1 c.2153 C>T p. A718V 1 rs114701323 --- 1/2183 
SUN1 c.2436 G>A p. R812R 6 rs61744747 --- 94/2090 
SUN1 c.2536 G>A p. V846I 1  --- --- 
SUN1 c.2592 G>A p. T864T 1  --- --- 

SUN2 c.97 A>G p. T33A 2  rs2072799 5/4545 103/2081 
SUN2 c.149 T>C p. M50T 1  --- --- 
SUN2 c.166 G>C p. A56P 1 rs137966643 2/4550 --- 
SUN2 c.266 T>G p. L89R 52 rs35496634 351/4197 128/2056 
SUN2 c.437 T>G p.V146G 1  --- --- 
SUN2 c.657 G>A p. P219P 1 rs143617240 5/4547 --- 
SUN2 c.1042 C>T p. R348C 12 rs138708 59/4491 84/2100 
SUN2 c.1132 G>A  p. V378I 4 rs139004902 26/4522 12/2172 
SUN2 c.1314 A>T p. E438D 1  --- --- 
SUN2 c.1345 G>C p. V449L 1  --- --- 
SUN2 c.1824 A>G p. Q608Q 151 rs1062687 1708/2734 860/1324 
SUN2 c.1858 C>T p. R620C 1 rs141013997 3/4433 --- 
SUN2 c.2011 G>A p. G671S 49 rs2072797 363/4185 248/1936 

---, not detected 
1 Data from ENSEMBL: 1000GENOMES:phase_1_ALL: 
http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?pop=14318 
2 Data from ENSEMBL: NHLBI-ESP:ESP_CohortPopulations 
http://www.1000genomes.org/faq/which-populations-are-part-your-study
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Table S2. Primer sequences and annealing temperatures for genomic amplification of 
SUN1 and SUN2 exons. 
Gene/Exon Orientation Primer sequence (5’-3’) Amplicon 

size (bp) 

Annealing 

temperature 

(°C) 

SUN1 E1 F TTTCCTGCCCGTTAAAACAC 227 62 R TGGAGTTCCTGTTAAGGTCCA 

SUN1 E2 F CATTTTGTTTCAGAATGGGG 312 61 R TGGAAGCTTGGTTTTAACTGG 

SUN1 E3 F TGCTGTTTATTCCCAGATTAAGAG 323 62 R ACTGTAGGCGGGACAATCTG 
SUN1 
E4/5 

F GACCAGTGCCATAATGCTG 536 64 R TCCAAGACAAATAGTGCAGACAC 

SUN1 E6 F GGGCTCTTCCCCAAGTGATT 452 64 R CAGCACCAAGACCACAGGAG 

SUN1 E7 F CTAGCCTTGCACATCCTCT 320 
 64 R CAACAGCCCGTCGTCATCAG 

SUN1 E8 F GAATCCGCCACACTCACTG 190 64 R GTGACAGGGCGAGATGAGAC 

SUN1 E9 F GTCACTGCAGAGGCTGGTC 218 64 R AGGTGCTTAGCTGCCAGAAG 

SUN1 E10 F CATTTAGGAGCTTGGTTTTCC 194 62 R CTTAAAGCACCACGCTGAC 
SUN1 

E11/12 
F GATTGGTGAACCCTGACTTTC 440 62 R GTGCAGTGCCAGCTGAGAG 

SUN1 E13 F TGCTTGTTTGACTACCTGGTTTC 304 64 R CAGAAGCGCGTTGGTGTC 

SUN1 E14 F GTAGAAACGCCTTGGCCTG 245 62 R GACCAAAGGGCTTTAAAATATTAG 

SUN1 E15 F GGGTATTCCAGATAAATCAATGG 206 62 R CGCTCCACATAACCACACAC 

SUN1 E16 F CCCCTCAGCCTGTGTGTAGTG 283 61 R AAACCTAAGTCATCAATTCAAGTTTTC 

SUN1 E17 F TGGTCCTGCATTATTGGAGGGGTT 551 58 R CACACCCCAGCCAGACCACT  

SUN1 E18 F TGGTGTTTGGTCTTCCGTC 183 64 R AAGTGCACACCCCTGCTAAC 

SUN1 E19 F TGGTGGAACTGGACACTGAG 214 64 R CACTAACCGAGTCCATGCTG 

SUN1 E20 F TCCTCTTCCTGCTGCTAAGTG 320 64 R CAGTGCGCTCACGTCACT 

SUN1 E21 F TAGTGCTGGCTGTGGAAGG 240 64 R CCTGCTGTCACGAGAAGTTG 

SUN1 E22 F CAGACGTCATATTTGGGGAAG 594 62 R TATCTGCCCTCCAAAAGTCC 

SUN2 E1         F CTAGAGAGGAGCTGGGGACA 203 63         R AGGTTGCAACAAGAAGGCAG 

SUN2 E2         F GCCAGCATTGGGAGAGTCAG 410 52         R GCAGAGAGGTGCTCTGAGGA 

SUN2 E3         F CTCACAGTGTCCCCTGCAGT 363 59         R CACATGCTGCCCTCTCTCCA 

SUN2 E4         F CATTCCTTACTGCACACCGG 344 55         R GGTCCTACAGTCTCTCTGCA 

SUN2 E5         F CAGGACAGAGGCATACTGGC 361 50         R GGGAAGCTACTCCGTGATCG 

SUN2 E6         F GCTCTAGTTCAGCACCCAGG 262 59         R CTGCCTGCCAAAGGTCACCA 
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SUN2 E7         F CTGGCAGGGATCAGGTAGCC 240 50         R GGGAGCTACCACCCTCAGAG 

SUN2 E8         F GCATGGCCTTATGCTGGAAC 494 55         R GCAGAGCTGTCTGATCCCAA 

SUN2 E9         F GCCACTTCCTAGTCATGAGG 213 50         R GGTGAACATGTTGGATGGGG 

SUN2 E10         F GACGCTAACAGACAGCAGAT 251 49         R CCTACCATCTGCTTGGCAAG 

SUN2 E11         F GTTCACAATGAGTGCTGGGC 406 54         R CTTGGGCATAACAGAGGCTG 

SUN2 E12         F CCTGCTATCCAGCTAAGCAC 419 52         R CACTTCCATCCTGGAACCTG 

SUN2 E13         F CACAGTGCAAGCCTAGAAGG 276 55         R CACCAACCTGGTAGATGCCA 

SUN2 E14         F CTCGGTTAGGGTTAAAGGCT 349 55         R GAAAGTCATGTCAGGACAGG 

SUN2 E15         F CATCTGGGGTCAGCAAGAGC 346 61         R CCAAATCCACTCCCCTCCCT 

SUN2 E16         F GAAGTGACTTGTCATAGGCC 351 55         R CATCTTGAGCTGTGGGAAAG 

SUN2 E17         F GGAGCTTTTGAAGCCTGGTT 407 52         R CCCGTCCTTTTCATCTGCAT 
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Table S3. Primers used for real-time PCR. 

Gene Primers 

 

SUN1 

5’-TCAGCTTCGGTCAGAGACG-3’ 

5’-TGGTGAAAGGCCATAAAGTCA-

3’ 

 

SUN2 

5’-AAACTGCTGCTCGCATCC-3’ 

5’-GAGTCTTGCTGATGCTCTGCT-3’ 

 

LMNA 

5’-GCTCAGTGACTGTGGTTGAGG-3’ 

5’-AGCGCAGGTTGTACTCAGC-3’ 

 

EMD 

5’-GACTTCATTCCCAGATGCTGA-3’ 

5’-TACATGGGGCGTTCCCTA-3’ 

 

SYNE1 

5’-GCAAATCAGCCAAATTAAGGTC-

3’ 

5’-TGAGCAAAAGACTGGGCTTC-3’ 

 

SYNE2 

5’-

CAAATCTGTTTTGGATCAAGATGA-

3’ 

5’-GCCTTTGGCAATAAGATGCT-3’ 
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  1 MDFSRLHMYSPPQCVPENTGYTYALSSSYSSDALDFETEHKLDPVFDSPRMSRRSLRLAT 
 61 TACTLGDGEAVGADSGTSSAVSLKNRAARTTKQRRSTNKSAFSINHVSRQVTSSGVSHGG 
121 TVSLQDAVTRRPPVLDESWIREQTTVDHFWGLDDDGDLKGGNKAAIQGNGDVGAAAATAH 
181 NGFSCSNCSMLSERKDVLTAHPAAPGPVSRVYSRDRNQKCGASFYVNRILWLARYTASSF 
241 SSFLVQLFQVVLMKLSYESENYKLKTHESKDCESESYKSKSHESKAHASYYGRMNVREVL 
301 REDGHLSVNGEALCDDCKGKRHLDAHTAAHSQSPRLPGRAGTLWHIWACAGYFLLQILRR 
361 IGAVGQAVSRTAWSALWLAVVAPGKAASGVFWWLGIGWYQFVTLISWLNVFLLTRCLRNI 
421 CKFLVLLIPLFLLLAGLSLRGQGNFFSFLPVLNWASMHRTQRVDDPQDVFKPTTSRLKQP 
481 LQGDSEAFPWHWMSGVEQQVASLSGQCHHHGENLRELTTLLQKLQARVDQMEGGAAGPSA 
541 SVRDAVGQPPRETDFMAFHQEHEVRMSHLEDILGKLREKSEAIQKELEQTKQKTISAVGE 
601 QLLPTVEHLQLELDQLKSELSSWRHVKTGCETVDAVQERVDVQVREMVKLLFSEDQQGGS 
661 LEQLLQRFSSQFVSKGDLQTMLRDLQLQILRNVTHHVSVTKQLPTSEAVVSAVSEAGASG 
721 ITEAQARAIVNSALKLYSQDKTGMVDFALESGGGSILSTRCSETYETKTALMSLFGIPLW 
781 YFSQSPRVVIQPDIYPGNCWAFKGSQGYLVVRLSMMIHPAAFTLEHIPKTLSPTGNISSA 
841 PKDFAVYGLENEYQEEGQLLGQFTYDQDGESLQMFQALKRPDDTAFQIVELRIFSNWGHP 
901 EYTCLYRFRVHGEPVK 
 
 

Figure S1. Transcript variant of SUN1 used in this study. (A) The 23-exon SUN1 

isoform used for our investigations contained exons 4 to 26 of ENST00000456758. The 

start codon used is the same used in isoform ENST00000405266. (B) The resulting 

isoform encodes 916 residues and corresponds to the full length mouse isoform of 

SUN1 that predominates in most tissues (1). Alternating exons are indicated in black 

and blue. Residues spanning splice sites are indicated in red. 

 

A 

B 
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Figure S2. Pedigrees of MD families with index patients carrying heterozygous SUN1 or 
SUN2 mutations. Index cases are indicated by arrows.
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SUN1         G68D G76A     S79G    R94H   V197M  A203V A325T    G338S    W377C   A718V  V846I
Homo sapiens       LGDGEAV  ADSGTSS  GTSSAVS  TKQRRST  RKDVLTA  AHPAAPG  HLDAHTA  RLPGRAG  SALWLAV  EAGASGI  DFAVYGL
Pongo abelii           LGDGEAV  ADSGTSS  GTSSAVS  AKQHRSA  RKDVLTA  AHPVVPG  HLDAHTA  RPPGRAG  SALWLAV  EAGASGI  DFAVYGL
Mus musculus           SGDSQAI  SHISTSR  STSRATP  VKQRRSA  RTDALTA  AHSAIHG  HLEIHTA  QPHRVAG  SVLWLAV  QAGISGI  DFAVYGL
Cavia porcellus          SGDSQAM  THSCASS  CASSTAS  VKQRRST  RTDMLTA  AAPAAHG  HLETHTA  KLHRVVG  SVLWLAI  EAGISGI  DFAVYGL 
Monodelphis domestica    SDDGQVE  THSYTRN  YTRNTAY  SKQHRNT  RKDVLTA  AYSTSHV  HLETYTT  RSKRVAR  SFLWLAI  SLGISGI  DFSVYGL
Taeniopygia guttata          SDDGQSD  DSIHDSS  HDSSYAG  VKQRRSM  RKEVLTA  AYSASPV  LLYAPRL  RSDGMAC  SLLWLAI  NAGISGI  NFAVYGL
Gallus gallus            KPDSARN  DLLHDSS  HDSSYAG  VKQRKSI  RKEVLTA  AYSASSV  QLEIHTT  RAKRVAR  SLLWLAI  NAGISGI  KFSVYGL
Xenopus tropicalis          ADNSATS  ICAGTLS  GTLSKCS  MQQHNSS  RNDALTA  ALSASYS  HHEMRTT  WARGVTG  SFLWLAI  TGAIDGI  DFAVYGL
Danio rerio           YDNSFTE  EVAGNHS  GNHSVGS  TTTTSSS  GNEKETS  SYSVPYS  HMEMNTE  RMLTVLW  SILWFAV  TAEAAGM  RFSVYGL

SUN2     M50T A56P     V146G    V378I   E438D  V449L    R620C
Homo sapiens      SSNMKRL  LSPAPQL  YSDVDQQ  KKIVRAS  VAEEVGL  IQAVRDD  ARIRPTA
Pongo abelii      SSNMKRL  LSPAPQL  YSDADQQ  KKIVRAS  VADEVGL FQAVRDD  ARIRPTA
Mus musculus      SSNMKHL  LSPAPQL  YADIEQH  KKIVQAS  VADEVGL IQAARAD  ARIRPTA
Cavia porcellus     SSNMKHL  LSPVPQL  YADIEQH  KKIVQAS  VEDEVGL IQAVREE  ARIRPTA
Monodelphis domestica  SGSMKRL  LSPAPHL  NLGMDQP  KKIIQAF  LCPLVGS IGHATHA  ALIRPTA
Taeniopygia guttata     SSSTKRL  LSPTPST  HYYSGQS  GKMAQAS  MGKHVKG LKTVRAD  GIIRPTA
Gallus gallus       KSINKQS  LSRASDT  GWLVSQK  RKLSAES  VDAQVKE KMMLFGD  MKIYPTA
Xenopus tropicalis     RRKVTTL  LKHAPTP  MADVQQQ  QKMHNMF  LSQQVET IQGVRDG  SPIHPTA
Danio rerio      SRNSSRA  ASSVSLI  HYEQPIK  LMRDIEL  LHSTQDL VDALEAH  YPVAITH

Figure S3. Evolutionary conservation of mutated amino acids in SUN1 and SUN2.
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Figure S4. (A) HeLa cells transfected with myc-SUN1 wild-type and mutant constructs 
were harvested at 0, 12 and 24 h after cycloheximide treatment. Total protein extracts 
were Western blotted using hSUN1 2383 antibody and GAPDH. (B) Protein expression 
in A was quantified by densitometric analysis of four independent experiments. The 
results are presented as mean ± S.E. (*P≤0.05). The significant P-value of myc-SUN1W377C 
compared to wild-type at 24 h was 0.03.
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Figure S5. Nesprin-2 expression is elevated in patient MD-1 myotubes. (A) Nesprin-2 
staining in myotubes from control and patient MD-1. Immunofluorescence labeling was 
performed with nesprin-2 monoclonal (red) and desmin (green) antibodies. Desmin was 
used as a muscle cell marker. (B) Nesprin-2 fluorescence intensity was measured using 
the NIS software analysis system and 50 myotubes per sample were analysed. Data 
are presented as mean value ±S.D. Significant P-value for patient MD-1 was 0.042. 
Scale bar, 10 µm.
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LiNC Complex and Human
Genetic Muscular Disease
Manfred S Wehnert, Institute of Human Genetics, Fleischmannstrasse, Greifswald, Germany

Peter Meinke, Institute of Human Genetics, Fleischmannstrasse, Greifswald, Germany

The linker of nucleoskeleton and cytoskeleton (LiNC)

complex is a proposed mechanical link tethering the

nucleo- and cytoskeleton via the nuclear envelope (NE).

The LiNC components emerin, lamin A/C, SUN1, SUN2,

nesprin 1 and nesprin 2 interact with each other at the NE

and also with other binding partners including actin

filaments and B-type lamins. Besides the mechan-

ostructural functions, cell- or tissue-specific LiNC com-

plexes are also involved in signalling pathways and gene

regulation. Emerin was the first LiNC component associ-

ated with a human disease, namely Emery–Dreifuss mus-

cular dystrophy (EDMD). Later on, other components of a

hypothetically muscle-specific LiNC complex, such as

laminsA/Cand smallmuscle-specific isoformsof nesprin1

and nesprin 2, were found to be associated with EDMD,

reflecting a genetic heterogeneity that has not been

resolved so far. Only approximately 47% of the EDMD

patients can be linked to genes of LiNC and non-LiNC

components, probably interacting with muscle-specific

LiNC(s) involved in the pathology of muscular disorders.

Introduction

The nuclear envelope (NE) defines the barrier between the
nucleus and the cytoplasm and features inner and outer
membranes separated by a perinuclear space (Figure 1). The
inner nuclear membrane contains specific integral and
associated proteins including emerin, lamin A, lamin C,
SUN1, SUN2, nesprin 1 and nesprin 2 that are proposed to
form a mechanical link – the linker of nucleoskeleton and
cytoskeleton (LiNC) complex – tethering the nucleo- and
cytoskeleton via the NE (Crisp et al., 2006). The LiNC
components interact with each other at the NE and also
with other binding partners including actin filaments,

B-type lamins and others (Östlund et al., 2009). Inhibition
of nesprin-2 giant, SUN2 or actin prevents nuclear move-
ment and centrosome reorientation. The coupling of actin
cables to the nuclear membrane for nuclear movement via
specific membrane proteins indicates that, like plasma
membrane integrins, nuclear membrane proteins assemble
into actin-dependent arrays for force transduction. Many
nuclear movements are microtubule dependent. However,
nuclear movement to reorient the centrosome in migrating
fibroblasts occurs through an actin-dependentmechanism.
Linear arrays of outer (nesprin-2 giant) and inner (SUN2)
nuclear membrane proteins assembled on and moved with
actin cables participate in nuclear movement in polarising
cells (Luxton et al., 2010). The nucleus is the largest and the
most rigid cell organelle. Therefore, its physical properties
contribute critically to the biomechanical behaviour of
contractile cells, for example, during amoeboid migration,
perfusion through narrow capillaries and muscular con-
traction. Furthermore, it has been speculated that nuclear
deformations could directly allow cells to sensemechanical
stress, for example, by modulating the access of specific
transcription factors to their binding sites. Defects in
nuclear mechanics have also been reported in a variety of
muscular dystrophies, in particular Emery–Dreifuss mus-
cular dystrophy (EDMD), caused by mutations in nuclear
envelope proteins. These findings have provided important
insights into themechanical behaviour of the nucleus under
physiological conditions, the distinct mechanical contri-
butions of the nuclear lamina and interior and how muta-
tions in nuclear envelope proteins associated with a variety
of human diseases can cause distinct alterations in the
physical properties of the nucleus and contribute to the
disease mechanism (Lombardi and Lammerding, 2010;
Méjat and Misteli, 2010). See also: Inherited Neuro-
muscular Disease; Muscular Dystrophies; Nuclear Envel-
ope and Lamins: Organization and Dynamics

The Emery–Dreifuss Muscular
Dystrophy and Related Muscular
Disorders

EDMD is clinically very variable and genetically hetero-
geneous. Emery (1989) adopted the term ‘Emery–Dreifuss
syndrome’, recognising that the clinical features may

Advanced article

Article Contents

. Introduction

. The Emery–Dreifuss Muscular Dystrophy and Related

Muscular Disorders

. LiNC Components and Muscular Disorders

. Non-LiNC Components and EDMD

. Outlook

Online posting date: 17th December 2012

eLS subject area: Genetics & Disease

How to cite:
Wehnert, Manfred S; and Meinke, Peter (December 2012) LiNC

Complex and Human Genetic Muscular Disease. In: eLS. John Wiley &
Sons, Ltd: Chichester.

DOI: 10.1002/9780470015902.a0024451

eLS & 2012, John Wiley & Sons, Ltd. www.els.net 1

100

http://dx.doi.org/10.1002/9780470015902.a0005513
http://dx.doi.org/10.1002/9780470015902.a0005513
http://dx.doi.org/10.1038/npg.els.0006030
http://dx.doi.org/10.1002/9780470015902.a0001342.pub2
http://dx.doi.org/10.1002/9780470015902.a0001342.pub2


cover more than one disease entity and more recently the
term ‘Emery–Dreifuss-like syndromes’ has been employed
(Knoblauch et al., 2009) considering the clinical overlap to
limb-girdle muscular dystrophies and cardiomyopathies.
Clinically, EDMD is characterised by early contractures of
elbow and Achilles tendons (Figure 2a) as well as post-cer-
vical muscles that lead to rigidity of the spine and the neck,
also known as rigid spine (Figure 2b). Frequently, con-
tractures of the Achilles tendons without muscle involve-
ment in the first decade are observed as the first signs of the
disease. Contractures of the elbows and the rigid spine
appear mostly in early adolescence. Slowly progressive
muscle weakness and wasting may occur in early child-
hood, typically affecting particular muscle groups. Ini-
tially, humero-peroneal distribution can be observed;
proximally the upper extremities and distally the lower
extremities are affected. In later stages of the disease, the
proximal lower extremities will also be affected. Usually,
the patients remain ambulant, but in severe cases patients
may become wheelchair bound (Hoeltzenbein et al., 1999).
Cardiomyopathy is clinically the most important aspect of
the disease, usually starting after the occurrence of mus-
cular weakness in early adulthood. At onset, conduction
defects can be observed, which lead to a high risk of sudden
heart death and require pacemaker or defibrillator
implantation and in rare cases heart transplantation

(Bonne et al., 2000). Muscle biopsies show mild-to-mod-
erate myopathic features with variation in fibre size, mild
fibrosis, but rarely fibre necrosis (Fidzianska et al., 2010;
Mittelbronn et al., 2006). Nuclear shape changes; lobula-
tion, herniation, micronuclei and others can be observed
(Favreau et al., 2003; Kandert et al., 2007; Muchir et al.,
2004). Electron microscopy can reveal nuclear changes in
the form of chromatin clumping and chromatin not
attached to the nuclear membrane (Fidzianska et al., 2010;
Kandert et al., 2007; Dubowitz and Sewry, 2007). See also:
Molecular Genetics of Emery–Dreifuss Muscular
Dystrophy

LiNC Components and Muscular
Disorders

As suggested by Méjat and Misteli (2010), a prototypical
LiNC complex contains four general components. At its
core is a SUN-domain transmembrane protein located in
the inner nuclear membrane (INM) and a KASH-domain
protein (nesprin1 or 2) located in the outer nuclear mem-
brane (ONM), which physically interact with each other
in the lumen of the NE (Figure 1). On the nucleoplasmic
side, the SUN-domain proteins interact with the lamina

Nuclear 
membrane

Cytoplasm

Lamina

Nucleoplasm

NPC

Nesprin1/2

Actin

SUN2SUN1

Short 
nesprins

Lamin A/C

Emerin

Figure 1 A Linker of Nucleoskeleton and Cytoskeleton (LiNC) complex at the nuclear envelope.
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(lamin A/C) and with the INM-associated proteins such as
emerin. On the cytoplasmatic side, the KASH-domain
protein contacts a component of the cytoskeleton (i.e.
actin). There are a large number of protein isoforms
and variants of both the INM and the ONM components
of the LiNC complexes suggesting that cell/tissue – or
developmentally specific interactions can take place. Dis-
turbances of such interactions by genetically modified
LiNC components (i.e. tissue-specific isoforms) might
result in functionally impaired tissues or cells. The first
evidence, supporting this hypothesis, is that mutations in
muscle-specific isoforms of nesprin 1a and 2b produce
muscle-specific phenotypes in humans, resulting in mus-
cular disorders (Zhang et al., 2007). Thus, the existence of
diverse cell- and tissue-specific LiNC complexes might
explain the specific genotype/phenotype correlation as
shown here for muscular disorders. Further down, asso-
ciation of LiNC components to muscular diseases will be
exemplified.
Emerin encoded by STA (EMD) was the first LiNC

component associated with EDMD (Bione et al., 1994).
STA is located on Xq28. Thus, mutations in STA result in
X-linked EDMD (EDMD1, OMIM#310300). Emerin is
anchored with its C-terminal domain in the nuclear

membrane (Manilal et al., 1996). Its precise function is
unclear, but working hypotheses include: a LiNC com-
ponent effects on nuclear structural integrity, increased
cellular susceptibility to mechanical stress damage, alter-
ations in gene expression in response to nuclear envelope
changes and effects on cell proliferation and differentiation
(Muchir and Worman, 2007). A clear effect of defective
emerin on nuclear signalling has been shown (Markiewicz
et al., 2006). Since the discovery of the gene more than 100
STA mutations have been identified (www.dmd.nl;
www.hgmd.cf.ac.uk; and www.umd.be/EMD/). The
mutations are quite evenly distributed over the gene but
seem to occur more frequently on the 5’ end coding for the
C-terminal-anchoring domain. Most of the mutations
(approximately 86%) cause a total lack of emerin. Mis-
sense mutations usually result in a milder phenotype.
LMNA associated with autosomal dominant and

recessive EDMD (EDMD2, OMIM#181350; EDMD3,
OMIM#604929) (Bonne et al., 1999; di Barletta et al.,
2000) is localised on the chromosome 1q22. The gene
consists of 12 exons distributed over 24 kb of genomic
DNA. Alternative splicing in exon 10 results in two dif-
ferent forms: lamin A and lamin C. Furthermore, lamins
C2 and D10 are also derived from LMNA by alternative

(a) (b)

Figure 2 Clinical picture of Emery–Dreifuss muscular dystrophy in a 22-year-old patient: (a) Mild wasting of the upper arm and the lower leg muscles,

contracture of the elbow tendons, pacemaker (arrow). (b) Rigid spine, mild contractures of the Achilles tendons. & Manfred Wehnert.
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splicing. So far, more than 400 different, mostly missense,
mutations of LMNA have been reported (Bertrand et al.,
2011) and collected in locus-specific databases
(www.hgmd.cf.ac.uk; www.umd.be). Lamins, including
lamin A, B1, B2 and C, are preferentially localised in the
nuclear lamina adjacent to the INM. Lamins are involved
in DNA replication, organisation of chromatin, pos-
itioning of nuclear complexes,mechanic stabilisation of the
nucleus, positioning of nuclear pores and anchoring of
nuclear membrane components. The multiple functions of
lamins may explain the clinical variability produced by
particular mutations (Rankin et al., 2008; Vytopil et al.,
2002) and the wide variety of disease phenotypes – col-
lectively called laminopathies – caused by pleiotropic
mutations inLMNA (Worman and Bonne, 2007; Bertrand
et al., 2011; Méjat and Misteli, 2010). Besides EDMD,
limb-girdle muscular dystrophy type 1B, Charcot–Marie–
Tooth neuropathy type 2B, dilated cardiomyopathy type
1A, familial partial lipodystrophy type Dunnigan, mandi-
buloacral dysplasia, Hutchinson–Gilford progeria syn-
drome, restrictive dermopathy and others belong to the
laminopathies (Bertrand et al., 2011; Méjat and Misteli,
2010). See also: Cellular Basis of Laminopathies
SYNE1 and SYNE2 are located on chromosomes 6q25

and 14q23, respectively, encoding nesprin 1 and nesprin 2.
Nesprin 1 and 2 aremultiisomeric, spectrin-repeat proteins
that bind both emerin and lamins A/C and form a network
in muscle, linking the nucleoskeleton to the INM, the
ONM, membranous organelles, the sarcomere and the
actin cytoskeleton (Libotte et al., 2005; Zhang et al., 2007;
Noegel and Neumann, 2011). Therefore, disruptions in
nesprin/lamin/emerin interactions might play a role in the
muscle-specific pathogenesis of EDMD.Thus, a functional
candidate gene approach was applied to associate SYNE1
and SYNE2 to EDMD (EDMD4, OMIM#612998;
EDMD5, OMIM#612999) (Zhang et al., 2007). So far,
DNAvariations inSYNE1 andSYNE2 have been found in
EDMD patients, resulting in amino acid exchanges in the
muscle specific isoforms of nesprin 1a as well as nesprin 2b.
All amino acid exchanges were found in the evolutionary
highly conserved emerin- and lamin-binding domains of
the nesprins. Fibroblasts from these patients exhibited
morphological nuclear defects and specific patterns of
emerin mislocalisation. In addition, diminished nuclear
envelope localisation of nesprins and impaired nesprin-/
emerin-/lamin-binding interactions were a common fea-
ture of all EDMDpatient’s fibroblasts. siRNAknockdown
of nesprin 1 or 2 in normal fibroblasts reproduced the
nuclear morphological changes and mislocalisation of
emerin observed in patient’s fibroblasts. Taken together,
this data suggest that uncoupling of the nucleoskeleton and
cytoskeleton due to perturbed nesprin/emerin/lamin
interactionsmay cause EDMD.The inheritance follows an
autosomal dominant pattern. However, in one family a
digenic inheritancewasobserved.The clinical expressionof
nesprin mutations vary from asymptomatic, through
slightly increased creatine kinase, to dilated cardio-
myopathy, limb-girdle muscular dystrophy and muscular

dystrophy with severe dilated cardiomyopathy requiring
heart transplantation at the age of 26 (Zhang et al., 2007).
Nesprin mutations affecting the giant isoforms have also
been shown to be associated with a severe recessive form of
myogenic arthrogryposis (Attali et al., 2009).
Digenic pathogenesis involving components of theLiNC

complex has also been observed in EDMD patients
(Muntoni et al., 2006; Ben Yaou et al., 2007). Digenic
mutations in STA and LMNA, such as STA c.1A4G, p.0
and LMNA c.1044G4T, p.M348I found recently in a
Belgian family (Figure 3) may help to explain the clinical
variability in EDMD.
The mutation STA c.1A4G, p.0 leading to a loss of

emerin has previously shown to be causative for X-linked
recessive EDMD (Bione et al., 1994) andwould explain the
lack of emerin and a pathogenic effect found in the male
patient, III-3, by itself (Figure 3). Obviously, the additional
presence ofLMNA c.1044G4T, p.M348I seems to worsen
the phenotypic expression in III-3. However, the index
case’s older sister, III-2, is heterozygous only for the STA
c.1A4G, p.0 mutation while clinically showing very mild
conduction defects but no skeletal muscle involvement,
which has occasionally been reported from female carriers
of STA mutations and can be explained by unequal X-
inactivation. Conduction defects, without muscle impair-
ment but on a more advanced level requiring pacemaker
implantation, were observed in the LMNA c.1044G4T,
p.M348I/ STA c.1A4G, p.0 double heterozygous mother
II-1. Considering STA c.1A4G, p.0 as an X-linked
recessive mutation (Bione et al., 1994) means that it, very
likely, has no clinical effect on the carrier, II-1. Thus, the
dominant LMNA c.1044G4T, p.M348I mutation should
explain the cardiac conduction defect in II-1. Based on
these findings, LMNA c.1044G4T, p.M348I should be
considered causative for a dilated cardiomyopathy
(CMD1A) phenotype.
Similarly, digenic pathogenic effects have been shown

formutations inSYNE1andSYNE2 (Zhang et al., 2007) or
in desmin and LMNA (Muntoni et al., 2006). Such cases
highlight that digenic inheritance should be considered
when the clinical features are atypical or quite variable. All
the LiNC components associated to EDMD interact with
each other at the INM (Haque et al., 2010; Clements et al.,
2000). But unlike the majority of muscular dystrophies,
which are caused by changes at the sarcolemma, LiNC
links the nuclear membrane to the actin cytoskeleton, just
as dystrophin links the sarcolemma to the actin cyto-
skeleton, and this may explain why both nuclear and sar-
colemmal protein changes can cause similar muscular
disorders.

Non-LiNC Components and EDMD

An example for a non-LiNC component is the Four and a
Half LIM Domains protein 1 (FHL1) encoded by the X-
linked FHL1 gene (Gueneau et al., 2009) that is associated
to EDMD (EDMD6, OMIM #300696). All the FHL1
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mutations associated with EDMD cause changes in the
distal region of the gene and putatively destroy one of the
four LIM-domains or a nuclear localisation signal (NLS)
of the three known isoforms of the protein (Windpassinger
et al., 2007). Surprisingly, so far, no functional relation-
ships or interactions have been found between FHL1
isoforms and lamins, emerin or nesprins. However, the
X-linked EDMD associated with FHL1 mutations shows
some phenotypic peculiarities specific for X-linked

recessive adult-onset scapuloperoneal myopathy
(XMPMA) (Windpassinger et al., 2007). Besides the typi-
cal variable age of onset and clinical intra-familial vari-
ability of EDMD, the FHL1 mutations show specifically
atrophy of postural muscles while other muscle groups are
hypertrophic, whichmay lead to an athletic constitution of
the patients. Moreover, hypertrophy of the heart muscle
can be observed, finally leading to a hypertrophic cardio-
myopathy. Sometimes patients suffer scoliosis. Thus, the

22%

19%

53%

3%

2%1%

Unknown

SUN1/SUN2

SYNE1/SYNE2

FHL1

STA/EMD

LMNA

Figure 4 Outcome of routine mutational analysis in 195 EDMD patients.
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FHL1-associated X-linked EDMD shows a substantial
phenotypic overlap with XMPMA (Windpassinger et al.,
2007). FHL1mutations can also produce other myopathic
phenotypes (Schessl et al., 2009).

Outlook

In our cohort of 195 EDMD patients, only approximately
47%of the EDMDpatients can be associated to LiNC and
non-LiNC components (Figure 4). Thus, one can speculate
that further genes, each probably less than 5% of all
patients, are involved in the molecular pathogenesis of
EDMD.
Other LiNC components such as SUN1 and SUN2 are

promising candidates to be associated to EDMD (Haque
et al., 2010). Recently, preliminary evidence has provided
that SUN1 and SUN2 gene mutations can modify the
phenotype of EDMD patients carrying STA or LMNA
mutations in a digenic mode (Meinke et al., 2012). In the
search for further candidates, albeit non-LiNC com-
ponents but interacting with individual LiNC proteins
should be considered as shown for LUMA – another
nuclear membrane protein and binding partner of emerin
and SUN2 (Liang et al., 2011). EDMD, causing mutations
in STA/EMD, disrupting emerin-binding to a transcrip-
tional repressor (Btf), germ cell-less (GCL) and barrier-to-
autointegration-factor (BAF) provide a first glimpse of
LiNC components involved in gene regulation and thus
opening a new avenue for functional studies (Haraguchi
et al., 2004). Finally, the association of LiNC and LiNC-
related components with human disease helps to resolve
genetic heterogeneity and clinical variability and provides
tools to understand their functions within the cell as well.

References

Attali R, Warwar N, Israel A et al. (2009) Mutation of SYNE-1,

encoding an essential component of the nuclear lamina, is

responsible for autosomal recessive arthrogryposis. Human

Molecular Genetics 18: 3462–3469.

di BarlettaR,RicciM,Galluzzi E et al. (2000)Differentmutations

in the LMNA gene cause autosomal dominant and autosomal

recessive Emery-Dreifuss muscular dystrophy. American Jour-

nal of Human Genetics 66: 1407–1412.

Ben Yaou R, Toutain A, Arimura T et al. (2007) Multitissular

involvement in a family with LMNA and EMDmutations: role

of digenic mechanism? Neurology 68: 1883–1894.

Bertrand AT, Chikhaoui K, Ben Yaou R and Bonne G (2011)

Clinical and genetic heterogeneity in laminopathies. Bio-

chemical Society Transactions 39: 1687–1692.

Bione S, Maestrini E, Rivella S et al. (1994) Identification of a

novel X-linked gene responsible for Emery-Dreifuss muscular

dystrophy. Nature Genetics 8: 323–327.

Bonne G, Di Barletta MR, Varnous S et al. (1999) Mutations in

the gene encoding lamin A/C cause autosomal dominant

Emery-Dreifuss muscular dystrophy. Nature Genetics 21:

285–288.

Bonne G, Mercuri E, Muchir A et al. (2000) Clinical and

molecular genetic spectrum of autosomal dominant Emery-

Dreifussmuscular dystrophy due tomutations of the laminA/C

gene. Annals of Neurology 2: 170–180.

Clements L, Manilal S, Love DR and Morris GE (2000) Direct

interaction between emerin and lamin A. Biochemical and Bio-

physical Research Communications 267: 709–714.

CrispM, Liu Q, RouxK et al. (2006) Coupling of the nucleus and

cytoplasm: role of the LINC complex. Journal of Cell Biology

172: 41–53.

Dubowitz V and Sewry CA (2007) Muscle Biopsy A Practical

Approach, 3rd edn. Saunders: Elsevier.

Emery AEH (1989) Emery-Dreifuss syndrome. Journal of Med-

ical Genetics 26: 637–641.
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Progeroide Laminopathien zwischen 
Hutchinson-Gilford-Syndrom, 
restriktiver Dermopathie und 
mandibuloakraler Dysplasie

Laminopathien

Laminopathien sind ein Gruppe selte-
ner genetischer Krankheiten und Syn-
drome, die auf Mutationen in Genen, die 
für Komponenten der Kernlamina ko-
dieren, zurückzuführen sind [10]. Man 
kann primäre und sekundäre Laminopat-
hien unterscheiden. Zu den primären La-
minopathien gehören – neben einer Rei-
he anderer klinischer Phänotypen – auch 
progeroide Syndrome, die hauptsächlich 
durch pleiotrope Mutationen im Lamin-
A/C-Gen (LMNA) hervorgerufen werden 
(http://www.umd.be/LMNA/). LMNA 

kodiert für die Lamine A und C, die zu-
sammen mit den Laminen B1 und B2 die 
Kernlamina bilden. Durch LMNA-Mu-
tationen verursachte Fehler in der Pro-
zessierung des Prälamins A zum reifen 
Lamin A durch die Zinkmetalloprotea-
se ZMPSTE24 (. Abb. 1a) bewirken die 
Bildung von Progerin und anderen abnor-
men Prälamin-A-Formen (. Abb. 1b), 
die offensichtlich eine toxische Wirkung 
auf die Zelle ausüben und klinisch zum 
Hutchinson-Gilford-Syndrom (HGPS; 
[3, 4]), aber auch zur restriktiven Dermo-
pathie (RD; [6]) führen können. Sekun-
däre Laminopathien entstehen durch feh-

lerhafte Prozessierung des Prälamins A 
durch mutantes ZMPSTE24. Solche Mu-
tationen zeigen sich ebenfalls als proge-
roide Krankheitsbilder (http://www.hgvs.
org/dblist/glsdb.html) wie hauptsächlich 
restriktive Dermopathie [5] und daneben 
mandibuloakrale Dysplasie (MAD; [9]). 
Als die bekanntesten, gut voneinander ab-
grenzbaren klinischen Phänotypen, die als 
Resultat von Lamin-A-Prozessierungsde-
fekten auftreten, sollen HGPS, RD und 
MAD im Folgenden ausführlicher vorge-
stellt werden. Diese Beschreibung soll hel-
fen, atypische progeroide Laminopathien 
klinisch einzuordnen.
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Abb. 1 8 Prozessierung von Wildtyp- und mutanten LMNA-Genprodukten. a Prozessierung von Lamin A. Im 1. Schritt wird 
Prälamin A am Cystein C661 farnesyliert und 3 C-terminale Aminosäuren (SIM Serin-Isoleucin-Methionin) durch die Zinkme-
talloprotease ZMPSTE24 abgespalten. Danach wird das jetzt C-terminale Cystein methyliert und in einer 2. Spaltung weitere 
15 C-terminale Aminosäuren entfernt. Das Endprodukt ist reifes Lamin A. b Prozessierung von Progerin. Eine Mutation (LMNA 
c.1824C>T p.G608G) im Exon 11 des LMNA-Gens aktiviert einen kryptischen Spleißort, der den Verlust von 50 Aminosäuren 
einschließlich des 2. C-terminalen Spaltorts im Prälamin A bewirkt. Dadurch kann zwar der C-Terminus farnesyliert und das 
SIM-Oligopeptid abgespalten werden, aber das Motiv für die 2. Spaltung geht verloren. So entsteht ein abnormes Prälamin A, 
das als Progerin bezeichnet wird. Auch Exon-Skipping von Exon 11 führt zum Verlust von 90 C-terminalen Aminosäuren und 
damit zur Bildung eines abnormen Prälamins A. (Mit freundlicher Genehmigung)
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Hutchinson-Gilford-Syndrom

Üblicherweise werden vom Hutchinson-
Gilford-Syndrom (OMIM 176670) betrof-
fene Kinder – bis auf eine leichte Dystro-
phie als Neugeborene – noch für gesund 
gehalten, beginnen aber schon in den ers-
ten Lebensmonaten charakteristische 
Symptome zu entwickeln. Dazu gehören 
postnatale Wachstumsretardierung, ge-
ringe Gewichtszunahme, Alopezie, Lipo-
dystrophie, sklerodermieähnliche Haut-
veränderungen, eingeschränkte Beweg-
lichkeit der Gelenke, generalisierte Os-
teodysplasie mit Osteolyse (insbesondere 
Claviculadysplasie) und pathologischer 
Knochenbrüchigkeit, Gesichtshypoplasie 
wie schnabelförmige Nase sowie Mikro-
genie, die die Betroffenen als vorgealtert 
erscheinen lassen (. Abb. 2a). Charak-
teristisch für den Verlauf sind die früh-
zeitige Entwicklung von Arteriosklero-
se und koronaren Herzerkrankungen, 
die schließlich zum Herzversagen füh-
ren. Das durchschnittliche Lebensalter 
liegt bei 13 Jahren. HGPS ist in erster Li-
nie mit dominanten Mutationen, die den 
C-Terminus von Lamin A verändern, as-
soziiert. Die am häufigsten beobachtete 
Mutation ist LMNA c.1824C>T p.G608G 
(. Abb. 3a, [3, 4]). In seltenen Fällen kön-
nen solche Mutationen aber auch zur res-
triktiven Dermopathie führen ([6], http://
www.umd.be/LMNA/).

Restriktive Dermopathie

Die typischen Merkmale für die RD 
(OMIM 275210; . Abb. 2b) sind die un-
gewöhnlich rigide Haut, Beugekontrak-
turen und charakteristische Gesichts-
anomalien. Kennzeichnend für die RD 
sind außerdem Skeletanomalien, insbe-
sondere Anomalien der Schädelknochen 
einschließlich Dysplasien und Aplasien 
(. Abb. 2b). Die Beugekontrakturen, die 
Neugeborene aufweisen, sind durch die 
fehlende Elastizität der Haut mit konse-
kutiver fetaler Hypomobilität in utero be-
dingt. Die Betroffenen sterben meist we-
nige Stunden nach der Geburt an einer 
Ateminsuffizienz. Lichtmikroskopisch 
fallen dünne Dermis, hyperkeratotische 
Hornschicht, vollständiger Verlust der 
Reteleisten, eine Verminderung der Haut-
anhangsgebilde mit deutlich hypoplasti-

Abb. 2 8 Primäre und sekundäre Laminopathie. a Hutchinson-Gilford-Syndrom: 11-jähriger Patient 
mit generalisierter Muskelatrophie, geringem Muskeltonus, hängenden Schultern (Claviculadyspla-
sie), Hypogonadismus, Mikrogenie, schnabelförmiger Nase, tiefsitzenden Ohren und Venenzeichnung 
der Kopfhaut (subkutaner Fettverlust). Heterozygote Mutation: LMNA c.1824C>T p.G608G. b Restrikti-
ve Dermopathie: frontale Ansicht mit Beugekontrakturen aller Extremitätengelenke, trockener, leder-
artig gespannter Haut, kugelförmigem Kopf, Hypertelorismus, kleinem, offenem, O-förmigem Mund, 
dünnen Lippen, kleiner spitzer Nase, Mikrogenie, hypoplastischen Augenlidern, fehlenden Wimpern 
und Augenbrauen, Alopezie, tiefsitzenden Ohren. Im Röntgenbild fallen dysplastische Rippen und 
Claviculae sowie Dislokation des rechten Ellenbogengelenks auf. Homozygote Mutation: ZMPSTE24 
c.1085dupT, p.L362Ffs*19
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schen Haarfollikeln und massives subku-
tanes Fettgewebe auf. Im dermalen Bin-
degewebe sind die Kollagenbündel sehr 
dicht gepackt (sehnenartig) und parallel 
zur Hautoberfläche ausgerichtet. Elasti-
sche Fasern fehlen. RD ist überwiegend 
ein autosomal-rezessiv vererbtes Syn-
drom, meist mit der homozygoten Muta-
tion ZMPSTE24 c.1085dupT, p.L362Ffs*19 
assoziiert, seltener mit compound-hetero-
zygoten Mutationen im ZMPSTE24-Gen 
(. Abb. 3b, [7], http://www.hgvs.org/
dblist/glsdb.html).

Mandibuloakrale Dysplasie

HGPS und RD teilen einige klinische 
Merkmale mit MAD (OMIM 248370/
OMIM 608612). MAD ist ebenfalls ein 
sehr seltenes, autosomal-rezessiv ver-
erbtes progeroides Syndrom, das durch 
postnatale Wachstumsretardierung, kra-
niofaziale Anomalien wie mandibulärer 
Hypoplasie und vorspringendem Mittel-
gesicht sowie Skeletanomalien einschließ-
lich progressiver Osteolyse der termina-
len Phalangen und Claviculae auffällt. 
Auch Hautveränderungen wie Atrophie 
und gefleckte Hyperpigmentierung tre-
ten auf. Weitere Merkmale sind Zahnstel-
lungsanomalien, dünnes brüchiges Haar 
sowie kurze und breite Fingernägel. Lipo-
dystrophie der Extremitäten, des Stamms 
und des Gesichts können ebenfalls zu 
einer progeroiden Erscheinung beitragen. 
MAD gehört zu den primären Lamino-
pathien, wenn sie – als MADA (OMIM: 
248370) bezeichnet – mit Mutationen 
in LMNA assoziiert ist ([6], . Abb. 3a). 
Sind dagegen ZMPSTE24-Mutationen die 
Ursache für MAD (. Abb. 3b), ist sie den 
sekundären Laminopathien zuzuordnen 
und dann als MADB (OMIM 608612) be-
kannt [1].

Atypische progeroide 
Laminopathien

Neben den beschriebenen, klinisch klar 
abzugrenzenden progeroiden Lamino-
pathien wurden in den letzten Jahren eine 
Reihe von progeroiden Krankheitsbildern 
beschrieben, die sich klinisch nicht ein-
deutig zuordnen lassen, da sie Merkma-
le mehrerer progeroider Laminopathien 
aufweisen. Sie sind als atypische Proge-

rien oder auch als atypisches Werner-
Syndrom (aWS) bekannt ([2, 8], http://
www.umd.be/LMNA/, http://www.hgvs.
org/dblist/glsdb.html). Solche atypischen 
Formen konnten sowohl LMNA- als auch 
ZMPSTE24-Mutationen zugeordnet wer-
den. Im Folgenden sollen 2 Beispiele vor-
gestellt werden.

Dominante LMNA-Mutation

Die in . Abb. 4a dargestellte Patien-
tin wurde nach unauffälliger Schwan-
gerschaft (Geburtsgewicht 2260 g, unter 
der 3. Perzentile) geboren. Trinkschwä-
che und Muskelhypotonie traten bereits 
in der Neonatalperiode auf und entwi-
ckelten sich bis zum 10. Lebensmonat zu 
einer generalisierten Hypotonie mit axia-

ler und Kopfhebeschwäche. Die motori-
sche Entwicklung war verzögert. Freies 
Gehen war erst ab dem 19. Lebensmo-
nat möglich. Aufgrund der Kopfhebe-
schwäche wurde eine Zervikalmanschet-
te angelegt (. Abb. 4a). Erhöhte Krea-
tinkinasewerte (das 4- bis 5-Fache der 
Norm) und in der Elektromyographie 
(EMG) Hinweise auf eine Myopathie so-
wie schwere Atrophie und Fettinfiltra-
tion der Zervikalmuskulatur wiesen im 
10. Lebensmonat auf eine Muskeldystro-
phie hin. In den folgenden Jahren wur-
den Wachstumsverzögerung und zuneh-
mend progeroide Merkmale festgestellt 
wie Gesichtshypoplasien (. Abb. 4a), 
subkutaner Fettverlust, Osteopenie mit 
Osteolyse und zunehmende Atrophie der 
Extremitätenmuskeln. Schließlich entwi-

Zusammenfassung · Abstract

medgen 2012 · 24:257–261   DOI 10.1007/s11825-012-0351-y
© Springer-Verlag Berlin Heidelberg 2012

M. Wehnert · P. Meinke

Progeroide Laminopathien zwischen Hutchinson-
Gilford-Syndrom, restriktiver Dermopathie 
und mandibuloakraler Dysplasie

Zusammenfassung
Es gibt eine Gruppe primärer und sekundä-
rer Laminopathien mit progeroidem Phäno-
typ. Sie sind mit pleiotropen Mutationen im 
LMNA- bzw. ZMPSTE24-Gen assoziiert und 
äußern sind klinisch als Hutchinson-Gilford-
Syndrom, restriktive Dermopathie oder man-
dibuloakrale Dysplasie. Neben diesen klinisch 
klar abzugrenzenden progeroiden Lamino-
pathien gibt es eine zunehmende Anzahl aty-
pischer progeroider Laminopathien – auch 
als atypisches Werner-Syndrom bekannt –, 
die sich klinisch nicht zuordnen lassen, da sie 
Merkmale mehrerer Laminopathien aufwei-

sen. Exemplarisch werden zwei solcher atypi-
scher primärer und sekundärer progeroider 
Laminopathien vorgestellt, die klinisch sich 
überschneidende Merkmale des Hutchin-
son-Gilford-Syndroms, der restriktiven Der-
mopathien, der mandibuloakralen Dysplasie 
und darüber hinaus muskulärer Laminopat-
hien aufweisen.
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Abstract
There is a group of primary and secondary 
laminopathies that show progeroid pheno-
types. They are associated with pleiotropic 
mutations in the LMNA or ZMPSTE24 genes 
and are clinically associated with Hutchin-
son-Gilford progeria syndrome, restrictive 
dermopathy and mandibuloacral dyspla-
sia. Besides these clinically distinct entities, 
there is also an increasing number of atypi-
cal progeroid laminopathies—also known as 
atypical Werner syndrome—that cannot be 

categorized clinically as they show features 
of several laminopathies. As an example, two 
atypical primary and secondary progeroid 
laminopathies that show overlapping fea-
tures of Hutchinson-Gilford progeria syn-
drome, restrictive dermopathy, dysplasia and 
even muscular laminopathies are presented.
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Laminopathies · Progeria · Lamin type A ·  
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ckelten sich Kontrakturen der Achilles- 
und Ellenbogensehnen sowie Versteifun-
gen der Wirbelsäule. Eine akute Herzin-
suffizienz führte im 7. Lebensjahr zum 
Tod durch Herzversagen. Es handelt sich 
bei dieser sekundären, atypischen proge-
roiden Laminopathie also um die unge-
wöhnliche Kombination einer früh ein-
setzenden Myopathie mit axialer Mus-
kelschwäche und progeroiden Merkma-
len, wie sie bei HGPS, RD und MAD auf-
treten können [5].

Compound-heterozygote 
ZMPSTE24-Mutationen

Die in . Abb. 4b dargestellte Patientin 
wurde als Frühgeburt in der 32. Schwan-
gerschaftswoche unter perinataler Azi-
dose und Störungen der kardiopulmona-
len Adaptation geboren. Das Frühgebo-
rene zeigte symmetrische Kontrakturen 

der Extremitäten, insbesondere der Knie- 
und Ellenbogengelenke, die orthopädi-
sche Intervention erforderten. Die Fonta-
nellen schlossen sich verspätet. Im Alter 
von 6 Jahren wurden neben subkutanem 
Fettverlust an den Extremitäten und bila-
teralem Exophthalmus auch faziale Dys-
morphien und Dysostosen mit spitzer Na-
se, Retrogenie, fazialer Fettansammlung, 
kleinem Mund und Zahnstellungsanoma-
lie (Mikrogenie) beobachtet (. Abb. 4b). 
Als weitere Dysostose fiel eine Clavicula-
dysplasie auf. Zusätzlich traten axillare, 
fleckige Hyperpigmentierungen und – als 
Zeichen progressiver osteolytischer Pro-
zesse in den Endphalangen – kurze und 
breite Fingerspitzen und -nägel auf. In 
dieser sekundären atypischen, progeroi-
den Laminopathie vereinen sich klinische 
Merkmale in erster Linie von MAD, aber 
ebenso von HGPS, RD. Zusätzlich stellen 
die Gelenkkontrakturen auch hier eine 

Verbindung zu den muskulären Lamino-
pathien her.

Fazit für die Praxis

F  Es gibt pleiotrope Mutationen in 
LMNA und ZMPESTE24, die zu primä-
ren und sekundären Laminopathien 
mit progeroidem Syndromcharakter 
führen.

F  Klinisch gut abzugrenzen sind Hut-
chinson-Gilford-Syndrom (HGPS), 
mandibuloakrale Dysplasie (MAD) 
und restriktive Dermopathie (RD).

F  Daneben gibt es eine zunehmen-
de Anzahl atypischer progeroider La-
minopathien, die mit LMNA- oder 
ZMPSTE24-Gen-Mutationen assoziiert 
sind, sich aber keiner Entität zuord-
nen lassen.
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Abb. 3 9 Genotyp-Phäno-
typ-Korrelation bei proge-
roiden Laminopathien. Un-
terhalb der Proteinstruktu-
ren sind die Phänotypen, 
die durch Mutationen in 
den entsprechenden Prote-
indomänen hervorgerufen 
werden, tabellarisch auf-
geführt. In rot hervorgeho-
bene Mutationen sind im 
Text erwähnt. a Verteilung 
von Mutationen in Lamin A, 
die zu primären, progeroi-
den Laminopathien führen. 
b Verteilung von Mutatio-
nen im ZMPSTE24-Protein, 
die zu sekundären, proge-
roiden Laminopathien füh-
ren. NLS Nukleäres Lokali-
sierungssignal, AS Amino-
säure, CSIM Cystein-Serin-
Isoleucin-Methionin, ER en-
doplasmatisches Retikulum, 
TM Transmembrandomä-
ne, * Deletionsmutationen, 
fs „frame shift“, HGPS Hut-
chinson-Gilford-Syndrom, 
RD restriktive Dermopathie, 
MAD mandibuloakrale Dys-
plasie, aWS atypisches Wer-
ner-Syndrom, ar autoso-
mal-rezessiv, ad autosomal-
dominant
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F  Sie können überlappende Merkmale 
von HGPS, RD sowie MAD und sogar 
nichtprogeroider Laminopathien in 
sich vereinen.

F  Für die Praxis ist relevant, dass bei 
Verdacht auf eine progeroide Erkran-
kung nicht nur gezielt nach häufigen 
Mutationen gesucht wird, sondern 
LMNA und ZMPSTE24 vollständig mo-
lekulargenetisch analysiert werden.

F  Gerade die atypischen Formen wer-
den in Zukunft dazu beitragen, Patho-
mechanismen aufzuklären und kau-
sale Therapieansätze zu entwickeln.
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ABSTRACT  

Restrictive dermopathy (RD) is a rare and extremely severe congenital 

genodermatosis, characterized by a tight rigid skin with erosions at flexure sites, multiple joint 

contractures, low bone density and pulmonary insufficiency generally leading to death in the 

perinatal period. RD is caused in most patients by compound heterozygous or homozygous 

ZMPSTE24 null mutations. This gene encodes a metalloprotease specifically involved in 

lamin A post-translational processing. Here, we report 7 novel ZMPSTE24 mutations, 

identified in classical RD or Mandibulo-acral Dysplasia (MAD) affected patients. We also 

report 9 new families with one or two affected children carrying the common, homozygous 

thymine insertion in exon 9 and demonstrate the lack of a founder effect. Additionally, we 

describe several new ZMPSTE24 variants identified in unaffected controls or in patients 

affected with non-classical progeroid syndromes. This mutation update includes a 

comprehensive search of the literature on previously described ZMPSTE24 mutations and 

associated phenotypes. Moreover, pathophysiological mechanisms underlying RD and other 

premature aging syndromes linked to ZMPSTE24 are deeply discussed, confirming a general 

rule: RD mutations lead to complete loss-of-function of ZMPSTE24, whereas other less 

severe phenotypes are associated with at least one haploinsufficient allele. 

 

Keywords: ZMPSTE24, Restrictive dermopathy, Mandibulo-acral dysplasia, Progeroid 

syndromes, prelamin A maturation. 

  

INTRODUCTION 

Restrictive Dermopathy (RD, OMIM #275210) is a rare and extremely severe 

congenital genodermatosis, lethal in the perinatal period. The first signs include intrauterine 
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growth retardation and fetal hypokinesia deformation sequence. At birth, a rigid and tight skin 

with erosions at flexure sites is noted together with epidermal hyperkeratosis, a microstomia  

with a peculiar shape in an open "O" position, a small pinched nose, microretrognathism, 

sparse or absent eyelashes and eyebrows. Typical orthopaedic invovlment encompass bone 

mineralization defects, thin dysplastic clavicles and generalized arthrogryposis  and usually 

lead to the  recognizable phenotype. Early neonatal death is usually due to severe pulmonary 

insufficiency (Navarro, et al., 2004; Smitt, et al., 1998). In the original study we were able to 

identify that this early lethal  disorder is caused  by with lamin A specific defects either due to 

dominant LMNA mutations or, in most cases, to recessive ZMPSTE24 null mutations 

(Navarro, et al., 2005; Navarro, et al., 2004). Lamins are ubiquitous nuclear proteins 

constituting the type V intermediate filaments subfamily; they are subdivided in A- and B-

type lamins, respectively encoded by the LMNA, LMNB1 or LMNB2 genes (OMIM reference 

#: 150330, 150340, 150341), (Fisher, et al., 1986; McKeon, et al., 1986). Lamins are major 

components of the nuclear lamina, a filamentous meshwork underlying the inner nuclear 

membrane involved in nuclear shape, Nuclear Pore Complex spacing and resistance to 

mechanical stress. Moreover, by their numerous interactions and nucleoplasmic localization 

in the nuclear matrix, lamins have been involved in many other major nuclear functions, 

including regulation of gene expression, chromatin organization and DNA replication and 

repair (for review see (Broers, et al., 2006; Prokocimer, et al., 2009)).  

Lamins A and C are the major isoforms expressed by the LMNA gene through alternative 

splicing. While lamin C is directly translated as a mature isoform from mRNAs, lamin A is 

first synthesized as a precursor called prelamin A, which undergoes 4 post-translational 

processing steps (Holtz, et al., 1989; Sinensky, et al., 1994). These include: farnesylation of a 

Cys residue localized in a C-terminal “CaaX” farnesylation motif (CSIM aminoacids); a 

proteolytic cleavage removing the SIM tripeptide, methylation of the C-terminal farnesylated 
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Cystein residue and finally, a last proteolytic cleavage removing the C-terminal 15 amino 

acids, performed by the Zinc Metalloprotease STE24 (ZMPSTE24), generating a non-

farnesylated mature lamin A. 

LMNA mutations are known to cause at least 10 partially overlapping disorders - 

collectively called laminopathies - affecting several tissues separately or in combination (for 

review see: (Broers, et al., 2006)). One of them is the typical progeria, also known as 

Hutchinson-Gilford Progeria Syndrome (HGPS, OMIM #176670), due to the accumulation of 

an unprocessable lamin A deleted precursor. Clinically, HGPS is characterized by segmental 

features of premature aging including alopecia, loss of subcutaneous fat, and early death 

(usually in the second decade) due in most cases to myocardial infarction (Hennekam, 2006). 

Since the identification of the main genetic cause of HGPS as a de novo LMNA splicing 

mutation (c.1824C>T, Gly608Gly) (De Sandre-Giovannoli, et al., 2003; Eriksson, et al., 

2003), both LMNA and ZMPSTE24 mutations were described in several other progeroid 

syndromes.  

Mutations in ZMPSTE24 were initially identified in patients affected with Mandibulo-

acral Dysplasia with B-type lipodystrophy (MAD-B) (Agarwal, et al., 2003), then in RD 

(Moulson, et al., 2005; Navarro, et al., 2005; Navarro, et al., 2004). Other mutations were 

found in additional cases of RD (Ahmad, et al., 2010a; Cenni, et al., 2005; Chen, et al., 2009; 

Jagadeesh, et al., 2009; Kariminejad, et al., 2009; Le Hellard, et al., 2007; Li, 2010; Sander, et 

al., 2008; Thill, et al., 2008; Zaros, et al., 2007) and progeroid syndromes overlapping with 

MAD and HGPS classical phenotypes (Agarwal, et al., 2003; Agarwal, et al., 2006; Ahmad, 

et al., 2010b; Ben Yaou, et al., 2011; Cunningham, et al., 2010; Denecke, et al., 2006; 

Miyoshi, et al., 2008; Shackleton, et al., 2005).  

Here, we report our results concerning the exploration of 19 families addressed for 

molecular diagnosis to our genetic laboratories as RD or MAD phenotypes. Among them, we 
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identified 5 novel mutations in ZMPSTE24 at the compound heterozygous state and 2 novel 

homozygous mutations. In only 3 unrelated cases diagnosed as being affected with RD, no 

mutation was observed in either ZMPSTE24 or LMNA. Additionally, in order to determine 

whether or not the common c.1085dupT mutation was carried on a founder haplotype, we 

explored 6 intragenic ZMPSTE24 SNPs in homozygous patients and their heterozygous 

parents. Additionally, bioinformatics strategies regarding mutation impact at RNA and protein 

levels are described as useful tools to predict the pathogenicity of new mutations. Finally, 

based on a complete review of the literature and new patients reported here, the 

physiopathology of premature aging syndromes linked to ZMPSTE24 mutations is deeply 

discussed, as well as clinical and molecular diagnosis implications.    

 

MATERIAL AND METHODS 

Informed consent and DNA/RNA extractions 

Informed consent for genetic testing was obtained from the parents of all the patients included 

in this study, complying with the ethical guidelines of the institutions involved. Genomic 

DNA was extracted from peripheral blood lymphocytes by standard procedures. RNA was 

obtained either from lymphoblastoid or fibroblast cell lines. Lymphoblastoid cell lines were 

established from patients’ or their parents’ lymphocytes by EBV standard immortalization 

procedures. Fibroblasts were obtained from skin biopsies and cultured in a DMEM medium 

containing 10% fetal calf serum, 2 mm/ml L-glutamine and 100 U/ml penicillin–streptomycin 

(Invitrogen-Life Technologies, Carlsbad, CA). RNA extraction was performed using TRIzol® 

(Invitrogen-Life Technologies, Carlsbad, CA). 
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Genomic and transcriptional analysis  

Reverse transcription was performed with a Superscript II reverse transcriptase (Invitrogen-

Life Technologies, Carlsbad, CA) following the manufacturer’s recommendations. 

ZMPSTE24 mRNA sequence reference is RefSeq NM_005857.4  and the following RT-PCR 

primers, used to indicate the splicing defect in the patient from family 6, were located in exon 

6: 5’-TGCCTGAGGGAAAGCTTAAA-3’ (Forward) and in exon 9: 5’-

CCAATAAGAGTGGGTTGGCTA-3’ (Reverse). All the other primers were previously 

described in (Navarro, et al., 2004). The sequencing reactions were performed with a dye 

terminator procedure, and loaded on a capillary automatic sequencer CEQ™ 8000 (Beckman 

Coulter, Brea, CA) according to the manufacturer’s recommendations. They were controlled 

using a different dye terminator procedure and loaded onto an ABI 3130XL automatic 

sequencer (Applied Biosystems-Life Technologies, Carlsbad, CA). All sequence variations 

are described according to the Human Genomic Variation Society recommendations available 

at http://www.hgvs.org/mutnomen and the nomenclature of each mutation was checked using 

the Mutalyzer software (http://www.LOVD.nl/mutalyzer/).  

 

SNPs primers amplification and PCR annealing temperature 

NCBI references for the amplified SNPs were rs7514099, rs7516571, rs6600323, rs10489430, 

rs1015354, rs6664294, respectively. The sequences of the primers used are shown in Table 

S1. 50 µL of the PCR reaction mixture contained 5 µl of buffer 10X, 2 µl MgCl2 (50mM), 0.5 

µl dNTP (25mM), 5 pmoles of each primer (forward and reverse), Taq Polymerase 1U, 50 ng 

of genomic DNA. The volume was completed to 50µl with sterile water. All PCR reagents 

were from Invitrogen-Life Technologies (Carlsbad, CA). Cycling conditions were a 3 min 

initial denaturation step at 94°C, followed by 35 cycles of : 30 s at 94°C, 30s at 61°C, 30s at 
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72°C and a last final 3 min elongation step at 72°C. To amplify exon 9, a proof reading (high 

fidelity) Pfu polymerase (Fermentas) was used.  

 

Bioinformatic Tools  

- ESE finder 3.0: http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder 

- TMHMM : http://www.cbs.dtu.dk/services/TMHMM-2.0/ 

- TMpred: http://www.ch.embnet.org/software/TMPRED_form.html 

- TopPred: http://bioweb.pasteur.fr/seqanal/interfaces/toppred.html 

- HSF (human splicing finder): http://www.umd.be/HSF/ 

- Mutalyzer program: http://www.LOVD.nl/mutalyzer/ 

- BDGP (Berkeley Drosophila Genome Project): http://www.fruitfly.org/seq_tools/splice.html   

- NetGene2: http://www.cbs.dtu.dk/services/NetGene2/  

All variants found in ZMPSTE24 were submitted to LOVD: 

http://www.dmd.nl/nmdb2/home.php?select_db=ZMPSTE24  

 

RESULTS 

 

Molecular findings 

 The genomic exploration of the entire ZMPSTE24/FACE1 coding sequence and 

intronic boundaries with previously described primers (Navarro, et al., 2004), allowed the 

identification of causative mutations in 16/19 families with one or two affected children, 

referred to the laboratory for molecular diagnosis of restrictive dermopathy or mandibulo-

acral phenotypes, based on clinical and, in some cases, histopathological evaluation.  

 Two deletions, one of them novel, were observed in two different families (Figure 1 

and Table 1).  In family 1 (Figure 1A), the index case presented an adenine deletion located 
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in exon 1, c.50delA (previously described by (Smigiel, et al., 2010)), in the compound 

heterozygous state with the common c.1085dupT duplication. In family 2 (Figure 1B), the 

child of a consanguineous Turkish couple, presented a new homozygous deletion of two 

nucleotides in exon 2, c.209_210delAT.  In a third family (Figure 1C), the compound 

heterozygous mutations c.54dupT, previously described by (Moulson, et al., 2005) and a 

novel nonsense mutation located in exon 7 (c.826C>T) were observed. A further novel 

homozygous mutation, c.1105C>T located in exon 9, causing a stop gain, led to RD in the 

consanguineous German family 4 (Figure 1D). All the frame shift mutations resulted in 

premature termination codons. The predicted effects on translation are respectively 

p.Lys17Serfs*21, p.Tyr70Serfs*4, p.Ile19Tyrfs*28, p.Arg276*, and p.Arg369* (Table 1). 

We also identified 4 novel splice mutations in 3 families (Figure 2, Table 2). 

Regarding  family 5, we only received DNA from both parents, since biological samples from 

the affected child were not available. In view of a possible future prenatal diagnosis, the 

analysis was performed in search of heterozygous pathogenic mutations, inferring their 

transmission to the affected child. Indeed, we observed two heterozygous novel splice site 

mutations, each carried by one parent: one at the acceptor splice site of intron 4 (c.475-2A>G) 

in the father, the other at the acceptor splice site of intron 5 (c.628-2A>G) in the mother 

(Figure 2A and Table 1). We could not derive cell lines from the parents, in order to 

experimentally investigate on  the pathogenic effect of these mutations at the transcript level. 

Nevertheless, since both mutations directly affect acceptor splice sites, they are predicted to 

be dramatically deleterious.  

In family 6, one mutation affecting the exon 7 donor splice site (c.954+2T>A) was 

inherited from the father whereas the common mutation c.1085dupT was inherited from the 

mother (Figure 2B and Table 1). The father’s transcriptional exploration by RT-PCR, using 

a forward primer in exon 6 and a reverse in exon 9, showed a shorter amplicon measuring 
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about 290 bp (Figure 2C), compared to the normal amplicon measuring 475 bp. The shorter 

PCR product was gel-extracted and sequenced, showing a complete deletion of exon 7 

(Figure 2D). This deletion is predicted to cause a frame shift leading to a premature 

termination codon (p.Gly256Glufs*2). 

The index case of family 7 showed a severe clinical phenotype of Mandibulo-acral 

Dysplasia (MAD) with onset before age 2. Mutational analysis in ZMPSTE24 revealed the 

compound heterozygous mutations c.1204-1G>A and c.794A>G in a Turkish family (Figure 

3). While the novel splice site mutation c.1204-1G>A leads to a predicted truncated 

ZMPSTE24 p.Val402Phefs*6, the previously described missense transversion c.794A>G 

results in a mutant ZMPSTE24 p.Asn265Ser classifying the affected siblings in family 7 as 

Mandibulo-acral Dysplasia type B (MAD-B) (Cunningham, et al., 2010). 

Nine additional families with one or more affected children were also explored: each 

index patient carried the homozygous common null c.1085dupT mutation (data not shown, 

Table 1). This mutation was previously identified as the most frequent one involved in RD 

(Moulson, et al., 2005; Navarro, et al., 2005). Based on molecular genetics findings, seven 

families asked for prenatal diagnosis of RD after genetic counseling. As a result, two 

homozygous wild type, six heterozygous and two homozygous or compound heterozygous 

RD fetuses were identified. 

In three patients diagnosed as being affected with RD, no potentially pathogenic 

sequence variation was observed in the coding regions and intronic boundaries of the 

ZMPSTE24 and LMNA genes. After searching for further clinical or histopathological 

findings, the children turned out to present several characteristics that were unusual for typical 

RD (i.e. atresia, total absence of dermis, abdominal inflammatory processes, advanced bone 

age or atypical dysmorphic features). Thus the patients were probably affected with clinically 

similar forms of congenital arthrogryposis due to other molecular genetic defects.  
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 In a larger general screening of patients affected with progeroid syndromes other than 

classical RD, we identified three new and most likely non-pathogenic heterozygous 

ZMPSTE24 variants. The heterozygous c.990C>T (p.Leu330Leu) in exon 8 was only 

identified in the healthy father of a child affected with a De Barsy-like syndrome (OMIM # 

219150), who subsequently died due to a concurrent infection, while both the child and the 

healthy mother carried a heterozygous c.770-131C>T variant in intron 6. Both are rare 

polymorphic variants with a frequency of 0,4% and 1,2% respectively , in a healthy reference 

population (rs116284141, rs78985808, http://browser.1000genomes.org/index.html). No 

second potentially pathogenic variant was observed for this patient in the coding regions and 

intronic boundaries of both ZMPSTE24 and LMNA genes. Furthermore, mutations in PYCR1 

have been subsequently described in De Barsy syndrome (Guernsey, et al., 2009; Reversade, 

et al., 2009). In addition, no prelamin A was detected by Western Blot in the patient’s skin 

fibroblasts. 60% of his fibroblasts’ nuclei showed morphological abnormalities, including 

large aggregates or misdistribution of lamin A/C. However, no blebs or herniations lacking 

lamin B, which are usually observed in ZMPSTE24-deficient cells, were found (Moulson, et 

al., 2005; Navarro, et al., 2005; Navarro, et al., 2004; Pendas, et al., 2002).  

Another child of a consanguineous couple was affected with a complex progeroid 

phenotype, including neonatal insulin resistance, lipodystrophy, facial dysmorphism as well 

as growth and psychomotor retardation. The c.1035A>G (p.Thr345Thr) and c.1356C>G 

(p.Phe452Leu) heterozygous variants were observed in exons 8 and 10 of the ZMPSTE24 

gene, respectively. Both had been transmitted, in cis, from the healthy mother, excluding them 

as being causative per se of the phenotype. In addition, the child carried these variants in 

association with a de novo LMNA variant in exon 2 (c.438C>T; p. Ala146Ala). The human 

splicing factor calculation tool (HSF) predicted a SF2/ASF site to be broken by this mutation, 

which could be associated with a frame-shift exon 2 skipping. Nonetheless, this variant has 
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been found with a frequency of 3% in a healthy reference population (rs80356805, 

http://browser.1000genomes.org/index.html) and no shorter lamin A isoform nor reduced 

levels of lamin A/C were found in Western blot analyses in the child’s fibroblasts. Instead, a 

slight prelamin A accumulation was observed (data not shown). Nonetheless, the phenotypic 

features of the patient provide no clear evidence for a ZMPSTE24-related progeroid 

syndrome. In particular, this patient is affected with psychomotor retardation, which has never 

been reported in patients carrying either LMNA or ZMPSTE24 mutations. According to all 

these arguments, these variations should be considered as novel ZMPSTE24 polymorphic 

variants at the heterozygous state.  

Is there a founder effect of the common c.1085dupT mutation? 

In order to check whether the common mutation c.1085dupT is associated with a 

common founder haplotype, we explored the haplotypes of all the family members carrying at 

least one c.1085dupT allele. Haplotypes were built on 6 intragenic SNPs reported in the NCBI 

database (http://www.ncbi.nlm.nih.gov/snp). We analyzed 15 families with one or two 

affected children carrying the c.1085dupT mutation. All the patients were either described by 

our team in previous publications (Navarro, et al., 2005; Navarro, et al., 2004), or reported in 

this study. All individuals studied were Caucasians although they had different geographic 

origins. Several haplotypes were found to be associated with the c.1085dupT insertion (data 

not shown), indicating absence of a founder effect and suggesting independent events of a 

sporadic de novo elongation of a T stretch in a region of microsatellite instability (Mori, et al., 

2001). However, an ancestral haplotype was recently found for this mutation in an old colony 

of Mennonite and Hutterite individuals (Loucks, et al., 2012). 
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DISCUSSION 

 Diagnostic Strategies 

Based on our present study and all the studies reviewed here, we can conclude that the 

classical RD phenotype is linked to ZMPSTE24 null mutations whereas LMNA can be mutated 

in some less severe dominant RD-like phenotypes which can overlap with severe neonatal 

HGPS forms. Thus, in classical RD phenotypes, whose clinical features are very typical and 

recognizable, physicians should be prompted to first screen the ZMPSTE24 gene in the 

context of genetic counseling. Exon 9, which harbors the major mutation, should be explored 

first, associating direct sequencing (for the PCR of exon 9, a polymerase with proof reading 

activity should be used) and fragment length analysis, due to the difficulties linked to the 

study of this region (Navarro, et al., 2005), followed by the complete screening of the gene if 

the most common mutation is not found. As a second step, LMNA can also be screened, based 

on the existence of some extremely severe lamin-associated progeroid syndromes that could 

be clinically diagnosed at birth as RDs. This was the case regarding  a patient initially 

characterized as RD carrying a LMNA splice mutation (c.1968+1G>A) reported in our first 

study (Navarro, et al., 2004) and further described in (Moulson, et al., 2007). Thus, initial 

clinical expertise is crucial to orientate for the mutational analysis. In this study, all patients 

referred to our laboratory for ZMPSTE24 screening in whom no mutation was detected, were 

proven not to be affected with classical RD after subsequent clinical investigation.  

 

Pathogenicity of splice site mutations  

 Five ZMPSTE24 mutations collected in this study represent splice site mutations 

(Table 2). All of them affect the nucleotides of the canonical positions (−2, −1, +1 or +2) and 

therefore strongly influence the consensus value (CV). The CV was calculated with three 
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different prediction tools and all of them predict a complete loss or a reduction about 30% of 

the initial CV (Table 2) (Desmet, et al., 2009). Thus, CVs smaller than 70% are associated 

with potentially non-functional splice sites. For the c.1204-1G>A mutation, two of three tools 

predicted a newly generated splice site leading to a frame-shift of one base, which results in a 

predicted premature stop codon (Table 2). For the remaining four mutations no cryptic or new 

splice sites are predicted, most likely leading to exon skipping. Two of these mutations, 

c.628-2A>G and c.954+2 T>A (Table 2), would cause a frame-shift. The predicted effect of 

the mutations c.475-2A>G and c.627+1G>C is the complete in-frame skipping of exon 5. If 

this protein was produced, deletion of amino acids 159 to 209 would eliminate ZMPSTE24 

transmembrane domains 4 and 5, likely modifying the protein folding (Figure 5). Moreover, 

Sander et al. published in 2008 (Sander, et al., 2008) a homozygous splice site mutation 

located at the donor splice site of intron 6 (c.627 +1G>C), which induced skipping of the 

complete exon 5. The authors proved the exclusive expression of the shorter transcript 

carrying an in-frame deletion and concluded that this transcript probably encoded a less stable 

or less active protein, as demonstrated by prelamin A accumulation. 

We previously showed for the r.271_627del mutation the appearance of a shorter in-frame 

transcript skipping exons 3 to 5, whose corresponding protein was undetectable by Western 

blot analyses (Navarro, et al., 2005). All these arguments suggest that mutations affecting 

ZMPSTE24 splice sites may result in null mutations even when they predict transcript in-

frame deletions, at least as far as the region surrounding exon 5 is concerned. Unfortunately 

no biological material was available for additional RT-PCR studies. 

Genotype-phenotype Correlation 

All the ZMPSTE24 mutations described in patients affected with RD or MAD-B were 

homozygous or compound heterozygous. Based on the recessive inheritance of the disease, 

heterozygous mutations identified in healthy RD parents are apparently not deleterious. This 
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was also observed in Zmpste24+/- mice, which presented with normal phenotypes, compared 

to Zmpste24-/- mice, presenting with progeroid features and shortened lifespans (Bergo, et al., 

2002; Pendas, et al., 2002). It can thus be postulated that one ZMPSTE24 wild type allele 

might produce enough enzyme activity to sufficiently process prelamin A to mature lamin A, 

and consequently compensate the other null allele. Nonetheless, recently, a heterozygous 

(c.1312C>T, p.Leu438Phe) mutation was identified in a patient affected with Metabolic 

syndrome (Dutour, et al., 2011). In this patient, slight prelamin A accumulation was detected 

by immunofluorescence analyses on fibroblasts, associated with nuclear abnormalities. In this 

case, processing of prelamin A was not complete, as it was demonstrated by ELISA essay. 

Furthermore a reduced enzymatic activity for this variant was confirmed by an in vitro essay 

(Barrowman, et al., 2012). It is still not clear if this mutation is acting per se or in 

combination with other unknown predisposing factors. Indeed, we cannot rule out the 

possibility of a dominant negative effect of this missense mutation. It would be interesting to 

clinically investigate the prevalence of metabolic syndrome in heterozygous carriers of other 

ZMPSTE24 missense mutations. Indeed, to our knowledge, none of RD parents developed 

such a syndrome, but these results may be biased by the age at investigation, since it is known 

that the prevalence of metabolic syndrome increases with age. 

Disease-causing mutations have been observed throughout the gene, as shown in 

Figure 4. However, a recurrent Thymine duplication (c.1085dupT) located in exon 9 is 

frequently observed. Considering all ZMPSTE24 mutations reported (Table 1), the common 

thymine duplication represents 53.9 %, considering all progeroid syndromes including 

Restrictive Dermopathy,  Mandibulo-acral dysplasia and overlapping progeroid syndromes, 

reported in the literature and in the present study (Table S2). Regarding mutation distribution 

classified by phenotypes, this mutation represents 60.5 % of all ZMPSTE24 mutations in 
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association with the RD phenotype and 18.8 % of the MAD-B or overlapping syndromes 

HGPS/MAD.  

Previously, 22 different mutations were reported in RD or other severe progeroid 

syndromes, so that with the data included in this report, 29 mutations have been described, to 

date. A total of 51 families were linked to ZMPSTE24 mutations, in the literature. Each of 

them presented one or two affected children and 43 were associated with RD phenotypes. 

Eight additional families with patients affected with Mandibulo-acral dysplasia or 

MAD/HGPS overlapping phenotypes were also associated with mutations in this gene. All 

disorders associated with ZMPSTE24 mutations can be classified as secondary progeroid 

laminopathies.  

Interestingly, except for the mutation c.1385C>T (p.Leu462Arg) described by Thill et 

al. 2008 and discussed below; all mutations involved in RD are null mutations. The recurrent 

c.1085dupT results in the complete absence of ZMPSTE24 in all patients tested, as shown by 

Western Blot (Navarro, et al., 2005). Moreover, no maturation of the yeast a-factor was 

detected by enzymatic tests (Agarwal, et al., 2003). Other null mutations are nonsense 

mutations or frame-shifting splice site mutations leading to premature stop codons. However, 

some null mutations could be exon skipping mutations respecting the mRNA’s open reading 

frame but resulting in degraded or inactive proteins. In contrast, all patients with “non-RD” 

progeroid syndromes are compound heterozygotes carrying one null mutation and one 

missense mutation. Missense mutations such as p.Trp340Arg or p.Asn265Ser lead to a 

reduced catalytic ZMPSTE24 activity (Agarwal, et al., 2003; Miyoshi, et al., 2008). All the 

reported cases of MAD-B phenotypes followed this pathophysiological rule (Agarwal, et al., 

2006; Ahmad, et al., 2010b; Cunningham, et al., 2010; Miyoshi, et al., 2008). However, an 

apparent exception to this general rule has been reported by (Denecke, et al., 2006) and relied 

on a digenic mechanism involving both ZMPSTE24 and LMNA. The case reported in this 
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study was described as a HGPS patient but, according to molecular findings and our current 

knowledge, it should be classified as a severe MAD-B. The patient carried a homozygous 

ZMPSTE24 frame-shift mutation (p.Val402Serfs*2) associated with a LMNA nonsense 

mutation (p.Arg654*) leading to the production of an unfarnesylable form of prelamin A. 

Obviously, the LMNA mutation has been acting as a salvage alteration alleviating the clinical 

picture from RD to HGPS-like (Denecke, et al., 2006). Thill et al. presented an exception to 

the rule. They described a typical RD phenotype in a patient carrying only a heterozygous 

missense mutation (p.Leu462Arg) (Thill, et al., 2008). The authors discussed the fact that they 

could have missed a second mutation, most probably because it was not detectable by 

conventional PCR-based mutational analysis, limited to coding regions (excluding 

heterozygous deletions, or pathogenic point mutations localized in introns, promoters or UTR 

regions). However, all missense mutations reported in ZMPSTE24 so far, except the latter, 

were associated with less severe phenotypes than typical RD, with residual ZMPSTE24 

catalytic activity. The authors argued that mutations involved in less severe phenotypes are 

not located that close to the RE retention signal. In order to be causative for the RD 

phenotype, the mutation reported by Thill et al., should completely inactivate the translated 

protein. But no tissues from the aborted fetus were available for Western-blot analysis to test 

this hypothesis.  Thus it would be very interesting to test the mutant’s efficiency in processing 

the yeast a-factor in order to define the pathogenicity of this mutation (Agarwal, et al., 2003; 

Denecke, et al., 2006). Recently, Barrowman et al. published a proteolytic activity test 

concerning a wide list of ZMPSTE24 variants but unfortunately Leu462Arg was not included 

in that study (Barrowman, et al., 2012). 

The major pathophysiological mechanism of restrictive dermopathy is the dramatic 

accumulation of prelamin A in its farnesylated form, due to the complete absence of 

ZMPSTE24’s processing activity. Instead, a residual enzymatic activity, with partial Lamin A 
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maturation, allows longer life span. This was observed in MAD or “HGPS” patients carrying 

compound heterozygous loss-of-function and null ZMPSTE24 mutations and recently 

confirmed with in vitro studies in which enzymatic analyses performed on a series of 

ZMPSTE24 variants showed that residual proteolytic activity can be correlated with disease 

severity (Barrowman, et al., 2012). A patient carrying a homozygous loss-of-function 

ZMPSTE24 mutation (c.281C>T, Leu94Pro) belongs to the clinical continuum of this 

phenotypic group. She was affected by a milder MAD-B phenotype, which correlated to slight 

prelamin A accumulation (Ben Yaou, et al., 2011). Interestingly, this patient developed 

additional congenital myopathic features. Indeed, the myopathic signs in this patient were 

similar to those observed in Zmpste24 homozygous knockout mice, which are phenotypically 

normal at birth. They subsequently express myopathic features in skeletal muscles,  

manifesting mainly by abnormal gait and muscle weakness with either a normal histological 

pattern or a significant increase in abnormal small round fibers (Pendas, et al., 2002). Thus, a 

deeper histo-pathological analysis of skeletal muscles in RD patients carrying ZMPSTE24 

mutations would be interesting.  

Finally, progeroid disorders caused by ZMPSTE24 recessive mutations are always 

severe disorders. They are included in the nosologic spectrum of lamin-associated progeroid 

syndromes, sharing a common pathophysiologic pathway and being observed in MAD, HGPS 

or RD patients. Each of these diseases can be caused either by LMNA or ZMPSTE24 

mutations; indeed, despite some clinical differences, abnormal prelamin A processing and 

accumulation is a common and central point to their pathophysiology. Nonetheless, HGPS 

patients carrying ZMPSTE24 mutations, are not affected by the “classical” form of HGPS, 

defined by the heterozygous recurrent LMNA mutation (p.Gly608Gly) as well as by specific 

and highly reproducible clinical and developmental features. Both the farnesylated state of the 

precursor and its levels seem to be crucial points. The toxicity of the permanent farnesylation 
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state has been suggested by the patient reported by Denecke et al., in whom only the prelamin 

A produced by the wild type LMNA allele was able to be farnesylated. According to the 

homozygous ZMPSTE24 null mutations this fetus should have been affected with RD but was 

protected by its LMNA mutation, reducing the quantities of farnesylated prelamin A produced. 

He was indeed affected with a less severe phenotype, clinically positioned between HGPS and 

MAD. Another study demonstrated the toxicity of the mutated form of lamin A, p.Tyr646Phe, 

which is supposed to undergo prenylation but not the second proteolytic cleavage, 

maintaining its farnesylation. When stably expressed, this mutant protein binds to nuclear 

pore complexes, probably resulting in functionally impaired nuclear pore complexes leading 

to failures in mRNA export or nuclear protein import, which might explain, at least in part, 

the toxicity of farnesylation (Pan, et al., 2007). Other studies clearly demonstrated that the 

levels of accumulated prelamin A are related to the severity of the phenotype. Indeed, double 

knock out Zmpste24-/- Lmna+/- mice were phenotypically entirely normal, lacking all disease 

features, compared to Zmpste24 -/- mice (Fong, et al., 2004). At least three studies seem 

broadly consistent with this notion. Moulson et al. and Reunert et al. (Moulson, et al., 2007; 

Reunert, et al., 2012) found larger amounts of progerin in neonatal forms of progeria 

compared to several classic ones and, conversely, lower progerin accumulation leads to mild 

Progeria/Atypical Werner syndromes (Hisama, et al., 2011). 

 

Bioinformatic tools  

RD samples are extremely rare, moreover primary RD fibroblasts are not easy to 

maintain in culture, due to their intrinsic pathology. Consequently, the only available material 

is DNA in most cases. In this context, in silico analyses concerning both RNA and protein 

impacts of novel mutations are very useful. For this purpose, electronic tools like HSF, BDGP 

and NetGene2 can help to predict mutation impacts on the splicing machinery. The use of 
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more than one of such prediction tools is recommended as they use different calculation 

algorithms, making common predictions more reliable (Table 2). However, only functional 

expression analysis at the RNA level on patients’ cells can validate the predictions. 

Additionally, several protein prediction programs can be used to explore the hypothetical 

structure of a mutant in order to gain insight into the pathophysiological mechanisms. As an 

example, c.1085dupT in ZMPSTE24 was predicted to produce a mutant protein lacking the 

last transmembrane domain and the ER retention signal. It is well known that vesicles 

continually bud off from the ER to the Golgi apparatus, then to the cell surface, through the 

secretory pathway, carrying membrane components and soluble molecules. We detected 

ZMPSTE24 mRNA by full length RT-PCR in patient 4 from our previous studies (Navarro, et 

al., 2005; Navarro, et al., 2004) carrying both c.1085dupT and r.271_627del mutations. But 

no ZMPSTE24 protein was found by Western blot analyses. In this patient, ZMPSTE24 

proteins lacking the ER retention signal and/or one or several transmembrane domains may be 

identified as misfolded proteins, being degraded by the proteaseome (Figure 5). In patients 

carrying ZMPSTE24 mutations for whom no RNA or proteins were available, bioinformatic 

tools can help to predict the enzyme’s localization, conformation and consequently its activity 

or fate.  

 

FIGURE LEGENDS 

 

Figure 1: Segregation of novel ZMPSTE24 frame-shift mutations leading to RD in the 

index cases. 

The pedigrees show women as circles, men as rectangles, affected children as black-filled 

symbols and prenatally diagnosed foetuses as rhomboid symbols. ZMPSTE24 mutations are 

shown right to the pedigrees. The critical mutant regions in the sequences are underlined in 

yellow. (A) The affected child of a Dutch family carried a heterozygous adenine deletion in 

Human Mutation

130



For Peer Review

exon 1 (c.50delA) with the common thymidine duplication located in exon 9 (c.1085dupT). 

Sequence pherograms of exon 1 (forward direction) show a frame-shift. (B) The affected 

child of a consanguineous Turkish family carried a homozygous deletion of two base pairs in 

exon 2, c.209_210AT. (C) The affected child of a Swedish family was compound 

heterozygous for a c.826C>T transition and the previously reported c.54dupT duplication. (D) 

In a consanguineous German family, the novel homozygous transition c.1105C>T resulted in 

RD.  

 

Figure 2: Splice site mutations in two RD families.  

(A) Genomic splice site mutations identified in both parents of a RD fetus in family 5 (n.a: 

tissue samples not available). (B) Genomic splice site mutation found in the genomic DNA of 

the index cases’ father in family 6. (C) Left panel: RT-PCR products amplified from cDNAs 

of the father and control samples separated by agarose gel electrophoresis. Lane 1: Molecular 

size ladder; Lane 2: RT-PCR father, Lane 3: RT-PCR positive control, Lane 4: Negative 

control. Besides the expected 475 bp amplicon, an additional shorter amplicon of 290 bp was 

found in lane 2 as indicated by an asterisk. Right panel: Sequencing pherogram of the 290 bp 

amplicon showing exon 7 skipping. 

 

Figure 3:  ZMPSTE24 compound heterozygous mutations c.794A>G and c.1204-1G>A 

leading to MAD-B in a Turkish family.  

Segregation of the mutations ZMPSTE24 c.794A>G and c.1204-1G>A in family 7 and 

sequencing pherograms of ZMPSTE24 c.794A>G and c.1204-1G>A in the index case. 

 

Figure 4: Distribution of pathogenic mutations and sequence variations in ZMPSTE24.  
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Exons are shown as gray rectangles. A red arrow indicates the ATG start and adenine is 

numbered as nucleotide 1. Frame-shift mutations are shown in green, missense mutations 

leading to amino acid changes in purple and nonsense mutation in blue. One large genomic 

deletion is shown in orange and mutations affecting consensus splice sites are shown in red. 

Novel mutations are indicated by (#); (♦) indicates new sequence variations identified during 

our screening. 

 

Figure 5: Examples of predicted mutant ZMPSTE24 forms. 

Left panel - null mutations observed in RD patients; Right panel - missense mutations 

involved in milder progeroid syndromes. Antibody recognition site is indicated in red, 

endoplasmic reticulum retention signal is detailed in purple and catalytic site in blue 

characters. Protein sequences modified by frame-shift mutations are indicated in green.  

 

Table  1: Summary of patients affected with progeroid syndromes carrying pathogenic 

ZMPSTE24 mutations. 

Patients previously described and reported here (underlined in gray) and their associated 

mutations are detailed and resumed according to their phenotypic features.  

 

Table 2: Splice site calculations using HSF, BDGP and NetGene2 for splice site 

mutations found in the present study. 

 

SUPPLEMENTAL DATA 

The following material is available online for this article.  

Table S1: NCBI Reference numbers and related primers used to amplify SNPs, in RD 

haplotype analyses. 
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For each SNP referenced in NCBI, Forward (F) and Reverse (R) primers’ sequences were 

indicated in addition to annealing temperatures and PCR product lengths, in base pair 

numbers. 

Table S2: recurrence of the c.1085dupT allele relative to the clinical contexts. 
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Figure 1: Segregation of novel ZMPSTE24 frame-shift mutations leading to RD in the index cases.  
The pedigrees show women as circles, men as rectangles, affected children as black-filled symbols and 

prenatally diagnosed foetuses as rhomboid symbols. ZMPSTE24 mutations are shown right to the pedigrees. 

The critical mutant regions in the sequences are underlined in yellow. (A) The affected child of a Dutch 
family carried a heterozygous adenine deletion in exon 1 (c.50delA) with the common thymidine duplication 
located in exon 9 (c.1085dupT). Sequence pherograms of exon 1 (forward direction) show a frame-shift. (B) 
The affected child of a consanguineous Turkish family carried a homozygous deletion of two base pairs in 

exon 2, c.209_210AT. (C) The affected child of a Swedish family was compound heterozygous for a 
c.826C>T transition and the previously reported c.54dupT duplication. (D) In a consanguineous German 

family, the novel homozygous transition c.1105C>T resulted in RD.  
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Figure 2: Splice site mutations in two RD families.  
(A) Genomic splice site mutations identified in both parents of a RD fetus in family 5 (n.a: tissue samples 
not available). (B) Genomic splice site mutation found in the genomic DNA of the index cases’ father in 

family 6. (C) Left panel: RT-PCR products amplified from cDNAs of the father and control samples separated 
by agarose gel electrophoresis. Lane 1: Molecular size ladder; Lane 2: RT-PCR father, Lane 3: RT-PCR 
positive control, Lane 4: Negative control. Besides the expected 475 bp amplicon, an additional shorter 

amplicon of 290 bp was found in lane 2 as indicated by an asterisk. Right panel: Sequencing pherogram of 
the 290 bp amplicon showing exon 7 skipping.  
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Figure 3:  ZMPSTE24 compound heterozygous mutations c.794A>G and c.1204-1G>A leading to MAD-B in a 
Turkish family.  

Segregation of the mutations ZMPSTE24 c.794A>G and c.1204-1G>A in family 7 and sequencing 
pherograms of ZMPSTE24 c.794A>G and c.1204-1G>A in the index case.  
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Figure 4: Distribution of pathogenic mutations and sequence variations in ZMPSTE24.  
Exons are shown as gray rectangles. A red arrow indicates the ATG start and adenine is numbered as 

nucleotide 1. Frame-shift mutations are shown in green, missense mutations leading to amino acid changes 

in purple and nonsense mutation in blue. One large genomic deletion is shown in orange and mutations 
affecting consensus splice sites are shown in red.  

Novel mutations are indicated by (#); (♦) indicates new sequence variations identified during our screening. 
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Figure 5: Examples of predicted mutant ZMPSTE24 forms.  
Left panel - null mutations observed in RD patients; Right panel - missense mutations involved in milder 

progeroid syndromes. Antibody recognition site is indicated in red, endoplasmic reticulum retention signal is 

detailed in purple and catalytic site in blue characters. Protein sequences modified by frame-shift mutations 
are indicated in green.  
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Patients Mutations  (allele 1 

; allele 2)  

Position Protein prediction  protein 

function 

Prelamin 

A 

accumulat

ion 

reference 

Restrictive dermopathy 

RD - Family 1 c.50delA ; 

c.1085dupT 

Exon1 ; Exon 9 p.Lys17Serfs*21 / 

p.Leu362Phefs*19 

n.a n.a present report and 

Smigiel et al. 2010 

RD - Family 2 

(consanguineous 

Turkish) 

c.209_210delAT ; 

c.209_210delAT  

Exon 2 p.Tyr70Serfs*4  n.a n.a present report 

RD - Family 3 c.54dupT ; c.826 C>T Exon 1 ; Exon 7 p.Ile19Tyrfs*28 / 

p.Arg276* 

n.a n.a present report and 

Moulson et al. 2005 

RD - Family 4  

(consanguineous 

German) 

c.1105C>T ; 

c.1105C>T 

Exon 9 p.Arg369* n.a n.a present report 

RD - Family 5 c.475-2A>G ; c.628-

2A>G 

Intron 4 ; Intron 5 p.Thr159_Leu209del 

/ p.Val210Aspfs*21 

n.a n.a present report 

RD - Family 6 c.954+2 T>A ; 

c.1085dupT 

Intron 7 ; Exon 9 p.Gly256Glufs*2/ 

p.Leu362Phefs*19 

n.a n.a present report 

9 additional RD - 

Families 

c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362fs*19 n.a n.a present report 

 Patient P2 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362PhefsX19 null complete Navarro et al. 2005 

(Patient P2) 

 Patient P3 c.1085dupT ; 

r.271_627del   

Exon 9 ; Exon 3-

5del 

p.Leu362Phefs*19 / 

p.Leu91_Leu209del 

null complete Navarro et al. 2005 

(P3) 

 Patient P5 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 null complete Navarro et al. 2005 

(P5) 

 Patient P6 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 null complete Navarro et al. 2005 

(P6) 

 Patient P7 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 null complete Navarro et al. 2005 

(P7) 

 Patient P8 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Navarro et al. 2005 

(P8) 

 Patient P9 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Navarro et al. 2005 

(P9) 

 Patient P10 c.1085dupT ; 

c.1249C>T 

Exon 9 ; Exon 10 p.Leu362Phefs*19 / 

p.Gln417* 

n.a n.a Navarro et al. 2005 

(P10) 

 Patient P11 c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Navarro et al. 2005 

(P11) 

 Patient P12 c.1085dupT ; 

c.295delC 

Exon 9 p.Leu362Phefs*19 / 

p.Pro99Leufs*38 

n.a n.a Navarro et al. 2005 

(P12) 

Consanguineous 

Dutch family 

c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Moulson et al. 2005  

American family c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 null complete Moulson et al. 2005  

Consanguineous 

Guatemalan family 

c.591dupT ; 

c.591dupT   

Exon 5 p.Ile198fs*19 null complete Moulson et al. 2005  

Mennonite kindred c.54dupT ; c.54dupT                              Exon 1 p.Ile19Tyrfs*28 n.a n.a Moulson et al. 2005  

isolated Dutch case  c.1085dupT  ; 

c.591dupT   

Exon 9 p.Leu362Phefs*19 / 

p.Ile198fs*19 

n.a n.a Moulson et al. 2005  

Case report - 

Iranian patient 

c.627 +1G>C ; c.627 

+1G>C  

Intron 5 p.Thr159_Leu209del null presence  Sander et al. 2008  

Case report c.1385C>T ; ? Exon 10 p.Leu462Arg / ? n.a n.a Thill et al. 2008 

Chinesese patient c.715G>T ; c.715G>T Exon 6 p.Glu239* n.a n.a Chen et al. 2009 

Case report 1 c.691G>T ; c.691G>T Exon 6 p.Glu231* n.a n.a Jagadeesh et al. 

2009 

Case report 2 c.691G>T ; c.691G>T  Exon 6 p.Glu231* n.a n.a Jagadeesh et al. 

2009 

Case report Iranian c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Kariminejad et al. 

2009 

Caucasian case 

report 

c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Morais et al. 2009 

case report 

Mennonite Kindred 

c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Li et al. 2010 

RD-600  c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Ahmad et al. 2010 
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RD-500 - 

consanguineous 

mexican familiy 

 c.1020G>A ;  

c.1020G>A 

Exon 8 p.Trp340* n.a n.a Ahmad et al. 2010 

Two affected sibling c.50delA ; 

c.584_585delAT 

Exon1 ; Exon 5 p.Lys17Serfs*21 / 

p.Tyr195Phefs*22 

n.a n.a Smiegel et al. 2010 

Case report Turkish c.1085dupT ; 

c.1085dupT 

Exon 9 p.Leu362Phefs*19 n.a n.a Yesil et al. 2011 

Mandibuloacral Dyslplasia (MAD-Type B) and other Progeroid syndromes 

MAD-B - Family 7 

(Turkish) 

c.1204-1G>A ; 

c.794A>G 

Intron 9 ; Exon 7 p.Val402Phefs*6 ; 

p.Asn265Ser 

    present report 

MAD-B (MAD600) c.1085dupT ; 

c.1018T>C 

Exon 9 ; Exon 8 p.Leu362Phefs*19 / 

p.Trp340Arg 

null / 

residual 

activity 

n.a Agarwal et al. 2003 

HGPS/MAD c.1085dupT ; 

c.794A>G 

Exon 9 ; exon 7 p.Leu362Phefs*19 / 

p.Asn265Ser 

null / 

residual 

activity 

partial Shackleton et al. 

2005 

Australian 

HGPS/MAD 

c.1085dupT ; 

c.794A>G  

Exon 9 ; Exon 7 p.Leu362Phefs*19 / 

p.Asn265Ser 

n.a n.a Agarwal et al. 2006 

HGPS/MAD c.1204_1225del22 ; 

c.1204_1225del22 

∞ 

Exon 10 p.Val402Serfs*1 null complete 

(#) 

Denecke et al. 2006   

Severe MAD - two 

affected sister 

 c.121C>T ; c.743C>T Exon 1 ; Exon 6 p.Gln41* / 

p.Pro248Leu 

null / 

residual 

activity 

partial Miyoshi et al.2008 

 Early onset MAD - 

(MAD4700)   

c.743C>T ; 

c.1349G>A 

Exon 6 ; Exon 10 p.Pro248Leu/p.Trp45

0* 

n.a n.a Ahmad et al. 2010 

MAD - with severe 

skeletal phenotype 

c.794A>G ; 

c.207_208delCT 

Exon 7 ; exon 2 p.Asn256Ser/p.Tyr70

Serfs*4 

n.a n.a Cunningham et al. 

2010 

MAD-B with 

muscular defects - 

case report 

c.281T>C ; c.281T>C Exon 3 Leu94Pro/Leu94Pro residual partial Ben Yaou et al. 2011  

(n.a): non available       

∞ ZMPSTE24 mutations associated with a 

heterozygous LMNA mutation, p.R654* 

     

(#) one part of the (pre)lamin A pool, is not farnesylated due to 

the presence of the p.R654* mutation  
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DNA variation
§
 Amino acid exchange HSF

a
 NetGene2

b
 BDGP

c
 

  wt mut wt mut wt mut 

c.475-2A>G p.Thr159_Leu209del 93,01 --- 0,83 --- 0,99 --- 

c.627+1G>C p.Thr159_Leu209del 94,09 67,26 0,47 --- 0,98 --- 

c.628-2A>G p. Val210Aspfs*21 95,05 66,11 0,92 --- 0,95 --- 

c.954+2 T>A p. Gly257Glufs*2 87,31 --- 0,91 --- 0,98 --- 

c.1204-1G>A p. Val402Phefs*6 96,47 67,53* 0,77 --- 0,99 ---** 

§ transcript reference: NM_005857.4  

* new splice site considered with 83,93 

** new splice site considered with 0,9 
a 

http://www.umd.be/HSF/  
b 

http://www.cbs.dtu.dk/services/NetGene2/  
c 

http://www.fruitfly.org/seq_tools/splice.html  
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NCBI 

reference  

Localisation  Primer Sequence  Tm (°C)  PCR 

product  

(bp)   

 

rs7514099   intron 2  CGTCTCAGAGTGCTGGGATT (F)  60,41  

241 

 

CGACAGAGCAAGACACTGCT (R)  59,36  

rs7516571  intron 3  CTTGGCAGGCTTTCCACTAA (F)  60,38  

239 

 

CCTGGATTCTTGGCTTACCA  (R)  60,07  

rs6600323  intron 6  GGATCAGGAAAGATAGAGATAGAAGG (F)  59,24  

238 

 

GGGAATTTGAAGTCTCTCACAAA  (R)  59,62  

rs10489430  intron 7  CCCAAATGTAGAGAGTACCAGAAAA (F)  59,95  

247 

 

CAGTGCCTGACCATAAGCAG  (R)  59,47  

rs1015354  intron 8  GTGAACTCCTGTGGGCACTT (F)  60,16  

204 

 

CCACCTTGTGGTAGGCTGAT  (R)  59,99  

rs6664294  intron 9  TTTCAAGTTTTTGGTTAGGGATG (F)  59,42  

211 

 

CTGCCCACCTCTTTGTTGTT  (R)  60,15  
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Phenotype Number of 

c.1085dupT allele 

Number of total 

allele 

 % (c.1085dupT) 

Classical RD 52 86 60.5 

MAD-B, MAD/HGPS or 

overlapping 

3 16 18.8 

Total  55 102 53.9 
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ABSTRACT  

 

The clinical course of a female patient affected by a progeroid syndrome with Restrictive 

Dermopathy (RD)-like features was followed up. Besides missing hairiness, stagnating weight 

and growth, RD-like features including progressive skin swelling and solidification, 

acrocontractures, osteolysis and muscular hypotension were observed until the patient died at 

the age of 11 months. A homozygous LMNA mutation c.1303C>T (p.R435C) was found by 

Sanger sequencing. Haplotyping revealed a partial uniparental disomy of chromosome 1 

(1q21.3 to 1q23.1) including the LMNA gene. In contrast to reported RD patients with LMNA 

mutations, LMNA p.R435C is not located at the cleavage site necessary for processing of 

prelamin A by ZMPSTE24 and leads to a distinct phenotype combining clinical features of 

Restrictive Dermopathy, Mandibuloacral Dysplasia and Hutchinson-Gilford Progeria. 

Functionally, LMNA p.R435C is associated with increasing DNA double strand breaks and  

decreased recruitment of P53 binding protein 1 (53BP1) to DNA-damage sites indicating 

delayed DNA repair. The follow-up of the complete clinical course in the patient combined 

with functional studies showed for the first time that a progressive loss of lamin A rather than 

abnormal accumulation of prelamin A species could be a pathophysiological mechanism in 

progeroid laminopathies, which leads to DNA repair deficiency accompanied by advancing 

tissue degeneration. 
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INTRODUCTION 

 

Laminopathies are a group of rare genetic diseases caused by mutations in genes 

encoding proteins of the nuclear lamina (primary laminopathies) or proteins interacting with 

lamina proteins (secondary laminopathies). A group of these laminopathies have been 

classified as progeroid syndromes that can be caused by mutations in LMNA or ZMPSTE24 

[1]. LMNA is encoding lamin A and lamin C by alternative splicing, while ZMPSTE24 is 

encoding the zinc metalloproteinase ZMPSTE24, which is necessary for the processing of 

prelamin A to mature lamin A. Therefore LMNA mutations are classified as primary 

laminopathies whereas ZMPSTE24 mutations are included in the group of the secondary 

laminopathies. Progeroid syndromes mimic clinical and molecular features of aging. Apart 

from some atypical progeroid forms there are three major syndromes caused by LMNA or 

ZMPSTE24 mutations: Hutchinson Gilford progeria syndrome (HGPS), Mandibuloacral 

Dysplasia (MAD) and Restrictive Dermopathy (RD). 

 

HGPS is most commonly caused by the heterozygous de novo lamin A mutation 

p.G608G [2-4], which activates a cryptic splice site and causes a deletion of 50 amino acids 

on the protein level including the C-terminal cleavage site for ZMPSTE24. The resulting 

farnesylated mutant lamin A, known as progerin, accumulates inside the nucleus. The affected 

children appear healthy at birth and, in the course of 1-2 years progressively develop a so-

called progeroid phenotype, comprising extreme short stature, low body weight, early loss of 

hair, lipodystrophy, scleroderma, decreased joint mobility, osteolysis, and facial features 

resembling aging [2, 5]. Cardiovascular problems lead in most cases to death in the second 

decade. 
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MAD can be associated with either homozygous or compound heterozygous missense 

mutations in LMNA (MADA) or a combination of a nonsense and a missense mutation in 

ZMPSTE24 (MADB) [6-8]. MAD patients are characterized by postnatal growth retardation, 

craniofacial anomalies like mandibular hypoplasia (or osteolysis) and protruding mid-face as 

well as skeletal anomalies including progressive osteolysis of the terminal phalanges and 

clavicles. Skin changes like atrophy and speckled hyperpigmentation have been observed. 

Furthermore clinical features like displaced teeth, thin and brittle hair, short and wide 

fingernails as well as accumulation of fat in the neck and moderate lipodystrophy of the limbs 

are typical. 

 

RD describes phenotypically a lethal neonatal genodermatosis characterized by 

tautness of the skin causing fetal akinesia and often premature delivery. Other clinical features 

include tightly adherent thin skin, prominent vessels, characteristic facial features, generalized 

joint contractures, dysplasia of clavicles and respiratory insufficiency. The clinical course of 

RD is fatal and, with respect to HGPS or MAD, more severe leading to neonatal death or 

death in early infancy [9]. LMNA-linked heterozygous RD mutations cause a skipping of exon 

11 and lead to a deletion of 90 amino acids [7]. The resulting truncated protein cannot 

undergo full posttranslational maturation, similar to progerin, and is accumulated inside the 

nucleus. In ZMPSTE24-linked RD, homozygous or compound heterozygous nonsense 

mutations are causing the complete absence of the essential prelamin A processing enzyme 

ZMPSTE24 resulting in an extreme accumulation of normal length lamin A precursors. 

 

 A common feature of at least HGPS and RD is the accumulation of prelamin A or 

truncated forms of it. Pathogenic effects of prelamin A accumulation have been associated 

with altered chromatin organization and impaired DNA-damage response pathways, resulting 

in increased genomic instability, susceptibility to DNA-damaging agents and double strand 
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breaks (dsb). Indeed such abnormalities are observed in patients with HGPS or RD as well as 

in cultured human and murine cells with aberrant lamin A processing pathways [10, 11]. On 

the other hand, increased genomic instability has been also reported in LMNA-knockout cells 

completely lacking lamin A [12]. 

 

Here we present a distinct primary progeroid laminopathy with overlapping features of 

HGPS, MAD and RD that is pathophysiologically not related to the accumulation of 

abnormally processed lamin A species, but rather is characterized by a loss of lamin A 

resulting in accumulation of dsb and impaired DNA repair.  

 

 

RESULTS  

 

Clinical Course 

We report on an infant girl born at term by caesarian section due to nuchal cord after 

normal course of pregnancy. At newborn age, she was small for gestational age (birth weight 

below 3rd percentile, birth length below 10th percentile, head circumference below 3rd 

percentile). She presented with muscular hypotension sucking weakness and slightly impaired 

swallowing. At the age of two months, skin turgors and a generalized failure to thrive were 

noticed. Weight gain had been stagnating since then on, length and head circumference  

growth remained below 3rd percentile (Fig.1). At the age of four months, her skin appeared 

sclerotic and turgid with thereby initiating acrocontractures; the body fat and body hair were 

almost absent, and the child suffered from generalized hyperhidrosis, pruritus and touch 

sensitivity. As an attempt of treatment, a short course of steroids was given tentatively. 

However, the disease underwent continuous progression and syndromal features, including 

microstomia, microretrognathia, dysplastic auricles, small pinched nose, prominent superficial 
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scalp veins, hands in claw-hand position and rocker bottom feet, were advancing (Fig.2a, b 

and 3).  

 

 During the course of the disease, the skin became generally inflexible and firm, 

apparently encasing the patient and resulting in mounting flexion contractures and defective 

positions of the joints. The miniaturized mouth could not be closed anymore, and was fixed in 

an o-shaped position. The respiratory chest movements were almost abolished by thoracic 

rigidity. Finally, at the age of 11 months, the patient acutely developed pneumonia and died as 

a result of global respiratory insufficiency. Strikingly at that point, chest x-rays that had been 

normal at the age of four months now revealed the absence of clavicles and a deformity of 

both humeri (Fig.2c, d). Except for slightly elevated erythrocyte sedimentation rate, white 

blood cell and platelet count, laboratory findings revealed normal results at all time. The 

histology of skin samples taken at the age of 11 months showed progressively flattened rete 

ridges and poorly developed skin appendages (Fig.5b). 

 

Mutational Analyses 

The clinical data suggested a laminopathy. Thus, the complete coding regions 

including intron/exon boundaries of the LMNA (ENSG00000160789, ENST00000368300) 

and FACE1 (ENSG00000084073, ENST00000372759) genes were PCR-amplified 

(Supplementary Material, Table S1) and used for direct Sanger sequencing. Although no 

changes in the FACE1 gene were found, there were five homologous changes in the LMNA 

gene. Four of these five changes are known single nucleotide polymorphisms with frequencies 

of 15% or more (two intronic and two silent), while the base substitution c.1303C>T resulted 

in a pathogenic amino acid substitution (p.R435C). Interestingly, this previously described 

pathogenic mutation [13, 14] has been found with a low frequency of 0.023% in a Caucasian 

reference population (rs150840924, Supplementary Material, Fig.S1).  
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Family analysis 

Sequencing of the LMNA gene in the patient’s family showed that besides the mother, 

also the two sisters, the maternal grandmother, and the maternal grand aunt of the patient were 

heterozygous for p.R435C (Fig.4). All of them appeared to be healthy. Intriguingly, the 

patient’s mother was heterozygous for the LMNA c.1303C>T (p.R435C) mutation, but the 

father was homozygous wild-type. Wrong paternity as an explanation of the patient’s 

homozygosity was excluded. Multiplex Ligation-dependent Probe Amplification (MLPA) 

analysis to check for copy numbers showed two copies of the LMNA gene in the patient and 

thus excluded a deletion as a reason for the homozygous mutation (Supplementary Material, 

Fig.S2). Microsatellite marker analysis on chromosome 1 (Supplementary Material, Table S2) 

revealed a partial uniparental disomy of chromosome 1 (at least from 1q21.3 to 1q23.1) 

including the LMNA gene (Supplementary Material, Fig.S3), which would explain the 

homozygous LMNA c.1303C>T (p.R435C) mutation in the patient.  

 

Echocardiographic assessment of the family members heterozygous for LMNA 

p.R435C mutation revealed the following results (see Fig.4):  

Patient III-4 (age 61 years, body weight 67kg, body length 149cm), showed signs of (age 

related) hypertensive cardiac disease in terms of moderate dilatation of the left atrium and 

moderate concentric muscular hypertrophy of the normal sized left ventricle (LV). Left 

ventricular function was normal except for discrete inferior hypokinesia, with an ejection 

fraction (EF) of 57% and a fraction of shortening (FS) of 29%. The right ventricle (RV) was 

normal sized. Furthermore, discrete degenerative alterations of the aortic and mitral valve 

could be shown, but there was no evidence of inherent structural or functional cardiac 

abnormalities. 

Patient IV-2 (age 40 years, body weight 59kg, body length 158cm) showed no signs of 

structural cardiac disease. LV and RV were normal sized. The functional tests revealed 
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normal results (LV EF 58%, FS 32%). Except for discrete degenerative alteration of the aortic 

valve, there were no structural valvular alterations. 

Patient V-1 (age 13years, body weight 45kg, body length 160cm) showed no signs of 

structural cardiac disease. LV and RV were normal sized. The functional tests revealed 

normal results (LV EF 72%, FS 40%). There were no signs of valvular alterations.  

Patient V-3 (age 3 years, body weight 16 kg, body length 110cm) showed no signs of 

structural cardiac disease. LV and RV were normal sized. The functional tests revealed 

normal results (LV EF 63%, FS 33%). There were no signs of valvular alterations.  

 

 

Functional Analyses 

The LMNA p.R435C mutation is predicted not to be located at the cleavage site 

necessary for processing of prelamin A by ZMPSTE24. Prelamin A staining can be used as a 

marker for abnormal accumulation of unprocessed lamin A at the nuclear lamina. We found 

that only a few nuclei in our patient’s skin were positive for prelamin A (Supplementary 

Material, Fig.S4) confirming a normal prelamin A processing. When we performed lamin A-

staining of patient skin samples, we found decreasing numbers of lamin A-positive nuclei in 

the dermo-epidermal junction zone between the 4th and 11th month of life (Fig.5a, b). The 

signal intensity was also decreasing during this time interval. Additionally, staining of 

autopsy samples from esophagus and skeletal muscle did not detect any lamin A signal 

(Fig.5d, e).  

 

To probe for the presence of DNA dsb, staining with gamma H2AX antibody was 

done. The staining in different autopsied tissues at the age of 11 months revealed a strong 

immuno-reactivity consistent with the presence of significant DNA dsb (Fig.6a-c). For further 

functional analyses, we performed a heterologous expression of either recombinant mCherry-
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tagged LMNA p.R435C or mCherry-tagged wt LMNA in HEK-293 cells. The localization of 

the mutant protein at the nuclear envelope was similar to that of wild type, although some 

p.R435C lamin A aggregates were observed (not shown). This strongly suggests that despite 

the mutation, LMNA p.R435C is able to assemble in its normal region beneath the nuclear 

membrane. 

 

Since the staining with anti-gamma H2AX indicated significant DNA dsb in the 

patient’s autopsy, we tested the response of 53BP1 protein following oxidative stress in a 

cultured cell model containing the recombinant mutant lamin A. Human normal fibroblasts 

were transfected with either tagged LMNA p.R435C or tagged wt LMNA plasmids. After 

treatment of the transfected cells with hydrogen peroxide, we observed multiple 53BP1 foci at 

DNA damage sites in nuclei expressing human wild-type LMNA, whereas in p.R435C-LMNA 

transfected nuclei a low amount of foci appeared at the same time of treatment (Fig.7). Thus, 

while LMNA p.R435C seems able to localize to its normal nuclear lamina region (mentioned 

above), its ability to recruit 53BP1 to damaged DNA sites appears to be impaired. 

 

DISCUSSION 

 

Progeroid phenotypes resembling Restrictive Dermopathy (RD) have been linked to 

primary or, more frequently, to secondary laminopathies [15]. In primary age-related 

laminopathies with dominant inheritance, accumulation of mutated prelamin A precursors 

triggers toxic nuclear effects in a dominant-negative manner resulting in premature aging, 

more similar to HGPS. In the case of homozygous ZMPSTE24 null mutations, which cause a 

complete loss of mature lamin A protein, the clinical course of the disease is fatal, foudroyant, 

and associated with prenatal or neonatal death. Individuals harbouring heterozygous 

ZMPSTE24 mutations are clinically inconspicuous, as the amount of normal ZMPSTE24 is 
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adequate to process prelamin A to mature lamin A sufficiently [7, 9]. Intriguingly, a case of 

atypical progeria associated with heterozygous compound mutations in ZMPSTE24 has been 

described that showed mature lamin A decrease [8].  

 

In the present study, we identified a fatal RD-like disease as a distinct primary 

progeroid laminopathy linked to the homozygous pathogenic LMNA mutation c.1303C>T 

(p.R435C). Apparently the heterozygous mutation occurs at a low frequency in the normal 

population. So far the heterozygous mutation LMNA c.1303C>T (p.R435C) has been 

associated in one reported case to dilated cardiomyopathy [14]. We therefore performed 

cardiologic assessment of four of the five heterozygous family members related to the fatality. 

Except for one individual with mild signs of hypertensive cardiac disease (most likely age 

related), none of the individuals analysed showed any clinical or echocardiographic evidence 

of functional or structural cardiac impairment. Additionally, in another study including three 

heterozygous individuals, no cardiac abnormalities have been reported [13]. Thus, it seems 

unlikely that the heterozygous LMNA p.R435C mutation alone can be associated to a 

pathogenic effect. Perhaps additional risk factors are necessary to trigger a cardiomyopathy.  

 

Considering the low frequency of LMNA p.R435C in the normal population, the 

occurrence of homozygous individuals is extremely rare; assuming Hardy-Weinberg 

equilibrium, the likelihood was 5x10-8. However, homozygosity for very rare alleles often 

occurs on a consanguineous background. This has indeed been found in a Polish family, 

where the only homozygous LMNA p.R435C has been reported so far [13]. Additionally, as 

shown for the first time by this study, partial uniparental disomy can result in rare 

homozygous LMNA mutations. 
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In contrast to the heterozygous LMNA p.R435C mutation, which expresses a rather 

mild clinical picture if any, the patient harboring the homozygous mutation presents clinically 

with a severe progeroid syndrome including severe skin abnormalities as pathognomonic 

symptoms. Follow-up of the clinical course of the patient for 11 months showed that the 

phenotype represents a distinct primary progeroid laminopathy, harboring clinical and 

morphologic overlapping features of RD, HGPS and MAD. The fact that the patient was 

nearly inconspicuous at birth resembles HGPS; absence of hairiness is typical for RD and 

HGPS. Skin changes and loss of claviculae have been reported in all three syndromes 

mentioned, but particularly the generalized tight and thick skin with epidermal thickening, 

reduction of the rete ridges and rarefication of skin appendages, combined with missing 

hairiness are pathognomonic features of RD. In contrast to classic RD, the patient had a 

thickened dermis and subcutaneous lipodystrophy. However, the predominant phenotype of 

the patient was conditioned by a dramatic progression of the skin abnormalities resulting in 

microstomia, flexion contractures of the extremities, rocker bottom feet, combined with facial 

abnormalities like hypolastic nose and micrognathia, all in all resembling RD. Whereas the 

typical RD patient is diagnosed neonatally in a pre-final stage of disease, similarly the patient 

developed a “dermal exoskeleton” causing disturbed temperature regulation and global 

respiratory insufficiency leading to death. In summary, the clinical course of the reported 

patient appears to one as an accelerated HGPS finally ending up in a delayed RD with 

overlapping clinical features of MAD. 

 

The patient’s progressive skin changes were dramatic and reflected the beginning of a 

vicious cycle leading to encasement of the patient, loss of mobility, severe growth and 

developmental delay, muscular hypotension, respiratory impairment and finally death from 

pneumonia, which is common in RD patients. X-ray analyses at two time points indicated that 

a continuous degeneration of initially normal appearing bone tissue (claviculae, humeri) 
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occurred. Thus, deformation and absence of bone tissue as a leading symptom of progeroid 

phenotypes may not be a developmental or differentiation error, but may rather illustrate a 

symptom of disease progression as it occurs at an advanced stage of the disease. 

 

There are ongoing discussions about the molecular mechanisms of premature aging 

syndromes including laminopathies and which aspects might resemble physiological human 

aging. Increased DNA damage, defects in DNA repair mechanisms and shortening of 

telomeres are characteristics of normal aging. Highlighting one link to the family of 

laminopathies, telomeres may directly be damaged by Progerin in HGPS (although 

involvement of telomeres has not been investigated in the present study). Likewise persistent 

DNA damage is one attribute of other premature aging diseases, even if not all LMNA 

mutations result in DNA damage and genome instability [16]. However, experimental 

downregulation of LMNA can lead to accelerated nuclear senescence and apoptosis [17], and 

altered lamin A function has even been described as an indicator of senescence during 

physiological aging process [18]. 

 

Immuno-histological analyses of tissue samples taken at the beginning and the end of 

the disease course allowed for the first time a follow-up of functional changes associated with 

this homozygous LMNA mutation, and thus provided insight into molecular pathogenic 

processes of progeroid primary laminopathies. We observed a progressive decrease in lamin 

A levels in the skin of our patient during the worsening of the clinical phenotype (Fig.5). The 

progression resembles that found in homozygous lamin A knockout mice [19], which were 

indistinguishable from heterozygous or wild type at birth, but then showed severely retarded 

postnatal growth and markedly reduced life span. In contrast, the heterozygotes developed 

apparently normally and did not exhibit any premature mortality when compared to wild type 

mice. Interestingly, cells from the only LMNA-null patient so far reported [20, 21] showed 
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mislocalization of pRb and early cell cycle arrest possibly due to interference of a cell cycle 

checkpoint [22]. 

 

Activated DNA damage response (DDR) has been discussed as another indicator of 

replicative senescence and accelerated aging [23]. DDR is thought to play a role in the repair 

of short-range DNA dsb by binding to the breaks, inhibiting end-resection and facilitating the 

recruitment of the non-homologous end-joining DNA repair machinery. 

It was intriguing that in parallel with the progressive loss of lamin A high levels of DNA dsb 

occurred in our patient, indicative of increasing DNA damage (Fig.5). It has recently been 

shown that among other downstream targets p53 signaling pathway can be altered by LMNA 

dysfunction [24]. Moreover, lamin A is involved in the stabilization of P53 binding protein 1 

(53BP1), a component of the DDR pathway [12].  

A recent report suggested that the loss of 53BP1 could be responsible for the DNA repair 

deficiencies observed in LMNA-K.O. cells [25]. Additionally, depletion of lamin A in 

cultured primary cells has been shown to trigger a senescent cell cycle arrest [26]. Since we 

found (Fig.6) that following oxidative stress-induced DNA damage very few 53BP1 foci 

occurred in LMNA R435C transfected cells, it is possible that the DNA repair is delayed or 

impaired due to the lamin A mutation. It should be pointed out that our results could be in part 

hampered by an overexpression effect. In fact, a synergistic effect derived from the LMNA 

mutation combined with protein deficiency appears likely in vivo. For instance, we might 

expect a reduced importation of 53BP1 into nuclei, which was not observed in LMNA 

p.R435C transfected fibroblasts. One could speculate that because the aberrant, non-

functional, mutant lamin A has a functionally negative effect and likely abnormal 

conformation, it therefore could also consequently undergo greater degradation than wt-lamin 

A. The phosphorylation of the histone H2AX at Serine 139 (γH2AX) is the earliest 

chromatin modification after exposure to ionizing radiation [27] and is thought to be involved 
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in the stable accumulation of 53BP1. But 53BP1 can still be recruited to dsb sites in H2AX 

null cells, which show only mild defects in DNA damage checkpoint control and DNA 

repair [28]. Therefore it seems likely that the DNA damage in our patient occurs due to a mis-

localization of 53BP1. Unfortunately, we could not use living cells from the patient to test 

such hypotheses. However, we failed to observe any effect of R435C lamin A in transfected 

HEK293 embryonic cells, which express very low levels of endogenous lamin A (not shown). 

This finding argues in favor of a specific role of lamin A in recruiting 53BP1 at DNA damage 

sites in post-natal cells.   

 

Involvement of this LMNA mutation in DNA damage may be of clinical importance 

for future patients, as it has been observed that DDR may activate mTOR signaling and in 

turn drive cellular senescence. Suppression of cellular senescence by using the mTOR-

inhibitor Rapamycin has been discussed as an innovative therapeutic approach in the clinical 

treatment of laminopathies (reviewed in [23]). However, further investigations are needed to 

assess a possible clinical benefit of patients harboring the reported or other LMNA mutations 

accompanied by increased DNA damage.  

 

Our data support the idea that the loss-of-Lamin A itself and/or its function in LMNA 

p.R435C homozygous individuals leads to a loss of DNA-damage-prevention, accompanied 

by accumulation of double strand breaks, being reflected by progressive degeneration of 

tissues, osteolysis and cutaneous rigidity as seen in the presented patient. In conclusion, our 

clinical and functional findings provide a link between the functional loss of lamin A via 

disturbed DNA repair pathways and degeneration of cells that results in a progeroid 

phenotype as observed in the presented case. Previously, increased genomic instability has 

been observed in other progeroid laminopathies including HGPS as well as RD, and is 

thought to be associated with prelamin A or progerin accumulation [10, 11]. In contrast, our 
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case provides evidence that increased DNA damage/genomic instability in progeroid 

laminopathies is due to the lack of mature, functional lamin A rather than the abnormal 

accumulation of prelamin A forms.  

 

MATERIALS AND METHODS 

 

Patients and family members 

This Research has been approved by the clinical ethics committee / internal review board of 

the University Children’s Hospital Leipzig. 

Informed consent has been obtained for the patient and all individuals studied in this report 

(see Results section). 

 

DNA extraction 

 

Genomic DNA of the patient was extracted a blood sample or from paraffin embedded tissue 

that had been obtained at autopsy, using QIAamp DNA-Minikit® according to the 

manufacturer’s protocol. Acceptable quality genomic DNA was confirmed by agarose-gel 

analysis under standard conditions. Genomic DNA of investigated family members was 

isolated from peripheral blood lymphocytes using QIAamp-DNA-Minikit®. 

 

PCR and Sanger sequencing 

 

Primer pairs for all the coding exons and flanking intronic sequences of LMNA 

(ENSG00000160789, ENST00000368300) and FACE1 (ENSG00000084073, 

ENST00000372759) are available in Table S2. Microsatellite markers were amplified using 

the primers available in Table S1. To standardize the sequencing reaction, all LMNA and 
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FACE1 primers were tagged with a M13-tail (forward: 5’-GTAAAACGACGGCCAGT-3’ 

reverse: 5’-CAGGAAACAGCTATGAC-3’). Amplifications were performed in 25 µl 

volumes using Amplikon-Taq Polymerase (Biomol) under the following thermal conditions: 

initial denaturation at 94° for 5 min followed by 30 cycles of denaturation (94°C for 15 sec), 

annealing at the appropriate temperature for 15 sec (see Tables S1 and S2) and elongation 

(72°C for 1 min). A final elongation (72°C for 7 min) preceded a 4°C cooling step. To 

amplify exon 9 of the FACE1 gene, a proof reading (high fidelity) Pfu polymerase 

(Fermentas) was used. In agarose gel electrophoresis, 3 µl of the PCR product were analysed 

using a 1,5% agarose-gel to test the PCR efficiency. PCR products were used to identify 

changes by direct Sanger sequencing. Excess dNTPs and primers were removed using 

ExoSAP-IT® (Affymetrix). Sequencing reactions were performed using ABI BigDye® 

Terminator v3.1 Cycle Sequencing Kit with addition of 5% DMSO to the reaction mix. M13-

oligonucleotides were used as sequencing primers for LMNA and FACE1 analysis, for the 

microsatellite analysis the PCR primers were used as sequencing primers. The reactions were 

analysed on a 3130xl GA DNA Sequencer (Applied Biosystems) according to the 

manufacturer’s instructions. All DNA variations identified were validated using a second 

independent DNA sample.  

 

Multiplex Ligation-dependent Probe Amplification (MLPA) 

 

MLPA analysis was performed using the Salsa MLPA P048-B1 LMNA probemix 

from MRC Holland according to the manufacturer’s instructions. The reactions were analysed 

on an ABI PRISM® 310 DNA Sequencer (Applied Biosystems) according to the 

manufacturer’s instructions.  

 

Histochemistry and Immunostaining  
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Paraffin embedded tissue samples were enclosed at the Department of Dermatology 

and the Institute of Pathology, University of Leipzig at patient’s age of four months, and when 

autopsy was performed at patient’s age of 11 months, respectively. The paraffin embedded 

blocks were sectioned in 3-10µm slices and mounted on adhesion microscope glass slides 

(SuperFrost plus, Menzel J1800AMNZ). The sections were deparaffinised in xylene for 3 

minutes and rehydrated through a series of graded ethanol (100% for 3 min, 96% for 3 min, 

70% for 3 min, water for 3 minutes). For antigen demasking, slides were cooked for 20 

minutes in Target Retrieval Buffer pH 9,0 (Dako S2367) using a steamer.  

For lamin A staining, endogenous peroxidases were blocked with Dual block (Dako 

S2003) for 10 minutes. After three washes in Tris Buffered Saline (TBS) for 3 minutes, 

control (no primary antibody) and experimental slides were incubated for 50 minutes at room 

temperature, respectively, in Dual Block (Dako S2003) alone, or with lamin A/C antibody 

(cell signalling 2032) at 1:50 dilution.  

For H2AX stain, endogenous peroxidases were blocked with 3% hydrogen peroxide 

for 10 minutes. After three washes in Tris Buffered Saline (TBS) for 3 min., slides were 

incubated in 5% Serum Block Goat (Dako X0907) for 30 min at room temperature. Control 

(no primary antibody) and experimental slides were incubated overnight at 4°C followed by 

30 minutes at room temperature, respectively, in 5% Serum block goat alone (Dako X0907), 

or with H2AX antibody (abcam ab2893) at 1:500 dilution. 

After washing in TBS buffer, sections were incubated for 30 minutes at room 

temperature with horseradish peroxidase (HRP) labelled goat anti rabbit secondary antibody 

(Dako P0448), using EnVision+ System-HRP (DAB) Kit (Dako K4011). After washing in 

TBS, 3,3'-Diaminobenzidine (DAB) solution was applied for five minutes. Exposure times 

were synchronized so that all tissues samples within an antibody group were exposed to DAB 

for the same time. All stains were counterstained with Mayers Hämalaun (Roth T865.1) for 
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approximately 1 minute and washed in tap water for ten minutes, dehydrated in ethanol, 

cleared in xylene and mounted with Entellan (Merck 1.07961.0100). Images were obtained 

with 20× magnification using a Keyence Biozero microscope and digital camera. Exposure 

times were kept constant for all samples. 

 

Plasmid constructs and site-directed mutagenesis 

 

The p.R435C mutation was introduced in the pLEICS-23 plasmid, which was carrying a 

mCherry-tagged LMNA insert, by the PROTEX cloning service of the Department of 

Biochemistry, University of Leicester.  

 

Cell culture and transfection  

 

Human fibroblast cultures were obtained from skin biopsies of consenting patients 

undergoing orthopaedic surgery for traumas.  Cell cultures were established by mechanical 

and enzymatic methods and routinely sub-cultured in D-MEM plus 20% FCS and antibiotics. 

Fibroblasts were transfected with plasmids encoding mCherry-tagged wild-type lamin A or 

R435C lamin A. Transfection was performed using an AMAXA electroporator (Amaxa, 

Lonza Group, Basel, Switzerland), according to the manufacturer’s instructions. After 

transfection, cells were incubated for 42 hours and treated with 100µM hydrogen peroxide for 

5 hours.  

 

Immunolabeling of cells and tissues 

 

Fibroblasts grown on coverslips were fixed in 100% methanol for 7 min, saturated for 

25 min with 4% BSA and subjected to immunofluorescence staining using a monoclonal anti-
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53BP1 antibody (Cell Signaling) applied at 1:30 dilution. Skin biopsies were fixed in 10% 

formaldehyde and embedded in paraffin according to standard procedures. Paraffin-embedded 

sections (7 μm) were immunolabeled with anti-prelamin A 1188-1 antibody (Diatheva), 

which was applied overnight at 4°C at 1:50 dilution.  Bound antibody was detected with a 

horseradish peroxidase-conjugated anti-rabbit Ig, using diaminobenzidine (DAB) as a 

substrate. Samples were counterstained with hematoxylin. A Nikon E600 epifluorescence and 

bright field microscope and a Nikon oil-immersion objective (100x magnification) were used. 

Images were processed using Adobe Photoshop 7.0 software. 

 

Antibodies 

 

anti-lamin A/C antibody (Cell Signalling Technologies  #2032) 

anti-H2AX antibody (abcam #2893) 

anti-prelamin A (1188-1) 

anti-53BP1 antibody (Cell SignalingTechnologies #4937)   
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Figures 
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Figure 1:  

Weight percentiles (a), growth percentiles (b), head circumference percentiles (c) during the 

course of the disease. At birth, the patient was small for gestational age. Weight gain 

stagnates at about two months of age. Length and head circumference  growth rank below 3rd 

percentile. 

 

Figure 2: 

Phenotypic changes in the course of disease progression at age of 4 months (a) and age of 11 

months (b). Chest x-rays were performed at age of 4 (c) and 11 months (d). Normal skeletal 

findings at age of 4 months are displayed. Missing of both claviculae at age of 11 months, 

residual bone fragments are denoted by arrows. Deformation and narrowing of both humeri at 

age of 11 months are marked by arrowheads. 
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Figure 3: 

The patient at the age of 11 months: (a) microstomia, fixed in an o-shaped position (b) 

prominent superficial scalp veins, dysplastic auricels, microretrognathia. (c-e) 

acrocontractures.( f) „rocker bottom“ foot with prominent calcaneus and rounded bottom. 
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Figure 4: 

Pedigree of the affected family. Uniparental isodisomy of chromosome 1q21.3- q23.1 

(involving the complete LMNA gene), causing homozygosity of autosomal recessively 

inherited LMNA mutation, was proven for the index patient. Except for the index patient, none 

of the displayed individuals showed signs of progeroid disease, or signs of progressive cardiac 

disease. Dilated cardiomyopathy was excluded by echocardiography in individuals labeled by 

*. 
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Figure 5: 

LMNA-staining of skin samples taken at age of 4 (a) and 11 (b) months respectively, shows 

decreasing amount and signal intensity of LNMA-positive nuclei in the dermo-epidermal 

junction zone compared to control skin (c). As a secondary finding, the rete ridges are 

progressively flattened, the skin appendages are poorly developed. LMNA-staining of 

samples taken from esophagus (d) and skeletal muscle (e) during autopsy does not detect any 

LMNA signal.  

 

 

 

 

Figure 6: 

Staining with anti-gamma H2AX (phospho S139) antibody of samples taken from skin (fa), 

esophagus (b) and skeletal muscle (c) during autopsy at age of 11 months shows a strong 

signal, indicating presence of DNA double strand breaks. 

 

 

173



 

Figure 7: 

53BP1 localization in cultured human normal fibroblasts transfected with either mCherry-

tagged LMNA-p.R435C or mCherry-tagged wt- LMNA plasmids. (A) untreated or (B) treated 

with hydrogen peroxide (H2O2). 53BP1 was specifically labeled using a monoclonal antibody 

and revealed by FITC –conjugated anti-mouse IgG secondary antibody (green). (C) 

Quantitation of 53BP1 foci in H2O2 –treated cells. Means of three different counts performed 

in separate experiments are reported +/- standard deviation. The difference is statistically 

significant (p<0.05 by the Student’s T-test). 
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Table S1: Primer sequences and annealing temperatures for genomic amplification of 
LMNA   and FACE1 exons. 
Exon Orientation Primer sequence (5’-3’) Amplicon 

size (bp) 
Annealing 
temperature (°C) 

     LMNA 
E1a 

Forward GGGACTGCCCCTTTAAGAGT 500 62 Reverse GACCACCTCTTCAGACTCGG 
LMNA 

E1b 
Forward ACATCGACCGTGTGCGCTC 268 62 Reverse CCTCTCCACTCCCCGCCA 

LMNA 
E2 

Forward GATGCCCTCTCCTGGTAAT 399 60 Reverse GCTCTGAAATCAGGTGACAGG 
LMNA 

E3 
Forward TTCTTGTGTTCTGTGACCCCTT 232 60 Reverse CCCAAGTCTGTCATCACCCA 

LMNA 
E4 

Forward TAAAGTGGGGCTGGTAGTGG 319 62 Reverse GTGAGGGAACCAATCGAGAG 
LMNA 

E5 
Forward CCTCCACCCCTCCCAGTCAC 231 62 Reverse TGCATCCGCCCCAGACTCTA 

LMNA 
E6 

Forward CAAACCCTCCCACCCCCC 299 62 Reverse CCAGTTGCCGGGCCAGAG 
LMNA 

E7 
Forward CCCCACTTGGTCTCCCTCTCC 292 62 Reverse CCCTGATGCAGCTGTATCCCC 

LMNA 
E8 

Forward TGGGCCTTTGAGCAAGATAC 257 60 Reverse GAAAAGGACACTTACCCCAGC 
LMNA 

E9 
Forward CAGGTGGTGACGGTGAGTG 285 62 Reverse CAGCTGGCTCCGATGTTG 

LMNA 
E10 

Forward GCCACAAGAAAAGTTGCAGG 320 62 Reverse CAGGCCAGCGAGTAAAGTTC 
LMNA 

E11 
Forward TGGTCAGTCCCAGACTCGCC 358 60 Reverse CGCCTGCAGGATTTGGAGA 

LMNA 
E12 

Forward TGAGGGATGGGGGAGATGCT 196 62 Reverse GGGTGGGCATGAGGTGAGGA 
     FACE1 

E1 
Forward GGGCTGGGGCTTTTCCTGTAG 472 55 Reverse GGACCACAAAGACGAGACTGG 

FACE1 
E2 

Forward TGGCAAGCTATAAACCATTCG 289 55 Reverse GAAAATGAAAACAACCAGAC 
FACE1 

E3 
Forward CCGTACTGGCCTCTTTTGTT 273 55 Reverse GAAAGCCTGCCAAGCTAAAA 

FACE1 
E4 

Forward TTGATTTGTTTGCCAGTAGTTCA 235 55 Reverse CAGGACAAAAGCACAGAAGTTTT 
FACE1 

E5 
Forward CCAGTTTCTCAGTTTCTTGTGG 244 55 Reverse TCTCACCAAGGAACTTTTGC 

FACE1 
E6 

Forward GGGCCTGGGAATACCAGAGCAAG 490 55 Reverse AGCCACCAGTTTCTATCCCTGGC 
FACE1 

E7 
Forward CTCCAAAGGACCCCAAACTT 310 55 Reverse TTTTGAGTTGTCACAGGAACTG 

FACE1 
E8 

Forward AATCTATGAAGGGCTATTACTG 278 55 Reverse CTTGGCCTCTCTTATATGAC 
FACE1 

E9 
Forward TGATCCCATAGTGAAATCAGCTT 256 55 Reverse GATTTGAAGCAGGCAAGAGC 
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FACE1 
E10 

Forward TACAGTCTCAGCTCATGGAAC 357 55 Reverse TGCTGCCAGGACAGAAATAA 
 
 
Table S2: Primer sequences of microsatellite markers used for the analysis of 
uniparental disomy on chromosome 1.  
Marker Position Orientation Primer sequence (5’-3’) Annealing 

temperature (°C) 
     
D1S2660 1p36 Forward CACACATGCACATGCAC 

50 Reverse AGTGACACCAGCAGGG 

D1S2652 1p32 Forward GCAGGTGTGATGCCAGG 
50 Reverse TACGGCTGATTGGGAGAAC 

D1S500 1p31 Forward GTAATGTCACTGGCATGGA 
50 Reverse CTCTGATACGCCAAGTGCT 

D1S2726 1p13 Forward CCACAAGTTGCAGGGTT 
50 Reverse CTGGATGGATGCTCAAATAC 

D1S498 1q21.3 Forward TTGCTGAAGGGACATAGTG 
50 Reverse TGCTGGGTTATATCCAATATC 

D1S3020 1q21.3 Forward TGGTGTTTGGTTACATGGAT 
50 Reverse GTGAAGGCAACATGTATCGT 

D1S305 1q21.3 Forward CCAGNCTCGGTATGTTTTTACTA 
50 Reverse CTGAAACCTCTGTCCAAGCC 

D1S2140 1q22 Forward GCTGAAAAGACACTTCAGTGG 
50 Reverse ATGGTATGAACCTGGAGGTG 

D1S1653 1q23.1 Forward GGAAAGCCTGTAGGAAGAGG 
50 Reverse CCTGGATGACAGAGTGCTCT 

D1S2369 1q23.1 Forward ACATCCATCCTTAATATTTTGGC 
50 Reverse GCATTTCTGACACTCATGACTTG 

D1S484 1q23.3 Forward AGTGATGAGGGCCTCTATTT 
50 Reverse AGCTTCTGCCAACTATGTGC 

D1S210 1q24 Forward CCTCAGTTCATTCCCCATAA 
50 Reverse AGCTGAATCTCACCCAATAACTA 

D1S249 1q32 Forward TGGCATGTCTTTGAAGGAAT 
50 Reverse TGGTTGTAGATGAGACTGGC 

D1S423 1q44 Forward GGGCAACAAGAATGAAACTC 
50 Reverse GGCCTAAGATTGCTGTGAAG 
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Supplementary Figures: 
 

 
Supplementary Figure S1: 
DNA changes found by Sanger sequencing of the coding region of the LMNA gene 
(ENSG00000160789, ENST00000368300), rs numbers and frequencies of the changes found 
in a European reference population (http://ensembl.genomics.org.cn:8058/index.html). 
 
 

 
 
Supplementary Figure S2: 
Multiplex Ligation-dependent Probe Amplification (MLPA) analysis for the LMNA gene 
performed on DNA of the index patient. There are two copies for all 12 exons of the LMNA 
gene. 
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Supplementary Figure S3: 
Microsatellite marker analysis on chromosome 1 showing the position of the chosen markers 
and their length in base pairs for the index patient, both parents and both siblings. The mutant 
LMNA allele is marked as +, the wild type allele as -. The region marked in yellow is evident 
for uniparental disomy.  
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Supplementary Figure S4: 
Prelamin A-staining of skin samples taken at age of 11 months. Only a few nuclei in the 
patient’s skin were positive for prelamin A. This is confirming that the processing of prelamin 
A is not affected. 
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Summary 

The LINC (Linker of Nucleo- and Cytoskeleton) complex is an evolutionarily 

conserved complex of nuclear envelope (NE) proteins that forms a direct connection 

between the nucleoskeleton and cytoskeleton. Primarily, members of two protein families 

form the complex: SUN and giant nesprin isoforms that reside in the inner and outer 

nuclear membrane, respectively, thus forming a “bridge” across the NE. Lamin A/C and 

emerin are additional LINC complex components. Mutations in the genes encoding the 

LINC complex components have been associated with at least a dozen diseases, the 

majority of them muscular diseases. Emery-Dreifuss muscular dystrophy (EDMD), an 

inherited neuromuscular disorder with variable clinical presentation, is one of these 

diseases. But only around 46% of all EDMD patients are linked to a disease allele. Except 

of SUN1 and SUN2 all known LINC complex components had been associated with 

EDMD (Meinke et al., 2011; Wehnert and Meinke, 2012b).  

Following a functional candidate gene approach the SUN1 and SUN2 genes were 

sequenced in a cohort of pseudoanonymized 175 EDMD patients without a known 

mutation and 70 patients with known causative mutations in other LINC components. 

Based on these results the pathomechanism causing the phenotype in patients with SUN1 

or SUN2 mutations was investigated. Autosomal recessive inheritance was observed in one 

patient with compound heterozygous SUN1 mutations. Patient myoblasts showed defective 

protein interactions within the LINC complex, altered mRNA expression levels of some 

LINC components, an enhanced differentiation rate and defects in myonuclear 

organization. This provides first insights into a new pathomechanism based on weakening 

of the LINC complex and resulting in disruption of myonuclear alignment. In six patients 

with known EMD or LMNA mutations additional heterozygous SUN1 or SUN2 mutations 

modifying the disease have been identified, causing a significantly more severe course. 

Thus the modifying effect of SUN mutations found in the present study helps to explain 

the clinical intra- and interfamilial variability observed in EDMD (Meinke et al., 2013).  

Further evidence for the influence of mutations in LINC complex components on 

the molecular pathology of muscular dystrophies comes from a study on primary 

fibroblasts of a patient suffering Duchenne muscular dystrophy (DMD) and of a patient 

showing signs of EDMD and Charcot-Marie-Tooth syndrome (CMT). The DMD patient 

had apart from a mutation in the DMD gene two variants in genes encoding the LINC 
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components nesprin 1α2 and SUN1. The EDMD/CMT patient carried two variants in 

nesprin 1α1 and SUN2. Fibroblasts of both patients showed changes in cell adhesion, cell 

migration, senescence and stress response as well as characteristics typical for 

laminopathies like changes in nuclear shape and NE composition (Taranum et al., 2012). 

Mutations in genes encoding LINC complex proteins are also associated with a 

number of other diseases. Pleiotropic LMNA mutations have also been linked with 

progeroid syndromes – genetic diseases that mimic clinical and molecular features of aging 

including Hutchinson Gilford progeria syndrome (HGPS), mandibuloacral dysplasia 

(MAD), restrictive dermopathy (RD) and atypical Werner’s syndrome (aWS) as well as a 

couple of overlapping phenotypes. MAD and RD can also be caused by mutations in 

ZMPSTE24, a gene encoding the ZMPSTE24 metalloproteinase necessary for the 

processing of prelamin A to mature lamin A. It is expected that insights into the 

pathomechanism of this group of diseases might provide clues to normal aging process 

(Wehnert and Meinke, 2012a).  

Analyzing RD and MAD patients for mutations in the ZMPSTE24 gene, some 

novel mutations have been identified.  Based on this results and a review of the literature 

regarding ZMPSTE24 mutations could be shown that all mutations involved in RD are null 

mutations, whereas all patients with MAD are compound heterozygotes carrying one loss-

of-function mutation and one missense mutation. This shows a clear genotype-phenotype 

correlation (Navarro et al., 2013).  

  A further part of this work is the description of the molecular genetics and 

functional background of a rare, unclassified progeroid syndrome. The clinical course of 

the affected patient appeared as an accelerated HGPS finally ending up in a delayed RD 

with overlapping clinical features of MAD. Mutational analysis revealed a homozygous 

LMNA mutation caused by a partial uniparental disomy of chromosome 1. 

Immunohistological analyses of tissue samples taken at the beginning and the end of the 

disease course showed a decreasing amount of lamin A and increasing amounts of DNA 

double strand breaks. Functional analysis in transfected human normal fibroblasts showed 

an impaired ability of the mutant lamin A to recruit 53BP1, a component of the DNA 

repair pathway, to damaged DNA sites. This case provides the first evidence of human 

lamin A direct involvement in DNA repair and that increased DNA damage is a major 

pathophysiological factor in progeroid laminopathies (Starke and Meinke et al., 2013).  
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Zusammenfassung 

 Der LINC (Linker of Nucleo- and Cytoskeleton) Komplex, ein evolutionär 

konservierter Kernmembranprotein-Komplex, bildet eine direkte Verbindung zwischen 

dem Zyto- und Kernskelett.  Kernkomponenten des LINC Komplexes sind Vertreter der 

SUN Proteine in der inneren Kernmembran und „Giant“-Isoformen der Nesprine in der 

äußeren Kernmembran, die eine „Brücke“ durch die Kernmembran bilden. Weitere LINC-

Komponenten sind Emerin und Lamin A/C. Mutationen in Genen, welche die LINC 

Komponenten kodieren, wurden bereits mit mindestens einem Dutzend Erkrankungen 

assoziiert. Emery-Dreifuss Muskeldystrophie (EDMD), eine erbliche neuromuskuläre 

Erkrankung mit variabler klinischer Manifestation, ist eine dieser Erkrankungen. Nur für 

ca. 46% aller EDMD Patienten ist die Erkrankungsursache bekannt. Abgesehen von SUN1 

und SUN2 sind bisher alle bekannten LINC Proteine mit EDMD assoziiert worden 

(Meinke et al., 2011; Wehnert and Meinke, 2012b). 

Im Rahmen einer funktionellen Kandidatengenstrategie wurden die Gene SUN1 

und SUN2 in einer pseudoanonymisierten Kohorte von 175 EDMD Patienten ohne 

bekannte Mutation und 70 Patienten mit bekannten Mutationen in weiteren LINC 

Komponenten sequenziert. Es folgten Untersuchungen zum Pathomechanismus bei 

Patienten mit SUN1 oder SUN2 Mutationen. Bei einem Patienten zeigten compound-

heterozygote SUN1 Mutationen einen autosomal-rezessiven Erbgang auf. Myoblasten des 

Patienten zeigten gestörte Proteininteraktionen innerhalb des LINC, veränderte m-RNA 

Expression für LINC Komponenten, beschleunigte Differenzierung und Defekte in 

myonukleaärer Organisation. Dieses Ergebnis lieferte erste Einsichten in den 

Pathomechanismus, der auf einer Schwächung des LINC Komplexes in differenzierenden 

Muskelzellen basiert, was eine Störung der Ausrichtung von Zellkernen in Muskelzellen 

zur Folge hat. Bei 6 Patienten mit bekannten LMNA- oder EMD- Mutationen wurden 

zusätzliche heterozygote Veränderungen in SUN1 oder SUN2 gefunden, welche einen 

modifizierenden Effekt hinsichtlich eines signifikant schwereren Krankheitsverlaufs 

verursachen. Dies könnte eine Erklärung für die bei EDMD Patienten beobachtete inter- 

und intrafamiliäre klinische Variabilität sein (Meinke et al., 2013).  

 Weitere Hinweise für die Auswirkung von LINC Mutationen zeigte eine Studie an 

primären Hautfibroblasten eines Duchenne-Muskeldystrophie (DMD) Patienten und einer 

Patientin mit Anzeichen von EDMD und Charcot-Marie-Tooth Syndrom (CMT). Der 
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DMD Patient trägt (außer der DMD-Mutation) zwei weitere Variationen in LINC 

Komponenten (Nesprin 1α2 und SUN1), die EDMD/CMT Patientin in Nesprin 1α1 und 

SUN2. Die Zellen beider Patienten zeigten für Laminopathien typische Veränderungen in 

der Zellkernform und der Zusammensetzung der Kernmembran sowie Veränderungen in 

Seneszenz, Stressantwort, Zellanheftung und -bewegung (Taranum et al., 2012). 

 Mutationen in LINC Komponenten sind ebenfalls mit mehreren anderen 

Erkrankungen assoziiert. Pleiotrope LMNA Mutationen verursachen u.a. progeroide 

Syndrome - Erbkrankheiten, die klinisch und molekular Alterungsprozesse imitieren - 

einschließlich Hutchinson Gilford Progerie Syndrom (HGPS), Mandibuloakrale Dysplasie 

(MAD), Restriktive Dermopathie (RD), atypisches Wernersyndrom (aWS) sowie 

überlappende Phänotypen. MAD und RD können ebenfalls durch ZMPSTE24 Mutationen 

(ein Gen das ZMPSTE24 kodiert, welches an der Prozessierung von Prelamin A beteiligt 

ist) verursacht werden. Erkenntnisse zum Pathomechanismus dieser Erkrankungen könnten 

Hinweise zum normalen Alterungsprozess liefern (Wehnert and Meinke, 2012a).  

RD und MAD Patienten wurden auf  ZMPSTE24 Mutationen untersucht. Es wurden 

bisher unbekannte Mutationen im ZMPSTE24 Gen identifiziert. Basierend auf diesen 

Daten und einem Review der Literatur betreffs ZMPSTE24 Mutationen konnte ein 

Zusammenhang zwischen Genotyp und Phänotyp hergestellt werden: eine Kombination 

aus zwei Nonsense- Mutationen führt zu RD, während eine Kombination aus einer 

Nonsense- und einer Missense- Mutation zu MAD führt (Navarro et al., 2013).   

Ein weiterer Teil dieser Arbeit ist die Untersuchung eines seltenen, bisher nicht 

eingeordneten, progeroiden Syndroms. Der klinische Verlauf des Patienten wirkt wie ein 

beschleunigtes HGPS, das in einer verzögerten RD endet. Mutationsanalysen zeigten eine 

homozygote LMNA- Mutation, verursacht durch eine partielle uniparentale Disomie des 

Chromosoms 1. Immunohistologische Untersuchungen von Gewebeproben, entnommen zu 

Beginn und Ende der Erkrankung, zeigten eine Abnahme der Menge an Lamin A und 

massive Zunahme von DNA-Schäden. Funktionelle Untersuchungen an transfizierten 

humanen Fibroblasten zeigten eine beeinträchtigte Rekrutierung von 53BP1, einer 

Komponente der DNA-Reparaturmaschinerie, durch mutiertes Lamin A. Dieser Fall zeigt, 

erstmalig beim Menschen, dass Lamin A direkt in die DNA-Reparatur involviert ist und 

dass DNA Schäden einen wesentlicher pathophysiologischern Faktor bei progeroiden 

Laminopathien darstellen (Starke and Meinke et al., 2013).  
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