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1. Introduction 

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

encoding proteins of the nuclear lamina. One can distinguish laminopathies into two types: 

primary and secondary laminopathies. Primary laminopathies representing at least fourteen 

disease phenotypes arise through pleiotropic mutations in LMNA - the gene that codes for the 

A-type lamins A and C, mutations in LMNB1 encoding lamin B1 and mutations in LMNB2 

encoding lamin B2. Secondary laminopathies including disease phenotypes also observed in 

primary laminopathies are caused by genes encoding proteins related to the nuclear lamina 

like ZMPSTE24 (FACE1), LAP2, LBR and thus reflecting genetic heterogeneity in 

laminopathies. 

The nuclear lamina is a scaffolding structure near the inner nuclear membrane and the 

peripheral chromatin and is required for maintenance of nuclear shape. It is composed of 

lamins, which are also present in the nuclear interior, and lamin-associated proteins (Fig. 1.1). 

It is an essential component of metazoan cells and involved in most nuclear activities 

including DNA replication, RNA transcription, nuclear and chromatin organization, cell cycle 

regulation, cell development and differentiation, nuclear migration and apoptosis (Gruenbaum 

et al., 2003).  

 

 

 

 

 

 

 

 

   

 

 

 

 

Figure 1.1: Inner nuclear membrane protein and nuclear lamina (from Foisner et al., 2001) 

AKAP149: a kinase-anchoring protein; BAF: barrier to autointegration factor; E2F: transcription 
factor; Gp210: integral membrane protein; HP1: Heterochromatin protein 1; INM: inner nuclear 

membrane; La A: lamin A; La B: lamin B; LAP1: lamina-associated polypeptide 1; LAP2: lamina-
associated polypeptide 2; LBR: lamin B receptor; LEM: LAP2, emerin and MAN1; MAN1: LEM 
domain-containing integral membrane protein; mGCL: mouse germ cell less; ONM: outer nuclear 
membrane; P18: intergral membrane protein; P32/34: a low-molecular-weight protein; POM121: 

integral membrane protein; PP1: phosphatase; pRb: retinoblastoma protein; RFBP: ring finger 
binding protein; RUSH: member of the SWI/SNF family of transcription factors 
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Lamins are type V intermediate filament proteins (IFs) and like other IFs they assemble 

into filamentous structures (Stuurman et al., 1998). Lamins have a short N-terminal (head) 

domain, a coiled-coil α-helical rod domain, and a carboxyl-terminal (tail) domain (Fig. 1.2). 

The α-helical rod domain is similar in all IFs and contains four helices termed 1A, 1B, 2A and 

2B which are separated by L1 and L2 linkers that are highly conserved in length and amino 

acid sequence. Unlike linker regions in cytoplasmic IFs, which contain many proline residues, 

all segments in the lamin rod domain are predicted to be α-helices (Stuurman et al., 1998). In 

addition, all lamins have six additional heptad repeats within coil 1B that are present in 

invertebrate cytoplasmic IFs and are absent in chordates and vertebrate cytoplasmic IFs 

(Erber et al., 1998). The most conserved sequences between all lamins are the beginning of 

coil 1A and the end of coil 2 plus the first 10 residues in the tail domain (Fig. 1.2). In their tail 

domain lamins have a nuclear localization signal (NLS) that targets them to the nucleus 

(Loewinger and McKeon, 1988). Most lamins also have a CaaX box at their carboxyl-

terminus, which is essential but not sufficient for their targeting to the inner nuclear 

membrane (Nigg, 1992; Firmbach-Kraft and Stick, 1995; Hennekes and Nigg, 1994). The 

CaaX box undergoes isoprenylation, the last three amino acids are cleaved off and the 

remaining cystein residue undergoes methyl esterification (Beck et al., 1988; Chelsky et al., 

1987; Farnsworth et al., 1989; Vorburger et al., 1989; Wolda and Glomset, 1988; Hofemeister 

et al., 2000). There is also a 105-residue-long region conserved in the lamin tail domain of 

most lamins (Riemer et al., 2000). Most lamins also contain a conserved p34cdc2 site in their 

head domain, which undergoes phosphorylation during mitosis (Heald and McKeon, 1990; 

Peter et al., 1990, 1991). 

   

 

 

 

 

 

 

Lamins are grouped into A and B types based on their biochemical and structural 

properties and their behavior during mitosis. B-type lamins have an acidic isoelectric point 

and appear to remain attached to membranes throughout the cell cycle (Gerace and Burke, 

  

L1 L2 

L1: linker 1 
L2: linker 2 

Figure 1.2: Protein structures of lamins A and C (http://www.umd.be:2000/) 
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1988). They are expressed in all cells during development, in adult animals and are essential 

for cell viability (Foisner et al., 2007). A-type lamins have an isoelectric point of ~ 7 and 

remain soluble in mitosis (Gerace and Blobel, 1980). A-type lamins are expressed primarily in 

differentiated cells, usually at the onset of gastrulation on a tissue-specific manner.  

 

 

 

 

 

 

 

 

 

 

The A-type lamin gene termed LMNA (Fisher et al., 1986; McKeon et al., 1986) is 

located on chromosome 1q21.1-21.2 and is composed of 12 exons encompassing around 58 

kb. It encodes four A-type lamins (A, A∆10, C, C2) via alternative splicing (Fig. 1.3). The 

two most abundant isoforms encode lamins A and C which differ in the carboxyl part of their 

tail domain. Lamin A (646 aa) is first translated as a prelamin A (664 aa) that is processed via 

post-translational modifications that remove the last 18 amino acids. Prelamin A contains two 

endoproteolytic sites and a CaaX box at its carboxyl terminus. This CaaX box is subject to 

farnesylation followed by proteolytic removal of the last three amino acids via the highly 

specific Face1/Zmpste24 endoprotease and subsequent carboxyl methylation of the resulting 

C-terminal cysteine residue. Then nuclear prelamin A recognition factor (NARF) binds the 

farnesylated prelamin A C-terminal domain (preAct) (Barton and Worman, 1999). Finally, 

Face1/Zmpste24 endoprotease cleaves the 15 last amino acids to produce mature lamin A 

consisting of 646 amino acids (Argawal et al., 2003; Mattout et al., 2006) (Fig. 1. 4).  

 

 

 

 
 

Figure 1.3: LMNA  encodes A-type lamins A, A∆10, C and C2 via alternative 

splicing (http://www.umd.be:2000/) 
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Lamin C is identical to lamin A up to codon 566, after which it lacks part of exon 10 as 

well as exons 11 and 12, but possesses five unique basic amino acid residues at its C-

terminus. Lamin C2 is identical to Lamin C, except its N-terminal head that is encoded by an 

alternative exon, 1C2, located in the first intron of the LMNA gene (Alsheimer et al., 2000). 

Lamin C2 was described in murine and human germ cells (Furukawa et al., 1994). The fourth 

A-type lamin is lamin A∆10 described in cancer cells (Machiels et al., 1996). This lamin A 

isoform has no exon 10. 

In mammals, there are two paralogous B-type lamin genes termed LMNB1 and LMNB2 

(Hoger et al., 1988, 1990; Peter et al., 1989). LMNB1 is located on chromosome 5q23.3-

q31.1. The human LMNB1 gene is determined to contain 11 exons (Lin and Worman, 1995). 

The transcription unit spans more than 45 kb and the transcription start site is 348 nucleotides 

upstream from the translation initiation codon. LMNB1 codes for a deduced 586-amino acid 

protein with a calculated molecular mass of around 66 kDa. Exon 1 codes for the N-terminal 

head domain and the first portion of the central rod domain, exon 2 through 6 the central rod 

domain and exon 7 through 11 the C-terminal tail domain. Intron positions are conserved in 

orthologous lamin genes from frogs, mice, and humans but different in lamin orthologues 

from Drosophila melanogaster and Caenorhabditis elegans. The mammalian LMNB2 gene 

 

Figure 1.4: The maturation of prelamin A (Agarwal et al., 2003) 
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gives rise to at least two splicing isoforms encoding lamin B2 and the germ line-specific 

lamin B3 (Furukawa and Hotta, 1993). The LMNB2 gene is located on chromosome 19p13.3 

and consists of 12 exons (Hegele et al., 2006). The LMNB2 gene is replicated in the first 

minute of S-phase. Replication of the lamin gene early in S-phase may reflect a coupling 

between early replication and transcription of the genes for S-phase-specific proteins such as 

lamins.  

There are several lamin-related proteins that have close interactions to lamins and were 

considered in the present study.  

ZMPSTE24, also called FACE1, is located on chromosome 1p34 and consists of 10 

exons, encompassing around 37 kb. The ZMPSTE24 gene encodes a deduced 475-amino acid 

protein with a calculated molecular mass of 55 kDa that shares 36% sequence identity with 

S.cerevisiae Ste24. Zmpste24 is an integral membrane metalloproteinase of the endoplasmic 

reticulum (Bergo et al., 2002) and of the nuclear envelope (Pendas et al., 2002). Zmpste24 

contains a characteristic HEXXH zinc metalloprotease motif, several transmembrane regions 

and regions I, II and III that are conserved among a subfamily of zinc metalloproteases. 

Regions of high hydrophobicity which is consistent with Zmpste24 being a polytopic integral 

membrane protein were identified. Zpmste24 was concluded to be a metalloprotease involved 

in the processing of farnesylated proteins in human tissue specifically prelamin A (Fig. 1.4) 

(Freije et al., 1999).   

NARF encoding nuclear prelamin A recognition factor is located on chromosome 17. 

Sequence analysis predicted that the 456-amino acid protein is not an integral membrane 

protein, contains two potential nuclear localization signals and has limited identity with 

bacterial iron-only hydrogenases. Northern blot analysis revealed ubiquitous expression of a 

2.0-kb transcript, with highest expression in skeletal and heart muscle and brain. Western blot 

analysis detected a 52-kDa nuclear protein close to the predicted size (Barton and Worman, 

1999). Binding analysis showed that NARF specifically binds to preAct and not to a mutated 

cys-to-ser preAct or to other prenylated proteins. Binding is enhanced with preAct 

farnesylation and thus involved in prelamin A maturation (Fig. 1.4). Immunofluorescence 

microscopy demonstrated that overexpressed NARF is exclusively nuclear and co-localizes 

with lamin A at the nuclear lamina. Since NARF may be expressed in cells lacking lamin A, 

NARF was suggested to have functions independent of its association with preAct (Barton 

and Worman, 1999).  
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The lamina-associated protein 2 (LAP2) (previously termed thymopoietin) is a lamin 

B1-binding protein (Foisner and Gerace, 1993), which is present in vertebrates but absent for 

example in Drosophila melanogaster and Caenorhabditis elegans (Cohen et al., 2001). It has 

a single transmembrane domain, a LEM domain and an LEM-shadow domain (Furukawa et 

al., 1995; Harris et al., 1995). The LEM domain is a 43-residue-long segment found in the 

amino terminal domain of LAP2 and emerin. All known splice variants of LAP2 contain the 

LEM domain (Berger et al., 1996). Four of the isoforms (β, γ, δ, ε) contain the transmembrane 

domain, whereas two of the isoforms (α, ζ) are not membrane bound. The LAP2α isoform is 

localized both at the nuclear interior and nuclear periphery and it binds both lamins A/C and 

chromatin (Dechat et al., 2000). LAP2ζ is the smallest LAP2 isoform and is not well 

characterized. LAP2β targeting to the inner nuclear membrane is mediated by its lamin-

binding region (Furukawa et al., 1998). LAP2β binds the chromatin protein barrier-to-

autointegration factor (BAF) through its LEM domain (Furukawa, 1999; Shumaker et al., 

2001). BAF consists of two exons and maps to 14q24.1. BAF is an 89-residue long, 

evolutionarily conserved protein in all metazoans. The function of BAF is poorly understood. 

LAP2β also binds the transcription factor germ cell-less (GCL) through its β-specific domain 

(Nili et al., 2001) and HA95, which possesses high homology to the nuclear A-kinase 

anchoring protein AKAP95 (Martins et al., 2000). LAP2β is a component of a complex 

together with lamin B receptor, HA95 and emerin (Martins et al., 2000).  

The LBR encodes the lamin B receptor, a member of the sterol-reductase family, and 

interacts with B-type lamins, though possibly indirectly. LBR is located on chromosome 

1q42.1 and consists of 14 exons, encompassing around 28 kp. The lamin B receptor is 

evolutionarily conserved and integral to the inner nuclear membrane. It supposedly provides 

structure integrity of the inner nuclear membrane and mediates attachment to the nuclear 

lamina and heterochromatin. 

STA encodes a 254-amino acid protein, termed emerin, which lacks a signal peptide, 

contains a long N-terminal domain, and is hydrophilic except for a highly hydrophobic 20-

amino acid sequence at the C-terminal region (Bione et al., 1994). It has several putative 

phosphorylation sites and one potential glycosylation site. Northern blot analysis 

demonstrated ubiquitous expression of a major, approximately 1-kb transcript, with highest 

expression in skeletal muscle and heart and abundant expression in other tissues, including 

colon, testis, ovary and placenta. Emerin, together with LAP2, MAN1 is a LEM domain-

containing integral membrane protein of the nuclear envelope in vertebrates. The function of 

MAN1 is not extensively known. Emerin is suggested to belong to a class of tail-anchored 
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membrane proteins of the secretory pathway involved in vesicular transport. Emerin is also 

known to interact with nuclear lamins and BAF. 

Sterol regulatory element-binding transcription factors including SREBF1 and SREBF2 

are structurally related proteins that control cholesterol homeostasis by stimulating 

transcription of sterol-regulated genes. The SREBF1 gene was mapped to chromosome 

17p11.2. The SREBF1 gene is 26 kb long, has 22 exons and 20 introns (Hua et al., 1995). 

SREBF1 is synthesized as a 125-kDa precursor that is attached to the nuclear membrane and 

endoplasmic reticulum (ER). In sterol-depleted cells, the membrane-bound precursor is 

cleaved to generate a soluble N-terminal fragment (apparent molecular mass 68 kDa) that 

translocates to the nucleus (Wang et al., 1994). This fragment, which includes the bHLH-ZIP 

domain, activates transcription of the genes for the LDL receptor and HMG-CoA synthase 

(OMIM: 142940). Sterols inhibit the cleavage of SREBF1, and the 68-kDa nuclear form is 

rapidly catabolized, thereby reducing transcription. N-acetyl-leucyl-leucyl-norleucinal 

(ALLN), an inhibitor of neutral cysteine proteases, blocks the breakdown of the 68-kDa form 

and super-induces sterol-regulated genes. Sterol-regulated proteolysis of a membrane-bound 

transcription factor is a novel mechanism by which transcription can be regulated by 

membrane lipids. SREBF2 is located on chromosome 22q13. The SREBF2 gene contains 19 

exons and spans 72 kb, with a sterol regulatory element in the promoter region. SREBF2 has 

the same function as SREBF1. SREBF2 can replace SREBF1 in regulating cholesterol 

synthesis in liver (Shimano et al., 1997). SREBF1 was identified as a novel lamin A interactor 

(Lloyd et al., 2002). A binding site for lamin A was identified in the N-terminal transcription 

factor domain of SREBF1, between residues 227 and 487. The binding of lamin A to 

SREBF1 was noticeably reduced by FPLD mutations and one EDMD mutation also interfered 

with the interaction between lamin A and SREBF1. Fat loss seen in laminopathies may be 

caused in part by reduced binding of the adipocyte differentiation factor SREBF1 to lamin A. 

So far, at least 12 distinct disease phenotypes of primary laminopathies - ten caused by 

LMNA mutations as well as one each by LMNB1 and LMNB2 mutations - have been found, 

including Emery-Dreifuss muscular dystrophy (EDMD); limb-girdle muscular dystrophy 

(LGMD1B); dilated cardiomyopathy (CMD1A, DCM); Charcot-Marie-Tooth (CMT2B1); 

familial partial lipodystrophy (FPLD); mandibuloacral dysplasia (MAD); Hutchinson-Gilford 

progeria syndrome (HGPS); restrictive dermopathy (RD); atypical Werner 

syndrome (aWRN); lipoatrophy with diabetes, hepatic steatosis, hypertrophic cardiomyopathy 

and leukomelanodermic papules (LDHCP); Leukodystrophy (ADLD) and Barraquer-Simons 

syndrome or acquired partial lipodystrophy (APL).  There are four disease phenotypes found 
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in primary laminopathies that can be caused by mutations in other than lamin genes and thus 

are secondary laminopathies including EDMD (STA), DCM (LAP2), MAD (ZMPSTE24) and 

RD (ZMPSTE24). Pelger-Huet anomaly (PHA) and Greenberg dysplasia (HEM) are two 

additional secondary laminopathies caused by pleiotropic mutations of the LBR gene.  

Moreover, variants and overlapping combinations of the laminopathic disease phenotypes 

have been observed as well as wide inter- and intrafamilial clinical (phenotypical) variability 

(www.umd.be; www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM). The distinct laminopathies 

can clinically be described as follows. 

Emery-Dreifuss muscular dystrophy (EDMD) is typically characterized by the clinical 

triad of 1) early contractures, often before there is any significant weakness, of the Achilles 

tendons, elbows and postcervical muscles (with subsequent limitation of neck flexion, but 

later forward flexion of the entire spine becomes limited); 2) progressive skeletal muscle 

weakness and wasting with a humero-peroneal predominance at the onset of the disease (i.e. 

proximal in the upper limbs and distal in the lower limbs) and 3) a life threatening cardiac 

disease where conduction defects coexist with ventricular and supraventricular arrhythmias, 

chambers dilation and heart failure. Two major modes of inheritance exist, X-linked (XL-

EDMD) and autosomal dominant (AD-EDMD) or EDMD2 (OMIM: 181350) (Bonne et al, 

1999). Rare cases of autosome recessive inheritance (AR-EDMD) or EDMD3 (OMIM: 

604929) have also been reported (Raffalele di Barletta et al., 2000). Until now, two genes, 

EMD also called STA and LMNA, have been associated to EDMD. Mutations in STA (EMD) 

are responsible for XL-EDMD (Bione et al., 1994), whereas defects in LMNA cause AD and 

AR-EDMD (Bonne et al., 1999). Thus EDMD represents primary and secondary 

laminopathies. 

Limb-girdle muscular dystrophy (LGMD1B) (OMIM: 159001) is an autosomal 

dominant form with cardiac involvement (Van der Kooi et al., 1996). In affected individuals, 

symmetric weakness starts in the proximal lower-limb muscles before the age of 20 years. In 

the third or fourth decade, upper-limb muscles gradually become affected as well. Early 

contractures of the spine are absent and contractures of elbows and Achilles tendons are either 

minimal or late, distinguishing this disorder from Emery-Dreifuss muscular dystrophy. Serum 

creatine kinase activity is normal to moderately elevated. Cardial abnormalities are found in 

62.5% of the patients, including atrioventricular conduction disturbances and dysrhythmias, 

presenting as bradycardia, syncopal attacks necessitating pacemaker implantation, and sudden 

cardiac death at the age of approximately 50 years. Some patients have dilated 

cardiomyopathy. In nearly all patients, neuromuscular symptoms precede cardiologic 
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involvement. Autosomal dominant limb-girdle muscular dystrophy type 1B (LGMD1B) is a 

primary laminopathy caused by mutations in LMNA. Allelic disorders with overlapping 

phenotypes include autosomal dominant Emery-Dreifuss muscular dystrophy and dilated 

cardiomyopathy type 1A (CMD1A). 

Dilated cardiomyopathy with conduction defect 1 (CMD1A, DCM+CD) (OMIM: 

115200) is an autosomal dominant disorder characterized by cardiac dilation and reduced 

systolic function. It represents a heterogeneous group of inherited and acquired disorders. 

Affected individuals can show myocarditis, coronary artery disease, systemic diseases, and 

myocardial toxins; idiopathic dilated cardiomyopathy in which these causes are included 

represents approximately one-half of all cases (Olson and Keating, 1996). Idiopathic dilated 

cardiomyopathy occurs with a prevalence of about 36.5 per 100,000. It accounts for more than 

10,000 deaths in the U.S annually and is the primary indication for cardiac transplantation. 

Among cases of idiopathic dilated cardiomyopathy, familial occurrence accounts for 20 to 

25%, with the exception of rare cases resulting from mutations in dystrophin. CMD1A can be 

caused by mutations in LMNA and thus represents a primary laminopathy. Furthermore, 

dilated cardiomyopathy can be caused by mutations in LAP2α and as such it represents a 

secondary laminopathy (Taylor et al., 2005). 

Charcot-Marie-Tooth (CMT2B1) (OMIM: 605588) disorders comprise a group of 

clinically and genetically heterogeneous hereditary motor and sensory neuropathies, which are 

mainly characterized by muscle weakness and wasting, foot deformities and 

electrophysiological, as well as histological, changes. On the basis of electrophysiologic 

criteria, CMT2B1 is characterized by normal or slightly reduced nerve conduction velocity. 

The average age of onset of clinical symptoms is 12.2 +/- 7.3 years. The autosomal recessive 

axonal CMT2B1 is caused by mutations in LMNA and thus a primary laminopathy. 

Familial partial lipodystrophy type 2 (FPLD) (OMIM: 151660) is an autosomal 

dominant disorder characterized by loss of subcutaneous fat from the extremities and trunk 

since puberty and predisposition to insulin resistance and its complications. Mutations in the 

LMNA gene are responsible for FPLD. FPLD-patients have a normal fat distribution in early 

childhood, but almost all subcutaneous adipose tissue from the upper, lower extremities and 

truncal areas gradually disappears at the onset of puberty, causing prominence of muscles and 

superficial veins in these areas (Dunnigan et al., 1974). Simultaneously, adipose tissue 

accumulates on the face and neck, causing a double chin and buffalo hump. Affected patients 

are insulin-resistant and may develop glucose intolerance and diabetes mellitus after 20 years 
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of age. The phenotype is readily discernable in affected females. However, affected males are 

more difficult to recognize because of the relative muscularity and reduced body fat in normal 

males. Patients suffering this primary laminopathy with mutations in LMNA may show 

various combinations of lipodistrophy, muscular dystrophy, rigid spine and cardiac 

abnormalities (van der Kooi et al., 2002).  

Mandibuloacral dysplasia (MAD) (OMIM: 248370) is a rare autosomal recessive 

disorder, which presents with the following clinical features: postnatal growth retardation, 

craniofacial anomalies such as mandibular hypoplasia and bird-like facies, skeletal anomalies 

such as progressive osteolysis of the terminal phalanges and clavicles, and skin changes such 

as mottled hyperpigmentation and atrophy. Other features may include poorly implanted 

teeth, scarce, brittle hair, mottled pigmentation, and broad, dysplastic nails. Generalized 

lipodystrophy affecting the extremities, the trunk, and the face may contribute to the 

'progeroid' appearance (Agarwal et al., 2003). Mutations in LMNA and ZMPSTE24 can cause 

MADA and MADB, respectively, so that this disease phenotype represents primary and 

secondary laminopathies (Argawal et al., 2003; Navarro et al., 2004, Navarro et al., 2005). 

Hutchinson-Gilford progeria syndrome (HGPS) (OMIM: 176670) is an exceedingly rare 

disorder characterized by precocious senility of a striking degree. Typically, affected children 

appear normal at birth, but begin to develop characteristic symptoms with the first years of 

life such as failure to thrive, alopecia, lipodystrophy, and scleroderma-like skin changes. The 

median age at death is 13.4 years, usually due to myocardial infarction or congestive heart 

failure. The HGPS phenotype shares several features with MAD (de Sandre-Giovannoli et al., 

2003). Patients with HGPS were found to carry mutations in the LMNA gene thus qualifying 

HGPS as a primary laminopathy. 

Restrictive dermopathy (RD) (OMIM: 275210) is a rare autosomal recessive disorder 

characterized by intrauterine growth retardation, tight and rigid skin with erosions, prominent 

superficial vasculature, and epidermal hyperkeratosis, as well as bone mineralization defects, 

arthrogryposis, preterm delivery and early neonatal death. RD affected patients normally die 

soon after birth. Patients can show generalized desquamation, marked joint contractures, and 

facial hypoplasia (Happle et al., 1992). Prominent light microscopic findings are 

hyperorthokeratosis intermingled with parakeratosis and absence of elastic fibers in a thinned 

dermis. Electron microscopic examination of the epidermis shows lack of keratin filaments 

and an abnormal globular shape of the keratohyalin granules. Mutations in the LMNA gene or 

in the ZMPSTE24 gene can cause restrictive dermopathy giving rise to primary and secondary 

laminopathies. 
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Werner syndrome (WRN) (OMIM: 277700): The features of Werner syndrome are 

scleroderma-like skin changes, especially in the extremities, cataract, subcutaneous 

calcification, premature arteriosclerosis, diabetes mellitus, and a wizened and prematurely 

aged facies (Chen et al., 2003; Vigouroux et al., 2003). The habitus is characteristic, with 

short stature, slender limbs, and stocky trunk. The nose is beaked. Mutations in LMNA can 

lead to atypical WRN (aWRN) as a primary laminopathy (Chen et al., 2003; Vigouroux et al., 

2003; Kirschner et al., 2005).  

Lipoatrophy with diabetes, hepatic steatosis, hypertrophic cardiomyopathy and 

leukomelanodermic papules (LDHCP) (OMIM: 608056) is characterized by acquired 

generalized lipoatrophy with metabolic alterations, massive liver steatosis, distinctive 

cutaneous manifestations, and cardiac abnormalities involving both endocardium and 

myocardium (Caux et al., 2003). Patients’ appearance includes square jaw, thin lips, high 

forehead, marked thinning of the eyebrows, pectus excavatum, and narrow shoulders. 

Generalized atrophy of subcutaneous fat resulted in sunken cheeks and muscular 

pseudohypertrophy of the 4 limbs. Multiple whitish papules on pigmented skin are present on 

the neck, trunk, and upper limbs and to a lesser extent on the lower limbs. A striking feature 

in a patient reported is muscular hypertrophy of the limbs (Caux et al., 2003), which contrasts 

with the muscular atrophy usually present in Werner syndrome (Vigouroux et al., 2003). 

Muscular hypertrophy, along with insulin-resistant diabetes and hypertriglyceridemia, is more 

often associated with LMNA-linked Dunnigan lipodystrophy. Fibroblasts from patients show 

nuclear abnormalities identical to those described in Dunnigan lipodystrophy (Vigouroux et 

al., 2001). The phenotype can be caused by mutations in the LMNA gene (OMIM: 150330) 

qualifying LDHCP as a primary laminopathy. 

Leukodystrophy (ADLD ) (OMIM: 169500) is slowly progressive and fatal, presenting 

in the fourth or fifth decade of life, characterized clinically by early autonomic abnormalities, 

pyramidal and cerebellar dysfunction, and symmetric demyelination of the CNS (Padiath et 

al., 2006). ADLD differs from multiple sclerosis and other demyelinating disorders in that 

neuropathology shows preservation of oligodendroglia in the presence of subtotal 

demyelination and lack of astrogliosis. Autosomal dominant adult-onset leukodystrophy can 

be caused by a tandem genomic duplication resulting in an extra copy of the LMNB1- the 

gene encoding the nuclear lamina protein lamin B1 - and represents therefore a primary 

laminopathy.  
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Barraquer-Simons syndrome or acquired partial lipodystrophy (APL) (OMIM: 608709) 

was first described by Barraquer-Ferre in 1935 as a form of progressive lipodystrophy. Most 

reported cases have been sporadic and females are more often affected than males (ratio, 4:1). 

APL affected patients show gradual onset of bilateral subcutaneous fat loss from the head, 

neck, upper extremities and thorax but not the lower extremities. In addition, the patients can 

have dermatomyositis, alopecia areata, bilateral carpal tunnel syndrome and hypothyroidism. 

This disorder can be categorized as a primary laminopathy as it is caused by mutations in 

LMNB2 the gene encoding the nuclear lamina protein lamin B2 (Hegele et al., 2006). 

Pelger-Huet anomaly (PHA) (OMIM: 169400) is an autosomal dominant disorder 

characterized by abnormal nuclear shape and chromatin organization in blood granulocytes 

(Hoffmann et al., 2002). Affected heterozygous individuals show hypolobulated neutrophil 

nuclei with coarse chromatin. Presumed homozygous individuals have avoided neutrophil 

nuclei, as well as varying degrees of developmental delay, epilepsy and skeletal 

abnormalities. Lymphoblastoid cells from heterozygous individuals affected with Pelger-Huet 

anomaly showed reduced expression of the lamin B receptor (Hoffmann et al., 2002) and cells 

homozygous with respect to Pelger-Huet anomaly contain only trace amounts of it. They 

found that expression of the lamin B receptor affected neutrophil nuclear shape and chromatin 

distribution in a dose-dependent manner. Since the lamin B receptor may be a sterol 

reductase, loss of most LBR expression might lead to changes in sterol metabolism, that cause 

developmental abnormalities. Thus LBR deficiency represents secondary laminopathy.  

Greenberg dysplasia is an autosomal recessive chondrodystrophy showing fetal 

hydrops, abnormal chondroosseous calcification, moth-eaten skeletal dysplasia, short limbs 

and chondrodystrophy with a lethal course (HEM) (OMIM: 21540). Patients might have a 

large head with depressed nasal bridge, midface hypoplasia, and prominent orbital arches. 

Light microscopic examination of ribs and long bones showed severe disorganization, absent 

cartilage column formation, and abrupt transition from cartilage to normal bone (Trajkovski et 

al., 2002). Greenberg dysplasia is also caused by LBR mutations and thus pleiotropic 

compared to Pelger-Huet anomaly leading to a secondary laminopathy. 

Hallermann-Streiff syndrome (HSS) (OMIM: 234100). The features are bird-like facies 

with hypoplastic mandible and beaked nose, proportionate dwarfism, hypotrichosis, 

microphthalmia, and congenital cataract. Teeth may be present at birth. Some of the features 

suggest bird-headed dwarfism (OMIM: 210600). This syndrome was found in 2 out of 3 sibs 

resulting from a consanguineous marriage indicating recessive inheritance (Bueno-Sanchez, 



Introduction                                                                                                               Dissertation 

 13

1966). Karyotypes were normal. On the other hand, dominant inheritance with almost all 

cases being the result of new mutation was supported (Fraser and Friedmann, 1967). 

Moreover, the occurrence of the disease in father and daughter were reported by Guyard 

(Guyard et al., 1962) pointing also to autosomal dominant inheritance. However, the father 

was married to a distant relative; hence, this may have been an instance of pseudodominance. 

So far no association with a gene defect has been reported. Since the progeroid phenotype and 

other clinical features in Hallermann-Streiff syndrome resemble some laminopathies, it is 

supposed to be a promissing candidate disease for a primary or secondary laminopathhy.  

One goal of the present study was the association of characteristic disease phenotypes of 

laminopathies including EDMD, CMD1A (DCM+CD), FPLD, MAD, aWRN, HGPS and RD 

by mutational analysis in LMNA and ZMPSTE24 (FACE1). Additionally, a candidate disease 

for a laminopathy leading to a progeroid disease (Hallermann-Streiff syndrome) with certain 

similarity to HGPS should be tested for its association with LMNA. Genotype/phenotype 

correlations to be found in LMNA and ZMPSTE24 mutations should add to the elucidation of 

the molecular pathology of the disease phenotypes, the normal function of the genes included 

and finally should lead to molecular genetic diagnostic application and prevention of the 

disease(s) by genetic counselling and prenatal diagnosis.  

Previous studies have shown that just 40% of EDMD patients referred for mutational 

analysis are expected to associate with LMNA and STA (Bonne et al., 2003). So the mutational 

analysis as performed in the present study will separate patients suffering a laminopathy 

caused by LMNA, STA or ZMPSTE24 mutations from those who are not affected by a 

mutation in these three genes. Those laminopathy patients who are unlikely to carry a STA, 

LMNA or ZMPSTE24 mutation were included in a functional candidate gene approach, to 

associate the disease phenotypes including EDMD, FPLD, MAD, HGPS and RD to genes 

likely to be involved. Based on the concept of Nuclear Muscular Dystrophies (Wehnert and 

Bonne, 2002) and secondary laminopahies, ZMPSTE24 was chosen as a candidate gene for 

EDMD. Considering the preferentially affected organs in FPLD and RD, which are the heart, 

subcutaneous fat tissue and skin, the following genes were selected as functional candidates: 

SREBF1 for FPLD and NARF for FPLD, MAD, HGPS and RD. ZMPSTE24, NARF and 

SREBF1 are components of or interact with the nuclear membrane and nuclear lamina. 

Moreover, the gene products - zinc metalloproteinase (ZMPSTE24) and nuclear prelamin A 

recognition factor (NARF) – are known to interact with lamins A and C.   



Materials, methods and patients                                                                               Dissertation 

 14

2. Materials, methods and patients 

2.1. Materials 

Materials, which are not mentioned in this section, will be described under methods in 

the specific context. 

2.1.1. Reagents                                  
                                                       

• 100 bp gene ruler DNA ladder Fermentas 

• Ampicillin           Sigma 

• Boric acid  Fluka 

• Bromophenol blue  Sigma 

• Dnase, Rnase free water  Sigma 

• DNA-agar                                                                   Serva 

• EDTA Fluka 

• Ethanol absolute                                                         J. T. Baker 

• Glycerol   Appligene  

• Natrium chloride                                                       Roth  

• SDS   Serva 

• Tris base Roth  

• Xylene cyanol   Roth 

2.1.2.  Enzymes 
                                                                                                                                    

• Proteinase K                                                               Sigma 

• Restriction enzymes/10x reaction 
buffer 

Biolab or Frementas 

• Taq DNA polymerase/buffer Fermentas 
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2.1.3. Extraction kits 

Table 2.1: Kits used for DNA sequencing, extraction of DNA, cloning. 

 

Kit Company 

All-tissue DNA-Kit Genial 

NucleoSpin® RNA II NucleoSpin® RNA L Macherey-Nagel 

SuperScript™ One-Step RT-PCR System with 
Platinum® Taq High fidelity  

Invitrogen 

NucleoSpin® RNA II NucleoSpin® RNA L Macherey-Nagel 

DNA Sequencing kit (Big Dye Terminator Cycle 
Sequencing Ready Reaction) 

ABI-PRISM, PE Biosystem 

GeneJET™ PCR Cloning Kit Fermentas 

TransformAid™ Bacterial Transformation Kit Fermentas 

 

2.1.4. Solutions and media 

2.1.4.1. Solutions 

All buffers and solutions were used as described in Sambrook et al., (1989). 

• Agarose loading buffer: 0.25% Bromophenol blue  

0.25% Xylene cyanol 

30%           Glycerol in water 

• TE buffer; pH 7.4: 10 mM       Tris-HCl 

1 mM         EDTA, pH 8 

• TBE buffer; pH 8.0; per litre, 10X: 108 g         Tris base 

55 g           Boric acid 

40 ml         0.5M EDTA 

• Lysis buffer; pH 8.0; per litre: NH4Cl 155 mM 8.29g          
KHCO3 10 mM 1 g 

Na2EDTA 0.1 mM 0.037 g 

• SE buffer; pH 8.0; per litre: NaCl             75 mM        4.39 g 

Na-EDTA      25 mM    8.41 g 
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• NE-buffer ; per 100 ml: NaCl        4 M          2.5ml
  

EDTA          0.5M          5 ml 

2.1.4.2.    Bacterial culture medium 

• LB agar plate; pH 7.5; per litre: 10 g   Bacto tryptone 

5 g     Bacto yeast extract 

5 g    NaCl  

15 g  Bacto agar  

2.1.5. Vector 

Vector pJET1/blunt was used for cloning (Fig. 2.1). 

 

 

 

 

 

 

 

 

 

 

Table 2.2: Genetic elements of the pJET1/blunt cloning vector 

(http://www.fermentas.com/catalog/kits/img/pjet1bluntmap.pdf) 

Element Function Position, bp 

Rep (pMB1) A replicon (rep) from the pMBI plasmid is 
responsible for the replication of pJET1 

1294-1908 

Replication start Initiation of the replication 1308±1 

Bla (ApR) Β-lactamase gene conferring resistance to ampicillin. 
Used for selection and maintenance of recombinant 

2068-2928 

 
Figure 2.1: Cloning vector pJET1/blunt (from Fermentas) 
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E.coli cells 

Eco47IR Lethal gene eco47IR enables positive selection of the 
recombinants 

187-879 

PlacUV5 Modified Plac promoter for expression of the eco47IR 
gene at a level sufficient to provide positive selection 
without IPTG induction  

895-1018 

Multiple cloning 
site (MCS) 

Mapping, screening and excision of the cloned insert 545-470 

Cloning site Blunt DNA ends for ligation with insert 497-498 

 

2.1.6. Oligonucleotides (primers) 

The oligonucleotides were synthesized by Invitrogen Life Technologies and used for 

PCR and sequencing. The names and the oligonucleotide sequences are contained in the 

tables 7.1, 7.2, 7.3 and 7.4 (in Annex). 

2.1.7. Equipment 

• Applied Biosystems GA 310 Sequencer ABI-Prism, PE Biosystems 

• Autoclave CERTOCLAV, Certoclav 
Sterilizer GmbH                                                            

• Centrifuge Hettich, Universal 30RF 

• Centrifuge SORVALL, RC5B PLUS 

• Centrifuge (Table top Microcentrifuge) SIGMA 

• Chamber for electrophoresis Pharmacia Biotech 

• Photo camera INTAS 

• Freezer (-20°C) LIEBHERR 

• GeneAmp PCR System 9600 PERKIN ELMER 

• Hybridisation oven (42°C)  WTB bindler 

• Ice generator, AF-10 SCOTSMAN 

• Incubator (37°C)  MLW BS50 

• Incubator (80°C) WTB bindler 

• Machine for developing of films, CURIX60 AGFA 
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• Microwave oven TEC MICROWELLENHERD 
5004 

• Shaker THYS 2, MLW 

• Shaking apparatus SARSTEDT 

• Shaking incubator (37°C)  GFL-1083 

• Speed vacuum centrifuge FROEBEL LABOR GERAETE 

• UV-Transilluminator (254nm) INTAS 

• UV-Visible Spectrophotometer SHIMADZU 

• Vortex  Janke and Kunkel GmbH and 
Co.KG 

• Water bath MEMMERT 

• NanoPhotometerTM Implen 
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2.2. Methods 

2.2.1. Determination of DNA content  

To check quality and quantity of DNA preparations, readings were taken at wave 

lengths of 260 nm and 280 nm using an UV-visible spectrophotometer (Shimadzu). The 

reading at 260 nm allows calculation of the concentration of nucleic acid in the sample. An 

OD of 1 corresponds to approximately 50 µg/ml for double-stranded DNA, 40 µg/ml for 

single-stranded DNA and RNA, and 20 µg/ml for single-stranded oligonucleotides. The ratio 

between the readings at 260 nm and 280 nm [OD260/OD280] provides an estimate of the 

purity of the nucleic acid. Pure preparation of DNA and RNA has OD260/OD280 ratios of 1.8 

and 2.0. 

2.2.2. Agarose gel electrophoresis 

1-3% agarose (SIGMA) gels were used to separate PCR products and enzyme digested 

PCR products. The gels were loaded with DNA using loading buffer and run in TBE or TAE 

buffer at 100 - 150 V for 20 minutes to several hours depending on the length of the 

fragments to be separated. As marker for the precise length estimation of the fragments, a 100 

bp DNA ladder from Diagonal was used. For the visualisation of DNA using a UV 

transilluminator, ethidium bromide (10 mg/ml) was added to the melted agarose. 

2.2.3. Mildly denaturing polyacrylamide gel electrophoresis (PAGE) 

Polyacrylamide was used for separation of double-stranded fragments of DNA in 

heteroduplex analysis (See 2.2.8). The different migration of DNA heteroduplexes in 

comparison with homoduplexes was created during polyacrylamide gel electrophoresis under 

mildly denaturing conditions.  

2.2.4. DNA extraction 

2.2.4.1. DNA preparation from blood 

30-40 ml of lysis buffer (kept on ice) were added to 5 ml whole blood (EDTA or 

citrate), gently shaken, incubated for 30 minutes on ice and centrifuged at 5000 rpm for 10 

min at 4°C. The supernatant was removed, 10 ml of lysis buffer were added to resuspend the 

pellet, and centrifuged for 10 min at 4°C (5000 rpm). This step was repeated 2 or 3 times until 

nearly all erythrocytes were lyzed. The supernatant was removed and 5 ml of SE-buffer were 

added to resuspend the pellet. 250 µl of 20% SDS and 50 µl of proteinase K (10 mg/ml) were 

added, gently shaken and incubated overnight at 55°C in a water bath to break the walls of the 

white blood cells. 1.4 ml of 6 M NaCl were put to the mixture, vortexed for 15 seconds and 
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centrifuged for 20 min at 20°C (5000 rpm) to precipitate the proteins. The supernatant was 

transferred into a new tube, 500 µl of 3 M sodium acetate pH 5.2 and 15 ml of 100% ethanol 

or 5 ml of isopropanol were added, gently shaken until the DNA precipitated as a white thread 

like strand. A glass pipette was used to capture the DNA. The DNA was washed in 70% 

ethanol and dissolved in 0.5-1 ml of TE-buffer overnight at 4°C on a rotating shaker. The 

DNA content was measured on a spectrophotometer (NanoPhotometerTM, Implen). For 

quality control, 200 ng of the DNA were run on a 1% agarose gel. 

2.2.4.2. DNA preparation from cultured cells 

Cultured cells were harvested by scrapping and washed with PBS twice. The cells were 

washed with NE-buffer twice. The NE-buffer was removed to receive the pellet. 5 µl of 10% 

SDS, 500 µl of NE-buffer and 5 µl of proteinase K (10 mg/ml) were added to the pellet and 

incubated at 37°C overnight until the pellet was dissolved. 500 µl of Phenol/Chloroform (1:1) 

were added to the mixture, mixed well and centrifuged to separate the hydrous and phenolic 

phases. The hydrous phase was transferred to a new Eppendorf tube. 500 µl of 

Phenol/Chloroform (1:1) were added again. The hydrous phase received was washed by 500 

µl of Chloroform twice. The hydrous phase was always transferred to a new Eppendorf tube. 

50 µl of 4M NaCl were added to the hydrous phase. 1.5 l of 96% ethanol were added to the 

mixture and shaken gently. Centrifugation at 12,000 rpm for 10 minutes. The pellet was 

rinsed in 200 µl of 70% ethanol, dried in a speed vacuum centrifuge and dissolved in 200 µl 

of TE-buffer overnight at 4°C on a rotating shaker. The DNA content was measured on a 

spectrophotometer (NanoPhotometerTM, Implen). For quality control, 200 ng of the DNA 

were run on a 1% agarose gel. 

2.2.4.3. DNA extraction from paraffin blocks 

10 µm slices of paraffin-embedded tissue samples were cut and put into a 1.5 ml 

polypropylen reaction tube and 0.5 ml of xylol were added. The mixture was incubated at 

65°C for 10 minutes to solve the paraffin and the xylol was soaked using a pipette and 

discarded. This step was repeated three times. 1 ml of 100% ethanol was added to the tissue 

pellet and incubated at 65°C for 1 minute. Ethanol was removed and the pellet was air dried. 

For DNA extraction, the all-tissue DNA-Kit from Genial was used. To lyse the tissue, 500 µl 

of lyse 1 solution, 50 µl of lyse 2 solution  and 10 µl of proteinase K were added to the pellet 

and incubated at 65°C for 3 hours. 10 µl of additional proteinase K were added and incubated 

overnight at 55°C. 375 µl of lyse 3 solution were added to the mixture, gently vortexed for 20 

seconds and kept at -20°C for 5 minutes. Centrifugation at 13,000 rpm for 20 minutes. The 
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supernatant was transferred pipetted into a 1.5 ml polypropylen reaction tube. 0.8 vol 

isopropanol were added, mixed equally and centrifuged at 13,000 rpm for 20 minutes. After 

careful removal of the supernatant, the pellet was rinsed by adding 250 µl of 70% ethanol and 

dried using an Eppendorf concentrator 5301. 300 µl of TE buffer were added to dissolve DNA 

and shaken gently on a rotating shaker at 4°C overnight. DNA concentration was measured 

using a spectrophotometer (NanoPhotometerTM, Implen). 

2.2.5. Total RNA purification from cultured cells 

Total RNA purification was carried out by using the Total RNA Isolation kit from 

Macherey-Nagel GmbH & Co. KG. Cultured cells were collected by centrifugation and lysed 

by addition of 350 µl of buffer RA1 directly. 3.5 µl of ß-mercaptoethanol were added to the 

cell pellet and vortexed vigorously. The mixture’s viscosity was reduced and cleaned by 

filtration through NucleoSpin® Filter unit. A NucleoSpin® Filter unit was placed in a 

collecting tube, centrifuged for 1 minute at 14,000 rpm and discarded. To adjust RNA binding 

conditions, 350 µl of ethanol (70%) were added to the homogenized lysate, and mixed by 

vortexing. The lysate was loaded into a NucleoSpin® RNA II column placed in a 2 ml 

centrifuge tube and centrifuged for 30 seconds at 12,000 rpm. To desalt the silica membrane, 

the column was placed in a new collecting tube, 350 µl of MDB were added and centrifuged 

at 14,000 rpm for 1 minute to dry the membrane. For each isolation 10 µl of reconstituted 

DNase I were added to 90 µl of DNase reaction buffer and mixed by flicking the tube. 95 µl 

of DNase reaction mixture were applied directly onto the center of the silica membrane of the 

column and incubated at room temperature for 15 min. To wash and dry silica membrane 

three times, 200 µl of buffer RA2 were added to the NucleoSpin® RNA II column to 

inactivate the DNase and centrifuged for 30 seconds at 12,000 rpm. After placing the column 

into a new collecting tube, 600 µl of buffer RA3 were added to the NucleoSpin® RNA II 

column and centrifuged for 30 seconds at 12,000 rpm. The flow-through was discarded and 

the column placed back into the collecting tube. 250 µl of buffer RA3 were added to the 

NucleoSpin® RNA II column and centrifuged for 2 minutes at 14,000 rpm to dry the 

membrane completely. The column was placed into a nuclease-free 1.5 ml polypropylen 

reaction tube. The RNA was eluted in 60 µl of H2O (RNase-free) and centrifuged at 14,000 

rpm for 1 minute. 

2.2.6. Primer design for polymerase chain reaction 

PCR involves the use of a pair of short (usually 20 bp long) synthesized DNA 

oligonucleotides called primers and a thermostable DNA polymerase to achieve near-
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exponential enzymatic amplification of target DNA. Primer design considers 1.5 parameters 

like melting temperature, concentrations of various solutions in PCR reactions, primer 

bending and folding, and many other conditions when attempting to choose the optimal pair 

of primers for a reaction (Taylor, 1997). Primers were designed by using the software “Primer 

Output” (available at http://frodo.wi.mit.edu). 

2.2.7. Polymerase chain reaction (PCR)  

2.2.7.1. Regular PCR  

2.2.7.1.1.  Regular PCR from genomic DNA 

Amplification of fragments up to 1,000 bp was carried out using the Fermentas PCR 

system. Each PCR reaction mixture of genomic DNA contained the following reagents: 

 

Reagent Final concentration Amount 

Genomic DNA template 100ng 1.0 µl 

dNTP mix (25 mM) 1 mM 0.5 µl 

10 x PCR buffer  1 x 5.0 µl 

Downstream primer 5 pmol/µl 12.5 pmol 2.5 µl 

Upstream primer 5 pmol/µl 12.5 pmol 2.5 µl 

Taq polymerase 5 U/µl 1.25 U 0.25 µl 

ddH2O  To 50 µl 

 

As a negative control 1 µl of water was added to the reaction mixture instead of DNA.  

The following scheme was used for amplification. 

Process Temperature/Time Cycles 

Denaturation 5 min  at 95°C  1 cycle 

Denaturation 40 sec at 95°C   

35 cycles Primer annealing  40 sec at 50-69°C  

Primer extension 1 min at 72°C   

Last extension 7 min at 72°C  1 cycle 
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A 50 µl PCR reaction mixture contained 200 mM Tris-HCl (pH 8.8 at 25°C), 100 mM 

(NH4)2SO4, 100 mM KCl, 1% Triton X-100, 1 mg/ml BSA, 0.25 mM dNTP, 0.25 µM of each 

primer (forward and reverse), 100 ng of DNA and 0.025 U/µl of Taq polymerase (Fermentas, 

Life Sciences). In case of problematic amplification, 5% of DMSO were added as well. 

 The PCR reaction was carried out in an automated thermal cycler (PerkinElmer 

GeneAmp PCR System 9600, Applied Biosystems GeneAmp PCR System 9700 or MJ 

Research, Inc). To check the PCR efficiency, aliquots of 10 µl were analysed by agarose gel 

electrophoresis. 

2.2.7.1.2.   Regular PCR from bacterial colonies 

The PCR reaction for bacterial colonies was basically the same as for genomic DNA. 

The colonies were used as templates instead of genomic DNA in the PCR reaction. The PCR 

reaction mixture without Taq polymerase was pre-run at 99°C for 12 minutes. Taq polymerase 

was added to each mixture after the pre-run. The same temperature cycling was used for 

amplification.  

2.2.7.2. Nested PCR 

Nested PCR was used to increase the specificity of the PCR reaction. The products of an 

initial amplification reaction were diluted and used as the starting DNA source for a second 

reaction in which a different set of primers was used, corresponding to sequences located 

close, but internal, to those used in the first reaction. The reagents and temperature cycling 

were similar to regular PCR from genomic DNA (See 2.2.7.1.1).  

2.2.7.3. RT-PCR 

Reverse transcription polymerase chain reaction (RT-PCR) was used to amplify a 

defined piece of a ribonucleic acid (RNA) molecule as template. A RNA-dependent DNA 

polymerase, reverse transcriptase, was involved in the PCR reaction. PT-PCR was carried out 

by using Kit SuperScript™ One-Step RT-PCR System with Platinum® Taq high fidelity from 

Invitrogen. Each PCR reaction mixture contained the following reagents: 
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Reagents Final concentration Amount 

2x Reaction Mix 1x 25 µl 

Template RNA  1 pg-1 µg 1 µl 

Sense primer 10 µM 1 µl 

Anti-sence primer 10 µM 1 µl 

SuperScript™ III RT/ Platinum® 
Taq High fidelity Mix 

 1 µl 

ddH2O  To 50 µl 

 

The following cycling conditions were established for amplification. 

 

Process Temperature/Time Cycles 

cDNA synthesis   1 cycle 

Pre-denaturation 2 min at 94°C 

Denaturation 15 sec at 94°C  

40 cycles Primer annealing  30 sec at 55-60°C 

Primer extension 45 sec at 72°C 

Last extension 7 min at 72°C 1 cycle 

2.2.8. Heteroduplex analysis 

Heteroduplex is a general search method for DNA changes (Theophilus and Rapley, 

2002). It shows conformation-sensitive electrophoresis (CSGE). CSGE has been used for 

detection of sequence differences between a DNA probe (patient) and the standard sequence 

(control/wild-type DNA). Heteroduplex is based on mismatched bases created during 

hybridization of complementary strands of a mutated allele and a wild-type allele (Fig. 2.2). 

The CSGE method relies upon mildly denaturing solvent to amplify the conformational 

changes caused by single-base mismatches during polyacrylamide gel electrophoresis. One 

mismatched base rotated out of the double helix, creates a bend or kink in the DNA fragment. 

The conformational change causes aberrant migration of this fragment compared with wild-

type DNA during polyacrylamide gel electrophoresis under mildly denaturing conditions.  
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Wild-type PCR product (control-DNA) was mixed with tested product (sample) of 

equal concentration, denatured at 95°C for 5 minutes and hybridized at 37°C for 30 minutes. 

A DNA homoduplex consists of entirely complementary DNA and is completely Watson-

Crick base-paired. Heteroduplexes are formed when the new paired strands differ in sequence 

by one or more nucleotides. 

2µl of loading buffer were added to 8 µl of the mixture, loaded onto the CSGE gel and 

run at 300-900 V in 0.6 x TBE buffer. After electrophoresis the gel was stained in 0.5 1 l of 

0.5 x TBE mixed well with 100 µl of ethidium bromide (EtBr) (10 mg/ml) for 30 minutes. 

The gel was washed by 0.5 l of 0.5 x TBE for 30 minutes, visualized under ultraviolet (UV) 

light. For documentation photos were taken. 

Standard reaction 

4 µl Patient-PCR-product 

  + 4 µl Control-PCR-product 

  5 min 95°C 

  30 min 37°C 

On ice 

     + 2 µl loading buffer 

The mixture was centrifuged at 14,000 rpm for 20 seconds. The polyacrylamide was 

kept at 4°C until running.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Illustration of the heteroduplexing reaction between normal 
or wild-type DNA and mutant DNA. 
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2.2.9. Sequencing 

2.2.9.1.  Sequencing procedure 

PCR products were sequenced by automated fluorescent DNA sequencing technology 

(Perkin Elmer, Applied Biosystems). The sequencing reaction was performed using ABI 

PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit as follows: 

No. Reagents Quantity Volume 

1 Terminator Ready Reaction Mix - 2.5 µl 

2 DNA or double stranded plasmid 
DNA as a template 

100 ng 1 µl 

3 Primer 5 pmol 1 µl 

4 Buffer 5 x 1 µl 

5 ddH2O  4.5 µl 

 Final reaction volume  10 µl 

 

To sequence PCR products directly, primers were used according to tables 7.1; 7.2; 7.3 

and 7.4 in annex. The sequencing reaction was performed as cycle sequencing on a GeneAmp 

PCR System 9600 as follows: 

Step1: 

• Rapid thermal ramp to 96°C 

• 96°C for 1 minute 

Step 2: 

• Rapid thermal ramp to 96°C 

• 96°C for 10 seconds 

• Rapid thermal ramp to a temperature specific for the annealing of the respective 

primers 

• 50°C-60°C for 10 seconds 

• Rapid thermal ramp to 60°C 

• 60°C for 4 minutes 
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Step 2 was repeated for 25 cycles and finished with a rapid thermal ramp to 4°C and 

hold. 

For each sequencing reaction 0.1 vol 3 M sodium acetate, pH 4.6 (1µl) and 2.5 vol 99% 

ethanol (25 µl) were added, vortexed and placed on ice for 10 minutes. Centrifugation in a 

microcentrifuge at 15,000 rpm for 20 minutes. The pellet was rinsed by adding 250 µl of 70% 

ethanol and centrifuged again at 15,000 rpm for 20 minutes. Carefully, the alcohol was 

removed without disturbing the pellet. The pellet was dried in a vacuum centrifuge 

(Eppendorf concentrator 5301) for maximum 15 minutes. 

2.2.9.2. Computer-aided sequence evaluation 

Sequences from the automatic sequencing were analysed by the application of the Seq 

Ed 1.0 software, edited and compared with wild-type sequences if necessary. The application 

neb-cutter (http:/tools.neb.com/NEBcutter2/) by New England Biolabs served for finding 

restriction sites. Databases were searched for orthology sequences, using HomoloGene 

(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db) 

2.2.9.3. Nomenclature of sequence variations 

A systematic common nomenclature is essential for the deposition of variations into 

computerized databases and their subsequent accessibility to the research and clinical 

community (Cotton, 1997). To define sequence variations found, the “Nomenclature for the 

description of sequence Variations” provided by the Human Genome Variation Society was 

applied (HGVS, den Dunnen, 2000, 

http://www.genomic.unimelb.edu.au/mdi/mutnomen/disc.html). 

2.2.10. Restriction digestion 

Restriction enzymes are also called restriction endonucleases and cut double-stranded 

DNA via hydrolyzation of phosphodiester bonds. There are three types of restriction enzymes. 

All enzymes used belong to the type II retriction nucleases which are different from the type I 

or the type III. They are dependent of their methylase, do not require ATP for their proper 

function and cleave at very specific sites that are within or close to the recognition sequence. 

The efficiency of a restriction digestion reaction depends on reaction conditions including 

incubation temperature and reaction buffer. 
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Standard reaction 

25 µl DNA 

+ 1-2 U restriction enzyme 

+ 3 µl 10 x buffer 

                   Add ddH2O to 30 µl  

Restriction enzymes-digested products were analysed by agarose electrophoresis (See 

2.2.2).  

2.2.11. Cloning  

2.2.11.1. Cloning of genomic DNA 

For Cloning of DNA fragments the TransformAid™ Bacterial Transformation Kit 

(Fermentas) was used. 

2.2.11.1.1.   Processing of PCR products 

PCR reaction from genomic DNA using either Taq DNA polymerase or enzyme mixes 

containing Taq DNA polymerase usually generates PCR products with 3’A overhangs. For 

cloning, the PCR products were processed to create blunt ends.  

Step 1: 

The blunting reaction was set up including the components as shown below. The 

mixture was vortexed briefly and centrifuged for 3-5 seconds. The mixture was incubated at 

70°C for 5 minutes and chilled on ice for several seconds. 

 

Component Volume 

2X reaction buffer 10 µl 

PCR product (non-purified) 1 µl 

Water, nuclease-free 6 µl 

DNA blunting enzyme 1 µl 

ddH2O To 18 µl 
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Step 2: 

The ligation reaction of blunt-ended PCR products was set up as shown below, vortexed 

briefly, centrifuged for 3-5 seconds and incubated at room temperature (22°C) for 30 minutes. 

 

Component Volume 

pJET1/blunt cloning vector (50 ng/µl) 1 µl 

T4 DNA ligase (5u/µl) 1 µl 

The mixture 18 µl 

Total volume 20 µl 

 

2.2.11.1.2.   Preparation of LB-ampicillin plates 

LB medium was prepared as follows: 

• Peptone: 10 g 

• Yeast extract: 5 g 

• NaCl:  10 g 

 Solids were dissolved in 800 ml of water and adjusted pH to 7.5 with NaOH. Water was 

added to a final volume of 1,000 ml. The medium was autoclaved. 15 g of agar were added to 

1 litre of LB medium. The medium was microwaved until the agar was dissolved. The 

solution was allowed to cool down to 55°C, 1 ml of ampicillin at 50 mg/ml was added to the 

solution and mixed gently. 30-35 ml of LB-agar medium were directly poured onto each 

plate. 

2.2.11.1.3.   Transformation 

LB-ampicillin agar plates were pre-warmed (37°C for 20 minutes). 2 µl of ligation 

products were added to competent cells (Top 10 provided by Dr. Schröder), the tubes were 

swirled gently several times to mix their contents (Sambrook, Molecular Cloning, 1989). The 

tubes were stored on ice for 30 minutes and then transferred to a rack placed in a circulating 

water bath that has been preheated to 42°C. The tubes were left in the rack for exactly 90 

seconds without shaking the tubes and then transferred rapidly to an ice bath. The cells were 

allowed to chill for 1 minute. 200 µl of SOC medium were added to each tube. The cultures 
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were warmed to 37°C in a water bath and transferred to a shaking incubator set at 37°C. The 

cultures were incubated for 45 minutes to allow the bacteria to recover and to express the 

antibiotic resistance marker encoded by the plasmid. To maximize the efficiency of 

transformation the cells should be gently agitated (225 cycles/minute) during the recovery 

period. The transformed competent cells were plated onto pre-warmed LB-ampicillin agar 

plates by a sterile bent glass rod. The plates were incubated overnight at 37°C. 

2.2.11.2. Cloning of cDNA 

Basically, cloning of cDNA is the same as that of genomic DNA except mRNA was 

used as template in the PCR reaction (See 2.2.7.3).  

2.2.12. Electronic databases used 

The following internet databases were used. 

 

Electronic databases Website address 

Ensembl genome browser http://www.ensembl.org 

Entrez Nucleotide  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CM
D= search&DB= nucleotide 

Entrez Protein http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=
Protein 

Entrez SNP  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CM
D= search&DB= snp  

Entrez Gene  http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CM
D= search&DB= gene 

European Bioinformatics Institute
  

http://srs6.ebi.ac.uk/srsbin/cgi-bin/wgetz?-
page+srsq2+-noSession 

Geneview http://www.ensembl.org/Homo_sapiens/index.html 

Homogene http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db= 
homologene 

OMIM http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?CM
D= search&DB= omim 

Pubmed http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?b= 
PubMed 

ExPASy Proteomics Server http://www.expasy.org/ 
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NEBcutter  http://www.neb-online.de/techInfo_d_fs.html 

Primer3 Input http://frodo.wi.mit.edu 

Mutation databases  http://www.umd.be:2000;  

http://www.dmd.nl;  

http://www.hgmd.cf.ac.uk 

2.3.  Patients 
All 249 patients included in the study were primarily referred for molecular genetic 

diagnosis of laminopathies and listed in the table 7.5 (in Annex). Ethical approval of the local 

ethics committee was provided by the vote III-UV-46/01. Informed consent for examination, 

blood sampling and clinical photographs were provided by patients, relatives or referring 

physicians. The declaration of Helsinki (latest version) was followed. Confidentiality of 

personal data was assured by an anonymous numbering system for each subject participating 

in this study. 
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3. Results 

3.1. Primary laminopathies (LMNA  mutations)  

Primary laminopathies, including the disease phenotypes Emery-Dreifuss muscular 

dystrophy (EDMD), dilated cardiomyopathy with conduction disturbances (CMD1A), 

familial partial lypodystrophy (FPLD), mandibuloacral dysplasia (MAD), Hutchinson-Gilford 

progeria syndrome (HGPS) and restrictive dermopathy (RD), were analysed for mutations in 

the LMNA gene. Besides single patients, families including index patients and further family 

members were tested as well. 

3.1.1. Emery-Dreifuss muscular dystrophy (EMD) 

3.1.1.1. Mutational analysis in EDMD patients 

Among 79 unrelated Caucasian EDMD patients from Austria, Australia, Belgium, 

Germany, Great Britain, Hungary, Poland, Spain, Sweden, Switzerland and the U.S.A. (Tab. 

7.5 in Annex), four LMNA mutations, p.L263P, p.R527P, p.R249Q and p.R453W, were found 

in seven unrelated patients with varying EDMD phenotypes (Tab. 3.1).  

Table 3.1: Results of the mutational analysis in LMNA compared to the disease phenotypes in 

the corresponding EDMD patients 

 

Patient ID Pedigree LMNA  mutation Phenotype 

G-13498 Munich-EMD-36 c.746G>A, p.R249Q  Age of onset early childhood, heart 
transplantation at age 17. 

G-13229 Warsaw-EMD-5 c.788T>C, p.L263P Age of onset early childhood, 
slowly progressing, 
humeroperoneal muscular 
dystrophy, pacemaker 
implantation at age 29. 

G-13357 Dresden-EMD-15 c.1580G>C, p.R527P Age of onset 6 yrs, slowly 
progredient proximal muscular 
dystrophy, elbow contractures, 
rigid spine, heart rhythm 
disturbances since age 12.  

G-13530 Dresden-EMD-16 c.1357C>T, p.R453W 

c.1338T>C, p.D446D 

(SNP)  

Age of onset 3 yrs, waddling gait 
elbow, knee and Achilles tendon 
contractures, Achilles tendon 
extension at age 11, rigid spine, 
severe thoraco-lumbal scoliosis, 
preferentially proximal muscular 
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hypotrophy, muscular biopsy at 
age 4, 6 and 15 myopathic, CK 
slightly elevated (5x). 

G-13707 Halle-EMD-15 c.1357C>T, 
p.R453W 

Age of onset 5, muscular 
weakness, symmetric elbow and 
knee joint contractures, heart 
rhythm disturbances since 
puberty, wheel chair bound since 
age 28, humeroperoneal muscular 
dystrophy, areflexia of limb and 
shoulder girdle muscles, 
hyperlordosis, rigid spine, 
pacemaker implantation at age 39, 
slight CK elevation, no heart 
involvement at age 18. 

G-14002 Neustrelitz-EMD-1 c.1357C>T, 
p.R453W 

Age of onset at age 13, elbow 
contractures, slight Achilles 
tendon contractures, muscular 
weakness of the left lower leg 
muscles, symmetric 
pseudohypertrophic of shoulder 
girdle and lower leg muscles, 
Gover’s maneuver, rigid spine, 
heart rhythm disturbances since 
age 31, pacemaker implantation at 
age 37,   

G-14616 Graz-EMD-2 c.1357C>T, 
p.R453W 

c.1338T>C, p.D446D 

(SNP) 

Age of onset 5 yrs, elbow and 
Achilles tendon contractures, rigid 
spine, scoliosis, Scapula alata 
right, no muscular weakness, ECG 
normal, muscular biopsy 
dystrophic, CK slightly elevated 
(3x). 

Of the four mutations, the mutation p.L263P found in G-13229 is a novel mutation. The 

other three mutations have been found before in unrelated EDMD patients (www.umd.be; 

www.dmd.nl; www.hgmd.cf.ac.uk). The mutation p.R453W occurred recurrently in four 

unrelated patients, G-13530, G-13707, G-14002 and G-14616. Patients G-13498, G-13530 

and G-13707 were sporadic cases, while patients G-13229, G-13357, G-14002 and 14616 

occurred as familial cases, compatible with an autosomal dominant inheritance (Fig. 3.1). 

The novel mutation p.L263P was not found in 386 alleles of a normal reference 

population. The mother and the younger sister of G-13229 are the only known family 

members who were also affected and died by sudden heart failure at age 36 and 23, 
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respectively (Fig. 3.1B). The family of patient G-13229 was not available for further 

segregation analysis.  

The region covering the novel mutation p.L263P was subjected to an evolutionary 

conservation search in orthologous LMNA genes (Fig. 3.2). The leucine 263 is highly 

conserved in all species compared suggesting a putative pathogenic effect of p.L263P amino 

acid exchange. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Homo_sapiens : LQELRAQHEDQVEQYKKELEKTYSAKLDNARQSAERNSN 

Mus_musculus : LQELRAQHEDQVEQYKKELEKTYSAKLDNARQSAERNSN 

Danio_rerio : LTDLRNQHEEQLRIYKEE  IEKTYNSKLENARSSAERNSH 

Macaca_mulatta : LQELRAQHEDQVEQYKKELEKTYSAKLDNARQSAERNSN 

Pan_troglodytes : LQELRAQHEDQVEQYKKELEKTYSAKLDNARQSAERNSN 

Rattus_norvegicus : LQELRAQHEDQVEQYKKELEKTYSAKLDNARQSAERNSN  

 
Figure 3.2: Evolutionary conservation of leucine (L) 263 in orthologous LMNA  genes 

Figure 3.1: Pedigrees of: A - Graz-EMD-2 family; B - Warschau-EMD-5 family; 
C - Neustrelitz-EMD-1 family; D - Dresden-EMD-15 family 
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Of the four unrelated patients, the two patients G-13530 and G-14616 also carried the 

known SNP c.1338T>C, p.D446D (Tab. 3.1). The frequency of this known SNP in Caucasian 

population samples was 31.6% (www.ensembl.org, rs505058). In a previous study, the 

mutation and the known SNP were both also found in patient G-12651 (Feuer, 2004). To see 

whether the mutation (c.1357C>T) and the SNP (c.1338T>C) are physically linked to one 

allele, cDNA from the three patients G-12651, G-13530 and G-14616 was cloned into vector 

pJET1/blunt. Individual clones were picked and directly sequenced (Tab. 3.2). In patient G-

12651, the mutation and the SNP were indeed linked, whereas in G-13530 and G-14616 SNP 

and mutation occurred separately on the two alleles. Thus, there is no general linkage of the 

mutation p.R453W and the SNP p.D446D.  

Table 3.2: Test for linkage of the LMNA  mutation p.R453W and the SNP p.D446D by sequencing of 

cloned cDNA of patients G-12651, G-13530 and G-14616 

 

                  Allele                           

EMD patient 

Wild-type c.1338T>C 
(SNP) 

c.1357C>T 
(Mutation) 

c.1338T>C plus 
c.1357C>T 

G-12651 6 clones   6 clones 

G-13530  6 clones 2 clones  

G-14616  4 clones 3 clones  

 

3.1.1.2. Mutational analysis in EDMD families 

In seven unrelated EDMD families, where a LMNA mutation was previously found in 

the index cases, a segregation analysis was requested by family members for genetic 

counseling. The results of the segregation analysis were expected to provide 

genotype/phenotype correlation and information regarding intra- and interfamilial 

phenotypical (clinical) variability (Tab. 3.3).  
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Table 3.3: Results of the mutational analysis in LMNA compared to the disease phenotypes in the 

corresponding index cases of EMD families 

 

Index case Family LMNA  mutation Phenotype (index case) 

G-13084 Sydney-EMD-1 c.98A>G, p.E33G Age of onset 7 yrs, toe walking 
and Achilles tendon contractures 
requiring surgery at age 9, 
bilateral elbow contractures but 
not symmetrical, slowly 
progressive general weakness, 
heart conduction defects in the 
early 20th requiring pacemaker 
insertion at age 24. 
Echocardiogram was normal at 
age 24. 

G-14246 Mainz-EMD-13 c.745C>T, 
p.R249W  

Age of onset 14 month muscle 
weakness of arm and shoulder 
girdle muscles, elevated CK, 
Myographic features of acute and 
chronic neurogenic changes 
preferentially of upper limb 
muscles, An unspecific 
inflammatory myopathy was 
found in a biopsy of the biceps 
muscle, ECG, holtermonitoring 
and echocardiography were 
normal at the age of 14 months. 

At age 11 severe generalized 
hypotonia, progressive convex 
thorolumbal scoliosis requiring 
surgical correction, 
hypoventilation. ECG showed 
sinus rhythm and AV Block I. 

G-13579 Munich-EMD-44 c.746G>A, 
p.R249Q 

Age of onset 3yrs, waddling gate, 
difficulties in climbing stairs, CK 
slightly elevated, myopathic 
EMG at age 4, elbow and ankle 
contractures, weak reflexes, slight 
weakness of biceps muscle, slight 
Gower’s maneuver. No cardiac 
involvement at age 11. 

G-13730 Antverpen-EMD-2 c.1044G>T, 
p.M348I 

Clinical diagnosis of Emery-
Dreifuss muscular dystrophy. No 
further clinical data available. In 
mucosa and muscle tissue of the 
index case, an 
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immunohistochemical lack of 
emerin was observed. 
Additionally to LMNA mutation 
c.1044G>T, p.M348I, a STA 
mutation c.1A>G 

p.0 leading to a complete lack of 
emerin was found. 

G-11205*  Aachen-EMD-2 c.1130G>A, 
p.R377H 

Age of onset 34 yrs with slight 
proximal muscular weakness 
featuring spinal muscular atrophy, 
slowly progressive, at age 50 
proximal paresis, reduced tendon 
reflexes, no contractures or rigid 
spine, CK normal, 
electromyogram was unspecific, 
no cardiac involvement at age 50, 
at age 56 heart conduction 
defects. AV block IIIo requiring 
pacemaker insertion. Sudden 
death by cardiovasvular 
dysregulation at age 66. 

G-13893 Jerusalem-EMD-1 c.1589T>G, 
p.L530R  

Age of onset 5 yrs, progressive 
proximal and distal weakness and 
wasting, at age 8 contractures of 
the elbows, neck and Achilles 
tendons, CK elevated 3.5x. 

G-14615 Graz-EMD-1 c.1930C>T, 
p.R644C 

Age of onset was 8 years with 
frequent falls, contractures of 
elbow, spine and Achilles tendon, 
proximal limb girdle muscular 
weakness and wasting, CK 
elevation 1.5 x, muscular biopsy 
dystrophic including calibre 
variation, atrophic fibres, fibre 
splitting, central nuclei, normal 
immunohistochemistry and -
blotting including dystrophin, 
Sarcoglycans, dystroglycans, 
laminin, and emerin. No heart 
involvement at age 19. 

* Family published in Rudnik-Schöneborn et al., 2007   

   Clinical variability and segregation analysis in the families tested 

To study the intra- and interfamilial clinical variability, anamnestic data provided by the 

referring physicians were used. Parents and siblings of the index cases were tested for the 
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particular mutation with two sequence-based methods - direct sequencing and restriction 

digestion. 

 Sydney-EMD-1 

LMNA c.98A>G is known to be pathogenic (www.umd.be; www.dmd.nl; 

www.hgmd.cf.ac.uk) and predicted to lead to an exchange of the charged residue glutamic 

acid to the polar and hydrophilic residue glycine at codon 33 (p.E33G). It was identified by 

direct sequencing (Fig. 3.3B) and results in the removal of a MnlI-restriction site. Digestion of 

the amplicon containing exon 1 with Mn1I (Tab. 3.4) confirms G-13084 to be heterozygous 

for the mutation c.98A>G, whereas the parents are homozygous for the wild-type allele (Fig. 

3.3C) thus confirming a de novo mutation in the Australian (Caucasian background) family. 

Parental mosaicism could not be excluded as the siblings of the index case were not available 

for testing.  

 

 

 

 

 

 

 

 

 

Table 3.4: Expected restriction fragments from amplicon of exon 1 digested with MnlI 

Homozygote 
WT (A/A) 

Heterozygote 
(A/G) 

Homozygote 
mutant G/G 

 345 bp 345bp 

259 bp 259 bp  

86 bp 86 bp  

4 bp 4 bp 4 bp 

 

 

Figure 3.3: Segregation of mutation p.E33G in family Sydney-EMD-1  
A - Pedigree; B - Sequence analysis; C - Restriction digestion with enzyme MnlI  
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Mainz-EMD-13  

LMNA c.745C>T in patient G-14246 represents a dominant pathogenic mutation 

described before (www.umd.be; www.dmd.nl; www.hgmd.cf.ac.uk) and predicted to lead to 

an exchange of the positively charged residue arginine to uncharged residue tryptophan at 

codon 249 (p.R249W). The C>T transition (Fig. 3.4B) results in the change of two adjacent 

MwoI-recognition sites which results in the removal of two MwoI-restriction sites. Digestion 

of the amplicon containing exon 4 with MwoI (Tab. 3.5) confirms G-14246 to be 

heterozygous for the mutation c.745C>T, whereas the parents are homozygous for the wild-

type allele (Fig. 3.4C), thus confirming a de novo mutation in this family. The phenotype has 

a very early onset and an unusual severe course (Tab. 3.3). A prenatal diagnosis was 

conducted to exclude parental mosaicism. The fetus G-14551 was tested negative after 

amniocentesis at the 16th week of gestation.  

 

 

 

 

 

 

 

 

 

Table 3.5: Expected restriction fragments from amplicon of exon 4 digested with MwoI 

 

Homozygote 
WT (C/C) 

Heterozygote 
(C/T) 

Homozygote 
mutant C/C 

 273 bp 273 bp 

173 bp 173 bp  

91 bp 91 bp  

9 bp 9 bp  

  

Figure 3.4: Segregation of mutation p.R249W in family Mainz-EMD-13  
A - Pedigree; B - Sequence analysis; C - Restriction digestion with enzyme MwoI 
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Munich-EMD-44  

LMNA c.746G>A found in family Munich-EMD-44 (Fig. 3.5) represents a known 

dominant pathogenic mutation (www.umd.be; www.dmd.nl; www.hgmd.cf.ac.uk) and is 

supposed to change the positively charged residue to negatively charged residue at codon 249 

(p.R249Q). The mutation identified by direct sequencing (Fig. 3.5B) results in the removal of 

a Bsp1286I-restriction site. Digestion of the amplicon containing exon 4 with Bsp1286I (Tab. 

3.6) confirms G-13579 to be heterozygous for the mutation c.746G>A, whereas the parents 

are homozygous for the wild-type allele (Fig. 3.5C) thus confirming c.746G>A a de novo 

mutation in this family. Also the twin siblings of the index case are genotypic wild-type and 

thus very likely excluding parental mosaicism.  

 

 

 

 

 

 

 

 

 

 

Table 3.6: Expected restriction fragments from amplicon of exon 4 digested with Bsp1286I 

 

Homozygote 
WT (G/G) 

Heterozygote 
(G/A) 

Homozygote 
mutant (A/A) 

 273 bp 273 bp 

182 bp 182 bp  

91 bp 91 bp  

 

 

 

Figure 3.5: Segregation of mutation p.R249Q in family Munich-EMD-44  
A - Pedigree; B - Sequence analysis; C - Restriction digestion with enzyme Bsp1286I  
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Antverpen-EMD-2  

LMNA c.1044G>T found in family Antverpen-EMD-2 (Fig. 3.6) leads to an exchange 

of methionine to isoleucine at codon 348 (p.M348I). The novel mutation identified by direct 

sequencing (Fig. 3.6B) results in the removal of a SmuI I-restriction site. Digestion of the 

amplicon containing exon 6 with SmuI (Tab. 3.7) confirms the index case G-13730 and his 

mother G-23738 to be heterozygous for the mutation c.746G>A, whereas the sister and the 

father are homozygous for the LMNA wild-type allele (Fig. 3.6C). 

Additionally to the heterozygous novel LMNA mutation p.M348I, a hemizygous STA 

mutation p.0 leading to a complete lack of emerin was found in the index case G-13730 (Fig. 

3.6). The index case’s mother (G-14538) is heterozygous for both mutations, LMNA p.M348I 

and STA p.0 as well, and has cardiac rhythm disturbances requiring a pacemaker at age 60. 

But she has no skeletal muscle involvement. A sister (G-14537) of the index case, who is 

heterozygous for the STA p.0 mutation but is wild-type for LMNA, complains about heart 

rhythm disturbances but does not require a pacemaker.  

The region covering the novel mutation p.M348I was subjected to an evolutionary 

conservation search in orthologous LMNA genes (Fig. 3.7). The methionine is highly 

conserved in all species compared, suggesting a pathogenic effect of the p.M348I amino acid 

exchange.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6: 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  
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Homo_sapiens :  ARERDTSRRLLAEKEREMAEM RARMQQQLDEY 

Mus_musculus :  ARERDTSRRLLAEKEREMAEM RARMQQQLDEY 

Danio_rerio :   SRERDILRRRLEDKEKEMAEM RQRMQQQLDEY  

Macaca_mulatta : ARERDTSRRLLAEKEREMAE M RARMQQQLDEY 

Pan_troglodytes : ARERDTSRRLLAEKEREMAE M RARMQQQLDEY 

Rattus_norvegicus : ARERDTSRRLLAEKEREMAE M RARMQQQLDEY  

 

 

  

Table 3.7: Expected restriction fragments from amplicon of LMNA  exon 6 digested with SmuI 

HomozygoteWT 
(G/G) 

Heterozygote 
(G/T) 

Homozygote 
mutant (T/T) 

 193 bp 193 bp 

175 bp 175 bp  

70 bp 70 bp 70 bp 

36 bp 36 bp 36 bp 

18 bp 18 bp  

 

Aachen-EMD-2  

The family history concerning muscle weakness was negative regarding the first-degree 

relatives of the female index case G-11205. The index case was a female. Her father died at 

59 years after a cardiac arrest, her brother died at 36 years from suspected myocarditis 

following an influenza infection. One paternal aunt had walking difficulties since youth and 

was wheelchair-bound since she was 60 years, two of her five children died in their 40-50ies 

from a heart attack, the youngest son had a pace maker from the age of 40 years. The only 

daughter, G-11698, of her father’s brother, who died in World War II, had a history of cardiac 

arrhythmia from the age of about 30-40 years and was provided with a pacemaker. The 

paternal grandmother had proximal weakness and died from a heart disease at age 52, which 

was not further specified. The present study confirmed co-segregation of the pathogenic 

mutation p.R377H although incomplete penetrance was observed in a grand nephew, G-

Figure 3.7: Evolutionary conservation of the amino acid methionine (M) 348 
checked in orthologous LMNA  genes  
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11764, of the index case (Fig. 3.8). The study also excluded the mutation in three family 

members, G-11707, G-11811 and G-14187. 

 

 

 

 

 

 

 

 

 

Jerusalem-EMD-1  

LMNA c.1589T>G found in family Jerusalem-EMD-1 is a novel mutation (Fig. 3.9) 

supposed to lead to an exchange of leucine to arginine at codon 530 (p.L530R). Identified by 

direct sequencing (Fig. 3.9B), the mutation results in the generation of a LweI-restriction site. 

Digestion of the amplicon containing exon 9 with LweI (Tab. 3.8) confirms the index case G-

13893 to be heterozygous for the mutation c.746G>A, whereas his parents are homozygous 

for the LMNA wild-type allele (Fig. 3.9C) thus confirming a de novo mutation. The patient is 

still in his childhood, so that a certain prognosis of the disease is not possible.  

 

 

 

 

 

 

 

 

 

 
Figure 3.8: Pedigree of Aachen-EMD-2 

Figure 3.9: Segregation of mutation p.L530R in family Jerusalem-EMD-1  
A - Pedigree; B - Sequence analysis; C - Restriction digestion with enzyme LweI 
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The region covering the novel mutation p.L530R was subjected to an evolutionary 

conservation search in orthologous LMNA genes (Fig. 3.10). The leucine is highly conserved 

in all species compared suggesting a pathogenic effect of p.L530R. 

Homo_sapiens :  TDLVWKAQNTWGCGNSLRTALINSTGEEVAMRK  

Mus_musculus :  TDLVWKAQNTWGCGSSLRTA L INSTGEEVAMRK  

Danio_rerio :  SDLVWKTQNSWGSGDLFQTT LISSSGEEMAMRKV 

Macaca_mulatta : TDLVWKAQNTWGCGNSLRTA L INSTGEEVAMRKL 

Pan_troglodytes : TDLVWKAQNTWGCGNSLRTA L INSTGEEVAMRK 

Rattus_norvegicus : TDLVWKAQNTWGCGSSLRTA L INATGEEVAMRK  

 

 

Table 3.8: Expected restriction fragments from amplicon of LMNA  exon 9 digested with LweI 

Homozygote 
WT (T/T) 

Heterozygote 

(T/G) 

Homozygote 
mutant G/G 

285 bp 285 bp  

 206 bp 206 bp 

 79 bp 79 bp 

Graz-EMD-1  

The LMNA mutation c.1930C>T found in family Graz-EMD-1 (Fig. 3.11) leads to an 

exchange of arginine to cysteine at codon 644 (p.R644C). The known mutation 

(www.umd.be; www.dmd.nl; www.hgmd.cf.ac.uk) identified by direct sequencing (Fig. 

3.11B), results in the generation of a FauI-restriction site. Digestion of the amplicon 

containing exon 11 with FauI (Tab. 3.9) confirms the index case G-13616, his brothers G-

14697 and G-14698, his mother G-14699 and a cousin G-14702 to be heterozygous for 

p.R644C, whereas his healthy brother G-14701 and father G-14700 are homozygous for the 

LMNA wild-type allele (Fig. 3.11C).  

The patient’s older brother (G-14698) also carrying the p.R644C mutation presented 

aged 33 years with a similar clinical course. Examination revealed marked weakness of 

proximal upper and lower limbs with contractures of the elbows, spine and achilles tendons. 

Figure 3.10: Evolutionary conservation of the amino acid leucine (L) 530 
checked in orthologous LMNA  genes  
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But G-14697, G-14699, and G-14702, also carrying the mutation were clinically normal. 

Elevated CK levels were found in brother G-14697 (1.5x) and the mother G-14699 (2.5x) but 

not in the cousin G-14702 and her mother. The healthy brother, G-14701, and the father G-

14700 of the index case, did not show the mutation. 

 

 

 

 

 

 

 

 

 

 

 

The arginine is highly conserved in all species compared suggesting a putative 

pathogenic effect of LMNA p.R644C (Fig. 3.12). 

Homo_sapiens : GSGGGSFGDNLVT R SYLLGNSSPRTQ 

Mus_musculus : GSGGGSFGDNLVT R SYLLGNSSPRSQ 

Danio_rerio : GLTEAFVSPSHFIV S NDKPRQAGPKV 

Macaca_mulatta : GSGGGSFGDNLVT R SYLLGNSSPRTQ 

Pan_troglodytes : GSGGGSFGDNLVT R SYLLGNSSPRTQ 

Rattus_norvegicus : GSGGGSFGDNLVT R SYLLGNSSPRTQ 

  

 

 

 

 

Figure 3.11: Segregation analysis of mutation p.R644C in family Graz-EMD-1  
A - Pedigree; B - Sequence analysis; C - Restriction digestion with enzyme FauI 

 

 

Figure 3.12: Evolutionary conservation of the amino acid arginine (R) 
checked in orthologous LMNA  genes  
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Table 3.9: Expected restriction fragments from amplicon of LMNA  exon 11 digested with FauI 

Homozygote 
WT (C/C) 

Heterozygote 
(C/T) 

Homozygote 
mutant (T/T) 

 241 bp 241 bp 

171 bp 171 bp  

70 bp 70 bp  

55 bp 55 bp 55 bp 

31 bp 31 bp 31 bp 

22 bp 22 bp 22 bp 

9 bp 9 bp 9 bp 

Seven different mutations were found in the seven EDMD families investigated. In a 

locus specific database the mutations p.R249Q, p.R377H, p.E33G, p.R249W and p.R644C 

have been reported before to be pathogenic (www.umd.be; www.dmd.nl; 

www.hgmd.cf.ac.uk), while the two mutations p.M348I and p.L530R were novel mutations 

that have not been published before. The frequency of the novel mutations in 386 alleles of a 

normal reference population was <0.0026 which is supportive for their pathogenic effect.  

Of the 50 family members tested in the ten families, 15 were found to be also 

heterozygous carriers of the respective mutation (Tab. 7.5 in Annex).  

The segregation analysis also allowed the confirmation of four de novo mutations 

including p.E33G, p.R249W, p.R249Q and p.L530R, in the families of patients G-13084, G-

14246, G-13579 and G-13893 respectively (See above). Parents and siblings were tested with 

two sequence-based methods - direct sequencing and restriction digestion.  

3.1.2. Dilated cardiomyopathy with conduction disturbances (CMD1A) 

A CMD1A compatible phenotype occurred in index cases of four families. A LMNA 

mutation was previously found in the index cases. Family members requested segregation 

analysis for genetic counseling. The results of the segregation analysis were expected to 

provide genotype/phenotype correlation and information regarding intra- and interfamilial 

phenotypic (clinical) variability (Table 3.10).  
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Table 3.10: Results of the mutational analysis in LMNA and disease phenotype in CMD1A families 

Index case Family LMNA  mutation Phenotype (index case) 

G-4400 Berlin-CMD1A-1 c.481G>A, 
p.E161K 

First hospitalisation due to 
palpitations, exertional dyspnoea at 
age 38; Holter ECG recordings 
revealed atrial fibrillation, heart 
rate 28–129/min, intermediate left 
bundle branch block, non-sustained 
ventricular tachycardia of about 
250/min; AICD implanted. Dilated 
cardiomyopathy diagnosed at 42 
by echocardiography and heart 
catheterization; both examinations 
revealed moderate dilatation, 
severely depressed ejection 
fraction (ejection fraction 30%); 
inflammatory/viral heart disease 
excluded by immunohistochemical, 
histopathological, molecular 
biological investigation of 
endomyocardial biopsy. 

G-14210** Müchen-EMD-48 c.-3_+12del Age of onset 42 yrs, arrhythmia, 
slightly dilated left ventricle, AV 
block IIo, implantation of an AICD, 
CK elevated (1.5 x), no tendon 
contractures and skeletal muscle 
involvement. 

G-12784 Balve-EMD-1 c.776A>G, 
p.Y259C 

Age of onset 36 yrs, 
bradyarrhythnia absoluta, atrial 
flutter, dilated right ventricle 
shown by echocardiography, AV 
block Io, no skeletal muscle 
involvement, at age 38 
implantation of an AICD. 

G-12625 Dresden-EMD-12 c.1130G>A, 
p.R377H 

Age of onset 26 with tachycardia, 
at age 31 weakness and cardiac 
arrhythmia, no muscular 
involvement as confirmed by 
neurological examination, at age 
33 dilated   cardiomyopathy, atrial 
tachycardia, AV block Io, cardiac 
fibrosis. 

**   Family published in Walter et al., 2005  
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Berlin-CMD1A-1 

A LMNA mutation, p.E161K, was found in patient G-4400 (Fig. 3.13). The mutation is 

known to be pathogenic (www.umd.be; www.dmd.nl; www.hgmd.cf.ac.uk). The father of the 

index patient later was found also carrying the p.E161K mutation. The disease status of the 

76-year old father was classified as borderline. He had dyspnoea and his ECG showed atrial 

fibrillation and a left anterior hemi-block. But echocardiography revealed normal left 

ventricular size and normal cardiac function (EF 60%). 

 

 

 

 

 

 

 

 

 

 

Munich-EMD-48  

The mutation c.-3_+12del found in family Munich-EMD-48 (Fig. 3.14) eliminates the 

translational start codon and putatively leads to the lack or highly aberrant lamina A and C 

peptides. A part of the family has previously been described (Walter et al., 2005), showing 

overlapping clinical features of EDMD, CMT1B and sudden cardiac death in the affected 

family members, G-8855, G-8856. The disease in index case G-14210 should clinically be 

defined as CMD1A as there was no feature of skeletal muscle involvement (EDMD) or 

abnormal nerve conduction velocities (CMT1B) at age 43. In all affected family members, 

including the index case, cardiac involvement was the primary clinical feature with 

arrhythmia usually occurring in the 4th or 5th decade followed in some cases by pacemaker or 

ICD insertion. Sudden heart death occurred in some untreated family members. The present 

study confirmed co-segregation of the mutation c.-3_+12del, thus supporting the pathogenic 

effect. Moreover, five family members, G-14545, G-14563, G-14564, G-14580, G-14581, 

Figure 3.13: Segregation analysis of mutation p.E161K in family Berlin-CMD1A-1  
A - Pedigree; B - Heteroduplex analysis; C - Sequence analysis 
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have been tested negative by mutational analysis using heteroduplex analysis (Fig. 3.14B), 

thus avoiding cardiac surveillance. 

 

 

 

 

 

 

 

 

 

Additionally, total RNA was extracted from blood cells of the index case, G-14210, to 

generate cDNA by RT-PCR and nested PCR. The cDNA was cloned into vector pJET1/blunt 

and subjected to sequencing. Besides wild-type sequence also mutant cDNA sequences were 

found as predicted (Fig. 3.14 C).  

Balve-EMD-1  

In the comprehensively recorded family (Fig. 3.15), 12 clinically affected members 

were registered. In all of them cardiac involvement was the major feature with arrhythmia 

usually occurring in the 4th decade followed by pacemaker insertion also in the 4th decade. 

Sudden heart death occurred in some untreated family members. Slight skeletal muscle 

involvement was only found in few family members in the 6th decade. So, the disease should 

clinically be defined as CMD1A. The primary mutational analysis was performed by G. 

Bonne (Paris) in an aunt of the index case. 

 

 

 

 

 

 
Figure 3.14: Segregation of mutation c.-3_+12del in family Munich-EMD-48  

A - Pedigree; B - Heteroduplex analysis C - Sequencing results from cloning of cDNA 
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The present study confirmed co-segregation of mutation p.Y259C in G-12784 and the 
tyrosine is highly conserved in all species compared (Fig. 3.16), thus supporting the 
pathogenic effect. 

 

Homo_sapiens : LQELRAQHEDQVEQ Y ELEKTYSAK 

Mus_musculus : LQELRAQHEDQVEQ Y KKELEKTYS 

Danio_rerio : LTDLRNQHEEQLRI   Y KEEIEKTYNS 

Macaca_mulatta : LQELRAQHEDQVEQ Y KKELEKTYS 

Pan_troglodytes : LQELRAQHEDQVEQ Y KKELEKTYS 

Rattus_norvegicus : LQELRAQHEDQVEQ Y KKELEKTYS 

   

 

Dresden-EMD-12  

The disease phenotype in family Dresden-EMD-12 (Fig. 3.17) presents itself primarily 

by cardiac symptoms. There was no clinically relevant muscular weakness as confirmed 

neurologically. The age of onset is usually in the 4th decade with cardiac arrhythmia. Four 

family members who were not reported to be affected by muscular weakness or atrophy died 

by sudden cardiac death between the 4th and 5th decade. Thus, the disease phenotype in this 

family should be considered as a CMD1A. The mutation p.R377H co-segregated with the 

disease phenotype in the sister, G-13043, of the index case, G-12625, while further three 

investigated healthy family members, G-13044, G-13045, G-13009, did not show the 

mutation.  

Figure 3.15: Pedigree of Balve-EMD-1 

Figure 3.16: Evolutionary conservation of the amino acid tyrosine (Y) 259 checked 
in orthologous LMNA  genes  
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3.1.3. Familial partial lipodystrophy (FPLD) and madibuloacral dysplasia (MAD) 

Twenty five FPLD patients with a putative clinical diagnosis lipodystrophy and two 

patients, G-14207 and G-14268, with a putative clinical diagnosis MAD were referred for 

mutational analysis in LMNA. No DNA change was found in LMNA that could be associated 

to the disease (Tab. 7.5 in Annex). 

3.1.4. Progeroid syndromes 

3.1.4.1. Mutational analysis in Hutchinson-Gilford progeria (HGPS)  

Patient G-13352 was clinically diagnosed with a putative progeroid syndrome and 

referred for mutational analysis in LMNA. Clinical details of the patient were not available. 

The disease occurred sporadically in the patient’s family Moscow-Progeria-1. No DNA 

change was found in LMNA that could be associated to the disease (Tab. 7.5 in Annex). 

3.1.4.2.  Mutational analysis in a progeroid family  

In a previous study, a LMNA mutation, c.428C>T (p.S143F), was found in patient       

G-12660 in the family Freiburg-Progeria-1 (Fig. 3.18), representing clinically a sporadic 

progeroid syndrome with skeletal involvement (Kirschner et al., 2005). To exclude the 

elevated recurrence risk by maternal mosaicism, the index case’s mother, G-12833, has 

requested prenatal diagnosis. After amniocentesis in the 16th week of pregnancy a 

homozygous wild-type male fetus was found (Fig. 3.18). 

 

 

 
Figure 3.17: Pedigree of Dresden-EMD-12 
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3.1.5. Restrictive dermopathy (RD) 

Sixteen patients with a putative clinical diagnosis of RD were referred for mutational 

analysis. No DNA change that could be associated to the disease was found in LMNA (Tab. 

7.5 in Annex). 

3.1.6. Hallermann-Streiff syndrome 

The Hallermann-Streiff syndrome is a very rare progeroid disease with certain 

phenotypical similarity to HGPS. The molecular defect has not been elucidated so far. Thus, 

the condition was considered as a candidate disease for a primary laminopathy with mutations 

in LMNA. For the present study, affected family members of a British family with 

Hallermann-Streiff syndrome were available (kindly provided by Dr. M. Davie, Oswestry, 

UK). The inheritance of the condition was compatible with an autosomal dominant pattern 

(Fig. 3.19). 

  

 

 

 

 

 

 

 
Figure 3.19: Pedigree of family Oswestry-Hallermann Streiff-1 
 

 
Figure 3.18: Segregation of mutation p.S143F in family Freiburg-HGPS-1  

A - Pedigree; B - Sequence analysis 
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The disease phenotype included growth retardation, beaked nose, failed fusion of 

posterior fontanelle, dental abnormalities and hypogonadism, but was expressed to various 

degrees in affected family members (Tab. 3.11). 

Table 3.11: Clinical picture (phenotype) of Hallermann-Streiff syndrome in family                        
Oswestry-Hallermann-Streiff-1 

 

Family 
member 

Phenotype 

II-3  

(G-14126) 

At age 46  

Growth retardation (body height 147.3cm), Failed fusion of occipital/parietal 
sutures (post fontanelle), bird like face, narrow nasal bridge, dental 
abnormalities (underdevelopment of adult teeth), recurrent bone fractures, 
hypogonadism, thin hair, nasal bleeding, progeroid appearance. 

II-8 At age 40 

Failed fusion of occipital/parietal sutures (posterior fontanelle), eye closed at 
birth, extra thumb, characteristic (beaked) nose, undescended testes, dental 
abnormalities (milk teeth not fallen out). 

III-1 At age 24 

Growth retardation, thin bone, no fractures, nose normal. 

III-2 At age 23 

Medium body height, soft skull, heart murmur, failed fusion of temporo-
occipital suture (posterior fontanelle), nose normal. 

III-3 

(G-14128) 

At age 18 

Growth retardation (body height 159 cm), in higher education (though not 
over intelligent, and has had learning difficulties), failed fusion of posterior 
fontanelle, small nose, rather pointed, anteverted and hypoplastic ears, heart 
murmur, nasal bleeding, teeth grew ‘across’ palate, late puberty. 

III-4 

(G-14127) 

At age 14 

Growth retardation (body height 138 cm, weight 30.4kg), late puberty. 

 

Three affected family members, G-14126, G14127 and G.14128, were scanned for 

changes in the LMNA gene. A heterozygous DNA variant, c.1698C>T, was found in all three 

probands. The synonymous variant p.H566H represents a known SNP. The frequency of this 

SNP in Caucasian reference samples was 25% (www.ensembl.org, rs4641). Additionally, the 

SNP occurred in 15% of our EDMD patients. Finally, in the family tested, no DNA change 

that could be associated to the disease was found in LMNA (Tab. 7.5 in Annex). 
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3.2.  Secondary laminopathies 

In the present study, RD and MAD were considered as secondary laminopathies and 

tested for mutations in ZMPSTE24 known to be associated to those conditions. Additionally, 

patients suffering FPLD, MAD, HGPS or RD but not carrying mutations in either LMNA or 

ZMPSTE24 were tested for mutations in NARF and SREBF1 as promising functional 

candidate genes. 

3.2.1. Restrictive dermopathy (RD) 

3.2.1.1.   Mutational analysis in RD patients 

Among 32 individuals of 12 families, 22 individuals have been found to carry mutations 

in ZMPSTE24 (Tab. 7.5 in Annex). In one family (Heidelberg-RD-5, Fig. 3.23), DNA was 

available only from the parents but not from the index case.  

Table 3.12: Results of the mutational analysis in ZMPSTE24 of RD families 

Patient ID Pedigree ZMPSTE24 mutation 

G-10688 

 

Greifswald-RD-1 

 

c.50delA, p.K17fsX20 

c.1085 -1086insT, p.L362fsX18 

G-13532 Heidelberg-RD-1 No mutation 

G-13901 

G-13947 

G-13948 

Essen-RD-1 

 

c.209_210delAT, p.Y70fsX3 

c.209_210delAT, p.Y70fsX3 

G-13535 

G-14809 

Heidelberg-RD-2 c.1085 -1086insT, p.L362fsX18 

c.1085 -1086insT, p.L362fsX18 

G-13536 

G-14748 

Heidelberg-RD-3 

 

c.1085 -1086insT, p.L362fsX18 

c.1085 -1086insT, p.L362fsX18 

Parents 

G-13858 

G-13859 

Heidelberg-RD-5 c.1085 -1086insT, p.L362fsX18 

Wild-type 

G-13539 

G-13540 

Heidelberg-RD-4 

 

c.1085 -1086insT, p.L362fsX18 

c.1085 -1086insT, p.L362fsX18 

G-14190 Rothenburg-RD-1 

 

c.1085 -1086insT, p.L362fsX18 

c.1085 -1086insT, p.L362fsX18 
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G-14198 Innsbruck-RD-1 No mutation 

G-14280 Miami-RD-1 No mutation 

G-14749 Offenbach-RD-1 c.1385T>G, p.L462R 

G-14769 Tawam-RD-1 No mutation 

The family members of four patients were not available for molecular analysis. Of 12 

unrelated RD families, four mutations, c.50delA, c.209_210delAT, c.1085 -1086insT and 

c.1385T>G, have been found (Tab. 3.12). The mutation c.1085 -1086insT is most common. It 

occurs with a frequency of 68% in all RD patients with a ZMPSTE24 mutation. The three 

mutations c.50delA, c.209_210delAT and c.1385T>G are novel mutations. The novel 

mutation c.50delA and c.209_210delAT were not found in 386 alleles of a normal reference 

population. The common mutation, c.1085 -1086insT, leads to a frame shift which results in a 

non-functional truncated peptide, p.L362fsX18 (Navarro et al., 2005). The two novel 

mutations c.209_210delAT and c.50delA putatively result also in a frame shift with the 

consequence of non-functional and truncated ZMPSTE24 peptides, p.Y70fsX3 and 

p.K17fsX20. Interestingly, the heterozygous mutation c.1385T>G (p.L462R) found in G-

14749 is the only missense mutation that has been reported so far. Using parents and siblings, 

the segregation of mutant ZMPSTE24 alleles was investigated in seven RD families.  

Greifswald-RD-1  

In family Greifswald-RD-1 (Fig. 3.20), heteroduplex analysis suggested two changes in 

the ZMPSTE24 gene in exons 1 and 9 (Fig. 3.20B). Direct sequencing revealed the DNA 

variations c.50delA and c.1085-1086insT (Fig. 3.20C). The heterozygous common mutation 

c.1085 -1086insT (p.L362fsX18) (Navarro et al., 2005) was found in the mother G-13625 

whereas the heterozygous mutation c.50delA (p.K17fsX20) found in the patient’s father G-

13725 is a novel mutation. So patient G-10688 represents a compound heterozygote of 

c.50delA and c.1085-1086insT. Clinically, the patient showed a classical RD phenotype. She 

died 40 min after birth. 
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Essen-RD-1  

In the consanguineous Turkish family Essen-RD-1 (Fig. 3.21) heteroduplex analysis 

suggested a change in the ZMPSTE24 gene in exon 2 (Fig. 3.21B). A novel mutation 

c.209_210delAT (p.Y70fsX3) was found following direct sequencing (Fig. 3.21C). Both 

consanguineous parents were heterozygous carriers for the mutation. As shown by direct 

sequencing and heteroduplex analysis, the affected twin G-13901 was homozygous for the 

mutation (Fig. 3.21B and C). She died shortly after birth. Her sister and twin-brother, G-

13948 and G-13947 respectively, were both heterozygous for the mutation.  

 

 

 

 

 

 

 

 

 

 

 
Figure 3.20: Segregation of mutation c.1085-1086insT and c.50delA in Greifswald-RD-1 family  
A - Pedigree; B - Heteroduplex of c.1085-1086insT (left) and c.50delA (right); C - Sequence analysis 

 

Figure 3.21: Segregation of mutation c.209_210delAT in Essen-RD-1 family  
A - Pedigree; B - Heteroduplex analysis (without DNA control); C - Sequencing analysis 
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Heidelberg-RD-4  

In family Heidelberg-RD-4 (Fig. 3.22), heteroduplex analysis suggested a change in the 

ZMPSTE24 gene in exon 9 (Fig. 3.22B). Direct sequencing revealed the common mutation 

c.1085-1086insT (p.L362fsX18) (Fig. 3.22C). Lacking sufficient test material from the two 

affected daughters G-13539 and G-13540, the molecular diagnosis could not be completed. 

However, parents G-13541 and G-23542 were confirmed to be heterozygous by sequencing 

(Fig. 3.22C). In conclusion, the affected children should have been homozygous for the 

c.1085-1086insT mutation.  

 

 

 

 

 

 

 

 

 

Heteroduplex reactions were carried out with DNA control. It could not detect 

homozygote or heterozygote. However, direct sequencing showed that the parents were 

heterozygous for the mutation (Fig. 3.22C). 

Heidelberg-RD-5  

As far as no DNA was available from the index patient of family Heidelberg-RD-5 (Fig. 

3.23), a direct molecular diagnosis was not possible. But both parents G- 13858 and G-13859 

were heterozygous for the common mutation c.1085-1086insT (p.L362fsX18). Conclusively, 

the RD in their son was caused by a homozygous c.1085-1086insT ZMPSTE24 mutation.  

 

 

 

Figure 3.22: Segregation of mutation c.1085-1086insT in Heidelberg RD-4 family 
A - Pedigree; B - Heteroduplex analysis C - Sequence analysis 
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Offenbach-RD-1  

Patient G-14749 born to a consanguineous couple showed a classic RD phenotype with 

thin, shiny skin with wide-stretched desquamation, a small, round and open mouth, low-set 

ears, a small pinched nose, flexion joint contractures at all four extremities and distinctive 

pulmonic atelectasis (Fig. 3.24). The child died 3 hours and 20 minutes post partum. 

Histologically the skin showed the typical pattern of a restrictive dermopathy with an 

epidermis covered by an exfoliated, hyperkeratotic horn layer, clearly hypoplastic hair 

follicles and a considerably reduced dermis thickness, however with a massive subcutanous 

adipose tissue. Microscopically the diagnosis was confirmed. Thill et al. (2008) found an 

orthokeratotic, slightly exfoliated, otherwise massive horn tissue with only rare elastic fibers 

in between closely packed collagen bundles, generally existing just of elastotubuli without 

visible elastin. 

 

 

 

 

 
Figure 3.23: Segregation of mutation c.1085-1086insT in Heidelberg RD-5 family 

A - Pedigree; B - Heteroduplex analysis; C - Sequence analysis 
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In both, the index case G-14749 and his mother G-14767 of family Offenbach-RD-1 

(Fig. 3.25), a heterozygous genomic sequence variation c.1385T>G was found in exon 10 of 

ZMPSTE24 by direct sequencing (Fig. 3.25B) resulting in a putative amino acid substitution 

p.L462R. The mutation results in the removal of a TspRI-restriction site (Tab. 3.13). 

Digestion of the amplicon containing exon 10 of ZMPSTE24 with TspRI confirms G-14749 

and G-14767 to be heterozygous for the mutation (Fig. 3.25C).  

 

Figure 3.25: Segregation of mutation c.1385T>G in Offenbach-RD-1 family 
A - Pedigree; B - Sequence analysis; C - Restriction digestion with TspRI 

 

 

C 
Figure 3.24:  Clinical picture of patient G-14749 

A - Preterm child (30th week of gestation) with typical contractures, O-shaped mouth, deep sitting 
earsvenal pattern of the skin; B - Light microscopy of the skin. Almost no hair follicles and sweat 
glands, dermal collagen is extremely thin; C - X-Ray of the the child showing hypoplasia of the 

claviculs, mandibular and right humerus hypoplasia 
 

A B 
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Table 3.13: Expected restriction fragments from amplicon of exon 10 digested with TspRI 

Homozygote WT 
(T/T) 

Heterozygote 
(T/G) 

Homozygote 
mutant (G/G) 

 261 bp 261 bp 

220 bp 220 bp  

53 bp 53 bp 53 bp 

41 bp 41 bp  

 

The p.L462R mutation leads to a non-synonymous substitution of an evolutionarily 

highly conserved leucine (Fig. 3.26), which is suggestive for a pathogenic effect of the non-

synonymous amino acid exchange. No further DNA change either in ZMPSTE24 or LMNA 

was found by direct sequencing of the genes in the patient and his mother. The patient’s father 

was not available for analysis. 

Homo_sapiens : NLGFPVSDWLFSMWHYSHPPL LERLQALKTMKQH  

Mus_musculus : NLGFPVSDWLFSTWHYSH PPL LERLQALKNAKQD  

Danio_rerio : NLGFPVADWLFSMWHYSHPPL LERLRALTGPKQD 

Macaca_mulatta : NLGFPVSDWLFSMWHYSHPPL LERLQALKSMKQH 

Pan_troglodytes : NLGFPVSDWLFSMWHYSHPPL LERLQALKTMKQH  

Rattus_norvegicus : NLGFPVSDWLFSTWHYSH PPL LERLQALKNAKRD  

Monodelphis_domestica : NLGFPVSDWLFSMWHYSHPPL LERLQALQDSKQD  

Canis_familiaris : NLGFPVSDWLFSMWHYSHPPL LERLQALESSKQD  

    

  

 

 

      

Figure 3.26: Evolutionary conservation of the leucine (L) 462 in 
orthologous ZMPSTE24 (FACE1) genes  
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3.2.1.2. Prenatal diagnosis in RD families 

 Prenatal diagnosis was requested in two unrelated families, Heidelberg RD-2 and 

Heidelberg-RD-3 (Fig. 3.27 and Fig. 3.28). In both families, RD was confirmed to be caused 

by the common mutation c.1085-1086insT (p.L362fsX18).  

Heidelberg-RD-2  

Both parents (G-14789 and G-14788) were heterozygous for the ZMPSTE24 mutation 

c.1085-1086insT (p.L362fsX18) and requested prenatal diagnosis (Fig. 3.27). The couple had 

a previous child suffering RD being homozygous for mutation c.1085-1086insT and a healthy 

son. In a third pregnancy G-24788 requested prenatal diagnosis. After amniocentesis at the 

15th week of gestation, DNA was extracted from cultured amniotic fluid cells. The fetus was 

found to be homozygous for the mutation c.1085-1086insT (Fig. 3.27C). Based on the results 

of the molecular analysis, the mother underwent induced abortion at the 21st week of 

gestation. 

 

 

 

 

 

 

 

 

 

 

Heidelberg-RD-3  

The situation in family Heidelberg-RD-3 (Fig. 3.28) was similar to the previous family. 

The heterozygous couple G-13537 and G-13538 had a previous child, G-13536, affected by 

RD and confirmed to be homozygous for mutation c.1085-1086insT. In a second pregnancy, 

amniocentesis was performed in the 15th week of gestation. Using DNA from cultured 

amniotic fluid cells, a homozygous fetus (G-14748) for the mutation c.1085-1086insT was 

found. The pregnant women decided to have an induced abortion in the 21st week of gestation. 

Figure 3.27: Segregation of mutation c.1085-1086insT in Heidelberg RD-2 family 
A - Pedigree; B - Heteroduplex analysis (without DNA control); C - Sequence analysis 
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3.2.1.3. Genetic instability in ZMPSTE24 

Using regular Taq polymerase for direct cycle sequencing, homozygotes and 

heterozygotes for the ZMPSTE24 mutation c.1085-1086insT (p.L362fsX18) are not 

distinguishable, as they show an almost identical sequence plots (Fig. 3.29 A and B). The 

reason is a repeated thymine (T)9 c.1076-1085 in ZMPSTE24 that can cause a slippage of the 

DNA polymerase. This phenomenon is called genetic instability that leads to a mutation hot 

spot c.1085-1086insT in ZMPSTE24. Since only homozygotes for the ZMPSTE24 mutation 

c.1085-1086insT (p.L362fsX18) will suffer restrictive dermopathy, it is necessary to 

distinguish the affected homozygotes and healthy heterozygotes as an inevitable prerequisite 

for prenatal diagnosis and genetic counseling in RD. 

 

 

 

 

 

 

 

   

Figure 3.29: Sequence plots of RD patients from direct cycle sequencing 
A - Homozygous RD patient (G-14748) using regular Taq polymerase (Fermentas)  

B - Heterozygous RD patient (G-13538) using regulaqr Taq polymerase (Fermentas) 
C - Homozygous RD patient (G-14748) using high fidelity polymerase (Pfu) 

A C B 

Figure 3.28: Segregation of mutation c.1085-1086insT in Heidelberg RD-3 family 
A - Pedigree; B - Heteroduplex analysis (without DNA control); C - Sequence analysis 
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To quantify the genetic instability, cDNA was obtained from homozygous wild-type 

[(T)9], heterozygous [(T)9/(T)10] and homozygous mutant [(T)10] individuals by using regular 

Taq polymerase (Fermentas) or high fidelity polymerase (Pfu) and subsequently cloned into 

vector pJET1/blunt. Following direct cycle sequencing, aberrant repeat sizes between (T)5 

and (T)12 were found in individually picked clones of all combinations (Tab. 3.14). The highest 

frequency of aberrant repeats (24%) occurred in the combination of homozygous mutant 

individuals and regular Taq. The aberrant (T)9 repeats alone resulted in 14% in this 

combination. Thus the sequencing artefact observed by sequencing of homozygous mutant 

individuals (Fig. 3.29 A) can be explained by slippage of the highly error prone regular Taq 

polymerase. The combination of homozygous mutant and heterozygous individuals with 

regular Taq polymerase resulted in 23.8% and 1.1% of aberrant repeats, respectively. In 

contrast, using high fidelity Pfu polymerase, low percentages of aberrant repeats of 1.1% and 

6.2% were found in any combination tested. The low error rate of Pfu would not interfere 

with the sequencing of [(T)10] homozygotes (Fig. 3.29C).  

Therefore, to distinguish homozygote mutant [(T)10] individuals from heterozygotes 

[(T)9//(T)10] by sequencing, the use of high fidelity Pfu polymerase is mandatory. 

Table 3.14: Sequencing of cloned cDNA from homozygous wild-type [(T)9], heterozygous [(T)9//(T)10] and 

homozygous mutant [(T)10] individuals by using regular Taq polymerase (Fermentas) or high fidelity 

polymerase (Pfu) 

                             Allele 

Sample 

(T)5 

Clone 
(T)6 

Clone 
(T)7 

Clone 
(T)8 

Clone 
(T)9 

Clone 
(T)10 

Clone 
(T)11 

Clone 
(T)12 

Clone 

Wild-type [(T)9] (regular Taq 
polymerase) 

1  2 

 

4 

 

88 

 

   

Heterozygote [(T)9//(T)10]  
(regular Taq polymerase) 

   1 

 

44 42   

Homozygote [(T)10] (regular Taq 
polymerase) 

 1  2 

 

14 77 6 

 

1 

 

Heterozygote [(T)9//(T)10]   (Pfu- 
polymerase) 

   1 

 

50 42   

Homozygote [(T)10] (Pfu- 
polymerase) 

   1 

 

2 

 

60 1 
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3.2.2. Mandibuloacral dysplasia (MAD) 

The two patients G-14207 and G-14268 with a putative clinical diagnosis of MAD did 

not show any LMNA mutation associated to the disease phenotype (See 3.1.3). ZMPSTE24 as 

a further gene involved in the molecular pathogenesis of MAD was tested for DNA changes. 

Again, no disease-associated change was found (Tab. 7.5 in Annex). 

3.2.3.  Emery-Dreifuss muscular dystrophy (EDMD) ZMPSTE24  

Seventy nine unrelated Caucasian EDMD patients were tested for changes in the 

ZMPSTE24 (FACE1) gene as a candidate gene. A heterozygous DNA variant, c.651T>C 

(p.D217D), was found in nine EDMD patients (Tab. 7.5 in Annex). The variant does not 

change the amino acid sequence and represents a known SNP with a frequency of 3.8% in 

Caucasian population samples (www.ensembl.org, rs2076697).  

A novel heterozygous DNA variant, c.955+49delG, was found in a German patient (G-

14602). This intronic variant does not interfere with the splice donor, acceptor or branch sites. 

So, it very likely does not affect the expression of the protein. However, the novel variant, 

c.955+49delG, was not found in 386 alleles of a German reference population. 

3.2.4.  Candidate gene testing for secondary laminopathies  

The gene products of NARF and SREBF1 are components of or interact with the nuclear 

membrane and nuclear lamina. As such they were considered as candidate genes in patients 

suffering FPLD, MAD, HGPS and RD in whom no mutations were found in LMNA and 

ZMPSTE24 known to be associated. 

3.2.4.1.  NARF 

NARF was considered as a candidate gene for FPLD, MAD, HGPS and RD in those 63 

patients who had no mutation in both LMNA and ZMPSTE24. The analysis of NARF revealed 

a base substitution g.11166T>C in a HGPS patient G-13685 and a FPLD patient G-13227 

(Tab. 7.5 in Annex). The base substitution represents a known SNP (rs2306752) that is not 

associated with the disease. No further DNA changes were found that could be associated to 

the disease in the patients tested (Tab. 7.5 in Annex). 

3.2.4.2.  SREBF1  

In all 25 patients with a phenotype partially compatible with FPLD referred for 

mutational analysis, no mutation was found in LMNA. Additionally, SREBF1 was investigated 

as a candidate gene in 25 putative FPLD patients. No DNA change was found that could be 

associated to the disease (Tab. 7.5 in Annex). 
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4. Discussion 

The aim of the present investigation was to study pleiotropy and genetic heterogeneity 

in primary and secondary laminopathies by analyzing genotype/phenotype correlations. 

Emery-Dreifuss muscular dystrophy (EDMD), dilated cardiomyopathy with conduction 

disturbances (CMD1A), familial partial lypodystrophy (FPLD), mandibuloacral dysplasia 

(MAD), progeroid syndrome, atypical Werner syndrome (aWRN), restrictive dermopathy 

(RD) and Hallermann-Streiff syndrome (HSS) were included as disease phenotypes in which 

to look for their association with LMNA (primary laminopathies) and ZMPSTE24 (secondary 

laminopathies). Additionally, EDMD patients without STA or LMNA mutations were tested 

for ZMPSTE24 mutations. A functional candidate gene approach was applied using NARF and 

SREBF1 in patients suffering secondary laminopathies including FPLD, MAD, HGPS and 

RD, who were excluded from having LMNA and ZMPSTE24 mutations. As practical 

consequences of the present study, its results have been used in genetic counselling and 

prevention of primary and secondary laminopathies. 

Primary Laminopathies 

A total of 249 unrelated individuals suffering EDMD, CMD1A (DCM), FPLD, MAD, 

HGPS, aWRN, RD, Hallermann-Streiff syndrome or only partially showing clinical features 

of the afore mentioned disease phenotypes was tested for LMNA mutations. Eighteen 

independent LMNA mutations were found, resulting in a general detection rate of 7.2%. 

Among the 79 unrelated Caucasian patients suffering EDMD or EDMD-like disease 

phenotypes, 14 were found with LMNA mutations were found resulting in a detection rate of 

17.7%. In earlier studies, mutations in STA or LMNA were found in 40% of the EDMD 

patients tested whereby the ratio for STA and LMNA mutations was almost equal (Bonne et 

al., 2003). Thus, the present detection rate for LMNA mutations is approximately 55% lower 

as compared with the earlier data. This disparity reflects the recently growing inclusion of 

patients not showing the complete EDMD phenotype in LMNA mutational analyses, which is 

due to the highly variable clinical expression of EDMD (Hoeltzenbein et al., 1999; Bonne et 

al., 2000) and the phenotypic overlap to other laminopathies (Bonne et al., 2000; Walter et 

al., 2005; Kirschner et al., 2005; Rudnik-Schöneborn et al., 2007).  

Of the 49 unrelated Caucasian patients suffering CMD1A, four were found to carry a 

LMNA mutation, resulting in a detection rate of 8.2%. This did not significantly differ from 

the 2.5% found in 197 DCM patients of an earlier study (Feuer, 2004). This low overall 

detection rate reflects the wide genetic and environmental heterogeneity of the pathogenesis 
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in DCM. Otherwise, about 5% of the cases suffering DCM should be considered to be caused 

by LMNA mutations.   

The Hallermann-Streiff syndrome (HSS) shows phenotypical similarities to HGPS, in 

particular growth retardation, “pinched” facial features and hypotrichosis. Moreover, both are 

autosomal dominant (de Sandre-Giovannoli et al., 2003; Eriksson et al., 2003, Guyard et al., 

1962; Faser and Friedmann, 1967). Thus, the wide overlapping similarities made HSS a good 

candidate disease for a primary laminopathy caused by LMNA mutations. The mutational 

analysis conducted in this study for the first time excluded HSS from being associated with 

LMNA. Finally, the negative result of this study adds to the molecular genetic differentiation 

of disease phenotypes by excluding HSS from being a primary laminopathy. 

Clinical data provided by the referring physicians were collected and used to analyse 

genotype/phenotype correlations in patients carrying LMNA mutations. On one hand, such 

genotype/phenotype analyses help to define the clinical (phenotypical) variability of the 

disease and thereby improving the diagnostics of laminopathies. On the other hand, 

correlation of distinct phenotypes to defined mutations shed light on the still bewildering 

molecular pathology of laminopathies and the highly pleiotropic normal function of the 

LMNA gene products in particular lamins A and C. 

EDMD 

c.788T>C, p.L263P 

One of the four LMNA mutations, c.788T>C/p.L263P, found in EDMD patient G-13229 

has not been reported before (www.umd.be; www.dmd.nl; www.hgmd.cf.ac.uk). An attempt 

to underscore the pathogenic effect by co-segregation analysis was hampered by a lack of 

further affected family members (Fig. 3.1B). But there is other strong evidence for the 

variant’s pathogenic effect. Firstly, the p.L263 is highly conserved in different species, 

indicating its functional importance in the lamin A and C peptides (Fig. 3.2). In addition, it is 

unlikely that the variant is a polymorphism since it was not found in 386 alleles of the 

reference population. Moreover, the p.L263 is located in the α-helical rod domain (Fig. 1.2) 

which helps lamins form dimers and interact with the chromatin and integral proteins of the 

inner nuclear membrane (Fig. 1.1) including a lamin B receptor, lamin-associated proteins, 

emerin and narf through binding sites located in their rod domains and carboxyl-terminal 

globular tail (Worman et al., 1990; Glass et al., 1993; Taniura et al., 1995; Furukawa et al., 

1998; Barton et al., 1999; Fairley et al., 1999). Thus, mutant lamin might be deficient in the 

process of filament assembly or in their interactions with chromatin and/or integral membrane 
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proteins, potentially leading to the disruption of their nuclear function (Bonne et al., 2000). 

Thus, the mutation p.L263P seems to disturb a functional domain of the lamins A and C 

which is involved in skeletal and cardiac muscular function. 

c.1589T>G, p.L530R 

Another novel LMNA mutation, c.1589T>G, p.L530R, was found in EDMD patient G-

13893 (Fig. 3.9). A co-segregation analysis as evidence for a pathogenic effect of p.L530R 

was impossible as the patient represents a de novo mutation. But an indication for the 

variant’s pathogenic effect is the highly conserved leucine at position 530 of the LMNA gene 

in different species (Fig. 3.10). The variant can very likely be excluded from being a single 

nucleotide polymorphism (SNP) as it was not found in 386 alleles of a reference population. 

Moreover, the variant putatively disturbs a globular domain of lamins A and C that interferes 

with its interactions with chromatin and/or integral membrane proteins, or in filament 

assembly (Bonne et al., 1999). Finally, amino acid substitutions at the same position 

(p.L530P) and nearby (p.R527P) have previously been associated with EDMD (Bonne et al., 

1999, www.umd.be). Therefore, it is very likely that p.L530R is disease-causing and seems to 

disturb a functional domain of lamins A and C involved in skeletal and cardiac muscular 

function.  

LMNA  c.1044G>T, p.M348I; STA c.1A>G, p.0 

STA c.1A>G, p.0 leading to a loss of emerin has previously shown to be causative for 

X-linked recessive EDMD (Bione et al., 1994; Markiewicz et al., 2002) and would explain 

the lack of emerin and a pathogenic effect found in the male patient G-13730 by itself (Fig. 

3.6). 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 older sister, G-14537, is 

heterozygous only for the STA c.1A>G while clinically showing conduction defects, but no 

skeletal muscle involvement. Similar 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 (Bione et al., 1994) means that it very 

likely 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. Based on these 

findings, LMNA c.1044G>T, p.M348I should be considered causative for a cardiomyopathy 

with rhythm disturbances. 
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The stunning phenotypic variability of laminopathies, especially for primary 

laminopathies, may in part be explained by the nature of the mutation. For instance, progeroid 

phenotypes are caused by toxic, farnesylated lamins (Navarro et al., 2006), but this process 

does not take place in the myopathies and neuropathies including EDMD or CMT. In general, 

the molecular pathophysiology of laminopathies causing neuromuscular disorders is less well 

understood, particularly their variable phenotypic expression. A still open question is: Why 

are skeletal muscles and nerves especially vulnerable to a defect of the nuclear envelope that 

is a fundamental requirement in all cells of the body? Frequently, it is argued that modifying 

factors, both genetic and environmental, may change the phenotype and the severity of 

genetic disorders. In common disorders, large-scale association studies have provided some 

evidence for genetic modifiers. In rare neuromuscular disorders, this hypothesis is more 

difficult to prove, since there are usually just not enough individuals affected by the same 

disease and the same mutation. The rare exception is when mutations of two known disease 

genes meet in one family (Muntoni et al., 2006; Pegoraro et al., 2005, Ben Yaou et al., 2007). 

Family Antverpen-EMD-2 is one more so far rare piece of evidence for digenic (oligo-allelic) 

pathogenesis in a neuromuscular disease phenotype of laminopathies. It points to related 

pathogenic mechanisms in Emery-Dreifuss muscular dystrophy and CMAD1A in patients 

who are not associated with STA and LMNA but with other so far unknown genes functionally 

related to the nuclear envelope. Thus, such observations will pave the way for elucidating the 

molecular pathophysiology and clinical variability behind complex neuromuscular 

phenotypes associated with genes encoding components of the nuclear envelope.  

Besides the three novel LMNA mutations, seven further mutations were found to be 

associated with EDMD by previous reports (www.umd.be; www.dmd.nl; 

www.hgmd.cf.ac.uk). 

c.98A>G, p.E33G 

The mutation c.98A>G found in the sporadic EDMD patient G-13084 occurred as new 

mutation in family Sydney-EMD-1 (Fig. 3.3). Putatively, c.98A>G leads to an exchange of 

the charged residue glutamic acid to the polar and hydrophilic residue glycine at codon 33 

(p.E33G). A co-segregation analysis as evidence for a pathogenic effect of p.E33G was 

impossible as the patient represents a new mutation. As an indication for a pathogenic effect, 

it did not occur in 386 normal chromosomes of a reference population. The LMNA p.E33 is 

highly conserved in different species, indicating its functional importance. As further proof of 

the pathogenic effect, the same mutation has recently been associated with a typical 
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autosomal dominant EDMD in one more family (Smith et al., 2006). Different to the present 

findings, the LMNA mutation c.99G>T affecting the same codon and leading to a different 

amino acid exchange, p.E33D, resulted in axonal neuropathy combined with myopathic 

features, dilated cardiomyopathy, conduction disturbances, and leuconychia (CMT2) (Goizet 

et al., 2004). So, different amino acid exchanges at the same codon may result in two different 

phenotypes, one muscular and the other more neuropathic, pointing to the pleiotropic 

importance of the given lamin A and C domains. Similar findings have been reported for 

codon p.R527 and p.H222 causing dominant EDMD (p.R527P) and recessive MAD 

(p.R527H) (Bonne et al., 1999; Bonne et al., 2000; Genschel and Schmidt, 2000; Novelli G et 

al., 2002; Simha V et al., 2003) or dominant (p.H222P) or recessive (p.H222Y) EDMD, 

respectively (Novelli et al., 2002; di Barletta et al., 2000; de Sandre-Giovannoli et al., 2002).  

c.745C>T, p.R249W; c.746G>A, p.R249Q 

The LMNA mutation c.745C>T, found in the male patient G-14246 of family Mainz-

EMD-13 (Fig. 3.4) leads putatively to an exchange of a positively charged arginine to 

uncharged tryptophane at codon 249 (p.R249W). As the patient represents a new mutation, 

co-segregation analysis was not possible to prove the pathogenic effect. However, the DNA 

variant was not found in 386 normal chromosomes excluding it from being a frequent SNP. 

Moreover, the mutation is located in an α-helical rod domain, which helps lamins dimerize 

and interact with the chromatin and integral proteins of the inner nuclear membrane (lamin B 

receptor, lamin-associated proteins, emerin, narf) (Worman et al., 1990; Glass et al., 1993; 

Taniura et al., 1995; Furukawa et al., 1998; Barton et al., 1999; Fairley et al., 1999). Thus the 

amino acid exchange might have a substantial impact on the protein’s function. So far, there 

has been only one more female patient described (also a German but unrelated patient) with 

this LMNA mutation suffering a severe sporadic congenital muscular dystrophy (Medne et al., 

2006; www.umd.be) and phenotypically resembling the disease phenotype of patient G-14246 

(Tab. 3.3). Obviously, the severe disease phenotype associated with p.R249W requiring early 

ventilation, the lack of ambulation and its sporadic occurrence point to a probably early death 

preventing the affected patients from reproduction. In contrast, another recurrently found 

mutation of the same codon c.746G>A; p.R249Q - as found in patients G-13579 and G-13498 

(Tab. 3.1 and 3.3) - invariably causes a milder EDMD phenotype compatible with 

reproduction (Bonne et al., 2000; di Barletta et al., 2000; Muchir et al., 2004; www.umd.be). 
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c.1357C>T, p.R453W 

The nucleotide c.1357C of the LMNA gene represents a mutational hot spot (Barker et 

al., 1984; Cooper and Youssoufian, 1988, www.umd.be). So, the transition c.1357C>T was 

found recurrently in the four unrelated EDMD patients G-13530, G-13707, G-14002 and G-

14616 (Tab. 3.1), which was expected. The mutation leads to an exchange of the positively 

charged residue arginine to uncharged tryptophan at codon 453 (p.R453W) and is strongly 

associated with the dominant clinical phenotype of EDMD (Bonne et al., 1999, Bonne et al., 

2000; www.umd.be). The mutation is located in the globular carboxyl-terminal tail domain. 

Lamins interact with the chromatin and integral proteins of the inner nuclear membrane 

(lamin B receptor, lamin-associated proteins, emerin, narf) through binding sites located in 

their rod domain and their carboxyl-terminal globular tail (Worman et al., 1990; Glass et al., 

1993; Taniura et al., 1995; Furukawa et al., 1998; Barton et al., 1999; Fairley et al., 1999). 

This allows the presumption that the mutant lamins A and C are deficient in their interactions 

with chromatin and/or integral membrane proteins, or in filament assembly (Bonne et al., 

1999). Furthermore, the surface-mutated residue p.R453W is involved in the formation of salt 

bridges and has global effects on the lamin structure (Dhe-Paganon et al., 2002; Krimm et al., 

2002). The aberrant localization of lamin A/C accumulating in intranuclear foci was observed 

in around 9% of fibroblasts carrying this mutation (Muchir et al., 2004).  

Of the four unrelated patients, G-13530, G-13707, G-14002 and G-14616, the variant 

c.1338T>C leading to a synonymous amino acid exchange p.D446D is not supposed to 

disturb the function of the globular carboxyl tail domain. Furthermore, the variant is a known 

SNP. It occurs in a normal population with a frequency of 31.6% (www.ensemble.org, 

rs505058) so that a pathogenic effect can be excluded. However, two patients, G-13530 and 

G-14616 with the mutation c.1357C>T also had the closely located c.1338T>C variant. To 

find out whether c.1338T>C, p.D446D might have a modifying effect on EDMD the phase 

(linked or not linked to the same allele) was defined in G-13530 and G-14616 (Tab. 3.2). 

Finally, the present study provided evidence that the SNP, c.1338T>C, p.D446D, has no 

effect on the phenotypical expression of EDMD by exclusion of linkage between the SNP and 

the disease-causing mutation c.1357C>T, p.R453W. 

c.1580G>C, p.R527P 

The known heterozygous LMNA mutation, c.1580G>C, as found in patient      G-13357, 

has as a strong association with the typical EDMD phenotype with varying severity (Bonne et 

al., 1999, Bonne et al., 2000, Genschel and Schmidt, 2000). The base substitution putatively 
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results in an exchange of the positively charged arginine residue to an uncharged proline at 

codon 527 (p.R527P). It was not found in 100 normal unrelated subjects (Bonne et al., 2000). 

The p.R527 amino acid is located in the C-terminal domain common to both lamin A and C, 

which has an immunoglobulin-like three-dimensional structure (Dhe-Paganon et al., 2002; 

Krimm et al., 2002). The arginine 527 is localized at the external surface of the C-terminal 

domain, and thus the p.R527P substitution would disrupt the surface structure of the protein, 

altering fundamental binding sites. Interestingly, the same heterozygous p.R527P mutation 

has been identified in a family suffering EDMD combined with FPLD (van der Kooi, et al., 

2002). It remains to be explained how the same mutation in the lamin A/C gene exerts a 

pleiotropic effect on muscle (cardiac and skeletal) and adipose tissue. Moreover, changes at 

p.R527 seem to cause different laminopathies. For example, homozygous substitution at this 

codon, p.R527H, has been reported in patients with recessive MAD (Novelli G et al., 2002; 

Simha V et al., 2003). The pathogenic effect of the homozygous p.R527H mutation was 

demonstrated by abnormal lamin A/C distribution and dysmorphic nuclei (Novelli G et al., 

2002). In contrast to p.R527P, carriers for the mutation p.R527H showed no phenotypic 

effects (Novelli G et al., 2002), which could be explained with the similar molecular 

structures of the wild-type argine (R) and the mutant histidine (H) as both are basic. Similar 

phenotypic variability of differently changed codons has previously been reported for 

p.H222P and p.H222Y mutations, which were associated with autosomal dominant and 

autosomal recessive EDMD, respectively (Novelli et al., 2002; di Barletta et al., 2000; de 

Sandre-Giovannoli et al., 2002) as well as for p.E33G and p.E33D associated with EDMD 

and CMT2 respectively (Goizet et al., 2004; Smith et al., 2006; this study). 

c.1930C>T, p.R644C 

The missense change, c.1930C>T (p.R644C) found in family Graz-EMD-1, has been 

associated with strikingly diverse phenotypes having been reported in unrelated patients with 

left ventricular hypertrophy, limb girdle muscle weakness, dilated cardiomyopathy (Genschel 

and Schmidt, 2000; Genschel et al., 2001, Mercuri et al., 2005; Perrot et al., 2008), FPLD or 

atypical lipodystrophy (Rankin et al., 2008), Neuropathy (Rankin et al., 2008) and atypical 

progeria (Csoka et al., 2004). Lack of segregation with phenotype as well as non-penetrance 

in first degree relatives as shown in family Graz-EMD-1 and others (Rankin et al., 2008, 

Auer-Grumbach et al., 2007) raised the possibility that this missense change may be a rare 

polymorphism. The identification of the same change in an individual from a CEPH family 

(Speckman et al., 2001) was consistent with this interpretation. However, there is strong 

evidence in support of its pathogenicity. Firstly, the c.1930C>T change has not been detected 
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in 1500 normal chromosomes (Muntoni et al., 2006; and own data) whereas it has been 

detected in at least 17 patients with features of laminopathy (Csoka et al., 2004; Genschel and 

Schmidt 2000; Mercuri et al., 2005; Muntoni et al., 2006; Rankin et al., 2008). Secondly, the 

arginine residue at position 644 is highly conserved across several species (Fig. 3.12) and 

forms part of the RSYLLG hexapeptide recognised by the prelamin A endoprotease 

ZMPSTE24 (Kilic et al., 1997). Cleavage of the 18 carboxyl-terminal amino acids by 

ZMPSTE24 is an essential step in the production of mature lamin A protein from its precursor 

prelamin A (Capell and Collins, 2006) (Fig. 1.4). Failure of this process, either due to lack of 

ZMPSTE24 or to deletion of the cleavage site is known to result in the severe laminopathies 

restrictive dermopathy (RD) and Hutchinson-Gilford progeria syndrome (HGPS) respectively 

(De Sandre-Giovannoli et al., 2003; Eriksson et al., 2003; Navarro et al., 2005). In addition, a 

different amino acid substitution at this codon, p.R644H, has been reported (Mercuri et al. 

2005). 

The non-penetrance and variable expressivity of the p.R644C mutation remain 

unexplained but several hypotheses can be considered. Firstly, it is possible that p.R644C is a 

recessive mutation and that the patients harbour a second unidentified LMNA mutation. All 

patients reported here, and to our knowledge all published patients, have been tested by 

completely sequencing all LMNA exons and exon/intron boundaries. So it is unlikely that a 

second mutation has been missed in all 15 patients. The second hypothesis, suggested by 

Muntoni et al. (2006), is perhaps the most convincing. They found evidence of dual pathology 

in a family with the p.R644C mutation and in another family with a different LMNA missense 

change. Family 2 in their paper consisted of a mother and son with cardioskeletal myopathy. 

The p.R644C mutation was found in the son and his father (who presented only with 

subclinical muscle involvement) and so did not segregate with the disease. Further analysis of 

the son’s skeletal and cardiac muscle revealed accumulation of desmin and subsequently a 

novel missense change in DES, the gene encoding desmin, was identified. The father did not 

harbour the DES mutation but it was not possible to test the deceased mother. The son had a 

more severe cardiomyopathy than the mother and the authors proposed that the mother may 

have had desminopathy only whereas the son’s phenotype resulted from digenic inheritance 

of heterozygous mutations in LMNA and DES. Family 1 in the same paper had confirmed X-

linked Emery-Dreifuss muscular dystrophy with an atypically severe phenotype in a male 

harbouring both an STA mutation and a novel, de novo LMNA mutation (p.S326T). The 

authors note evidence for interaction between lamin A/C and both emerin and desmin and 

suggest that digenic inheritance of mutations in genes encoding functionally linked proteins 
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may occur. At least a digenic STA mutation has been excluded for family Graz-EMD-1 but 

DES has not been tested so far. A further example of dual pathology is given by Mercuri et al. 

(2005). Patient 4 in their paper developed dilated cardiomyopathy as did his mother and 

brother, both of whom died. The p.R644C change was found in both the boys and the 

unaffected father but not in the mother. There was muscle biopsy evidence of mitochondrial 

abnormalities in the brother and mother (Mercuri et al., 2005), suggesting an alternative 

diagnosis. However, the age of diagnosis of cardiomyopathy was younger in the boys (8 and 9 

years) than in the mother (31 years) and so, again, the more severe phenotype in the boys may 

have resulted from the combination of both a mitochondrial disorder and the LMNA p.R644C 

mutation. 

The apparent non-penetrance in relatives raises questions about the clinical significance 

of this missense change but there is compelling evidence that it is a pathogenic mutation. The 

mechanism of pathogenesis is unknown but the observations in present family and in those 

previously published provide evidence that the risk of clinical features of laminopathy in close 

relatives is likely to be low. However, until further data are available, clinical assessment of 

p.R644C carriers is warranted and should include particularly echocardiogram and ECG 

including holter monitoring. 

CMD1A 

c.481G>A, p.E161K 

The mutation p.E161K was reported in a family with early atrial fibrillation preceding 

or coexisting with CMD1A (Sebillon, et al., 2003). Interestingly, the phenotype in patient G-

4000 (Tab. 3.10) with atrial fibrillation and AICD implantation led to the presence of a left 

bundle branch block as well as absence of significant AV blocks was strongly overlapping 

with further unrelated CMD1A patients carrying other LMNA mutations (Sebillon, et al., 

2003; Perrot et al., 2008). 

c.-3_+12del, p.0 

The 15-bp deletion c.-3_+12del in family München-EMD-48 (Fig. 3.14) most likely 

results in a null mutation, since the initiator, ATG, is lost. The next ATG as a putative 

translation start follows not before codon 257. LMNA protein synthesis may not be initiated 

and so likely may result in a 50% reduction of lamin A/C, as what was reported for a LMNA 

nonsense mutation associated with EDMD, CMD1A and LGMD1B (Becane et al., 2000; 

Muchir et al., 2003). The nonsense LMNA mutation p.Q6X, localized also in exon 1, led to 

AD-EDMD with a high frequency of sudden death with conduction system disturbances and 
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myocardial disease (Bonne et al., 1999; Becane et al., 2000). Similarly, family München-

EMD-48 demonstrated an increased frequency of sudden death together with severe 

conduction system disease, and dilated cardiomyopathy. These clinical similarities may be in 

favor of similar molecular mechanisms, i.e. haploinsufficiency of lamins A/C. Phenotypically, 

the family fits best into the AD-EDMD, LGMD1B, CMD1A group, presenting with severe 

conduction system disease, dilated cardiomyopathy, early contractures of the big joints, mild 

CK elevation and slowly progressive weakness in proximal and distal muscle groups. 

However, biopsy findings and EMG results showed neurogenic changes but normal results for 

motor and sensory nerve conduction velocity, not consistent with a myopathy (Walter et al., 

2005). So, this family could clearly be a phenotypic link between EDMD, CMD1A and 

CMT2.  

c.776A>G, p.Y259C 

The LMNA mutation c.776A>G resulting in an amino acid exchange p.Y259C has not 

been described before although there are reports of mutations, the c.775T>G and c.777T>A, 

also affecting the highly conserved tyrosine at position 259 (Fig. 3.16). Those mutations 

resulted putatively in a p.Y259D amino acid substitution or a p.Y359X truncated lamin A 

peptide, respectively. While p.Y259D was phenotypically associated with EDMD (Benedetti 

et al., 2007), the truncating p.Y259X mutation was associated with LGMD1B combined with 

FPLD (van Engelen et al., 2005). For p.Y259C solely heart involvement was found in family 

Balve-EMD-1 (Fig. 3.15). Like p.E161K, the amino acid substitution affects the domain 1B, 

an alpha-helical segment of the central rod of lamins A and C (Worman et al., 1990; Glass et 

al., 1993; Taniura et al., 1995; Furukawa et al., 1998; Barton et al., 1999; Fairley et al., 

1999). 

c.1130G>A, p.R377H 

The p.R377H mutation, detected in family Dresden-EMD-12 (Fig. 3.17), has been 

previously described in a Caribbean family with slowly progressive limb girdle muscular 

dystrophy and age-related atrioventricular conduction disturbances and dilated 

cardiomyopathy (Muchir et al., 2000). Another extended family from France harboring this 

mutation differed from this phenotype as cardiac features such as arrhythmia, progressive 

conduction disease and dilated cardiomyopathy preceded neuromuscular disease in all 

affected individuals. The muscular phenotype was classified as a new quadriceps-restricted 

myopathy. Muscle biopsy showed variable muscle fiber sizes, angular fibers with abnormal 

structure and no signs of denervation (Charniot, 2003). Moreover, Rudnik-Schöneborn et al. 
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(2007) associated the p.R377H with adult onset proximal spinal muscular atrophy (SMA) 

followed by cardiac involvement 14 years after the onset of weakness. DCM without skeletal 

muscle involvement was reported by Perrot et al., (2006). Even asymptomatic carriers of 

p.R377H were reported (Charniot, 2003; Muchir et al., 2000; Perrot et al., 2006). Altogether, 

the clinical picture is characterized by a highly variable expressivity, as illustrated in our 

family Dresden-EMD-12 (Fig. 3.17) too, with some patients developing no muscle disease at 

all and others with a few decades between the onset of weakness and cardiac complications.  

Remarkably, many of the CMD1A-related LMNA mutations including p.E161K and 

p.Y259C are clustered in the protein domain coil 1B, an alpha-helical segment of the central 

rod separated by short linkers and domain coil 2, which is important for lamin B interaction 

and lamin A/C dimerization (Figure 1.3). By disrupting the coiled-coil fold of lamin A and C, 

such mutations lead to a weaker nuclear lamina with subsequent mechanical stress damage by 

muscle contraction and abnormal mechano-transduction (Worman and Bonne, 2007; Stewart 

et al. 2007). Although mutations causing CMD1A can occur almost anywhere in LMNA, the 

domain coil 1B seems to be most frequently affected as also shown by others (Capell and 

Collins, 2006; Rankin and Ellard, 2006; Taylor et al., 2003). A search for LMNA mutations 

causing CMD1A in the Human Gene Mutation Database (www.hgmd.cf.ac.uk/ac/index.php) 

the locus specific LMNA database (www.umd.be) and the Leiden Muscular Dystrophy pages 

(www.dmd.nl) confirms this notion. In contrast, Benedetti et al. (2007) examined one of the 

largest cohorts of neuromuscular patients (mainly Emery-Dreifuss and limb girdle muscular 

dystrophy) and described a broad distribution of LMNA mutations over the whole protein with 

the exception of the domain coil 1B.  

CMD1A patients with LMNA mutations show a notable homogenous phenotype as 

confirmed by this and other studies (Perrot et al., 2006; Perrot et al. 2008). This goes as far as 

concordance of specific cardiac findings in carriers with the same mutation. These patients 

frequently present with sinoatrial and atrioventricular node dysfunction, heart block 

commonly requiring pacemakers, atrial fibrillation, and other supraventricular arrhythmias; 

later DCM, ventricular arrhythmias, and exitus from sudden cardiac death or pump failure are 

observed. When a family (at least two affected relatives) with such a phenotype is identified 

in a hospital, it is highly recommended to screen LMNA for genetic variants. Information 

about the genotype in an individual from a DCM family could be useful for the clinician, 

especially when dealing with “presymptomatic” relatives, in doubt of their risk about 

developing the disease (Perrot et al., 2006). This is strengthened by the facts that LMNA 

mutations obviously seem to be the most frequent cause of familial DCM, despite the high 
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number of disease genes existing (Richard et al., 2006), and that they are clearly correlated 

with a worse prognosis (van Berlo et al., 2005). Therefore, such DCM families could clearly 

benefit from testing LMNA.  

Since LMNA mutations causing laminopathies with skeletal muscle and heart 

involvement bear a high risk of cardiac involvement, mutation carriers require constant 

cardiologic supervision. The cardiac features are variable combinations of supraventricular 

arrhythmias, disorders of atrioventricular conduction, ventricular arrhythmias, dilated and 

non-dilated cardiomyopathy, and sudden cardiac death despite pacemaker implant (Sanna et 

al., 2003; van Berlo et al., 2005). The time interval between onset of muscle weakness and 

cardiac disease ranged from 7 to 35 years in an Italian study (Sanna et al., 2003). 

Sudden death in pacemaker recipients has become an increasingly recognized problem 

in laminopathies. Its mechanism is still unclear and warrants further investigations. In a large 

meta-analysis comprising 299 mutation carriers of AD-EDMD, DCM, and LGMD1B, sudden 

death occurred in 46% of the deceased patients, of whom 46% had a pacemaker and 54% had 

not (van Berlo et al., 2005). It was concluded that pacemaker therapy alone is not sufficient to 

prevent sudden death, probably due to tachyarrhythmias. In patients who need a pacemaker it 

might be advisable to use a device suitable to switch to an implantable cardioverter-

defibrillator, but further studies are required whether this strategy proves to be effective. 

Finally, more effective genetic screening strategies in combination with data from studying 

the properties of lamins in cell cultures and animal models will lead to an improved clinical 

management of the life-threatening cardiac problems of the patients and their relatives in the 

future. 

Secondary laminopathies 

In the present study, RD, FPLD, MAD, HGPS and EDMD were considered as 

secondary laminopathies by testing for mutations in ZMPSTE24, NARF and SREBF1.  

Restrictive dermopathy 

All index cases or parents of index cases from the 12 families with a suggestive clinical 

diagnosis of RD have been tested for mutations in LMNA and ZMPSTE24. No mutation was 

found in LMNA while disease-causing ZMPSTE24 mutations were found in 83% of the 

families.  

This result reflects those of others (Navarro et al. 2004, Navarro et al., 2005; Moulson 

et al., 2005). As reported, mutations in ZMPSTE24 and LMNA have been associated with RD 
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(Navarro et al., 2004; Navarro et al., 2005; Wehnert et al., 2006). However, only two LMNA 

mutations - IVS11+1G>A and c.1824 C>T, p.G608G - were found in two unrelated patients 

suffering RD whereas the huge majority of 22 patients reported represents homozygous or 

compound heterozygous mutations of ZMPSTE24 (Navarro et al. 2004; Navarro et al., 2005; 

Moulson et al., 2005).  

c.1085 -1086insT, p.L362fsX18 

The ZMPSTE24 mutation c.1085-1086insT has previously been found very frequently 

in RD patients (Narvarro et al., 2005). It results in a putatively truncated ZMPSTE24 peptide 

p.L362fsX18, which leads to the loss of a functional protein in a homozygous individual (Fig. 

4.1). As the ZMPSTE24 peptide is necessary for post-translational lamin A maturation (Fig. 

1.4, Argawal et al., 2003; Mattout et al., 2006) only prelamin A instead of mature lamin A 

was found in patients. Obviously, prelamin A is highly toxic (Fong et al., 2004), which finally 

leads to the early death of the affected homozygous individuals. The pathogenic effect has 

additionally been confirmed in the present study by showing the co-segregation of the disease 

phenotype with the homozygous (Figs. 3.22, 3.27, 3.28) or compound heterozygous mutation 

(Fig. 3.20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Predicted models of ZMPSTE24 protein 
A- Normal ZMPSTE24 protein 

B- Truncated ZMPSTE24 protein p.L362fsX18 lacking the last (7th) 
transmembrane domain and the ER retention signal which is 

responsible for retaining the protein in the ER 
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Navarro et al. (2004, 2005) and Moulson et al., (2005) found in their patients a 

frequency of the mutant ZMPSTE24 allele c.1085 -1086insT of 72% (Navarro et al., 2004; 

Navarro et al., 2005; Moulson et al., 2005), which is very similar to the 68% of this study 

(See 3.2.1). Both findings indicate a mutational hot spot of the 9-T-repeat at position c.1077-

1085 of ZMPSTE24 probably caused by a DNA-polymerase slippage leading to genomic 

instability (Navarro et al. 2005). This effect has been confirmed and quantified for two DNA-

polymerases by this study (Tab. 3.14). In accordance with Navarro et al. (2005), the present 

analysis revealed that the (T)10 allele is unstable. This instability appeared to give rise to a 

pseudo-frameshift sequencing pattern in homozygous patients. Mononucleotide-repeat 

sequences have been reported, in different genes, as being a preferential target for 

microsatellite instability (Zirvi et al., 1999; de Leeuw et al., 2001; Paoloni-Giacobino et al., 

2002). When located in coding regions, microsatellite instability may generate frameshift 

alterations (Paoloni-Giacobino et al., 2002). The observation of microsatellite instability in 

ZMPSTE24 exon 9 has previously been shown to be a specific target for colorectal tumors 

with a mutation rate of 8.1% (Mori et al., 2001). Most of the ZMPSTE24 mutations involve 

the same mechanism of a thymine insertion in a known region of microsatellite instability, 

and thus considering them to be identical mutations at a “hotspot” rather than descendants of a 

founder allele. The investigation of genetic instability finally provided a tool for reliably 

differentiating between heterozygous healthy and homozygous affected individuals for c.1085 

-1086insT by using high fidelity Taq polymerase for sequencing of the amplicon containing 

the mutational hot spot (See 3.2.1.3). Additionally, the separation of heterozygotes from 

homozygotes can be validated by heteroduplex analysis. Adding a normal control DNA to the 

test samples will result in heteroduplexes in heterozygotes and homozygotes as well, while 

denaturing and renaturing test DNA without adding a normal control will result in 

heteroduplexes in heterozygotes only. So the mutation can reliably be used as a direct marker 

for the indirect confirmation of a clinically suspected but unavailable patient for molecular 

analysis by identifying the parents as heterozygous for that mutation by heteroduplex analysis 

and direct sequencing (Fig. 3.23). 

c.50delA, p.K17fsX20 

The ZMPSTE24 mutation c.50delA is a novel mutation occurring in an unrelated 

couple. It can easily be detected by direct sequencing and heteroduplex analysis (Fig 3.20). 

Similar to c.1085-1086insT, the mutation results in a putatively truncated ZMPSTE24 peptide 

p.K17fsX20, which leads to the loss of a functional protein (Fig. 4.2). The disease in G-10688 

can thus be explained by the compound heterozygosity for c.50delA and c.1085-1086insT. 
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c.209_210delAT, p.Y70fsX3 

The ZMPSTE24 mutation c.209_210delAT is a novel mutation that occurred in a 

consanguineous Turkish family (Fig. 3.21). It results in a putatively truncated ZMPSTE24 

peptide p.Y70fsX3, which leads to the loss of a functional protein in a homozygous individual 

(Fig. 4.3). The pathogenic effect of the mutation has additionally been confirmed by showing 

the co-segregation of the disease phenotype with the homozygous c.209_210delAT mutation 

while heterozygous parents and siblings are not affected (Fig. 3.21). This specifically 

“Turkish” mutation is probably caused by presumably specific cultural behaviour and genetic 

isolation leading to a high inbreeding coefficient of this ethnic minority in Germany. This 

favours the occurrence of otherwise rare autosomal recessive disorders with ethnically 

specific mutations. 

 

 

 

 

 

 

c.1385T>G, p.L462R 

All ZMPSTE24 mutations associated with RD are deletions, duplications or nonsense 

mutations leading to a loss of function of a putatively truncated ZMPSTE24 peptide (Navarro 

et al., 2004; Navarro et al., 2005; Moulson et al., 2005; Wehnert et al., 2006). The only 

missense mutation in ZMPSTE24 - c.1018T>C, p.W340R - was found in a Belgian patient 

with severe Mandibuloacral Dysplasia type B lipodystrophy (Agarwal et al., 2003). In the 

present study, the first missense mutation was associated with a clinically unequivocal case of 

 

Figure 4.2: Predicted model of truncated ZMPSTE24 protein 
p.K17fsX20 lacking six transmembrane domains and the ER retention signal 

which is responsible for retaining the protein in the ER 

 
Figure 4.3: Predicted model of truncated ZMPSTE24 protein p.Y70fsX3 lacking 

lacking six transmembrane domains and the ER retention signal which is responsible 
for retaining the protein in the ER 
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RD. The p.L462R mutation substitutes an evolutionarily highly conserved amino acid in a 

rather highly conserved string of amino acids in the ZMPSTE24 peptide (Fig. 3.26). The 

change putatively impairs the C-terminal cytoplasmic domain corresponding to the 

endoplasmic reticulum retention motif (Teasdale et al., 1996) and thus pointing to a 

pathogenic effect. The mutation was heterozygous in the index case and would not explain the 

disease by itself because the healthy mother is a heterozygous carrier too. So a second 

pathogenic mutation should be expected. At least further LMNA and ZMPSTE24 mutations in 

the coding region and the intron/exon boundaries were excluded by the present study. 

Possibly, the missing mutation belongs to a group of mutations that are difficult to detect by 

conventional PCR-based methods. Such mutations could lie in the gene’s promoter, intronic 

regions or could involve segmental deletions that are complemented by normal regions of the 

other allele (Moulson et al., 2005). A mutation in a further gene not yet known to be involved 

in the pathogenesis of RD could be anticipated. Unfortunately, there was no more patient 

material available to test this hypothesis and do further experiments to find the second 

mutation in the index case. Moreover, the p.L462R mutation has not been found in 386 alleles 

of a German population, which would indicate a pathogenic effect. Unfortunately, there was 

no appropriate African (Guinea) reference population available, which could have been used 

to estimate the frequency of p.L462R. Thus, it can not be excluded that p.L462R might be a 

polymorphism or rare non-pathogenic variant in the ethnic group the patient belongs to.  

MADB ZMPSTE24 

Mandibuloacral dysplasia (MAD) is a rare autosomal recessive disorder. Mutations in 

LMNA and ZMPSTE24 can cause MADA and MADB, respectively (Argawal et al., 2003; 

Navarro et al., 2004, Navarro et al., 2005). In the present study, MAD patients tested negative 

for LMNA mutations earlier, have also been tested for ZMPSTE24 mutations. None were 

found. Thus probably further genes are associated with MAD, or the phenotypical (clinical) 

diagnosis was incorrect. 

Functional candidate genes for secondary laminopathies  

As previously mentioned, a high percentage of EDMD patients was tested negative for 

mutations in STA or LMNA (Bonne et al., 2003). Therefore, other genes are supposed to be 

involved in the molecular pathology of EDMD. ZMPSTE24 was considered as a promising 

functional candidate gene in this study, as the gene product - the ZMPSTE24 peptide - takes 

part in the post-translational modification of lamin A (Fig. 1.4). The negative result of the 

present study (See 3.2.3) points to a rather unlikely association of EDMD with ZMPSTE24. 
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Additionally, NARF can very likely be excluded by this study from being associated with 

FPLD, MAD, HGPS and RD, while SREBF1 has obviously no association with FPLD. 

Practical impact 

By the present study, diagnostic tools have been established for molecular genetic 

diagnosis of several very rare primary and secondary laminopathies, which has a direct 

practical impact on disease management of laminopathies. Now, the molecular definition of 

the diseases by association with a specific mutation can be used for genotype/phenotype 

correlation, predictive diagnosis and prenatal diagnosis, which improves genetic counselling 

for affected individuals and their families including those that participated in this study. 
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5. Summary 

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

encoding proteins of the nuclear lamina. One can distinguish between primary and secondary 

laminopathies. Primary laminopathies representing at least fourteen disease phenotypes arise 

through pleiotropic mutations in LMNA - the gene that codes for the A-type lamins A and C, 

mutations in LMNB1 encoding lamin B1 and mutations in LMNB2 encoding lamin B2. 

Secondary laminopathies including disease phenotypes also observed in primary 

laminopathies are caused by genes encoding proteins related to the nuclear lamina like 

ZMPSTE24 (FACE1), LAP2, LBR and thus reflecting genetic heterogeneity in laminopathies. 

The goal of the present investigation was to study pleiotropy and genetic heterogeneity 

in primary and secondary laminopathies by analysis of genotype/phenotype correlations. 

Emery-Dreifuss muscular dystrophy (EDMD), dilated cardiomyopathy with conduction 

disturbances (CMD1A), familial partial lipodystrophy (FPLD), mandibuloacral dysplasia 

(MAD), progeroid syndrome, atypical Werner syndrome (aWRN), restrictive dermopathy 

(RD) and Hallermann-Streiff syndrome (HSS) were included as disease phenotypes to look 

for their association with LMNA (primary laminopathies) and ZMPSTE24 (secondary 

laminopathies). Additionally, EDMD patients without STA or LMNA mutations were tested 

for ZMPSTE24 mutations. A functional candidate gene approach was applied using NARF and 

SREBF1 in patients suffering secondary laminopathies including FPLD, MAD, HGPS and 

RD, who were excluded from having LMNA and ZMPSTE24 mutations. Finally, practical 

consequences of the present study have been considered in genetic counseling and prevention 

of primary and secondary laminopathies. 

Screening for mutations in LMNA, ZMPSTE24 (FACE1), NARF and SREBF1 was 

carried out by PCR using intronic primers flanking each of the exons of the genes tested. The 

PCR products were tested for changes by heteroduplex analysis and directly sequenced by a 

cycle-sequencing procedure. Each DNA variation found was checked for its frequency in 386 

chromosomes of an ethnically matched control population.  

For primary laminolathies, 249 unrelated individuals suffering EDMD, CMD1A 

(DCM), FPLD, MAD, HGPS, aWRN, RD, Hallermann-Streiff syndrome or only partially 

showing clinical features of the afore mentioned disease phenotypes were tested for LMNA 

mutations. Eighteen independent LMNA mutations were found in 249 unrelated patients 

resulting in a general detection rate of 7.2% 
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Among the 79 unrelated Caucasian patients and seven families suffering EDMD or 

EDMD-like disease phenotypes, 14 were found with LMNA mutations, including p.E33G, 

p.R249Q, p.L263P, p.R377H, p.M348I, p.R249W, p.R453W, p.R527P, p.L530R and 

p.R644C have been found, resulting in a detection rate of 17.7%. Of the ten different 

mutations, the three mutations p.L263P, p.M348I and p.L530R are novel. The other seven 

mutations have been reported before to be pathogenic. 

There is strong evidence that indicates the pathogenicity of the three novel mutations, 

p.L263P, p.M348I and p.L530R. Firstly, the mutations exchanged evolutionary highly 

conserved amino acids as shown by orthologous gene comparisons. Secondly, they were not 

found in 386 alleles of a reference population. Moreover, the mutations are located in the α-

helical rod or globular domains of lamins A and C that might lead to the disruption of their 

nuclear function causing in skeletal and cardiac muscular malfunction. 

The LMNA p.M348I mutation was found in a Belgian male patient (G-13730) who also 

carried a STA c.1A>G, p.0 mutation. The STA mutation leading to a loss of emerin has 

previously shown to be causative for X-linked recessive EDMD and would explain the lack of 

emerin and a pathogenic effect found in the affected male by itself. But co-segregation of 

LMNA p.M348I with cardiac conduction disturbances in female family members showed an 

additional cardiac effect of this mutation to the pathology. This observation is one of the very 

rare pieces of evidence for digenic (oligo-allelic) pathogenesis in a neuromuscular disease 

phenotype of laminopathies. It points to related pathogenic mechanisms in EDMD and 

CMD1A that are not associated with STA and LMNA but with other so far unknown genes 

functionally related to the nuclear envelope.  

The known mutation p.R453W of the LMNA gene represents a mutational hot spot. So, 

it was not unexpectedly found in four unrelated EDMD patients of this study. Other recurrent 

mutations p.R249Q and p.R377H were found in two patients each. 

Variable phenotypic expression of the LMNA p.R644C mutation, ranging from no 

clinical signs to fully expressed EDMD was observed in an Austrian family in the present 

study. This mutation has reportedly been associated with strikingly diverse phenotypes in 

unrelated patients including left ventricular hypertrophy, limb girdle muscle weakness, 

CMD1A, FPLD or atypical lipodystrophy, neuropathy and atypical progeria. But the 

mechanism of pathogenesis is unknown. The apparent non-penetrance in relatives raises 

questions about the clinical significance of this missense mutation. However, the observations 
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in the present family and in those previously published provide evidence that the risk to 

express a laminopathy in close relatives is likely to be low but reasonable. 

Of the 49 unrelated Caucasian patients suffering CMD1A four mutations, p.E161K, c.-

3_+12del, p.Y259C and p.R377H, were found resulting in a detection rate of 8.2%, which did 

not significantly differ from the 2.5% found in 197 dilated cardiomyopathy patients of an 

earlier study. This overall low detection rate reflects the wide genetic and environmental 

heterogeneity of the pathogenesis in dilated cardiomyopathy. Otherwise, LMNA mutations 

may cause dilated cardiomyopathy in about 5% of the cases.  

The wide overlapping phenotypic and genetic similarities between Hallermann-Streiff 

syndrome (HSS) and HGPS, made HSS a good candidate disease for a primary laminopathy 

caused by LMNA mutations. But there was no co-segregating disease causing mutation 

identified. Thus, this study excluded HSS for the first time to be associated to LMNA and adds 

to the molecular genetic differentiation by excluding HSS from primary laminopathies.  

Among 32 individuals of 12 families suffering restrictive dermopathy, 22 individuals 

have been found to carry the ZMPSTE24 mutations c.50delA, c.209_210delAT, c.1085 -

1086insT or c.1385T>G. The mutation c.1085 -1086insT is a recurrent mutation that occurred 

in the present sample with a frequency of 68% in all RD patients with a ZMPSTE24 mutation. 

Three mutations, c.50delA, c.209_210delAT and c.1385T>G, are novel mutations. Like the 

c.1085 -1086insT mutation, c.209_210delAT and c.50delA lead to a frame shift, which 

putatively results in a non-functional truncated peptide. As an additional indication for a 

pathogenic effect, the novel mutations c.50delA and c.209_210delAT were not found in 386 

alleles of a normal reference population. The first ZMPSTE24 missense mutation c.1385T>G 

(p.L462R) changing a highly conserved amino acid was found in patient from Guinea 

suffering from a clinically unequivocal case of restrictive dermopathy. The mutation was 

heterozygous in the patient but also in the healthy mother. A second pathogenic mutation 

should be expected. This hypothesis could not be proven, as there was no sufficient test 

material available from the patient and other family members. Moreover, there was no 

appropriate African (Guinea) reference population available, which could have been used to 

estimate the frequency of p.L462R. Thus, it cannot be excluded that p.L462R might be a 

polymorphism or rare non-pathogenic variant in the ethnic group the patient belongs to.  

Genetic instability in ZMPSTE24 has interfered with the molecular genetic diagnosis of 

restrictive dermopathy leading to the inability to distinguish between homozygotes and 

heterozygotes for the ZMPSTE24 mutation c.1085-1086insT. The reason is a repeated 
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thymine (T)9 c.1076-1085 in ZMPSTE24 that can cause a slippage of DNA polymerases. By 

sequencing cDNAs obtained from homozygous wild-type [(T)9], heterozygous [(T)9/(T)10] and 

homozygous mutant [(T)10] individuals by using regular Taq polymerase (Fermentas) or high 

fidelity polymerase (Pfu) for the sequencing reaction the genetic instability was quantified. 

High error rates up to 23% were found if regular Taq polymerase (Fermentas) was used for 

sequencing while using high fidelity polymerase (Pfu) resulted in error rates of 6.2 % or 

lower. As a practical consequence, high fidelity polymerase should always be used to 

distinguish homozygous mutant [(T)10] individuals from heterozygous [(T)9//(T)10] by 

sequencing. 

A high percentage of EDMD patients was tested negative for mutations in STA or 

LMNA (Bonne et al., 2003). Therefore, other genes are supposed to be involved in the 

molecular pathology of EDMD. ZMPSTE24 was considered as a promising functional 

candidate gene in this study, as the gene product - the ZMPSTE24 peptide - takes part in the 

post-translational modification of lamin A. The negative result of the present study points to a 

rather unlikely association of EDMD with ZMPSTE24. Additionally, NARF can very likely be 

excluded by this study from being associated with FPLD, MAD, HGPS and RD, while 

SREBF1 has obviously no association with FPLD. 

By the present study, diagnostic tools have been established for molecular genetic 

diagnosis of several very rare primary and secondary laminopathies, which has a direct 

practical impact on disease management of laminopathies. Now, the molecular definition of 

the diseases by association with a specific mutation can be used for genotype/phenotype 

correlation, predictive diagnosis and prenatal diagnosis. 
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7. Annex 

Table 7.1: PCR conditions for the LMNA/C gene 

Exon-No. Primer Orientation Sequence PCR (bp) Annealing/ PCR conditions 

1a 1773 F 5'- CCC AGA TCC CGA GGT CCG AC -3' 350 66°C; Buffer GIBCO; 1.5µl MgCl2 
 1774 R 5'- AGC CCT GCG TTC TCC GTT TC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

1b 976 F 5'- ACA TCG ACC GTG TGC GCT C -3' 268 2x68°c+28x66°C; Buffer GIBCO; 1.4µl MgCl2 
 977 R 5'- CCT CTC CAC TCC CCG CCA -3'  2.0µl DNA; 0.25µl Taq; 50µl; 

2 1527 F 5'- GGA TGC CCT CTC CTG GTA AT -3' 399 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1528 R 5'- GCT CTG AAA TCA GGT GAC AGG -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

3 980 F 5'- TTC TTG TGT TCT GTG ACC CCT T -3' 232 66°C; Buffer GIBCO; 1.5µl MgCl2 
 981 R 5'- CCC AAG TCT GTC ATC ACC CA -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

4 982 F 5'- GCC CCT GGG TCT TGG CCT CC -3' 273 66°C; Buffer GIBCO; 1.5µl MgCl2 
 983 R 5'- GGC AGT GAG GGA ACC AAT CGA -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

5 1771 F 5'- CCT CCA CCC CTC CCA GTC AC -3' 231 66°C; Buffer GIBCO; 1.5µl MgCl2 
 1772 R 5'- TGC ATC CGG CCC AGA CTC TA -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

6 986 F 5'- CAA ACC CTC CCA CCC CCC -3' 300 2x67°C+35x65°C; Buffer GIBCO; 1.5µl MgCl2 
 987 R 5'- CCA GTT GCC GGG CCA GAG -3'  2.0µl DNA; 0.25µl Taq; 50µl; 

7 988 F 5'- CCC CAC TTG GTC TCC CTC TCC -3' 292 68°C; Buffer GIBCO; 1.5µl MgCl2 
 989 R 5'- CCC TGA TGC AGC TGT ATC CCC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

8 990 F 5'- CCA AGA GCC TGG GTG AGC CTC -3' 229 68°C; Buffer GIBCO; 1.5µl MgCl2 
 991 R 5'- GAC ACT TAC CCC AGC GCT CC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

9 2012 F 5'- CAGGTGGTGACGGTGAGTG -3' 284 55°C; Buffer GIBCO; 1.5µl MgCl2 
 2013 R 5'- CAGCTGGCTCCGATGTTG -3'  2.0µl DNA; 0.25µl Taq; 50µl; 30x 

10 994 F 5'- ACC CTT CCC TGG CCC TGA C -3' 319 64°C; Buffer GIBCO; 1.2µl MgCl2 
 995 R 5'- CAC CTG GGT TCC CTG TTC AAG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

11 996 F 5'- TGG TCA GTC CCA GAC TCG CC -3' 359 2x67°C+28x65°C; Buffer GIBCO; 1.5µl MgCl2 
 997 R 5'- CGC CTG CAG GAT TTG GAG A -3'  2.0µl DNA; 0.25µl Taq; 50µl; 

12 998 F 5'- TGA GGG ATG GGG GAG ATG CT -3' 197 2x68°C+38x66°C; Buffer GIBCO; 1.5µl MgCl2 
 999 R 5'- GGG TGG GCA TGA GGT GAG GA -3'  2.0µl DNA; 0.25µl Taq; 50µl; 
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Table 7.2: PCR conditions for the ZMPSTE24/FACE1 gene 

Exon-No. Primer Orientation Sequence PCR (bp) Annealing/ PCR conditions 

1 1397 F 5'- GGG ACT AGG GAG AGT CTG CAA -3' 268 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1398 R 5'- GTA TGG GGG TCA GGT TGG AC -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

2 1399 F 5'- TGG CAA GCT ATA AAC CAT TCG -3' 399 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1400 R 5'- TGA AAA TGA AAA CAA CCA GAC A -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

3 1401 F 5'- CCG TAC TGG CCT CTT TTG TT -3' 232 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1402 R 5'- GAA AGC CTG CCA AGC TAA AA -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

4 1403 F 5'- TTG ATT TGT TTG CCA GTA GTT CA -3' 273 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1404 R 5'- CAG GAC AAA AGC ACA GAA GTT TT -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

5 1405 F 5'- CCA GTT TCT CAG TTT CTT GTG G -3' 231 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1406 R 5'- TCT CAC CAA GGA ACT TTT GC -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

6 1407 F 5'- GAC ATT TAC TTT TCA GGT TCT TGT CA -3' 300 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1408 R 5'- TCA AAT AAA ACA AAC CAC TTG GA -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

7 1409 F 5'- CTC CAA AGG ACC CCA AAC TT -3' 292 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1410 R 5'- TTT TGA GTT GTC ACA GGA ACT G -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

8 1411 F 5'- TGA AGG GCT ATT ACT GGG TTA AA -3' 229 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1412 R 5'- CCT CTC ATG CCT GCC ATA GT -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

9 1413 F 5'- TGA TCC CAT AGT GAA ATC AGC TT -3' 284 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1414 R 5'- GAT TTG AAG CAG GCA AGA GC -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

10a 1415 F 5'- GGC AGT GGC TAA AAC CCT TT -3' 319 55°C; Buffer GIBCO; 1.0µl MgCl2 
 1416 R 5'- TGC TGC CAG GAC AGA AAT AA -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 
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Table 7.3: PCR conditions for the NARF gene 

Exon-No. Primer Orientation Sequence PCR (bp) Annealing/PCR conditions 

1 1559 F 5´- CTC TCC CGG TGC TCT CAT T -3 ´ 238 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1560 R 5´- CAG AGC CCC ACA GGA CAA -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

2 1561 F 5´- GCT TCA TTG GTC AGA ATG TGC -3´ 232 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1562 R 5´- GAG CCC CCA AAG AGA AAA AC -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

3 1563 F 5´- TCA TGC TGA AAC GTC ATC TTT - 3´ 222 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1564 R 5´- CAC TTC CTC CAG GTC AGC TC -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

4 1565 F 5´- CTT GTG TAA TCA GCA GAT ACC TAA CA -3´ 236 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1566 R 5´- AAA AGG GCG CTT ATA AAC TCA A -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

5 1567 F 5´- GCT GAA TAT GCT CCT CTC TCC T -3´ 213 55°C/Buffer GIBCO; 1.5 µl MgCl2 

 1568 R 5´- TGA AAC CTC TTT TGG CAC CT -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

6 1569 F 5´- AGT AAG GAG CTG ACC GTG GA -3´ 157 55°C/Buffer GIBCO; 1.5 µl MgCl2 

 1570 R 5´-ACC TGC TGT CTG  GCG AAA TA -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

7 1571 F 5´- CAC CTC TTC ACC AGC CCT AA -3´ 185 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1572 R 5´- CCC ACC TCT CAC CTG ATG TT -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

8 1573 F 5´- GGT GAA ACC CCC GTC TCT AC -3´ 236 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1574 R 5´- GCT CAC AGA GAT AGG ATG ATG AAA -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

9 1575 F 5´- ACT CCT GCT GTG TGT GAT GG -3´ 225 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1576 R 5´- AGG ACT CTC CCC AGA GAA GC -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

10 1577 F 5´- GCC TTG TGA GGT TTG GAG AC -3´ 190 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1578 R 5´- GCT AAC CAC AGG CAC AGA CA -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

11 1579 F 5´- TGG ATC AAA ATT CTC TGT GTT CA -3´ 227 2x55°C/28x53°C; 1.0µlMgCl2 

 1580 R 5´- GTG GGA GAC AGA GCC AGG T -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 

12 1581 F 5´- GCC TGA GCC CAG GAT AAA CT -3´ 398 55°C/Buffer GIBCO; 1.0 µl MgCl2 

 1582 R 5´- AAT CCA TTG AGC GGT TTT CTT -3´  1.5 µl DNA; 0.15 µl Taq; 25 µl; 30x 
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Table 7.4: PCR conditions for the SREBF1 gene 

Exon-No. Primer Orientation Sequence PCR (bp) Annealing/ PCR conditions 

1 1637 F 5'- CCC AGT TTC CGA GGA ACT TT -3' 272 53°C; Buffer GIBCO; 1.5µl MgCl2 

 1638 R 5'- CTG ACG CAC CTT CGA TGT C -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

2 1639 F 5'- GCA CCC TCT TCT CCT TTT CA -3' 473 55°C; Buffer GIBCO; 1.0µl MgCl2 

 1640 R 5'- GCC ACA CAT CCC CCT TAC -3'  2.5µl DNA; 0.15µl Taq; 50µl; 30x 

3 1641 F 5'- GAA AGT GGG AGA GGG AGG TC -3' 240 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1642 R 5'- CGG GAC CTG CTG GAT CTG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

4 1643 F 5'- CAG CCC AGA CAC ACA GCT TA -3' 217 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1644 R 5'- TAG ACC CCA CTC CCT TAT GC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

5 1645 F 5'- ACA TGC CCA CCT GGT AAC AT -3' 276 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1646 R 5'- CTG CAG GGC TCT CCA CAC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

6 1647 F 5'- CCT TGC TAG GGC TCT CCA AC -3' 236 56°C; Buffer GIBCO; 1.5µl MgCl2 

 1648 R 5'- GAG AAG AGG CCA GAC TGG AG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

7 1649 F 5'- CTC CTG GCT CTG TTC CTT TC -3' 299 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1650 R 5'- AGA GGA TAT GGC TGG GAG TG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

8 1651 F 5'- CGA TTC TGC CCT CAC CAC -3' 278 68°C; Buffer GIBCO; 1.5µl MgCl2 

 1652 R 5'- GAG TGT CCC TCC CAA AGA TG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

9 1653 F 5'- GAT TTC CTG GGA GCT GTG TC -3' 286 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1654 R 5'- ACA CCC AGC ACC TTC ACA G -3'  2.0µl DNA; 0.25µl Taq; 50µl; 30x 

10 1655 F 5'- TGG AAA ACC CTC ATC CAC AG -3' 300 64°C; Buffer GIBCO; 1.2µl MgCl2 

 1656 R 5'- CCC CAC GCT CAG TCC TAC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 35x 

11 1894 F 5'- CTT CCA GGG AAG CAC ACA G -3' 187 2x67°C+28x65°C; Buffer GIBCO; 1.5µl MgCl2 

 1895 R 5'- CCA AAC CAC TCA CTG TCA GA -3'  2.0µl DNA; 0.25µl Taq; 50µl; 

12 1659 F 5'- ACT GTG ACA GCC CAG TAC CC -3' 248 2x68°C+38x66°C; Buffer GIBCO; 1.5µl MgCl2 

 1660 R 5'- AAT GAG GAT GAG GGA CAG GA -3'  2.0µl DNA; 0.25µl Taq; 50µl; 

13 1661 F 5'- CAC TCA CCT CCT CCT CTC CA -3' 205 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1662 R 5'- GGG TTG AGG CCA GAG CTA TT -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 
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14 1663 F 5'- CCA GCT CTC TCC TTC CAC AG -3' 164 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1664 R 5'- GAG AAG GGA GCC AGG ACA G -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

15 1665 F 5'- AGG GGA CCC TCC CTC TTC T -3' 237 56°C; Buffer GIBCO; 1.5µl MgCl2 

 1666 R 5'- AAG GCT GAG TGA GGC ACA GT -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

16 1667 F 5'- GCA CTC TTC TGC CCT GGT C -3' 247 56°C; Buffer GIBCO; 1.5µl MgCl2 

 1668 R 5'- GGG AAT GGA AAG CTG AAT CC -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

17 1669 F 5'- AGC TGG AGC CCT GGT GAC -3' 297 56°C; Buffer GIBCO; 1.5µl MgCl2 

 1670 R 5'- ATC TCC ACC ACT GCC TGA CT -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

18 1671 F 5'- GCA GTG GTG GAG ATG GAG AG -3' 248 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1672 R 5'- CAC ACA GCC TCC CTT GGT AT -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

19a 1673 F 5'- AGA CCC ATC CCT GAC ACA TC -3' 367 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1674 R 5'- AGT CTC TTG CAC TGC CTT CG -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 

19b 1675 F 5'- CGA AGG CAG TGC AAG AGA CT -3' 491 55°C; Buffer GIBCO; 1.5µl MgCl2 

 1676 R 5'- CAT CCA TCA GCT GAA GAC ACA -3'  2.5µl DNA; 0.25µl Taq; 50µl; 40x 
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Table 7.5: LMNA , ZMPSTE24 and NAFR variants and mutations found in patients 

Nr. Gene 
No. Inheritance Family DNA variation and amino acid       

exchange in LMNA  

DNA variation and amino acid 
exchange  

in ZMPSTE24 (FACE1) 

DNA variation and 
amino acid exchange 

in NARF 

DNA variation  
in SREBF1 

1 3671 S-CMD1A    nd nd nd 

2 3839 S-CMD1A   nd nd nd 

3 4070 S-CMD1A    nd nd nd 

4 4387 S-CMD1A   nd nd nd 

5 4388 S-CMD1A    nd nd nd 

6 4389 S-CMD1A   nd nd nd 

7 4392 S-CMD1A    nd nd nd 

8 4393 S-CMD1A   nd nd nd 

9 4394 S-CMD1A    nd nd nd 

10 4399 S-CMD1A    nd nd nd 

11 4400 S-CMD1A  c.481G>A, p.E161Q nd nd nd 

12 4401 S-CMD1A    nd nd nd 

13 4404 S-CMD1A   nd nd nd 

14 4405 S-CMD1A    nd nd nd 

15 4408 S-CMD1A   nd nd nd 

16 4412 S-CMD1A   
c.861T>C heterozygote; 
 c.1689C>T heterozygote 

nd nd nd 

17 4419 S-CMD1A  c.1698C>T heterozygote nd nd nd 

18 4420 S-CMD1A   c.1698C>T heterozygote nd nd nd 

19 4422 S-CMD1A   nd nd nd 

20 4428 S-CMD1A   c.1698C>T heterozygote nd nd nd 

21 4429 S-CMD1A  c.861T>C heterozygote nd nd nd 

22 4430 S-CMD1A   c.612G>A heterozygote nd nd nd 

23 4456 S-CMD1A   nd nd nd 

24 4465 S-CMD1A    nd nd nd 
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25 4471 S-CMD1A  
c.612G>A heterozygote;  
c.1698C>T heterozygote 

nd nd nd 

26 9800 FPLD Bochum-FPLD-1     

27 9808 AD-EDMD G-EMD-8   nd nd 

28 11836 S- FPLD München-FPLD-1  nd   

29 11950 FPLD Essen-FPLD-1  nd   

30 12689 AD-FPLD? Essen-FPLD-2  nd   

31 12901 S- EMD Erfurt-EMD-1   nd nd 

32 13214 FPLD Warschau-FPLD-1     
33 13215 FPLD Warschau-FPLD-2     
34 13219 FPLD Warschau-FPLD-3     
35 13220 FPLD Warschau-FPLD-4     

36 13223 FPLD Warschau-FPLD-5     
37 13224 FPLD Warschau-FPLD-6  c.651T>C heterozygote   

38 13225 FPLD Warschau-FPLD-6     

39 13226 FPLD Warschau-FPLD-6  c.651T>C heterozygote   

40 13227 FPLD Warschau-FPLD-6   
g.11166T>C 
heterozygote 

 

41 13229 S- EMD  c.788T>C, p.L263P nd nd nd 

42 13232 A- EMD Müchen-EMD-30 c.1698C>T heterozygote  nd nd 

43 13252 A- EMD Essen-EMD-6   nd nd 

44 13263 S- FPLD  Cottbus-FPLD-1     

45 13276 A- EMD Tübingen-EMD-6  c.651T>C heterozygote nd nd 

46 13284 A- EMD Müchen-EMD-31 c.1698C>T heterozygote  nd nd 

47 13285 A- EMD Müchen-EMD-32   nd nd 

48 13286 S- EMD Leipzig-EMD-3 c.1698C>T heterozygote  nd nd 

49 13287 S- A- EMD Hamburg-EMD-5 c.1698C>T heterozygote  nd nd 

50 13352 S- Progeriod  München-Progeroid-33    nd 

51 13352 S- Progeriod München-Progeroid-33     
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52 13353 S-CMD1A Warschau-DCM+CD-1  nd nd nd 

53 13354 S-CMD1A Warschau-DCM+CD-2  nd nd nd 

54 13355 S-CMD1A Warschau-DCM+CD-3  nd nd nd 

55 13356 S-CMD1A Warschau-DCM+CD-4  nd nd nd 

56 13357 S- EMD Dresden-EMD-15 c.1580G>C, p.R527P c.651T>C heterozygote nd nd 

57 13358 A- EMD München-EMD-34   nd nd 

58 13380 S- EDMD München-EMD-35   nd nd 

59 13407 
Sporadic rigid 

spine 
Bochum-EMD-11  c.-156T>C heterozygote nd nd 

60 13416 F- DCM Essen-EMD-11 c.1698C>T heterozygote c.651T>C heterozygote nd nd 

61 13471 S-CMD1A G-DCM+CD-17  nd nd nd 

62 13480 S-CMD1A G-DCM+CD-18  nd nd nd 

63 13482 S- FPLD Augsburg-EDM-2 c.1698C>T heterozygote  nd nd 

64 13498 Emerin reduced München-EMD-36 
c.746G>A, p.R249Q; 

c.1698C>T heterozygote 
 nd nd 

65 13499 S- EMD München-EMD-37 c.1698C>T heterozygote  nd nd 

66 13500 S- EMD München-EMD-38 c.1698C>T heterozygote c.651T>C heterozygote nd nd 

67 13514 S- EMD München-EMD-39 c.1698C>T heterozygote  nd nd 

68 13530 S- EMD Dresden-EMD 
c.1357C>T, p.R453W; 

c.1338T>C heterozygote 
 nd nd 

69 13532 S- RD Heidelberg-RD-1    nd 

70 13533 Mother Heidelberg-RD-1    nd 

71 13534 Father Heidelberg-RD-1  c.651T>C heterozygote  nd 

72 13539 AR-RD Heidelberg-RD-4    nd 

73 13540 AR-RD Heidelberg-RD-4    nd 

74 13541 Mother Heidelberg-RD-4 c.861T>C heterozygote c.1085-1086insT, p.I362fsX380  nd 

75 13542 Father Heidelberg-RD-4  c.1085-1086insT, p.I362fsX380  nd 

76 13544 S- EMD Buchholz-EMD-1   nd nd 

77 13545  München-EMD-40 c.1698C>T heterozygote  nd nd 
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78 12625  Dresden-EMD-12 c.1130G>A, p.R377H nd nd nd 

79 13009  Dresden-EMD-12  nd nd nd 

80 13043  Dresden-EMD-12  nd nd nd 

81 13044  Dresden-EMD-12  nd nd nd 
82 13045  Dresden-EMD-12  nd nd nd 
83 13548  Dresden-EMD-12  nd nd nd 

84 13550  München-EMD-41 
c.612G>A heterozygote;           
c.1698C>T heterozygote 

 nd nd 

85 13557 EMD München-EMD-43  c.651T>C heterozygote nd nd 

86 13623 AD-FPLD Bern-FPLD-1 c.1698C>T heterozygote    

87 13649 EMD Arizona-EMD-1   nd nd 

88 13659 A- EDMD Essen-EMD-8   nd nd 

89 13669 AD EDMD? Ungarn-EMD-4   nd nd 

90 13670 AD-FPLD Halle-FPLD-1 c.1698C>T heterozygote c.651T>C heterozygote   

91 13671 AD-FPLD Halle-FPLD-2     

92 13673 S-CMD1A Warschau-DCM+CD-1  nd nd nd 

93 13674 S-CMD1A Warschau-DCM+CD-2  nd nd nd 

94 13675 S-CMD1A Warschau-DCM+CD-3  nd nd nd 

95 13681  Halle-FPLD-3     

96 13707 S- EMD Halle-EMD-15 c.1357C>T, p.R453W c.651T>C heterozygote nd nd 

97 10688 S- RD Greifswald-RD-1  
c.50delA, p.S17fsX37;  

c.1085-1086insT, p.I362fsX380 
 nd 

98 13625 Mother Greifswald-RD-1  c.1085-1086insT, p.I362fsX380  nd 

99 13725 Father Greifswald-RD-1  c.50delA, p.S17fsX37  nd 

100 13736 S- EMD Malmö-EMD-1   nd nd 

101 13753  Warschau-DCM+CD-4  nd nd nd 

102 13754  Warschau-DCM+CD-5  nd nd nd 

103 13755 S-FPLD Warsaw-FPLD-7     

104 13756 F- EDMD Warsaw-EMD-7   nd nd 
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105 13767 S- EMD München-EMD-45   nd nd 

106 13784 S- EMD Malmö-EMD-2   nd nd 

107 13819 S- EMD Essen-EMD-9   nd nd 

108 13830 A- S- EDMD Berlin-EMD-11   nd nd 

109 13831 CMT? Halle-EMD-16   nd nd 

110 13842 A- S- EDMD Freiburg-EMD/FPLD-1   nd nd 

111 13084  Sidney-EMD-1 c.98A>G, p.E33G nd nd nd 

112 13559  Sidney-EMD-1  nd nd nd 

113 13560  Sidney-EMD-1  nd nd nd 

114 13561  Sidney-EMD-1  nd nd nd 

115 13562  Sidney-EMD-1  nd nd nd 

116 13563  Sidney-EMD-1  nd nd nd 

117 13851  Sidney-EMD-1  nd nd nd 

118 13853  Sidney-EMD-1  nd nd nd 

119 13854  Sidney-EMD-1  nd nd nd 

120 13855  Sidney-EMD-1  nd nd nd 

121 13856  Sidney-EMD-1  nd nd nd 

122 13858 Father Heidelberg-RD-5  c.1085-1086insT, p.I362fsX380  nd 

123 13859 Mother Heidelberg-RD-5    nd 

124 13863 
Myopathy with 
lipodystrophy 

Essen-EMD-10   nd nd 

125 13895  Essen-EMD-11 c.1698C>T heterozygote  nd nd 

126 13899  Halle-EMD-17 
c.612G>A heterozygote;  
c.1698C>T heterozygote 

 nd nd 

127 13900   c.1698C>T heterozygote    

128 13908  Kassel-EMD-1   nd nd 

129 13923  Leipzig-EMD-4   nd nd 

130 13924  Erfurt-EMD-2 c.1698C>T heterozygote  nd nd 

131 13938 A- S- EDMD Moers-EMD-1   nd nd 
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132 13901 S- RD RD-Essen-1 c.1690C>T heterozygote c.209-210delAT,p.Ser70fsX73  nd 

133 13947 S- RD RD-Essen-1 c.1690C>T heterozygote c.209-210delAT,p.Ser70fsX73  nd 

134 13948 S- RD RD-Essen-1  c.209-210delAT,p.Ser70fsX73  nd 

135 13949 Mother RD-Essen-1 c.1690C>T heterozygote c.209-210delAT,p.Ser70fsX73  nd 

136 13950 Father RD-Essen-1  c.209-210delAT,p.Ser70fsX73  nd 

137 13685 S-Progeria Moskau-Progeria-1   
g.11166T>C 
heterozygote 

nd 

138 13952 
Older sister of 

Milena 
Moskau-Progeria-1 c.1698C>T heterozygote   nd 

139 13953 Mother of Milena Moskau-Progeria-1 c.1698C>T heterozygote   nd 

140 13954 Father of Milena Moskau-Progeria-1    nd 

141 13579  Müchen-EMD-44 c.1689C>T, p.R249Q nd nd nd 

142 13840  Müchen-EMD-44  nd nd nd 

143 13841  Müchen-EMD-44  nd nd nd 

144 13957  Müchen-EMD-44  nd nd nd 

145 13958  Müchen-EMD-44  nd nd nd 

146 13979 A- S- EDMD Warsaw-EMD-8   nd nd 

147 13986  Warswa-FPLD   nd  

148 13987  
Warschau-DCM+CD-

10 
 nd nd nd 

149 13988  
Warschau-DCM+CD-

11 
 nd nd nd 

150 13989  
Warschau-DCM+CD-

12 
 nd nd nd 

151 13990  
Warschau-DCM+CD-

13 
 nd nd nd 

152 14002 A- S- EMD Neustrelitz-EMD-1 c.1357C>T, p.R453W  nd nd 

153 14003 A- S- EMD München-EMD-46   nd nd 

154 14041  München-DCM+CD-1  nd nd nd 

155 14059 A- S- EMD Berlin-EMD-12 c.612G>A heterozygote  nd nd 

156 14062  München-EMD-47 c.1698C>T heterozygote  nd nd 

        



Annex                                                                                                                                                                                                                Dissertation 

 110

157 14088 A- S- EMD Warsaw-EMD-12   nd nd 

158 14089  
Warschau-DCM+CD-

14 
c.1698C>T heterozygote nd nd nd 

159 14090 S-CMD1A 
Warschau-DCM+CD-

15 
c.1698C>T heterozygote nd nd nd 

160 14099 S-CMD1A Leipzig-DCM+CD-  nd nd nd 

161 14100  Halle-FPLD-5   nd nd 

162 14101 S-CMD1A Kiel-DCM+CD-1 c.1698C>T heterozygote nd nd nd 

163 14126 
Hallerman Streiff 

syndrome 
Oswestry-Hallermann-

Streiff-1 
c.1698C>T heterozygote nd nd nd 

164 14127  
Oswestry-Hallermann-

Streiff-1 
c.1698C>T heterozygote nd nd nd 

165 14128  
Oswestry-Hallermann-

Streiff-1 
c.1698C>T heterozygote nd nd nd 

166 12784  Balve-EMD-1 c.776A>G, p.Y259C nd nd nd 

167 14129  Balve-EMD-1  nd nd nd 

168 14139  Essen-EMD-12 c.1698C>T heterozygote  nd nd 

169 14143  Essen-FPLD-1 c.1698C>T heterozygote  nd nd 

170 14147  G-EMD-12   nd nd 

171 14153  Salzburg-EMD-4  c.651T>C heterozygote nd nd 

172 14154  Halle-FPLD-6   nd nd 

173 14161 S-CMD1A 
Warschau-DCM+CD-

16 
c.1698C>T heterozygote nd nd nd 

174 14162 S-CMD1A 
Warschau-DCM+CD-

17 
c.861T>C heterozygote nd nd nd 

175 14163 S-CMD1A 
Warschau-DCM+CD-

18 
c.1698C>T heterozygote nd nd nd 

176 14164 S-CMD1A 
Warschau-DCM+CD-

19 
c.861T>C heterozygote nd nd nd 

177 14165  Warsaw-EMD-13   nd nd 

178 13893  Jerusalem-EMD-1 c.1589T>G, p.L530R nd nd nd 

179 13894  Jerusalem-EMD-1  nd nd nd 

180 14176  Jerusalem-EMD-1  nd nd nd 

181 14178  Essen-EMD-13   nd nd 
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182 11205  Aachen-EMD-2 c.1130G>A, p.R377H nd nd nd 

183 14187  Aachen-EMD-2  nd nd nd 

184 14190 S-RD Rothenburg-RD-1 c.1698C>T heterozygote c.1085-1086insT, p.I362fsX380  nd 

185 14198 S-RD Innsbruck-RD-1 c.1698C>T heterozygote   nd 

186 14207 
Atypical 

progeroid patient 
Würzburg-MAD-1 nd c.651T>C heterozygote  nd 

187 14219  Stuttgart-EMD-1   nd nd 

188 14220  München-EMD-49   nd nd 

189 14224  Wien-EMD-1 c.1698C>T heterozygote  nd nd 

190 14230  Wien-EMD-1 c.1698C>T heterozygote  nd nd 

191 14231  Warschau-EMD-15 c.1698C>T heterozygote  nd nd 

192 14232  Warschau-EMD-15   nd nd 

193 14234  Bremen-EMD-1 
c.612G>A heterozygote; 
 c.1698C>T heterozygote 

 nd nd 

194 14246  Mainz,EMD-12 c.745C>T, p.R249W  nd nd 

195 14268 
Atypical 

progeroid patient 
Aachen-MADB-1 nd   nd 

196 14279  Tübingen-EMD-3   nd nd 

197 14280 S- RD Miami-RD-1 c.861T>C heterozygote   nd 

198 14498  Tübingen-EMD-3   nd nd 

199 14509  München-EMD-50   nd nd 

200 14516  G-EMD-112   nd nd 

201 14527  München-EMD-51 c.612G>A heterozygote  nd nd 

202 14533  Leipzig-EMD-5   nd nd 

203 13730  Antwerpen-EMD-2 c.1044G>T, p.M348I nd nd nd 

204 14537  Antwerpen-EMD-2  nd nd nd 

205 14538  Antwerpen-EMD-2 c.1044G>T, p.M348I nd nd nd 

206 14538  Antwerpen-EMD-2  nd nd nd 

207 14544 A- S- EMD Halle-EMD-18 c.1698C>T heterozygote  nd nd 
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208 14546 
LGMD, 

XL-EMD 
Essen-EMD-14 c.1698C>T heterozygote  nd nd 

209 14246  Mainz-EMD-13 c.745C>T, p.R249W nd nd nd 

210 14549  Mainz-EMD-13  nd nd nd 

211 14550  Mainz-EMD-13  nd nd nd 

212 14551  Mainz-EMD-13  nd nd nd 

213 14210  München-EMD-48 
c.-3_+12 del;  

c.1698C>T heterozygote 
nd nd nd 

214 14545  München-EMD-48  nd nd nd 

215 14563  München-EMD-48  nd nd nd 

216 14564  München-EMD-48  nd nd nd 

217 14580  München-EMD-48  nd nd nd 

218 14581  München-EMD-48  nd nd nd 

219 14582  Zell-EMD-1 
c.612G>A heterozygote; 
 c.1698C>T heterozygote 

 nd nd 

220 14601  Müchen-MD-52   nd nd 

221 14602  Essen-EMD-15   nd nd 

222 14616  Graz-EMD-2 
c.1357C>T, p.R453W;  

c. 1338T>C heterozygote 
c.651T>C heterozygote nd nd 

223 14645  Newcastle EMD-2   nd nd 

224 14663  München-emd-53   nd nd 

225 14664  Halle-EMD-19   nd nd 

226 14684  München-emd-54   nd nd 

227 14685  München-emd-55   nd nd 

228 14615  Graz-EMD-1 c.1930C>T, p.R644C nd nd nd 

229 14697  Graz-EMD-1 c.1930C>T, p.R644C nd nd nd 

230 14698  Graz-EMD-1 c.1930C>T, p.R644C nd nd nd 

231 14699  Graz-EMD-1 c.1930C>T, p.R644C nd nd nd 

232 14700  Graz-EMD-1  nd nd nd 

233 14701  Graz-EMD-1  nd nd nd 
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234 14702  Graz-EMD-1 c.1930C>T, p.R644C nd nd nd 

235 12660 Sporadic Freiburg-Progeria-1 c.428C>T, p.S143F   nd 

236 12832 Father Freiburg-Progeria-1    nd 

237 12833 Mother Freiburg-Progeria-1    nd 

238 14737 Fetus Freiburg-Progeria-1    nd 

239 13536 Sporadic RD Heidelberg-RD-3  c.1085-1086insT, p.I362fsX380  nd 

240 13537 Mother Heidelberg-RD-3  c.1085-1086insT, p.I362fsX380  nd 

241 13538 Father Heidelberg-RD-3  c.1085-1086insT, p.I362fsX380  nd 

242 14748 Fetus Heidelberg-RD-3  c.1085-1086insT, p.I362fsX380  nd 

243 14749 S- RD Offenbach-RD-1  c.1385T>G, p.L462R  nd 

244 14767 Mother Offenbach-RD-1  c.1385T>G, p.L462R  nd 

245 14769 S- RD Tawam-RD-1    nd 

246 13535 S- RD Heidelberg-RD-2 
c.1698C>T heterozygote; c.861T>C 

heterozygote 
c.1085-1086insT, p.I362fsX380  nd 

247 14788 Mother Heidelberg-RD-2 
c.1698C>T heterozygote; c.861T>C 

heterozygote 
c.1085-1086insT, p.I362fsX380  nd 

248 14789 Father Heidelberg-RD-2 
c.1698C>T heterozygote; c.861T>C 

heterozygote 
c.1085-1086insT, p.I362fsX380  nd 

249 14809 Fetus Heidelberg-RD-2  c.1085-1086insT, p.I362fsX380  nd 
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Note 

S-          Sporadic                                                                                                     

A-         Ambiguous                                                                                            

F-          Familial                                                                                                             

nd          not detected       

           Dilated cardiomyopathy with conduction disturbances (CMD1A) 

           Restrictive dermopathy (RD) 

           Hutchinson-Gilford progeria (HGPS)  

           Emery-Dreifuss dystrophy patients (EMD)  

           Emery-Dreifuss dystrophy families (EMD) 

           Hallermann-Streiff syndrome 

           Mandibuloacral dysplasia (MAD) 

           Familial partial lipodystrophy (FPLD) 
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