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ABSTRACT 

Mutations in the LMNA gene, which encodes the nuclear lamin A/C protein, are implicated 

in the pathogenesis of over ten phenotypically diverse diseases, including dilated 

cardiomyopathy (DCM). Two hypotheses have been proposed to explain the tissue 

specificity of LMNA mutations: 1) Nuclear fragility which may affect to a greater extent 

mechanically stressed tissues such as cardiac muscle (structural hypothesis); and 2) 

dysregulation of gene transcription. The objective of this study was to determine which 

hypothesis explains how LMNA mutations cause DCM. In our cohort of 25 DCM patients, 

34% displayed cardiomyocytes with nuclear abnormalities, however, point mutations or 

large deletions of the lamin A/C gene were found in both patients with or without nuclear 

envelope damage. Moreover, some DCM patients with nuclear damage were free of lamin 

A/C gene somatic mutation. These results provide support for the structural hypothesis, but 

do not exclude the hypothesis of dysregulation of gene transcription. To test the latter 

hypothesis, we used cellular models expressing lamin A/C mutant proteins. We showed that, 

although the distributions of some proteins known to be involved in transcription regulation, 

such as SUMOl or Ubc9 are disturbed, lamin A/C mutants have no significant effect on 

transcriptional activity of GATA-4 and MEF2C, two sumoylated transcription factors 

involved in cardiac gene transcription. In conclusion, we confirmed that structural 

hypothesis plays a role in DCM pathogenesis, however at this point, the gene-regulation 

hypothesis can not be excluded. We showed for the first time that a large deletion 

encompassing several exons of the LMNA gene and leading to a marked reduction of lamin 

A/C proteins in cardiac tissue, and thus to haploinsufficiency, is a new molecular mechanism 

associated with dilated cardiomyopathy. 
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CHAPTER 1 

GENERAL INTRODUCTION 
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1.1. Review of the Literature 

1.1.1. Dilated Cardiomyopathy 

Dilated cardiomyopathy (DCM) is characterized by dilatation of cardiac chambers 

and reduced systolic function, leading to heart failure and sudden death. It is the most 

common indication for heart transplantation. Some of the known causes of DCM are viral 

myocarditis, coronary artery disease, systemic disease, and myocardial toxins. However, 

about one-half of DCM cases are idiopathic. In the United States, idiopathic DCM has a 

prevalence of approximately 36.6 cases per 100,000 adults, with a death rate of about 10,000 

per year and the mortality is estimated to be 30-50% at 5 years (Codd et ah, 1989, Dec and 

Fuster et ah, 1994). The incidence of DCM in U.S. children below the age of 18 has been 

estimated at 0.57 cases per 100,000 per year, which is about ten-fold lower than in adults 

(5.5 cases per 100,000 population per year) (Towbin et ah, 2006). Age of onset and severity 

of symptoms differ among DCM patients. 

DCM is diagnosed using echocardiography, through which the degree of dilatation 

and ejection fraction can be measured. Conduction abnormalities are detected through 

electrocardiography. More invasive techniques such as cardiac catheterization can also be 

sometimes employed to more precisely measure cardiac function. Pharmacological treatment 

of DCM consists of angiotensin-converting enzyme inhibitors, beta blockers, anticoagulants, 

digoxin, and diuretics (Dec and Fuster, 1994,). Progressive heart failure in DCM patients 

often necessitates heart transplantation (Hermida-Prieto et ah 2004, Sylvius et ah 2005). 
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1.1.2. Familial DCM: The genes involved 

Familial DCM remained poorly characterized until the early 1990's. Grunig et al. 

reported that familial DCM may account for 35% of all idiopathic DCM cases (Grunig et al., 

1998). Familial DCM can be autosomal dominant, autosomal recessive, X-linked, and 

mitochondrial, with autosomal dominant being the most common mode of inheritance (Ku 

et. al 2003, Mestroni et al., 1999). To date, mutations in 33 genes have been associated with 

dilated cardiomyoapthy. The genetic causes of DCM can be classified into different groups 

based on the function of the proteins encoded by these genes: 1) mutations in the genes 

encoding sarcomeric proteins such as cardiac beta-myosin heavy chain, troponin T, and 

cardiac actin; 2) mutations in genes encoding sarcomeric or extra-sarcomeric cytoskeleton 

proteins such as desmin, dystrophin, titin, and telethonin; 3) mutations affecting nuclear 

envelope proteins such as lamin A/C (encoded by LMNA gene) and thymopoetin; 4) 

mutations in proteins involved in ion homeostasis such as phospholamban. Mutations have 

also been found in proteins not belonging to these categories such as the transcription factors 

EYA5 and CARP, and the heat shock protein aB-crystallin (Olson et al., 2001, Fatkin et al., 

2002, Olson et al., 2002, Mohapatra et al., 2003, Vatta et al. 2003, Schonberger et al., 2005, 

Inagaki et al., 2006, Karkkainen et al., 2007, Duboscq-Bidot et al., 2009, MIM#115200) 

(Table 1.1, Appendix 1). Certain chromosomal locations have also been linked to the disease 

without subsequent positional identification of the disease gene (Karkkainen et al., 2007). Of 

all the genes identified, the LMNA gene is the most frequently reported gene involved in the 

disease. This gene encodes for alternatively spliced A-type lamins (A and C), both of which 

are major components of nuclear lamina. Sylvius and Tesson (2006) reported that mutations 

in LMNA are responsible for 5% of DCM cases genotyped worldwide from 1999-2006 
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(Tesson et al., 2006). Age of DCM onset and disease severity in patients with LMNA 

mutations vary both within and across families (Taylor et al., 2003, Hermida-Prieto et al., 

2004, Sylvius et al., 2006). Furthermore, 25% of the patients carrying LMNA mutations do 

not develop DCM, and remain asymptomatic for their entire life (Sylvius et al., 2006). 

Several groups have reported that symptomatic carriers of LMNA mutations are faced with a 

worse prognosis for DCM than carriers of mutation in another DCM gene (Taylor et al., 

2003, Hermida-Preito et al., Sylvius et al., 2006, 2004, Karkkainen et al., 2007). A meta­

analysis of 21 studies enrolling a total of 299 LMNA mutation carriers with DCM suggested 

that DCM patients with LMNA mutations have a high risk of dysrhythmia (92% of cases), 

heart failure (64% of the patients after the age of 50), and sudden death due to 

tachyarrhythmia (the most common cause of death in 46% of cases) (Van Berlo et al., 2005). 

In the same study, sudden death occurred in 43% of patients who had a pacemaker 

implanted, indicating that pacemaker implantation may not prevent this outcome. However, 

prophylactic therapy with implantable cardioverter defibrillator has been shown to be 

effective in preventing sudden death in DCM patients with LMNA mutations (Meune et al. 

2006). 

Because LMNA mutations are the most frequently reported cause of genetic DCM, a 

thorough understanding of the structure and function of nuclear lamins, as well as the 

consequences of LMNA mutations, is required to understand the pathogenesis of DCM 

caused by LMNA mutations. 
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1.1.3. Nuclear Envelope, Lamina and Lamins 

The nucleus is surrounded by the nuclear envelope that separates nuclear contents 

from the cytoplasm. The nuclear envelope consists of inner and outer membranes separated 

by a perinuclear space, and connected at nuclear pores. Nuclear pores play a key role in 

regulating the transport of materials such as RNA and protein between the nucleus and 

cytoplasm. The nuclear lamina is a meshwork of proteins located beneath the nuclear 

membrane (Stuurman et al., 1998). Nuclear lamins are a type of intermediate filament (IF) 

proteins that comprise an integral part of the nuclear lamina (Fuchs et al., 1994, Fisher et al., 

1986). The IF super-family consists of 60 members, belonging to 5 different groups (I-V). 

Most IF super-family proteins are cytoplasmic (from group I-IV), while lamins, which 

belong to group V, are nuclear (Hutchinson 2002). Lamins are not only found in the nuclear 

lamina, but also in the nucleoplasm (Stuurman et al., 1998). 

1.1.4. Lamins: Assembly and Structure 

There are two main types of lamins in vertebrate cells: A-type lamins and B-type 

lamins (Fuchs et al., 1994). The A-type lamins are encoded by a single gene, LMNA, 

whereas the B-type lamins: Bl and B2 are encoded by two separate genes, LMNB1 and 

LMNB2 (Broers et al., 2006). The B-type lamins are expressed at constant levels in all multi­

cellular eukaryotic cells, the expression of A-type lamins is however more developmentally 

regulated. The expression of A-type lamins increases during differentiation and is highest in 

terminally differentiated cells (Stuurman et al., 1998). 

The two major isoforms of A-type lamins are lamin A (70 kDA) and lamin C (60 

kDA). Lamin A and lamin C are generated by alternative splicing of exon 10 of the LMNA 
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gene (Lin et al., 2003) (Figure 1.1). Lamin C is identical to lamin A for the first 566 amino 

acids, but lacks amino acids encoded by exon 11, and ex on 12. Instead it carries 5 lamin C-

specific amino acids before an early termination. Lamin A, on the other hand, also carries 

lamin A specific region from amino acid 566-664 (Zastrow et al., 2004) (Figure 1.1). Lamin 

C2 and Lamin AA10 are two other isoforms of A-type lamins (Furukawa et al., 1995, 

Machiels et al., 1996). Lamin C2 (52 kDA) is expressed exclusively in germ-cells. It is 

structurally similar to lamin C, however its N-terminal head is encoded by an alternative 

exon 1C2 located in the first intron of the LMNA gene (Furukawa et al., 1995). Lamin AA10 

(65 kDA) is expressed in a variety of tissues, in relatively small amounts as compared to 

lamin A and lamin C. Structurally, it is very similar to lamin A, except that it lacks amino 

acids encoded by exon 10 (Machiels et al., 1996). 

The carboxyl terminus of pre-lamin A and lamin B contains a CAAX box (cysteine-

aliphatic-aliphatic-any residue), which is absent in lamin C (Lin et al., 2003, Zastrow et al., 

2004). For conversion to lamin A, pre-lamin A is modified by isoprenylation (farsenylation) 

of the cysteine residue, followed by removal of the AAX sequence by ZMPSTE24 protease 

(Zastrow et al., 2004, Broers et al., 2006). Subsequently, the COOH-terminal cysteine 

residue undergoes carboxymethylation. Both these processes are important for localization 

of lamins to the inner nuclear membrane. Once at the nuclear membrane, lamin A is 

proteolytically cleaved by ZMPSTE24 zinc metalloproteinase to remove the modified 

cysteine and an additional 14 residues (Zastrow et al., 2004, Broers et al., 2006). Lamin B, 

however, remains isoprenylated. The process by which pre-laminA is converted to lamin A 

is essential for incorporation of lamin A into the nuclear lamina (Broers et al., 2006) (Figure 

1.2). 
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Figure 1.1: LMNA gene alternative splicing isoforms. Alternative splicing of the LMNA 
gene produces lamin A, lamin C, lamin AA10 and lamin C2. (A) Lamin C2 is produced by 
5' alternative splicing, with its N-terminal head encoded by an alternative exon 1C2 located 
in the first intron of the LMNA gene. (B) LMNA gene also undergoes splicing at the 3' end to 
generate lamin C, lamin C2, lamin A and lamin AA10. Lamin C and lamin C2 lack exon 11, 
and exon 12. Lamin AA10 lacks exon 10. 
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Figure 1.2: Schematic representation of pre-lamin A processing to produce mature lamin 
A/C. Reproduced with permission of American Physiological society, from Nuclear Lamins: 
Laminopathies and their role in pre-mature ageing, J.L.V. Broers 86, 2006 (Copyright 2008); 
permission conveyed through Copyright Clearance Center, Inc. 
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Like all intermediate filament (IF) proteins, lamins consist of an N-terminal head 

domain, a central helical rod domain, and a C-terminal globular tail domain containing an 

immunoglobulin (Ig) fold and a nuclear localization signal (Zastrow et al., 2004, Fisher et 

al., 2006) (See Figure 1.3). The strongest homology among lamins is found in the two end 

rod segments which are about 30 amino acids long. These are also highly conserved among 

other IF proteins, and play an important role in forming higher order oligomers. The helical 

rod domain of nuclear lamins consists of helical segments 1A, IB, 2A and 2B, separated by 

linker segments LI, L12, and L2 (Stuurman et al., 1998). The rod domain of the nuclear 

lamins have an extended Coil IB, which makes then 42 amino acids longer than cytoplasmic 

IF proteins. This a-helical rod domain is responsible for the dimerization of two lamin 

monomers into a parallel coiled-coil homodimer, the basic structural unit of lamin assembly. 

These homodimers first interact in a head-to-tail fashion, and then laterally to create anti-

parallel proto-filaments. Eight of these protofilamens combine to form the 10 nm 

intermediate filament structure (Burke et al 2001) (Figure 1.3). 
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Figure 1.3: Schematic representation of the structure of lamin proteins. A: They consist of 
an N-terminal globular head domain and a C-terminal globular tail domain that flank the 
central rod domain, comprising four coiled-coil domains 1A, IB, 2A and 2B. The globular 
tail domain consists of the nuclear localization signal (NLS) and CAAX motif (found in 
lamin A and lamin B, but not in lamin C) (Broers et al., 2006). Reproduced with permission 
with permission of American Physiological society, from Nuclear Lamins: Laminopathies 
and their role in pre-mature ageing, J.L.V. Broers 86, 2006 (Copyright 2008); permission 
conveyed through Copyright Clearance Center, Inc. B: Exons 1-12 encoding different 
domains of lamin A. Exon 1 encodes the N-terminal globular head domain. Exons 1-6 
encode the rod domain and exons 7-10 encode the C-terminal tail domain of lamin C. Exons 
7-12 encode the C-terminal tail domain of lamin A. Exons 8 and 9 form the Ig fold domain. 
Alternative splicing in exon 10 generates lamin C which carries extra lamin C-specific 
amino acids (56-572) (Capell et al., 2006). Reprinted by permission from Macmillan 
Publishers Ltd. 
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1.1.5. Lamin dynamics during Interphase and Mitosis 

Lamin dynamics vary according to the stage of the cell cycle. Through the use of 

fluorescence bleaching techniques in cells expressing GFP-lamins, it has been demonstrated 

that lamins form stable structures in interphase cells; hence, their turnover during interphase 

is minimal (Broers et al., 2004b, Broers et al., 2006). 

Cell division is associated with important changes in the organization of the lamina. 

During mitosis, lamins undergo depolymerization, a process believed to be caused by 

increased phosphorylation of lamin proteins by cyclin-dependent kinase 1 (Cdkl) (Peter et 

al., 1990). Following depolymerization, lamins A and C become completely solublized, 

whereas B-type lamins maintain their association with membrane vesicles (Gerace 1980, 

Burke et al., 1986, Nigg et al, 1992). 

Following mitosis, both A and B-type lamins undergo dephosphorylation and 

reassemble to form the lamina (Burke et al., 1986) at about the same time as formation of the 

nuclear envelope (Goldman et al., 2002). Reassembly of all three A-type lamins does not 

begin until the later stages of cytokinesis, after the decondensation process of the 

chromosomes has been initiated, and nuclear pores have been formed (Broers et al., 1999, 

Moir et al., 2000). A-type lamins first accumulate in the nucleoplasm, and then are gradually 

incorporated into the lamina (Moir et al., 2000). 

Data regarding the dynamics of lamin B re-assembly are conflicting. Some studies 

have demonstrated that lamin Bl associates with chromosomes during anaphase/telophase as 

they reach the spindle poles, suggesting that lamin B1 polymerization plays an integral role in 

both chromosomal decondensation and in the early stages of nuclear envelope assembly (Moir 

et al., 2000). However, others have shown that lamin Bl accumulation around chromatin 
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occurs during late telophase or early cytokinesis, once nuclear envelope has already been 

initiated and nuclear pores have been assembled (Chaudhary et ah, 1993, Diagle et ah, 2001). 

Taken together, these studies indicate that both A and B-type lamins are involved in nuclear 

envelope assembly, although their exact roles remain unclear. 

1.1.6. Functions of Lamins 

1.1.6.1. Role of A-type Lamins in Nuclear architecture 

Many studies have shown that lamins play an important role in maintaining the shape 

and size of the nucleus (Hutchinson et ah, 2002). Through interactions with the nuclear pore 

protein NUP153, lamins also play an important role in anchoring nuclear pore complexes to 

the inner nuclear membrane (Hutchinson et ah, 2002). Liu et ah (2000) showed that 

depletion of a single lamin gene (lmn-1) in C. elegans resulted in the formation of smaller 

sized nuclei with abnormal nuclear morphology and clustering of nuclear pore complexes. 

Lmn-1, the only lamin found in C. elegans, is localized to the nuclear periphery, and is 

thought to perform the roles played by both A and B-type lamins in other species (Liu et ah, 

2000). Alterations in nuclear morphology such as elongation and irregular nuclear shape 

have been found in cells derived from LMNA -/- mice, suggesting a role for lamins in 

maintaining the shape of nuclei. Furthermore, aberrations in nuclear morphology such as 

membrane disruption, nuclear pore clustering, and dysmorphic nuclei have also been found 

in patients carrying LMNA mutations, indicating that lamins play an important role in 

maintaining nuclear envelope integrity and proper positioning of nuclear pores in the inner 

nuclear membrane (Vigouroux et ah, 2001, Verga et ah, 2003). 
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Lamins have been shown to be essential for the reassembly of the nuclear membrane 

following mitosis (Ultizur et al., 1992, Burke et al., 1996). To ensure assembly and 

maintenance of nuclear envelope integrity, lamins interact with a number of nuclear 

membrane proteins. Various interacting partners of lamin A/C are depicted in the figure 1.5 

(For a complete list of interacting partners, see Table 2, Appendix 2). 

One of these proteins LAP2a, also called thymopoetin, is the only known lamin A/C 

interacting protein that has been shown to carry a p.R690C mutation in 2 severely affected 

DCM siblings (Taylor et al., 2005). The identified mutation occurred in the C-terminal 

domain of the thymopoietin alpha, a region known to interact with lamin A/C (residues 319-

566). LAP2a is a non-membrane isoform of the LAP2 family that binds to the C-terminal 

tail domain of lamins during interphase (Gl phase), and is thought to tether the A-type 

lamins to intranuclear sites (Dechat et al., 2000, Zastrow et al., 2004) . 

A-type lamins also interact with nesprin 1 and nesprin 2 isoforms (Mislow et al., 

2002, Zhang et al., 2004). These two proteins are of particular interest because nesprin 1 and 

2 gene mutations have been found in Emery-Dreifuss muscular dystrophy (EDMD) patients, 

a disease also caused by mutations in the LMNA gene (Zhang et al., 2007). Moreover, 

nesprin 2 has been recently shown to have a general role in rendering the nuclear envelope 

less susceptible to mutant LMM4-induced nuclear deformations (Kandert et al., 2007). 

Nesprin-la is a spectrin repeat containing transmembrane protein found in the inner nuclear 

membrane. It consists of a large nucleoplasm^ domain containing 7 spectrin repeat domains, 

and a carboxy terminal membrane spanning domain, and an interrupted LEM domain. 

Nesprin-la binds to the C-terminal domain of lamin A/C and the N-terminal domain of 

emerin (Mislow et al., 2002). Nesprin-2 isoforms (smaller isoforms of nesprin) are found in 
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the inner nuclear membrane where they bind to emerin and lamin. Furthermore, the giant 

isoforms of both nesprin 1 and nesprin 2 are found at the outer nuclear membrane. These 

isoforms consists of an N-terminal calponin homology domain, which is responsible for its 

interaction with actin. It also consists of a C-terminal KLS domain, which contains a 

transmembrane domain, and is necessary for nuclear envelope localization (Zhang et al., 

2004). The two domains are separated by a variable repeat rod domain. The C-terminal KLS 

domain of nesprins has been shown to interact with SUN1 proteins. The SUN1 proteins are 

tethered to the inner nuclear membrane through the interaction of their N-terminal domain 

with lamin A. The C-terminal domain of SUN1 interacts with the KLS domain of nesprins in 

the nuclear envelope lumen. These observations suggest that nesprins and SUN1 proteins 

may play a role in connecting the nuclear matrix to cytoplasmic architecture by interacting 

with lamins and emerin in the inner nuclear membrane, and interacting with actin on the 

cytoplasmic side (Haque et al., 2006, Stewart et al., 2007) (Figure 1.4). From the perspective 

of DCM, in which most of the causative genes encode cytoplasmic or sarcomeric proteins, 

the connection between the cytoskeleton and the nuclear lamina provides a putative common 

mechanism by which mutations in the diverse proteins implicated in DCM cause the disease. 

Emerin, another important architectural lamin A/C interacting protein, has been 

shown mutated in EDMD patients (Ostlund et al., 1999). Emerin is present in the inner-

nuclear membrane and interacts with the tail domain of lamin A/C (Zastrow et al., 2004). 

Emerin is thought to play an important role in the nuclear architecture through its binding 

with lamins and other proteins. 
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Figure 1.4: SUN1 localization and interaction with lamin A/C and nesprin at nuclear 
envelope. The nucleoplasms domain of SUN1 lies in the nucleoplasm where it interacts 
with lamin A/C. Its C-terminal domain lies in the nuclear envelope lumen, where it interacts 
with KLS/KASH domain of nesprin. The N-terminal calponin homology domain of nesprin 
interacts with actin. In this manner, SUN1 helps in connecting the nucleus to the actin 
cytoskeleton (Adapted from Molecular and Cellular Biology, Haque et al. 2006). 
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Cytoplasm 

Figure 1.5: Schematic representation of lamins with some of its interacting partners. The 
nuclear lamina consisisting of lamin A, lamin C and lamin B lies on the inner side of the 
nuclear membrane. Nuclear lamins interact with nuclear pore complexes and chromatin. 
They also interact with several nuclear envelope proteins such as Nesprin, LAP2 (lamin 
associated protein), LAP1, MAN1 (Inner nuclear membrane protein Manl), LBR (Lamin B 
receptor) and Emerin. They also interact with transcription factors such as RB1 
(Retinoblastoma protein), and SREBP1 (Serum response element binding protein (Capell et 
al., 2006). Reprinted by permission from Macmillan Publishers Ltd. 
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1.1.6.2. Role of A-type lamins in DNA Replication 

Lamin-depleted Xenopus extracts assembled in vitro failed to initiate DNA 

replication (Meier et al., 1990, and Newport et al., 1990). Furthermore, addition of a 

dominant negative lamin A mutant (lacking the amino-terminal) to mammalian cells 

disrupted lamin organization and inhibited DNA synthesis (Spann et al., 1997). Similar 

results were obtained by over-expression of the lamin A/C C-terminal domain in mammalian 

cells (Shumaker et al., 2008). These studies suggest that normal lamin organization is 

required for DNA replication, yet the precise role of lamins remains unclear. It has been 

suggested that lamins may affect DNA replication in two possible ways. First, through the 

maintenance of nuclear envelope integrity, thus allowing for the selective import of 

replication factors, and creating the necessary nuclear environment for replication (Walter et 

al., 1998). Second, lamins may affect DNA replication by forming a scaffold for multi-

protein complexes that play a role in DNA replication. Indeed, A-type lamins have been 

shown to bind with chromatin through their C-terminal tail domains, an interaction mediated 

through core histones (Taniuara et al., 1995). They have also been shown to bind directly to 

the minor groove of DNA (Luderous et al., 1994). A-type lamins also bind with Barrier-

auto-integration factor (BAF), a DNA-binding protein (Zastow et al., 2004). Interestingly, 

the lamin A/C interacting protein emerin also binds to BAF through its LEM domain (Lee et 

al., 2001). Similarly, LAP2a (another LEM domain-containing protein) has separate binding 

sites for BAF, lamin A/C and chromatin (Zastrow et al., 2004). These studies indicate that 

BAF may function in linking lamin A/C and its binding partners to chromatin. 

The scaffolding model is further supported by the existence of nucleoplasm^ lamins. 

The nucleoplasmic lamins have been shown to exist as foci in the Gl and S-phase of the cell 
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cycle (Bridger et al., 1993, Kennedy et al., 2000). In primary mammalian cells in S-phase, 

these lamin A/C foci co-localized with the replication foci and replication factors such as 

Proliferating Cell Nuclear Antigen (PCNA), suggesting that lamins may play a role in 

organizing replication sites. Furthermore, the IgG fold domain in the C-terminal domain of 

lamin A and lamin C has been shown to interact with PCNA (Shumaker et al., 2008). It has 

also been demonstrated that the nucleoplasm^ lamins are a component of the diffuse 

nucleoskeleton, which is present throughout the nuclear interior and is associated with 

chromatin and sites of DNA replication (Hozak et al., 1995, Neri et al., 1999). Taken 

together, these studies indicate that lamins may form a nuclear scaffold upon which 

chromatin organizes and associates with essential DNA replication factors or other proteins. 

1.1.6.3. Role of A-type lamins in transcription 

There is a growing body of evidence that A-type lamins play an important role in 

transcription, although their specific functions in regulating this process remain largely 

unknown. Similar to their role in DNA replication, it is suggested that A-type lamins could 

play a role in transcription by providing a scaffold for the organization of chromatin and 

protein complexes that play a role in regulating transcription (Zastrow et al., 2004). A-type 

lamins have been shown to interact with many transcription factors such as retinoblastoma 

protein 1 (pRbl), which is involved in transcriptional repression, via E2F (Zastrow et al., 

2004). Retinoblastoma and E2F-1 have been found to co-localize with intranuclear sites of 

lamin A/C (Kennedy et al., 2000). Interestingly, the lamin A/C interacting protein LAP2a 

(thymopoietin) also interacts with pRbl, suggesting that in vivo, a complex containing lamin 

A/C, thymopoietin and pRbl is involved in regulating gene transcription (Zastrow et al., 
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2004). It has been shown that in cells lacking lamin A/C, the amount of retinoblastoma 

protein is also drastically reduced (Johnson et al., 2004). A-type lamins also interact with 

transcription factors Sterol Response Element Binding Proteins 1 and 2 (SREBP) and MOK2 

(Dreuillet et al., 2002, Lloyd et al, 2002). SREBP proteins bind to the Ig fold domain of the 

lamin A/C tail and play an important role in regulating cholesterol biosynthesis and 

lipogenesis (Lloyd et al., 2002). It has been shown that lipodystrophy-causing LMNA 

mutations reduce the interaction of lamin A/C with SREBP by 25-50%. A-type lamins also 

interact with actin, which has been shown to play a role in mRNA processing and nuclear 

transport (Shumaker et al., 2003). The role of lamins A/C in transcription was particularly 

evident in a study showing that introduction of a dominant-negative lamin mutant (lacking 

the N-terminal domain) in BHK 21 cells (Baby Hamster Kidney cells) resulted in the 

disruption of lamin organization via the formation of abnormal nucleoplasm^ aggregates in 

both the intranuclear lamin speckles and peripheral lamins. This disruption in lamin 

organization correlated with inhibition of polymerase-II (POLII)-mediated transcription, 

suggesting that normal organization of lamins is essential for nuclear transcription (Spann et 

al., 2002). Furthermore, it has been demonstrated that inhibition of RNA POLII mediated 

transcription in HeLa cells is followed by the synchronous and reversible enlargement of 

intranuclear lamin A/C speckles, together with enlargement of splicing factor compartments 

(SFC) speckles, which co-localize (Kumaran et al., 2002). Conversely, disruption of the 

intranuclear lamin foci led to the depletion of splicing factors and the down-regulation of 

transcription. The authors suggested that lamin speckles may help organize RNA POLII-

mediated transcription and mRNA splicing in response to specific signals. 
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1.1.7. Laminopathies: LMNA mutations and other diseases 

In addition to DCM, mutations in the LMNA are responsible for a variety of diseases, 

collectively called laminopathies, affecting either specific tissues (such as striated muscle, 

the peripheral nerves and adipose tissue) or in a systemic way (such as premature ageing 

syndromes) (Broers et al., 2004, Somech et al., 2005) (figure 1.6). Mutations found in 

laminopathies are located throughout the gene, and no correlation exists between either the 

type or location of mutations and the disease they cause (figure 1.6). The first identified 

laminopathy was the autosomal dominant form of Emery-Dreifuss muscular dystrophy 

(EDMD) (Bonne et al. 1999). Interestingly, the X-linked form of EDMD had previously 

been linked to mutations in the gene emerin, encoding an inner nuclear membrane protein 

that interacts with lamin A/C (Bione et al., 1994). Missense mutations in LMNA are also 

responsible for limb girdle muscular dystrophy (LGMD), familial partial lipodystrophy 

(FPLD), Charcot-Marie-Tooth disorder type 2 (CMT2), mandibuloacral dysplasia (MAD), 

Hutchinson-Gilford progeria syndrome (HGPS), atypical Werner's syndrome (WS), and 

restrictive dermopathy (RD). Clinical phenotypes of these diseases are reviewed in Table 

1.1. Most LMNA mutations cause tissue-specific lamimopathies, although overlap has been 

reported in some cases. For example, lipodystrophy patients carrying LMNA mutations have 

been shown to present with both muscular dystrophy and dilated cardiomyopathy of varying 

severities (van der Kooi A.J. et al., 2002, Vantyghem et al., 2004Broers et al., 2006, Sylvius 

et al., 2006). Furthermore, the dominant missense LMNA mutation p.E33D was found in a 

father and daughter who both had a combination of axonal neuropathy, muscular dystrophy, 

and dilated cardiomyopathy (Goizet et al., 2004). Similarly, another dominant missense 
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LMNA mutation (p.R541C) in the lamin C specific tail region was found to be associated 

with both CMT2 and muscular dystrophy (Bennedetti et al., 2005). 

These observations suggest that, while most LMNA mutations cause disease in a 

tissue-specific manner (e.g., only the myocardium is affected in DCM), they can also have 

simultaneously deleterious effects on a number of different tissues (e.g., in the cases 

demonstrating lipodystrophy with DCM and muscular dystrophy). There is no correlation 

between the location of the mutation and the associated phenotype. 
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Table 1.1: Mutations in LMNA lead to a variety of human degenerative disorders, 
collectively termed laminopathies. The table presents various laminopathies with their 
modes of inheritance and clinical phenotypes. Adapted from Nature Genetics 2006; 7:940-
952 and Journal of Pathology 2004; 204:478-488. 

Disease 
Emery-Dreifuss 
muscular dystrophy 

Limb-girdle 
muscular dystrophy 

Dilated 
cardiomyopathy with 
conduction system 
disease 

Familial partial 
lipodystrophy 

Charcot-Marie-Tooth 
disorder type2 

Mandibuloacral 
dysplasia 

Abbreviation 
EDMD 

LGMD 

DCM 

FPLD 

CMT2 

MAD 

Form of inheritance 
Autosomal 
Dominant. One 
Recessive case with 
mutation p.H222Y. 

Autosomal Dominant 

Autosomal Dominant 

Autosomal Dominant 

Autosomal Recessive 

Autosomal Recessive 

Clinical Phenotype 
Slow progressive 
contractures and 
muscle weakness 
involving elbows, 
Achilles tendons and 
postcervical muscles, 
wasting of skeletal 
muscle and 
cardiomyopathy 
Slowly progressive 
pelvic girdle and 
shoulder muscle 
weakness. Later 
development of 
cardiac disturbances 
Ventricular 
Dilatation, impaired 
systolic function and 
conduction system 
disease. 
Subcutaneous fat 
loss, adipose tissue 
accumulation in face 
and neck, insulin 
resistance and 
diabetes. 
Motor and sensory 
neuropathies. Axonal 
degeneration. Muscle 
weakness and 
walking difficulties 
and Foot deformities 

Postnatal growth 
retardation, delayed 
closure of cranial 
sutures, Skeletal 
muscle 
malformations, 
mottled cutaneous 
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Disease 

Hutchinson-Gilford 
progeria syndrome 

Atypical Werner's 
syndrome 

Restrictive 
dermopathy 

Abbreviation 

HGPS 

WS 

RD 

Form of inheritance 

De novo mutations. 
C-to-T change at 
codon 608 in exon 
11 of LMNA, which 
activates a cryptic 
splice site, and 
generates a 
permanently 
farsenylated protein 
with 50 amino acids 
deleted at the C-
terminus. 

Autosomal dominant 

Heterozygous de-
novo splicing 
mutations in LMNA 
leading to complete 
or partial loss of 
exon 11. This results 
in accumulation of 
pre-lamin A. 

Clinical Phenotype 
pigmentation, short 
stature, 
lipodystrophy, 
alopecia, mandibular 
and clavicular 
hypoplasia, insulin 
resistance 
Premature aging, 
dwarfism, alopecia, 
craniofacial 
disproportion, 
delayed tooth 
formation, aged-
looking skin, 
osteoporesis and 
joint problems, early 
death in teens due to 
atherosclerosis and 
cardiovascular 
disease. 
Premature aging, 
cataracts, 
Scleroderma-like 
skin, subcutaneous 
calcification, 
premature 
arteriosclerosis, 
diabetes, hair 
greying. 
Early neonatal lethal 
course, intrauterine 
growth retardation, 
tight and rigid skin, 
microstomia, 
pulmonary 
hypoplasia, multiple 
joint contractures. 
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Figure 1.6: Schematic representation showing LMNA mutations found in laminopathies. 
The mutations are localized throughout the gene and there is no correlation between the 
location of mutation and the disease it causes. 
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1.1.8. Mouse Models of Laminopathies 

Several knock-out and knock-in mouse models have been generated in order to gain 

insights into the functions of LMNA mutations. However, there have been significant 

challenges in using these models to predict the pathophysiological effects of heterozygous 

missense mutations commonly found in patients with laminopathies, including DCM. There 

are no in utero differences between LMNA'1' mice and their wild-type litter mates, however, 

LMNA'1' mice exhibited progressive growth retardation within 2-3 weeks after birth 

(Sulliman et al., 1999, Nikolova et al., 2004). By 4-6 weeks of age they manifested clinical 

and histological features of muscular dystrophy, followed by DCM with conduction 

abnormalities. All homozygous LMNA'1' mice died by 8 weeks (Sullivan et al., 1999, 

Nikolova et al., 2004). In most cases the age-matched heterozygous mice were, 

indistinguishable from wild-type (Sullivan et al., 1999, Nikolova et al., 2004). Only one 

study has reported LMNA+ ~ mice displaying cardiac abnormalities. These mice had normal 

cardiac structure and function until 4-6 weeks of age, but by 10 weeks of age they had 

developed conduction system defects such as defective AV node conduction and 

arrhythmias. DCM developed by 50-52 weeks of age (Wolf et al., 2008). 

A number of researchers have attempted to develop genetically engineered mouse 

models harboring known laminopathy mutations with mixed results. Mounkes et al. (2003) 

aimed at producing an EDMD mouse model with the p.L530P point mutation. Surprisingly, 

the homozygous mouse developed clinical symptoms characteristic of human progeria 

syndrome, rather than the expected muscular dystrophy, while the heterozygote was 

symptomless. 
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Two groups have successfully generated one EDMD and one DCM mouse model. 

The LMNAU222P/m22P mouse model, harboring another EDMD mutation, developed muscular 

dystrophy and DCM with atrio-ventricular conduction defects in adulthood and died by 13 

months of age (Arimura et al., 2005). Another knock-in-mouse model (LM7VAN195K/N195K), 

harboring the DCM-causing mutation p.N195K, was generated to study DCM with 

conduction system defects (Mounkes et al., 2005). These mice showed features characteristic 

of DCM, with conduction defects by 9 weeks of age, and death at 3 months of age due to 

arrhythmias. It was postulated by the authors that the observed conduction defects may have 

been due to reduced expression of gap junction proteins. Heart sections from the p,N195K 

mutant mice demonstrated reduced expression of connexin 40 (Mounkes et al., 2005), an 

important gap junction protein. Gap junction proteins are responsible for relaying electrical 

impulses through the myocardium. The authors suggested that the reduced expression of 

these proteins may have resulted from the downstream effects of mutant lamin protein on 

gene expression, however a link between lamins and connexin 40 expression has not been 

demonstrated experimentally (Mounkes et al., 2005). 

In contrast to the corresponding human diseases, in which a single mutated gene 

copy is sufficient to cause disease, both heterozygous LMNA H222P/+ and LMNA NI95K/+
 miCe 

had a similar phenotype and life expectancy as wild-type mice. This apparent difference 

between human and mouse manifestation of mutations indicates that downstream effects of 

the mutation differ between humans and mice (Arimura et al., 2003). It also suggests that 

additional genetic or environmental factors may play a role in the progression of the disease 

in humans (Mounkes et al., 2005). 
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1.1.9. Pathophysiological hypotheses for diseases caused by LMNA mutation 

It is not surprising that LMNA mutations cause disease given the strong evidence 

suggesting that A-type lamins have many important roles in the nucleus such as maintaining 

nuclear architecture, DNA replication, and mRNA transcription. What is intriguing is how a 

ubiquitously expressed gene gives rise to a variety of tissue-specific disorders, alternatively 

affecting skeletal muscles and tendons, cardiac muscle, adipose tissue, bone, and even 

neurons. 

Two hypotheses have been proposed to explain how mutations in LMNA can result in 

tissue-specific laminopathies. Since A-type lamins play an important role in maintaining the 

structural integrity of the nuclear envelope, a widely held hypothesis is the Mechanical 

Stress, or Structural hypothesis. According to this hypothesis, LMNA mutations lead to 

structural abnormalities within the nuclear lamina, thereby compromising the integrity of the 

nuclear envelope and resulting in nuclear fragility (Sullivan et al., 1999, Hutchison et al., 

2001, Broers 2004b, Parnaik et al., 2006). While the Structural model may explain the 

development of disease in mechanically stressed tissues, it cannot explain the abnormal 

distribution of fat characteristic of FPLD, or the neurological defects observed in CMT2 

patients. These diseases are better explained by the second model, the Gene Regulatory 

hypothesis, which suggests that LMNA mutations may deregulate gene expression in a 

tissue-specific manner. The defects in gene expression could occur due to loss of specific 

attachment sites on the nuclear lamina for either heterochromatin or transcription factors, 

which are needed to establish particular patterns of gene expression (Cohen et al., 2001, 

Wilson et al., 2001). It has been suggested that the two hypotheses may not be mutually 

exclusive (Sylvius et al., 2005). 
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1.1.9.1. Structural (Mechanical Stress) Hypothesis 

Evidence in support of the Structural hypothesis, both in vivo and in vitro, has been 

generated more readily as compared to the Gene Regulatory hypothesis. The most important 

in vivo finding has been the observation of nuclear envelope abnormalities in carriers of 

LMNA mutations. For instance, muscle biopsies from an EDMD patient with LMNA 

mutation p.R377H showed reduced expression of A-type lamins as well as structural 

abnormalities (nuclear blebs and loss of peripheral heterochromatin) in approximately 10-

20% of nuclei (Reichart et al., 2004). Myocardial sections from DCM patients with LMNA 

mutations showed ultra structural nuclear envelope defects such as irregular shape and loss 

of peripheral chromatin, along with presence of chromatin outside the nuclear membranes 

(Verga et al., 2003). Furthermore, heart tissue sections of a DCM patient with LMNA 

mutation p.D192G presented with complete loss of nuclear envelope (Sylvius et al., 2005). 

Nuclear envelope alterations such as nuclear blebs, honeycomb appearance of lamin A/C at 

the nuclear poles, and lamin A/C intranuclear aggregates have also been shown in skin 

fibroblasts from EDMD and DCM patients carrying LMNA mutations (Muchir et al., 2004). 

LMNA'' mouse models and embryonic fibroblasts from LMNA'' mice (MEF/_) have 

also provided support in favour of the structural hypothesis. LMNA'A mice develop muscular 

dystrophy and dilated cardiomyopathy and died at 8 weeks of age (Sullivan et al., 1999). 

Cardiomyocytes from such mice demonstrated nuclear envelope abnormalities such as 

aberrant nuclear morphology (elongation and bizarre shape of nuclei), heterochromatin 

clumping, disorganization of cytoskeletal desmin proteins (which play an important role in 

linking the nuclear surface to the cytoskeleton), and detachment of the nucleus from the 

cytoskeleton in certain regions (Nikolova et al., 2004). 
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In another study, fibroblasts from the LMNA" mouse model showed nuclear 

envelope defects such as abnormal shape, loss of lamin B from one nuclear pole, and 

herniations in the nuclear envelope. When mechanical strain was applied to these cells, they 

showed increased nuclear deformation, nuclear fragility, and attenuated expression of strain-

induced NF-Kb regulated genes (Lammerding et al., 2004). NF-Kb is a transcription factor 

that regulates the expression of genes that inhibit apoptosis in response to mechanical stress. 

Broers et al. (2004a), used a novel cell compression device to measure resistance to 

mechanical strain in LMNA''' murine embryonic fibroblasts (MEFA). This device allowed 

simultaneous quantification of resistance to compression, together with visualization of cell 

deformation and damage using confocal microscopy. They demonstrated that MEF"" cells 

had decreased resistance to compression, and lower bursting force as compared to MEF+/+ 

cells. MEF7" cells also showed disorganization of cytoskeletal proteins such as actin 

(microfilament proteins), microtubules, and vimentin (intermediate filament protein). 

The results of these three studies suggest that A-type lamins are important for linking 

the nucleus to the cytoskeleton. It has been suggested that the interaction between the 

nucleoskeleton (including the lamina) and cytoskeleton is important for maintaining cellular 

resistance to mechanical stress (Broers et al., 2004a). Furthermore, such cells also have 

impaired expression of stress response genes. Together, these deficits may lead to premature 

cell death in contractile tissues (Broers et al., 2004b). 

Various in vitro studies in cell systems expressing LMNA mutations have provided 

further proof of the structural effects of such mutations. Raharjo et al. (2001) showed that 

expression of mutant lamin A constructs (both EDMD and DCM mutations) in HeLa cells 

and LMNA'1' fibroblasts resulted in the formation of abnormal intranuclear lamin A 
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aggregates, mislocalization of emerin, and improper assembly of lamins in the nuclear 

lamina (Raharjo et al. 2001). Similarly, C2C12 (mouse myoblast cell line ) myoblasts 

transfected with FLAG-tagged lamin A containing DCM- and EDMD-associated point 

mutations demonstrated aberrant localization of mutant lamins into large intranuclear 

aggregates and decreased nuclear rim staining (Ostlund et al., 2001). Furthermore, COS7 

cells expressing the DCM-causing lamin A/C mutation p.D192G presented with the 

formation of abnormal aggregates in the nuclear lamina (Sylvius et al. 2005). These studies 

show that LMNA mutations can lead to abnormal lamin assembly, disruption of emerin, and 

may lead to aberrant nuclear morphology. 

Given that not all DCM and EDMD patients carrying LMNA mutations have nuclear 

envelope abnormalities, the structural hypothesis alone cannot explain the pathogenesis of 

DCM and EDMD despite the evidence in its favour. For example, Sylvius et al. (2005) 

found a DCM patient with LMNA mutation p.R514S but no nuclear envelope abnormalities 

in cardiac tissue sections. Similarly Muchir et al. (2004) also reported EDMD patients with 

LMNA mutations p.R249Q, p.I63S but no nuclear envelope defects in the skin fibroblasts of 

affected individuals. Furthermore, it is unclear how mutations within the same domain of 

lamin A/C that are postulated to have similarly detrimental effects on the nuclear envelope 

can give rise to phenotypically distinct diseases. For example, p.R453W causes EDMD and 

p.R482W causes lipodystrophy. Both mutations are present in the C-terminal IgG domain of 

lamin A/C, and both are thought to disrupt interactions with the same lamin partners, and 

have similar effects on the lamina and nuclear envelope integrity (Vigouroux et al., 2001, 

Favreau et al., 2003). It is therefore evident that mechanisms other than structural aberrations 

are involved in the pathogenesis of DCM and EDMD. 
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Nuclear envelope abnormalities have not only been found in DCM and EDMD 

patients carrying LMNA mutations, but also in patients with other laminopathies. However, 

the role of structural abnormalities in causing disease has been difficult to establish in 

affected tissues that are not subjected to a substantial degree of mechanical stress, for 

example, adipose tissues in FPLD and Hutchinson-Gilford progeria syndrome (HGPS). 

The majority of HGPS cases are caused by a de novo heterozygous mutation C-to-T 

at position 1824 in exon 11 of LMNA. This mutation does not cause an amino acid change 

(G608G), but activates a cryptic splice site, resulting in abnormal splicing, and consequent 

deletion of 150 nucleotides from the lamin A/C mRNA. This results in the production of 

lamin A/C protein missing 50 amino acids in the C-terminal domain. The deleted portion 

includes the cleavage site for prelamin A, resulting in the accumulation of mutant pre-lamin 

A (Scaffidi et al., 2005). Many nuclear architectural defects such as changes in nuclear 

shape, lobulation of nuclear envelope, thickening of the lamina, loss of peripheral chromatin, 

and clustering of nuclear pores have been found in cultured fibroblasts of HGPS patients 

with LMNA mutations (Goldman et al., 2004). It was observed that these defects in the 

nuclear envelope were more frequent with increasing number of cell passages, due to 

increased accumulation of mutant protein in the late passage cells. It has been proposed that 

accumulated mutant pre-lamin A in HGPS fibroblasts may become irreversibly attached to 

the nuclear membrane and act in a dominant-negative manner to disrupt nuclear lamina 

functions, culminating in the nuclear envelope defects seen in HGPS fibroblasts (Capell et 

al., 2006). This is supported by studies demonstrating that nuclear morphology can be 

greatly improved in HGPS fibroblasts by inhibition of abnormal splicing, blocking of 

farnesyl transferase activity (an enzyme responsible for targeting pre-lamin to the nuclear 
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membrane), or reducing the levels of mutant pre-lamin A (i.e., progerin) by RNA 

interference (Scaffidi et al., 2005, Pranaik et al., 2006). Unlike diseases such as DCM or 

EDMD in which structurally stressed tissues are affected, it is less evident how nuclear 

envelope defects in HGPS patients can lead to pre-mature aging. One possibility is that gene 

expression is detrimentally affected by either nuclear pore defects that lead to deregulation 

of RNA and protein trafficking across the nuclear envelope, or by loss of peripheral 

chromatin (Goldman et al., 2004). 

Similarly, nuclear envelope defects have been found in skin fibroblasts from FPLD 

patients carrying LMNA mutations. These include dysmorphic nuclei with occasional 

budding, honeycomb expression of A-type lamins, loss of lamin B from nuclear buds or 

nuclear poles, and loss of DNA staining from the buds. The fibroblasts from FPLD patients 

were also found to be more sensitive to heat shock, i.e. presented with more extensive 

nuclear deformations, as compared to treated control cells, or untreated FPLD fibroblasts 

(Vigouroux et al., 2001). However, the mechanical stress hypothesis is inadequate to explain 

how LMNA lamin mutations cause lipodystrophy, since adipose tissue is unlikely to 

experience the same degree of mechanical stress as cardiac or skeletal muscle cells. Instead, 

it is possible that expression of adipocyte-specific genes is adversely affected. Indeed, 

lamins have been shown to interact with Serum Response Element Binding Protein 

(SREBP), a transcription factor that regulates the expression of genes involved in 

adipogenesis (REF). Furthermore, some FPLD-causing mutations have been shown to 

abrogate the interaction of lamins with SREBP (Llyod et al., 2004). Alternatively, Raharjo et 

al. (2001) suggested that nuclear envelope defects caused by LMNA mutations may make the 

cells more prone to apoptosis due to loss of attachment sites at the nuclear periphery for 
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proteins that protect against apoptosis. Meaburn et al. (2007) provided support for this 

hypothesis by demonstrating that FPLD-causing mutations lead to increased apoptosis. 

1.1.9.2. Gene Regulatory Hypothesis 

Despite the evidence in support of the Structural hypothesis, recently, a number of 

studies have been published supporting the Gene Regulatory hypothesis. Zastrow et al. 

(2005) reported that the C-terminal Ig-fold domain of lamin A/C interacts with nuclear titin, 

a protein involved in chromosome organization, and that the LMNA mutations p.R527P and 

p.R482Q (which cause EDMD and FPLD, respectively) attenuate the interaction of lamin A 

with titin by 50%. Furthermore, Stierle et. al. (2003) demonstrated that lamin A/C dimers 

(411-533) interact with DNA, and that this interaction is disrupted by mutations in this site 

(i.e., the FPLD-causing mutations p.R482Q and p.R482W). 

Insights into the role of DCM-causing LMNA mutations on cardiac gene expression 

have been provided by the LM7VAN195K/N195K mouse model. These mice demonstrated 

reduced expression of Hflb/SP4, a transcription factor that plays an important role in the 

development of the cardiac conduction system. Furthermore, expression of GATA-4 

regulated genes such as atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) 

was upregulated. Further support in favour of the Gene Regulatory hypothesis was provided 

by the observation that the p.D192G mutant lamin A/C aggregate affected the intranuclear 

distribution of SUMO-1 such that SUMO-1 was mislocalized within lamin A/C aggregates 

(Sylvius et al., 2005). SUMO-1 is involved in post-translational modification of several 

proteins, many of which are transcription factors (Muller et al., 2001, Seeler et al., 2003). 
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LMNA mutations may also cause disease by disrupting the regulated expression of 

genes involved in tissue-specific differentiation pathways. These effects will be discussed in 

the following sections. 

1.1.9.2.1. Effect of LMNA mutations on skeletal muscle differentiation 

Studies have shown that LMNA mutations may lead to the decreased or delayed 

expression of genes necessary for the initiation and maintenance of differentiation, thus 

explaining how mutations may lead to skeletal muscle diseases (Pranaik et al., 2006). 

Indeed, some groups have studied the effect of LMNA mutations on skeletal muscle 

differentiation. Favreau et al. (2004) analyzed the effect of the EDMD-causing mutation 

p.R453W on C2C12 muscle differentiation. They found that C2C12 cells expressing mutant 

lamin A had reduced capacity for differentiation and formation of multinucleate fibers. 

These cells also demonstrated reduced expression of myogenic markers such as myogenin 

and cathepsin, improper exit from the cell-cycle, an increased pool of hyperphosphorylated 

retinoblastoma protein (pRB) (which is normally hypophosphorylated during myogenesis), 

and an increased propensity for apoptosis (Favreau et al., 2004). Other EDMD-causing 

mutations such as G232E, Q294P, and R386K have also been shown to impair the C2C12 

cell differentiation (Pranaik et al., 2006). 

Favreau et al. (2004) suggested two possible mechanisms by which LMNA mutations 

may impair the differentiation of C2C12 myoblasts. First, lamin A/C may interact with pRB 

protein (Johnson et al., 2004), which is required for proper differentiation of many cells, 

such as skeletal muscle cells and adipocytes. During differentiation, the cyclin-dependant 

kinase inhibitor p21 prevents phosphorylation of pRB. The hypophosphorylated form of 
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pRB binds to transcription factor E2F and represses its transcriptional activity (Flemington 

et al., 1993, Favreau et al., 2004). This in turn represses the synthesis of proteins required for 

entry into S phase, ultimately leading to cell cycle arrest. Following cell-cycle arrest, cells 

undergo differentiation to form multinucleated myotubes. Lamin A/C has been shown to 

control the stability, nuclear localization and activity of pRB (Johnson et al., 2004), therefore 

LMNA mutations may inhibit differentiation by deregulating pRB function (Favreau et al., 

2004, Johnson et al., 2004). 

The second possible mechanism invokes the importance of the nuclear lamina in 

organizing the chromatin remodeling events necessary for proper gene regulation during 

myogenesis, i.e., anchoring of chromatin and migration of proteins involved in gene 

silencing or activation (e.g., histone acetyl transfereases, histone deacetylases or methyl 

transferases). LMNA mutations may therefore inhibit myogenesis by affecting the structure 

of the nuclear lamina, thereby impairing normal chromatin remodeling. Disruption of these 

processes can inhibit the expression of genes required for differentiation. This hypothesis is 

supported by the observation that expression of myogenin is reduced in C2C12 cells 

expressing EDMD causing LMNA mutation p.R453W (Favreau et al., 2004, Hakelien et al., 

2008). Hakelien et al. (2008) provided further evidence for this hypothesis by demonstrating 

that the chromatin remodeling processes required for activation of the myogenin promoter 

are disrupted in C2C12 cells differentiated in the presence of mutated lamin. They showed 

that the promoter of myogenin was maintained in a repressive state by persistent H3K9 

dimethylation, which is associated with reduced gene expression. Furthermore, 

trimethylation of H3K4, which is associated with active gene expression, failed to occur in 

cells carrying mutant lamin. 
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These results suggest that EDMD-causing LMNA mutations may cause disease by: 

impairing 1) the ability of muscle cells to express muscle-specific genes such as myogenin; 

2) the function of genes such as pRB that are involved in regulating differentiation. Either or 

both of these mechanisms will inhibit the ability of myoblasts to differentiate normally into 

myotubes. Furthermore, the repair and maintenance of myotubes will also be detrimentally 

affected because these processes also require cell differentiation. Together, these aberrations 

may lead to the muscle degeneration evident in EDMD. 

1.1.9.2.2. Effect on adipocyte differentiation 

The effect of LMNA mutations on adipogenesis has been studied by three different 

groups. Lloyd et al. (2004) demonstrated that the C-terminal domain of lamin A/C interacts 

with Sterol Regulatory Element Binding Protein 1 (SREBP1), a transcription factor that 

regulates the expression of genes involved in adipogenesis. It consists of an N-terminal 

transcription factor domain which is separated from the C-terminal regulatory domain by 

two transmembrane domains. It resides in the endoplasmic reticulum, and in response to low 

cholesterol, undergoes proteolytic cleavage by SREBP cleavage activating protein (SCAP). 

The cleaved N-terminal transcription factor enters the nucleus, and regulates the expression 

of genes involved in adipogenesis. Furthermore, these authors also demonstrated that LMNA 

mutations responsible for FPLD reduced interactions of lamin A/C with the transcription 

factor SREBP 1 (Lloyd et al., 2004). This suggested that lamin A/C may be involved in 

stabilizing SREBP1, and that LMNA mutations may affect adipogenises by disrupting 

SREBP function. 
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However, this interpretation has recently been challenged by Cappani et al. (2005), 

who used an in vivo co-precipitation assay with lamin A/C antibody to show that lamin A/C 

does not interact with SREBP1. Instead, they reported evidence indicating that SREBP1 

binds specifically to pre-lamin A, and not mature lamin A/C. It was also demonstrated that 

there was an increased amount of pre-lamin A in fibroblasts from FPLD patients as 

compared to control individuals. Furthermore, SREBP1 was found to be sequestered by pre-

lamin A at the nuclear periphery in fibroblasts from these patients, as compared to being 

more uniformly distributed in the nucleus of control cells. Such sequestration reduced the 

size of the active SREBP pool in the nucleus, leading to reduced expression of peroxisome 

proliferator activated receptor gamma 2 (PPARy) (involved in adipocyte differentiation). 

Consequently, adipocyte differentiation was inhibited (Cappani et al., 2005, Capell et al., 

2006). 

A third viewpoint was offered by Boguslavasky et al. (2006). They observed that 

overexpression of LMNA inhibits differentiation of 3T3-L1 cells into fat-containing 

adipocytes in vitro. This observation suggested that lamin A is an inhibitor of adipocyte 

differentiation. This was further supported by the observation that LMNA'1' fibroblasts had an 

increased ability to form adipocytes as compared to wild-type LMNA+/+ cells. FPLD-causing 

LMNA mutations may therefore act as "gain-of-function" mutations, with a higher affinity 

for binding to an unidentified pro-adipogenic factor. This interaction may sequester the 

factor at the nuclear periphery, thereby inhibiting expression of genes involved in 

adipogenesis (Boguslavsky et al. 2006). It has been speculated in a recent review that the 

pro-adipogenic factor may in fact be SREBP 1 (Parnaik et al., 2006). 
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Despite the differing results from the three studies, it is clear that LMNA mutations 

affect adipocyte differentiation, most likely through effects on SREBP1. It remains unclear 

whether it is pre-lamin or mature lamin that is responsible for the aberrant activity of 

SREBP1. Furthermore, it has yet to be confirmed whether SREBP1 is affected by lamin A/C 

through sequestration at the nuclear periphery, or through direct interaction and stabilization 

of the protein. 

1.2. Rationale and Research Questions 

1. The mechanisms by which LMNA mutations cause DCM are not well characterized, 

although there are considerably more data available in support of the structural hypothesis. 

To date, a number of case studies have indicated the presence of nuclear ultrastructural 

abnormalities in DCM patients with LMNA mutations (Verga et al., 2003, Sylvius et al., 

2005). However, a comprehensive study of the relationship between LMNA mutations in 

DCM patients and nuclear structural abnormalities has not yet been conducted. Such an 

investigation is important to assess the relative importance of structural defects in DCM 

pathogenesis in patients with LMNA mutations. This is a prerequisite for further studies of 

the mechanisms by which LMNA mutations cause DCM. 

2. There exists evidence that the structural hypothesis cannot explain the presence of DCM 

in all patients with LMNA mutations. Even prior to the results of our genotype-phenotype 

study, at least one report described a DCM patient with LMNA mutation p.R514S and no 

evidence of nuclear structural defects (Sylvius et al., 2005). This suggests an alternative 

mechanism by which LMNA mutations cause DCM in at least some patients. There is 
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preliminary evidence that this mechanism may involve changes in cardiac gene expression. 

For example, A LMNA mutant mouse model of DCM demonstrated misregulation of some 

cardiac genes (Mounkes et al., 2005). As well, our group showed that the distribution of 

SUMO-1, a moiety attached to a number of cardiac transcription factors, is disturbed by 

DCM-causing LMNA mutation p.D192G. Finally, LMNA mutations causing other 

laminopathies have been shown to disrupt gene regulation. Taken together, these findings 

suggest, but are not conclusive, in implicating disrupted cardiac gene expression as a 

possible pathogenic mechanism of LMNA mutations in DCM. Studies designed to measure 

cardiac gene expression in the presence of LMNA mutations are therefore important to 

further our understanding of how LMNA mutations cause DCM. 

1.3. Research Objective 

The overall objective of this research was to show that LMNA mutations can cause DCM by 

both the proposed mechanisms outlined earlier, i.e., by causing structural abnormalities 

within the nuclear lamina, and also by affecting tissue specific transcription factors. 
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2.1. Abstract 

Major nuclear envelope abnormalities, such as disruption of nuclear envelope and/or 

presence of cytoplasmic organelles within the nucleus, have rarely been described in 

cardiomyocytes from DCM patients. In this study, we screened a series of 25 unrelated 

DCM patient biopsies for cardiomyocyte nuclear abnormalities. LMNA and TMPO, two 

genes encoding respectively lamin A/C and thymopoietin that are involved in maintaining 

nuclear envelope architecture, were found mutated in DCM patients. We therefore, screened 

LMNA and TMPO for mutations in an attempt to perform genotype-phenotype correlation. 

Among the 25 heart biopsies investigated, we identified major cardiomyocyte nuclear 

abnormalities in 8 patients. Direct sequencing allowed the detection of 3 heterozygous 

LMNA mutations, one novel (p.Q353K,) and two that have been previously reported 

(p.D192G and p.R541S). By Multiplex Ligation-dependent Probe Amplification 

(MLPA)/quantitative real-time PCR, we found a heterozygous deletion encompassing exons 

3-12 of the LMNA gene in one patient. Immunostaining demonstrated that this deletion led to 

a decrease in lamin A/C expression in cardiomyocytes from this patient. The patient with 

the LMNA deletion and the carrier of the p.D192G mutation displayed major cardiomyocyte 

nuclear envelope abnormalities, while the patients carrying p.Q353K and p.R541S mutations 

did not show any specific nuclear envelope abnormalities. None of the DCM patients 

included in the study carried a mutation in the TMPO gene. 

Taken together, we found no evidence of a genotype-phenotype relationship between 

the onset or the severity of DCM, the presence of nuclear abnormalities, and the presence or 

position of LMNA mutations. We demonstrated that lamin A/C haplo-insufficiency caused 

by a large deletion in LMNA, and documented by reduced levels of the protein in the nuclear 
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envelope, can lead to cardiomyocyte nuclear envelope disruption, and thus underlie the 

pathogenesis of DCM. 

Key words: lamin A/C, thymopoietin, mutation, dilated cardiomyopathy, cardiomyocyte, 

nucleus ultrastructure 



2.2. Introduction 

Dilated cardiomyopathy (DCM) is characterized by dilatation of cardiac chambers 

and impaired contraction. Severity of symptoms and age of onset are highly variable. To 

date, mutations in 28 genes have been associated with autosomal dominant DCM [3, 9, 10, 

11, 18, 20, MIM#115200;]. LMNA, which encodes lamin A/C, is one of the most commonly 

implicated genes in DCM. Mutations in LMNA are associated with a high risk of 

dysrhythmia, sudden death and heart failure [4]. Furthermore, symptomatic DCM patients 

carrying LMNA mutations display a worse prognosis than other genetics forms of DCM [2, 

17, 20, 27,42,44, and 46]. 

The A-type lamins A and C, alternatively spliced products from LMNA, are type V 

intermediate filament proteins expressed in terminally differentiated somatic cells. They are 

components of a thin filamentous meshwork - the nuclear lamina - underlying the 

nucleoplasmic side of the inner nuclear membrane, and are also present in the nucleoplasm 

[8, 21, 29, and 31]. Lamins have traditionally been considered key components in providing 

structural support to the nucleus and anchoring chromatin and nuclear pore complexes to the 

nuclear envelope [25, 39, 48, and 50]. Intranuclear lamins have proposed functions in DNA 

replication [21, 26, 29, and 31], transcription [40], and chromatin organization [37]. In order 

to carry out their functions, lamins interact with a number of nuclear envelope proteins, 

chromatin and transcription factors. Among the genes encoding the lamin A/C interacting 

proteins, TMPO, the gene encoding nucleoplasmic thymopoietin alpha (also called lamina-

associated polypeptide 2 (LAP2) alpha) has been shown to harbour a mutation in DCM 

patients [45]. The identified mutation occurred in the C-terminal domain of thymopoietin 

alpha, a region known to interact with lamin A/C (residues 319-566) [9]. Three thymopoietin 
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isoforms, alpha, beta, and gamma are encoded by TMPO [6]. The three isoforms share an 

identical amino terminal sequence but have divergent carboxy terminal sequences [9]. 

Thymopoietin is thought to play an important role in maintaining nuclear architecture 

through its binding with lamins and other proteins. 

Cardiomyocytes from some DCM patients with LMNA mutations exhibit the 

following characteristics: i) reduced lamin A/C expression in myocyte nuclei; ii) nuclear 

envelope damage, such as focal disruptions, blebs, and nuclear pore clustering; and/or iii) 

dramatic morphologic alterations, including a complete loss of the nuclear envelope and 

accumulation of mitochondria, glycogen and/or lipofuscin in the nucleoplasm (in a DCM 

patient carrying the p.D192G LMNA mutation) [2, 7, 13, 42, 49]. However, in non-

genotyped DCM patients as well as in heart failure patients, minor nuclear defects such as 

irregular nuclear envelope, enlarged and bizarre shaped nuclei, giant and multiple nucleoli 

and irregularly distributed chromatin are commonly found [1, 4, 34, 36]. There is 

considerable heterogeneity in the abnormalities observed from one cardiac sample to the 

next as well as within one particular sample [1, 36]. 

The aim of the present study was to ascertain whether: 1) major nuclear envelope 

abnormalities are a common finding in patients with DCM; 2) presence of LMNA and/or 

TMPO mutations are associated with nuclear envelope defects in cardiomyocytes from a 

series of 25 unrelated DCM patients; and 3) there is a correlation between the presence of 

LMNA and/or TMPO gene mutations, presence of nuclear envelope defects and DCM 

severity 
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2.3. Materials and methods 

2.3.1 Patient recruitment 

Written informed consent was obtained for all patients in accordance with study protocols 

approved by the hospital ethics committees (Ottawa Heart Institute, Ottawa, Canada and 

Institute of Cardiology, Warsaw, Poland. Diagnosis of DCM was established based on 

WHO/ISFC criteria modified by Mestroni and colleagues [28] that included severe LV 

systolic dysfunction (LV dilatation exceeding 117% of normal value corrected for age and 

body surface area) and LV ejection fraction (LVEF) < 45% measured in angiography, 

without significant coronary artery disease (> 50% lumen diameter reduction of one of the 

main coronary arteries), hypertension, or acquired or congenital heart disease. All patients 

underwent clinical examination, evaluation of functional status according to NYHA 

classification, ECG study, two-dimensional echocardiography with Doppler, and coronary 

angiography to exclude coronary artery disease. Left ventricular enlargement was calculated 

according to the method of Henry. A total of 25 index cases recruited in Canada and Poland 

were enrolled in the study. 

2.3.2 Cardiac tissue collection, electron microscopy, and immunostaining 

Cardiac tissue samples were collected from endomyocardial biopsies performed on 

clinical indication. Biopsies were immediately processed in 1.6-3% gluteraldehyde. Fixed 

heart tissues were processed into thick and thin sections and the tissue sections were 

examined with a Hitachi 7100 or JEM 1200EX electron microscope. 

For indirect immunofluorescence examinations, 8 um cryostat sections were stained 

with 3 monoclonal antisera against lamin A/C (NCL-LAM-A/C) (Novocastra Laboratories, 

Newcastle, UK); AC2 and A4, kindly provided by Dr. Hutchison (Department of Biological 
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Science, University of Dundee, UK)). A4 antibody detects only lamin A as its recognition 

site lies after amino acid 572. NCL-LAM-A/C and AC2 recognize both lamin A and lamin 

C. In brief, antibodies diluted 1:10 were applied to tissue sections for 60 minutes. Sections 

were rinsed with PBS and incubated for another 60 minutes with the appropriate Rhodamine 

Red X conjugated goat anti-rabbit IgG secondary antibody diluted 1:30 with PBS. After 

being washed with PBS, the sections were mounted in gelmount and viewed with an Opton 

Zeiss standard LAB 16 microscope with epifluorescence optics. 

2.3.3. Screening of LMNA and TMPO coding sequences 

Genomic DNA was isolated from white blood cells (Qiagen Flexigene kit). To screen 

for somatic mutations, DNA was extracted from cardiac tissues using a Qiamp Mini DNA 

extraction kit (Qiagen). 

Intronic oligonucleotide primers flanking each of the exons were designed based on 

published sequences (Genbank accession number: LI23399, LI2400, and LI2401 for 

LMNA, and UCSC genome bioinformatics database for TMPO). All DNA samples were 

subjected to PCR and direct sequencing (ABI Prism Big Dye, ABI PRISM 3100 genetic 

analyzer). If there was any suspicion of genomic variation in a given patient, another sample 

of DNA collected independently was systematically double-strand sequenced. PCR 

conditions and primer sequences are available upon request. Sequences were compared to 

two control samples from individuals without known cardiovascular disease. Each sample's 

electropherogram was analyzed by two independent investigators. 

Multiplex-ligation dependent probe amplification (MLPA) analysis was performed to 

screen for deletions and duplications in the LMNA gene coding sequence according to the 
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manufacturer's instructions (SALSA MLPA KIT Po48 LMNA, MRC Holland). The probe 

mix contained probes for 10 of the 12 coding exons of LMNA, but not for exons 5 and 9 

because of the close proximity of exons 4 and 5, and exons 8 and 9. The probe mix also 

contained 13 probes for other human genes. Three of these probes recognize genes localized 

on chromosome 1. One of these probes was located 94 kb upstream of LMNA exon 1, and 

another 100 kb downstream of LMNA exon 12. MLPA amplification products were analyzed 

on an ABI model 3130XL Genetic Analyzer (Applied Biosystems) with the GeneMapper 

software V.3.7, using Genescan 500LIZ internal size standard (Applied Biosystems). Each 

peak in the electropherogram corresponded to the amplification product of a specific exon. 

Each patient's electropherogram was compared to three controls. We used the Coffalyzer 

MLPA DAT (MRC-Holland) software to analyze MLPA data. Resulting normalized ratios 

were ~ 1.0 for every wild-type peak, 0.5 for heterozygous deletions, and 1.5 for 

heterozygous duplications. 

Quantitative real-time PCR was used to confirm the deletion found in LMNA (Roche 

LightCycler 2.0) [35]. Primers were designed for LMNA exon 9 (forward: 5'-

ggagcgctggggtaagtgtc-3,; reverse: y-ctcgtccagcaagcagcccag-y). PCR was set up in 

capillaries in a total volume of 20 u.1; each PCR mixture contained 2.5 mM of MgCl2 (2.5 

mM), 2 u.1 of Sybr green mix, 0.6 \iM of mixture of forward and reverse primers, and 20 ng 

of DNA. Standard curves for both the housekeeping gene (P2-microglobulin) and target gene 

were generated. Two different types of sample DNA (i.e., one sample from the DCM patient 

carrying the deletion and one sample from a DCM patient without the deletion) were utilized 

to ensure that the gene dosage ratio of the target to the housekeeping gene was disrupted 

only when a deletion was present. Using the slope and y-intercept of the standard curve, the 

47 



LightCycler system calculated the concentrations (M) of sample and control DNA for both 

the reference gene (Beta-2 microglobulin) and the target gene (Lamin A/C). These 

concentrations were then used to calculate the gene dosage ratio using the following 

equation: 

M,arget(patient)/Mreference(patient) 
R = 

Mtarget (COntrol)/Mreference ( con t ro l ) 

where R = 0.5 (0.4-0.7) indicates deletion; R = 1 (0.8-1.2) indicates normal copy number and 

R= 1.5 (1.3-1.7) indicates duplication. 

2.3.4. Statistical analysis 

Left ventricular ejection fraction (LVEF) and Left ventricular end diastolic diameter 

LVEDD in % values (measure of severity of DCM) were compared between patients with 

major cardiomyocyte nuclear abnormality and patients with non-specific cardiomyocyte 

nuclear abnormality using a 2-tailed Student's t test (level of significance: 5%). 

2.4. Results 

2.4.1. Ultrastructural characteristics of endomyocardial biopsies 

Ultrastructural analysis of endomyocardial samples enabled us to distinguish two 

groups of DCM patients. One group consisted of 8 individuals exhibiting major nuclear 

envelope abnormalities on electron micrographs (Figure 2.1), and the second consisted of 17 

patients with minor and non-DCM specific abnormalities. 
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Among the patients with nuclear envelope defects, the proportion of defective cells 

ranged from a small percentage to as much as 30% (patient 2 and 6). The most obvious 

abnormality, occurring in 4 of 8 patients, was intrusion and accumulation of mitochondria 

and other cytoplasmic organelles into the nuclear matrix (patients 1,2,5, and 7) (Figure 

2.1 A, ID). The membranes of these organelles appeared discontinuous from the nuclear 

envelope (Figure 2.1 A and 2. ID). The nuclear envelope was usually irregular (Figure 2.1 A, 

2. IB, and 2.1C) and partially disrupted or totally missing in 6 of 8 patients (patients 1, 2, 4, 

5, 6, and 7) (Figure 2.1A, 2.1C, 2.ID). Chromatin disorganization was also observed 

(patients 2 and 6). In contrast, samples from the 17 patients in the second group displayed 

modest and non-specific nuclear membrane alterations, such as nuclear irregularity, that are 

commonly found in DCM patients regardless of the presence of LMNA mutations (Figure 

2.1Eand2.1F). 
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Figure 2.1: Electron micrographs of cardiomyocytes from dilated cardiomyopathy patients 
with or without LMNA mutation. A, B, C and D: Major nuclear abnormalities in respectively 
patient 1, 3, 4 and 5 (Table 2.1). Patient 1 carried the LMNA deletion exons 3-12, while 
patients 3, 4 and 5 had no LMNA nor TMPO mutation; A: accumulation of mitochondria 
around the nuclear envelope; B: blebbing of the nuclear envelope and separation of the inner 
and the outer nuclear membrane; C: extrusion of nucleoplasm from the cardiomyocyte 
nucleus into the cytoplasm; D: accumulation of cytoplasmic organelles in the nucleoplasm: 
E: non-specific nuclear alteration in patient 10 (Table 2.1) carrying the p.Q353K LMNA 
mutation; F: non-specific alterations in dilated cardiomyopathy patient 14 (Table 2.1) with 
wild-type LMNA and TMPO. (Original magnifications: A, 20,000X; B, 18,000X; C, 
12,000X; D: 10,000X; E: 4,000X; and F: 4,000X) 
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2.4.2. Clinical characteristics of the patient cohort 

Clinical characteristics of the 25 DCM patients (19 males and 6 females) included in 

our study are shown in Table 2.1. There was considerable heterogeneity in terms of the 

clinical characteristics and severity of DCM across the cohort of 25 patients. 

In the group of 8 patients who exhibited nuclear envelope abnormalities, age at 

disease onset ranged from 14 to 63 years, 4 patients had a family history of DCM (Table 2.1, 

Figure 2.1, and 43), while none had a suspicion of muscular dystrophy. Disease severity 

ranged from mild DCM to progressive heart failure, and LVEF values ranged from < 10% to 

50%. Various arrhythmias were present in all eight patients; 2 patients required ICD (patient 

1 and 7) and 1 required pacemaker (patient 5). Three patients had received a heart transplant 

(patients 4, 5, and 6) and two patients had died of heart failure (patients 2 and 3). In addition, 

patient 5 presented with hypothyroidism and patient 7 with mild mental retardation. No other 

phenotypic abnormality was identified within this population. 

A similar degree of heterogeneity was also observed among the 17 patients with no 

major nuclear envelope abnormalities: age at disease onset ranged from 12 to 61 years, 10 

patients had a family history of DCM (Table 2.1, Figure 2.1, and [43]), 1 patient had 

documented skeletal myopathy (patient 10), and 1 had elevated CPK values (up to 600 U/I 

(patient 18)). LVEF values ranged from 10% to 38%; conduction defects were present in all 

but two patients (data were not available for 4 patients), four patients required ICD, and two 

had pacemakers. Twelve patients had received heart transplants and two patients had died of 

heart failure (patients 13 and 21). 

We compared mean LVEF and LVEDD in % values between patients exhibiting 

major nuclear envelope abnormalities and patients with minor and non DCM-specific 
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abnormalities. No significant correlation between the severity of the phenotype and the 

presence of nuclear envelope defect was detected (p>0.05). 
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2.4.3. Screening of LMNA and TMPO coding sequences 

We screened the complete coding sequence as well as the intron-exon boundaries of 

LMNA (12 exons) and TMPO (8 exons) for mutations using direct sequencing of DNA 

extracted from white blood cells of all 25 patients. We identified three patients with LMNA 

mutations, one in the group with major nuclear envelope defects (patient 2, p.D192G) and 

two in the group with non-specific nuclear envelope abnormalities (patient 9, p.R541S and 

patient 10, p.Q353K) (Figure 2.2). The LMNA mutations observed in patient 2 and 9 have 

been described previously [7, 42]. All these variations were absent in DNA from more than 

100 controls. No mutation was found in TMPO. Previously reported polymorphisms in both 

LMNA (synonymous polymorphisms rs538089, rs5O5058, rs4641) and TMPO (non-

synonymous polymorphism rsl7459334) were detected. We also found a C.C1341A 

synonymous polymorphism in LMNA exon 6, which has not been previously reported, in two 

control individuals. Mutations in the corresponding codon have been previously reported in 

patients with limb-girdle muscular dystrophy IB (p.R377H, [32]; p.R377L, [22]). 

Sequencing analysis cannot detect large heterozygous deletions or duplications. In an 

attempt to ascertain whether the defects resulted from deletions or duplications in LMNA, we 

performed Multiplex Ligation-dependent Probe Amplification (MLPA) on the LMNA coding 

sequence in all 25 DCM patients. One DCM patient (Table 2.1, patient 1) with major nuclear 

abnormality displayed a MLPA normalized ratio peak area of -0.5 for exons 3-12 (Figure 

2.3A). This indicated the presence of a heterozygous deletion encompassing exons 3 to 12. 

The remaining probes, including those for exons 1 and 2, displayed a normalized ratio of 

-1.0 indicating normal copy number (Figure 2.3A). We confirmed the presence of the 
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deletion using qPCR (R value of 0.5 for the patient with the deletion, and 1 for the patient 

without the deletion) (Figure 2.3B). 

Lastly, to assess whether the nuclear envelope defects in the remaining patients could 

result from somatic mutations, we screened for LMNA and TMPO mutations in the heart 

from sporadic cases with nuclear envelope defect for which cardiac tissue was available 

(patients 5, 6). We conducted a similar analysis in patients without defective nuclear 

envelope (patients 19, 20, 21, 22, 23, 24, and 25). Somatic mutations were not identified in 

either set of patients. 

In summary, a large degree of clinical heterogeneity was evident in the cohort of 

DCM patients studied regardless of the presence of nuclear envelope abnormalities, LMNA 

mutation, or family history of DCM. 
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Figure 2.2: Results of sequence analysis for the heterozygous germline missense mutation 
p.Q353K in the patient 10. 



Figure 2.3A: MLPA analysis graph showing the heterozygous deletion of the exons 3-12 of 
the LMNA gene in patient 1. Exons 3-12 display a normalized ratio of -0.5; indicating a 
loss. Exons 1, 2, and the remaining control probes display a normalized ration of -1.0; 
indicating normal copy number. The control probes are targeted within the same 
chromosome and to different chromosomes as indicated by their locus. 
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Figure 2.3B: Confirmation of the deletion of exons 3-12 in LMNA in the patient 1 using 
qPCR. R values were calculated as described in the Materials and methods section. Patient 
15 without the deletion had a R value of 0.955, which indicates a normal copy number of the 
exon. The patient 1 had a R value of 0.476, which indicates deletion of one copy of the exon. 
(n=3). 
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2.4.4. Immunostaining results 

To gain further insight into the functional significance of the heterozygous deletion 

of exons 3-12 of LMNA observed in patient 1, we performed indirect immunofluorescence 

analysis of endomyocardial biopsies from this patient as well as a control patient without 

LMNA mutation, using antibodies directed against both lamin A and C. All cardiomyocyte 

nuclei were immunostained with antibodies directed against lamin A and C epitopes (Figure 

2.4). Immunostaining was markedly reduced in patient 1 as compared to the control patient 

indicating significant attenuation of lamin expression (Figure 2.4). 
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Patient 1 with deletion 
ofLMNA exons 3-12 

Control patient with 
no LMNA mutation 

ACF A4 

Figure 2.4: Indirect immunofluorescence analysis of endomyocardial biopsy from patient 1 
carrying the LMNA heterozygous exon 3-12 deletion and from a control patient with no 
LMNA mutation. Endomyocardial biopsy were taken from the right ventricle. 
Immunostaining was performed using anti lamin A+C monoclonal antibodies ACF and 
antibody A4 which detects lamin A only (see Materials and Methods) and the goat anti-
rabbit IgG secondary antibody. (Original magnifications 1,050X). 



2.5. Discussion 

Among heart biopsies from 25 unrelated DCM patients, we identified major 

cardiomyocyte nuclear abnormalities in 8 individuals, and non-specific nuclear abnormalities 

in the remaining patients. All patients displayed nuclear abnormalities and presented with 

conduction defects and/or severe heart failure leading to cardiac transplantation. This 

prompted us to analyze the sequence of LMNA and TMPO, two genes implicated in DCM 

that are involved in maintaining nuclear envelope architecture. Direct sequencing allowed 

the identification of 3 heterozygous LMNA genomic variations (p.D192G, p.R541S, and 

p.Q353K) in 3 patients. Since sequencing analysis cannot detect large heterozygous 

deletions or duplications, we performed Multiplex Ligation-dependent Probe Amplification 

(MLPA) on the LMNA coding sequence in all 25 DCM patients. We found a heterozygous 

deletion encompassing exons 3-12 of the LMNA gene. This deletion was confirmed using 

quantitative real-time PCR. All variations were absent in DNA from more than 100 controls. 

The occurrence of LMNA mutation in our population is high probably due to fact that the 

studied population presented with cardiac condition requiring undergoing endomyocardial 

biopsies or cardiac transplantation. Moreover, various arrhythmias were present in all but 

two patients. Since mutations in LMNA are usually associated with a worse prognosis than 

any other DCM-associated gene mutation [2, 17, 18, 26, 43, 45, 47] as well as with 

dysrhythmia [4], our population was probably biased toward LMNA mutations carriers. 

None of the patients carried a mutation in the TMPO gene. So far, only one TMPO mutation 

has been implicated as a cause of DCM in only one family [45]. 

The LMNA deletion of exons 3-12 was observed in a patient presenting with major 

nuclear envelope abnormalities - notably broken nuclear envelope and accumulation of 
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mitochondria within and around the nuclei. Immunostaining revealed reduced lamin A/C in 

the patient's cardiomyocyte nuclei suggesting that haplo-insufficiency was the mechanism 

underlying the observed nuclear abnormalities. Among their many functions, lamins play an 

integral role in maintaining the mechanical stability of the nucleus. Hence, reduced levels of 

lamin A/C protein have the potential to result in the nuclear envelope defects observed in 

cardiomyocytes from the patient carrying the LMNA deletion. 

While rare findings of small deletions in the lamin A/C gene in patients with 

laminopathies have been reported previously, to our knowledge, this study is the first to 

document a large deletion encompassing most exons of the lamin A/C gene in a DCM 

patient.. Walter et al., [51] found a 15 nucleotide deletion (-3 to 12 nucleotides) in the 5' end 

of the LMNA gene in a patient with Emery-Dreifuss muscular dystrophy (EDMD) that 

resulted in loss of the translation initiator codon. Van Tintelen et al. (2007) [47] reported a 

674 base pair deletion encompassing exon 1 and the adjacent non-coding exon in a patient 

with myocardial fibrosis. The presence of the exon 1 p.Q6Stop LMNA mutation resulting in 

reduced levels of lamin A/C proteins has also been reported in a family with EDMD [5]. 

Most LMNA mutations that cause DCM are heterozygous point mutations, only some 

of which have been associated with cardiomyocyte nuclear envelope defects [2, 7, 13, 42, 

and 49]. It has been suggested that mutations causing such abnormalities have a dominant-

negative effect on the functions of normal lamin protein. For example, impaired lamin 

integration into the nuclear lamina due to the dominant-negative effects of a mutation may 

cause disruption of the lamina and ultimately compromise nuclear envelope integrity. Our 

results demonstrate that, apart from the dominant-negative effects of mutant lamin A/C 

protein, lamin haploinsufficiency can also cause nuclear envelope defects and underlie the 
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pathogenesis of DCM. That lamin haploinsufficiency can cause such defects is further 

corroborated by the fact that a heterozygous LMNA+~ mouse model in which cardiac lamin 

A/C levels were diminished by 50% compared to wild-type, demonstrated early-onset 

conduction system disease and late-onset DCM. Furthermore, misshapen cardiomyocyte 

nuclei and heterochromatin clumping were also observed [52]. 

Apart from the observed deletion, one of our patients with nuclear envelope defects 

carried a p.D192G point mutation in the LMNA gene. When expressed in COS-7 cells, this 

mutation resulted in a discontinuous nuclear lamina due to formation of multiple lamin 

aggregates [42, 43]. These results therefore corroborated the pathological findings from the 

patient with the mutation. 

In our study, not all LMNA mutations were found to cause nuclear envelope 

abnormalities in patients' cardiomyocytes. Indeed, two patients with LMNA point mutations 

demonstrated no specific nuclear envelope abnormalities: One patient carried a p.Q353K 

mutation (reported here for the first time), while the second carried a p.R541S mutation. It is 

possible that the number of abnormal nuclei was so low in these two patients that it resulted 

in a false-negative finding. Patient age at time of tissue collection and the protein domain 

affected by the mutation were considered as possible explanations for the observed 

discrepancy in nuclear envelope phenotype between the patient with the deletion and the 

patient with the p.D192G point mutation. Age at time of tissue collection was 38 and 12 

years for the patients carrying mutations p.Q353K and p.R541S, respectively, both of which 

were associated with normal nuclear envelope ultrastructure. The patients with LMNA 

deletion and p.D192G mutation, both of whom demonstrated nuclear envelope 

abnormalities, were 39 and 26 years of age, respectively. Hence, there was no apparent 
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relationship between age and observed nuclear envelope phenotype. It was also considered 

possible that the presence of nuclear envelope abnormalities may depend upon the protein 

domain affected by each mutation [12, 33]. The p.D192G mutation, which was associated 

with major nuclear envelope abnormalities, is located in the central a-helical rod domain at 

the distal end of coil IB. This highly conserved region of the lamin A/C protein is critical for 

the formation of the a-helical coiled-coil dimer, the basic building block for the construction 

of lamin filaments. In contrast, the p.Q353K mutation in exon 6 affected a highly conserved 

residue localized in the central rod domain coil 2B fragment. Based on the coil 2B fragment 

crystal structure, mutations in this domain are unlikely to alter the dimer structure but may 

interfere with essential molecular interactions occurring in later stages of filament assembly, 

lamina formation, and/or chromatin interaction [41]. Similarly, the p.R541S mutation is 

located in a highly conserved residues in a region of gene shared by lamin A and C isoforms 

within the carboxyl-terminal end. The buried side chain of R541 participates in the 

stabilization of the carboxy-terminal [3-sandwich through hydrophobic contacts with the core 

of the domain [23]. Mutations in this domain could therefore destabilize the three-

dimensional structure of the C-terminal domain of lamin A/C. This domain also carries sites 

for many lamin A/C interacting proteins. Therefore, both p.Q353K and p.R541S mutations 

could theoretically disrupt multiple functions of lamin A and C, including the maintenance 

of nuclear architecture. Unexpectedly, the ultrastructural phenotype associated with these 

mutations was indistinguishable from controls. Hence, our results do not support the 

presence of a relationship between the position of the mutation and the resulting 

ultrastructural phenotype. 
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The seven patients demonstrating nuclear ultrastructural defects without LMNA or 

TMPO mutations showed that germ-line mutations in these genes are not a prerequisite for 

nuclear envelope defects. However, we could not discount the possibility that at least some 

of these individuals possessed somatic LMNA or TMPO mutations restricted to diseased 

cardiac tissue. The fact that only a percentage of observed cardiomyocytes from these 

patients displayed an abnormal nucleus lends support to this hypothesis. Indeed, somatic 

mutation occurring in a selective subpopulation of a progenitor cell-lineage is one of the 

molecular mechanisms leading to such tissue mosaicism. Furthermore, in other 

cardiovascular diseases such as idiopathic ventricular tachycardia or idiopathic atrial 

fibrillation, both germ-line and somatic missense mutations have been linked to disease [14, 

24]. We therefore screened for the presence of lamin A/C mutations in DNA extracted from 

heart tissues of patients who did not have familial DCM, but were unable to identify any 

somatic mutations. Another possibility is that mutations in genes encoding lamin A/C-

binding proteins are responsible for the major cardiomyocyte nuclear abnormalities observed 

in these patients [15, 16, 38, 53, 54, and 55]. 

We demonstrated that there is no clear correlation between the presence or position 

of LMNA mutation and either clinical phenotype with respect to DCM onset or severity, or 

nuclear envelope defects. That is, nuclear envelope defects were present in both patients 

with and without LMNA mutations. Furthermore, the severity of the nuclear envelope defect 

or the proportion of observed cells displaying abnormal nuclei did not correlate with the 

presence or position of the LMNA mutation. There was also no significant correlation 

between disease severity and the presence of ultra-structural nuclear envelope defects. 

Although a quantitative analysis was not possible due to the small sample size, overall, we 
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found no evidence of a relationship between onset and severity of DCM, nuclear 

abnormalities, and presence or position of LMNA mutations. 

Taken together, our results are the first to show that lamin A/C haplo-insufficiency, 

documented by reduced protein level in the nuclear envelope caused by a large deletion in 

the LMNA gene, can lead to cardiomyocyte nuclear envelope disruption, and underlie the 

pathogenesis of DCM. However, the finding that two patients without major cardiomyocyte 

nuclear abnormalities had LMNA mutations indicates that LMNA mutations may not 

necessarily lead to major cardiomyocyte nuclear envelope defects. Furthermore, patients 

with major nuclear envelope abnormalities may not have LMNA or TMPO mutation. This 

demonstrates that patients with a clinical suspicion of laminopathy and marked abnormality 

of cardiomyocyte nuclei can be free of both LMNA and TMPO mutations and may carry a 

mutation in another gene encoding a protein involved in the maintenance of the nuclear 

architecture. 
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CHAPTER 3 

LMNA MUTATIONS IN DCM: INVESTIGATION OF THE GENE REGULATORY 
HYPOTHESIS IN A CARDIAC CELL MODEL 



3.1. Introduction 

3.1.1. A-type Lamins and their nuclear functions 

A-type lamins (lamin A and lamin C) are a type of intermediate filament-type protein 

that comprise an integral part of the nuclear lamina, and are also found in the nucleoplasm 

(Fuchs et al., 1994, Stuurman et al., 1998). A-type lamins play an important role in the 

assembly and maintenance of the nuclear membrane, DNA replication, and transcription 

(Meier et al., 1990, and Newport et al., 1990, Bridger et al., 1993, Spann et al., 1997, 

Hutchinson et al., 2002, Kennedy et al., 2000, Liu et al., 2000, Dreuillet et al., 2002, 

Kumaran et al., 2002, Lloyd et al., 2002, Spann et al., 2002, Zastrow et al., 2004, Pranaik et 

al., 2008, Shumaker et al., 2008). Mutations in LMNA are implicated in the pathogenesis of 

tissue-specific laminopathies such as DCM, EDMD, and FPLD (Broers et al., 2006, Pranaik 

et al., 2008). Two hypotheses have been proposed to explain how LMNA mutations cause 

DCM, as well as the mechanism by which such mutations cause tissue-specific effects: 1) 

The Structural Hypothesis; and 2) The Gene Regulatory Hypothesis. According to the 

Structural Hypothesis, nuclear fragility caused by mutant lamin A/C may increase the 

likelihood of cell death in mechanically stressed tissues such as cardiac muscle to a greater 

extent than in other tissues. According to the Gene Regulatory Hypothesis, LMNA mutations 

may have deleterious tissue-specific effects on gene expression. It has been suggested that 

these two hypotheses may not be mutually exclusive. The Structural Hypothesis has been 

supported by both in vitro and in vivo studies, including ours. The key finding of these 

studies is the presence of nuclear structural abnormalities in both carriers of LMNA 

mutations, and in cells expressing exogenous lamin A/C mutant proteins (Ostlund et al., 

2001, Raharjo et al., 2001, Verga et al., 2003, Muchir et al., 2004, Sylvius et al., 2005). 
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Evidence also exists to support the Gene Regulatory Hypothesis. The effect of LMNA 

mutations in gene regulation has been demonstrated for laminopathies such as EDMD and 

FPLD, although very preliminary data exist for their role in the pathogenesis of DCM. A 

mouse model carrying a DCM-causing LMNA mutation demonstrated reduced expression of 

HflB, a transcription factor involved in the development of the cardiac conduction system, 

in the hearts of mutant mice. This mouse model also demonstrated increased transcriptional 

activity of GATA-4, a cardiac-specific transcription factor that regulates the expression of 

genes important for myocardial differentiation and function. (Mounkes et al., 2005). Further 

support in favour of the Gene Regulatory Hypothesis was provided by the observation that 

aggregates formed by the lamin A/C mutant p.D192G (a DCM-causing mutation) affected 

the intranuclear distribution of SUMO-1, a post-translational-modifier of a number of 

transcription factors (Sylvius et al., 2005). 

3.1.2. SUMO-1 

3.1.2.1. The SUMO family of proteins 

Four distinct small ubiquitin-like modifier (SUMO) proteins have been identified. 

SUMO-1 is an 11.5 kDA post translational-modifier that displays 18% sequence homology 

with ubiquitin (Melchoir, 2000). Expression of SUMO-1 has been demonstrated in the 

nucleus, nuclear pore complex, and cytoplasm of a wide range of tissues and cell types 

(Melchoir, 2000, Su et al., 2002). Despite the limited sequence homology between SUMO-1 

and ubiquitin, the two molecules are similar in tertiary structure, i.e., they both contain the 

same (3PaP(3aP fold. Furthermore, the C-terminal di-glycine motif of SUMO-1 can be 

superimposed on the C-terminal glycine motif of ubiquitin (Zhao et al., 2007). 
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The three other SUMO proteins (SUMO-2, SUMO-3 and SUMO-4) expressed in 

mammalian cells are not as well-characterized as SUMO-1 (Melchoir et al., 2003, Zhao et 

al., 2007). SUMO-2 and SUMO-3 share 95% sequence identity, while SUMO-1 exhibits 

only 44% sequence identity with SUMO-2 and SUMO-3 (Su et al., 2002). Although little is 

known about SUMO-4, it has been characterized as a 95 amino-acid protein that has 87% 

sequence identity with SUMO-2, and is expressed mainly in kidney, lymph nodes and spleen 

(Bohren et al., 2004, Guo et al., 2004). 

Most post-translational sumoylation in a normal, unstressed cell is performed by 

SUMO-1. In contrast, SUMO-2 and SUMO-3 exist primarily as free proteins under normal 

conditions, but become conjugated to other proteins during cellular stress (Manza et al., 

2004). SUMO- 1, SUMO-2, and SUMO-3 also differ in their sub-cellular localization. Using 

FLAG-SUMO-1/SUMO-2/SUMO-3 in BHK-21 cells, Su et al. (2002) demonstrated that 

SUMO-1 is localized mainly in nuclear membrane, SUMO-2 in nuclear bodies, and SUMO-3 

in cytoplasm. 

We focused our study on SUMO-1 since this isoform is responsible for most of the 

sumoylation in a cell, and because SUMO-1 is localized in the nuclear membrane, where 

lamins are predominantly found. Furthermore, SUMO-1 is the best characterized SUMO 

protein in terms of the number of target proteins identified. 

3.1.2.2. The Sumoylation Process 

Like ubiquitination, sumoylation results in the formation of an isopeptide bond 

between the C-terminal glycine residue of SUMO and the s -amino group of a lysine residue 

in the acceptor protein (Seeler et al., 2003). The process of sumoylation is also very similar to 

the process of ubiquitination. It is a reversible process that occurs in many steps (Muller et al., 
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2001). The first step is the maturation of SUMO-1 precursors by SUMO-specific proteases, 

designated as the SENP family of proteases. These proteases possess C-terminal hydrolase 

activity that exposes the C-terminal di-glycine motif of SUMO-1. After maturation, SUMO-1 

is further activated by the E-l enzyme Aosl/Uba2 in an ATP-dependant manner. This 

involves the formation of a thioester bond between the C-terminal glycine in SUMO-1 and a 

cysteine residue in the E-l activating enzyme. Unlike the ubiquitin E-l enzyme, Ubal, SUMO 

El is a heterodimer of Aosl (which is involved in adenylation), and Uba2 (which is involved 

in thoiesterification). Following activation, SUMO-1 is transferred to the E2 conjugating 

enzyme UBC-9, and subsequently ligated to the lysine residue of target proteins by one of 

three E3 ligases: protein inhibitor of activated STAT (PIAS) (Saitoh et al., 1998, Hochstrasser 

et al., 2001), RanBP2/NUP358 (Pichler et al., 2002), or polycomb protein Pc2 (Seeler et al., 

2003). Unlike the process of ubiquitynation which relies on a number of E2 enzymes, UBC-9 

is the sole E2 conjugating enzyme of the sumoylation pathway (Zhao et al., 2007). Due to the 

reversible nature of sumoylation, SUMO can be cleaved from target proteins with SUMO 

proteases (SENP family proteases) (Yeh et al 2000) (Figure 3.1). 
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Figure 3.1: The sumoylation pathway: 1) Maturation of SUMO proteins by SENP family 
proteases); 2) Mature SUMO forms a thioester bond with the El enzyme Uba2/Aosl through 
its C-terminal glycine; 3) Activated SUMO-1 is transferred to the E2 conjugating enzyme 
UBC-9; 4) SUMO forms an isopeptide bond with a lysine group on a target protein with the 
help of E3 ligases; 5) SUMO-1 can be cleaved off from the substrates with SENP proteases 
(Dassso et al., 2008). 
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3.1.2.3. Functions of SUMO-1 

Unlike ubiquitynation, which primarily targets a protein for proteasome-mediated 

degradation, sumoylation regulates the function of substrates by altering subcellular 

localization, interaction with other proteins, or the pattern of other post-translational 

modifications (Zhao et al., 2007). These changes may in turn affect gene expression, 

chromosomal assembly and segregation, DNA repair and recombination, transport of RNA 

and other proteins in and out of the nucleus, or signal transduction. LMNA mutations have 

been shown to cause clustering of nuclear pore complexes, potentially affecting nucleo-

cytoplasmic trafficking (Verga et al., 2003). LMNA mutations have also been shown to affect 

gene transcription (Lloyd et al. 2004, Mounkes et al., 2005). Since sumoylation plays a role 

in regulating these two functions, they are described in more detail below. 

3.1.2.3.1. Role of SUMO-1 in Nuclear Trafficking 

SUMO-1 was first identified in mammals as a post-translational modifier of 

RanGAPl, a protein involved in the activation of Ran GTPase and nucleocytoplasmic 

trafficking (Matunis et al., 1996, Mahajan et al., 1997). Unmodified RanGAPl is located 

primarily in the cytoplasm, but when sumoylated, it translocates to the nuclear pores. At the 

nuclear pores, it interacts with the E3 ligase RanBP2/NUP358, a nuclear pore complex 

protein. Furthermore, other enzymes involved in the sumoylation process such as UBC-9 and 

SENP2 (a SUMO-cleaving protease) are also found in the nuclear pores (Zhang et al., 2002). 

SENP2 has also been shown to interact with NUP153, a protein involved in nuclear import 

and export (Zhang et al., 2002). The presence of various enzymes involved in reversible 
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SUMO-1 modification at the nuclear pores suggests that sumoylation may be involved in 

regulating nucleo-cytoplasmic trafficking (Marx et al., 2005). 

3.1.2.3.2. Role of SUMO-1 in Regulation of Transcription Factors 

Nearly one-third of sumoylated proteins are transcription factors (Vertegaal et al. 

2006). One of the mechanisms by which sumoylation may regulate transcription factor 

activity is through targeting, either towards or away from their site of action. For example, 

sumoylation of heat shock proteins causes relocalization of these proteins to stress granules, 

as well as activation of their transcriptional activity (Seeler et al., 2002). In contrast, 

sumoylation of other transcription factors, such as Lefl and SP3, leads to localization of 

these proteins to promyelocytic leukemia (PML) bodies, thereby reducing their 

transcriptional activity. Another mechanism by which sumoylation affects the activity of 

transcription factors is through changes in their binding affinity for DNA or other proteins 

(Marx et al., 2005). 

3.1.2.4. GATA-4 and MEF2C: Sumoylated cardiac-specific transcription factors 

GATA-4, a member of the GATA-binding family of structurally related transcription 

factors expressed in cardiac cells, regulates the expression of genes important for myocardial 

differentiation and function such as troponin C, troponin I, atrial natriuretic factor (ANF), 

cardiac a-myosin heavy chain (a-MHC), NKX2-5, and cardiac ankyrin repeat protein 

(CARP) (Pikkarainen et al., 2004). One of the characteristic features of GATA-4 

transcription factors is a highly conserved C-terminal DNA binding domain. This domain 

consists of two adjacent zinc fingers (Cys-X2-Cys-X17-Cys-X2-Cys) and two adjacent 
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stretches of basic amino acids (Molkentin et al., 2004). The C-terminal zinc finger of GATA-

4 is involved in binding to the minor groove of DNA. It also interacts with other transcription 

factors and co-factors such as MEF2C, NKX2-5, and P300. The N-terminal zinc finger binds 

to the major groove of DNA, and also with Friend of GATA (FOG2) transcription factors. 

The two separate transcription activation domains are present in the N-terminus of the 

protein. GATA-4 transcription factors are subjected to phosphorylation, acetylation, and 

many other post-translational modifications that influence their transcriptional activity 

(Molkenitin et al., 2004). Wang et. al. (2004) demonstrated that SUMO-1 modifies lysine 

366 in the C-terminal domain of GATA-4, resulting in enhanced GATA-4 transcriptional 

activity, and possibly affecting GATA-4 nuclear localization. 

Myocyte enhancing factor 2C (MEF2C) transcription factors, members of the MADS 

family of transcription factors, are involved in regulating cardiogenesis and myogenesis 

(Zhang et. al., 2004, Kang et al., 2006). Highly enriched in cardiac, skeletal, and neural 

tissues (Haberland et. al., 2007), these transcription factors consist of an N-terminal DNA 

binding domain, and a C-terminal transcription activation domain. They bind to the 

consensus sequence (T/C)TA(A/T)4TA(G/A) and interact with other transcription factors, 

such as GATA-4 and dHAND, to regulate the expression of cardiac-specific genes such as 

ANF, BNP, and a- and (3-myosin heavy chains (Pikkarainen et al., 2004, Zhang et. al., 2004). 

They also interact with myogenic basic-loop-helix proteins such as MyoD to regulate the 

expression of muscle-specific genes such as Serine/arginine-rich protein specific kinase 

3(SrPK3), troponin C and myogenin (Haberland et al., 2007). The transcription factor 

activity of MEF2C is also affected by many post-translational modifications such as 

phosphorylation, acetylation and deacetylation (Angelelli et. al., 2007, Haberland et. al., 
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2007). Kang et. al. (2006) showed that the activity of MEF2C can be downregulated by 

sumoylation of the K391 residue of the C-terminal domain. 

The fact that GATA-4 and MEF2C are cardiac enriched sumoylated transcription 

factors makes them good candidates for studying the effect of DCM-causing LMNA 

mutations on the activity of sumoylated transcription factors. 

3.2. Rationale and Hypothesis 

An important function of A-type lamins is to anchor and space nuclear pore 

complexes (Smythe et al. 2000). Furthermore, several studies have shown that DCM patients 

with LMNA mutations demonstrate ultra-structural nuclear envelope abnormalities in their 

cardiomyocytes (Olson et. al., 1996, Verga et. al., 2003), including clustering of nuclear pore 

complexes. Certain SUMO-1 modification (e.g., UBC-9, RanBP2) and deconjugation (e.g., 

SENP2) enzymes are also located at nuclear pore complexes (Zhang et. al., 2002). 

Interestingly, SENP2 has been shown to interact with the FG repeat domain of NUP153, the 

nucleoporin that interacts with lamins. Furthermore, the sole E2 conjugating enzyme, UBC-

9, has been shown to interact with lamin A/C (Zhong et. al., 2004). Our group previously 

demonstrated that the lamin A/C mutant p.D192G forms large intranuclear lamin C 

aggregates, and that SUMO-1 conjugates co-localized with these aggregates (Sylvius et al., 

2005). 

The available evidence therefore indicates that the presence of LMNA mutations can 

affect the distribution of the SUMO-1 conjugation/deconjugation system, and the localization 

of SUMO-1 and its conjugates. Since a number of cardiac transcription factors are 

sumoylated (e.g., MEF2C, GATA-4), we hypothesized that LMNA mutations affect the 

90 



transcriptional activity of these transcription factors through their effect on the sumoylation 

process. 

3.3. Specific Objectives 

1. Many groups, including ours, have studied the effect of DCM-causing LMNA 

mutations on the nuclear organization of lamin A/C in cell lines such as HeLa, 

fibroblasts, and C2C12 cells (Raharjo et al., 2001, Ostlund et al., 2001, Sylvius et al., 

2005, Sylvius et al., 2008). However, these effects have not been assessed in a cardiac 

cell model, a model more relevant to the study of DCM. Therefore, as a first step we 

evaluated several cardiac cell models and found the H9C2 cell line to be the best suited 

model for our study. We therefore investigated the role of DCM-causing LMNA 

mutations on lamin distribution in the nuclear lamina of H9C2 (rat cardiomyoblasts 

cell line). 

2. To study the effect of LMNA mutations on the intranuclear localization of SUMO-1 

and UBC-9 in H9C2 cells. 

3. To study the effect of LMNA mutations on the intranuclear localization of GATA-4, a 

cardiac-specific transcription factor regulated through sumoylation, in H9C2 cells 

4. To study the effect of LMNA mutations on GATA-4 transcriptional activity by 

measuring the relative expression of GATA-4 regulated genes such as troponin C and 

ANF. 
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5. To study the effect of LMNA mutations on MEF2C (a cardiac and skeletal muscle-

specific transcription factor regulated through sumoylation) transcriptional activity by 

measuring the relative expression of MEF2C regulated genes such as SrPK3. 

3.4. Methodology 

3.4.1. Construction of lamin A and lamin C- fluorescent expression plasmids 

Our laboratory had previously cloned full-length, human, wild-type lamin A and 

lamin C cDNA's as C-terminal fusion proteins to the cyan fluorescent protein (pECFP) 

sequence of the pECFP-Cl fluorescent expression vector. Lamin C cDNA had also been 

cloned into pEYFP-Cl and pDsRed2-Cl expression vectors. The mutant lamin A/C 

constructs had been previously generated in the laboratory through site-directed mutagenesis 

of these wild-type constructs (Quick change II XL Site Directed Mutagenesis Kit, 

Stratagene). The various mutations used in the study are shown in Figure 3.2. As shown in 

Figure 3.2B, the mutations selected for this study exist in different domains of the lamin A/C 

protein. The p.L85R, p.D192G, and p.Q353K mutations are DCM-causing mutations, the 

latter two of which were found in DCM patients enrolled for genotyping by our laboratory. 

The mutations p.R386K and p.R482W, which cause EDMD and FPLD respectively, were 

also nstudied to verify the tissue-specificity of the selected LMNA mutations. 
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Figure 3.2: Schematic representation of missense mutations selected for in vitro 
characterization. Mutations pL85R, pD192G, pQ353K (shown in red) are associated with 
DCM. Mutation pR386K (shown in yellow) causes EDMD. Mutation pR482W (shown in 
green) causes FPLD. (A). Positions of selected mutations within LMNA exons. (B) Positions 
of selected mutations within domains of lamin A and lamin C proteins. Note that all selected 
mutations are present in the regions common to both lamin A and lamin C. 

93 



3.4.2. Cloning of UBC-9 into pEYFP and pECFP fluorescent vectors 

Full-length, human, UBC9 cDNA was cloned as a C-terminal fusion to the enhanced 

cyan and green fluorescent sequence of the fluorescent expression vectors pECFP and 

pEGFP respectively. UBC9 cDNA was obtained by performing one-step RTPCR (One step 

RT PCR Kit, Qiagen) on human RNA extracted from heart biopsy of a DCM patient. 

Primers for the RTPCR were designed using the Primer 3 program, such that they contained 

the EcoRI and BamHI restriction sites at their 5' ends. The PCR product was directly cloned 

into TOPO TA vector using the TOPO TA cloning kit (Qiagen). The TOPO-TA clones thus 

obtained were digested with EcoRI and BamHI. The pECFP and pEYFP expression vectors 

were also digested with the same restriction enzymes. Digestion products from both the 

TOPO TA clones and expression vectors were electrophoresed on 1% agarose gel and the 

required bands (a 500 bp band for UBC-9 and a linearized 4 kb band for the expression 

vectors) were subsequently excised (Qiaquick gel extraction kit, Qiagen). The excised UBC-

9 cDNA was ligated into the linearized pECFP and pEGFP expression vectors using the 

enzyme T4 ligase (Invitrogen). The ligation product was transformed into competent bacteria 

and grown on LB agar plates, from which colonies were picked and grown overnight in 

kanamycin-containing LB broth. Plasmid DNA was extracted from these cultures (Mini Prep 

Kit, Qiagen) and the presence of UBC-9 was confirmed by sequencing the clones. 

3.4.3. Cell culture, transfection, and preparation for subsequent use 

H9C2 and C2C12 cells (American Type Culture Collection) were grown in DMEM 

medium supplemented with 10% and 20% FBS, respectively and glutamine in an incubator 

at 37° C with 5% CO2. For microscopy, H9C2 cells were plated at a density of 1 x 105 in a 
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24-well plate. Various combinations of single, double, and triple transfections with wild-type 

and mutant lamin A, lamin C and SUMO/UBC-9/GATA-4 ( all three cloned into different 

expression vectors) were performed using lipofectamine LTX-plus. Eighteen to 22 hours 

following transfection, the medium was removed from the plates, and cells were washed 

twice with PBS. Cells were then fixed on microscopic slides using 400 ul/well of ice-cold 

methanol at -20° C, and washed thrice with PBS. Coverslips were mounted on the slides 

using fluorescent mounting medium (Dakocytomation #S3023). The slides were stored in 

darkness at 4 °C. For real-time PCR experiments, 4 x 105 H9C2 cells and lxlO5 C2C12 cells 

were plated on six 60 mm tissue culture plates. Double-transfection with mutant or wild-type 

lamin A and C was performed on the following day using lipofectamine LTX. The cells in 

the 60 mm plates were collected using Trizol (Invitrogen) and cell scraper. They were frozen 

overnight at -80°C or subjected to RNA isolation the same day. 

3.4.4. Immunocytochemistry 

Immunocytochemistry was performed on cells grown on coverslips in 24 well plates. 

Cells grown on coverslips were fixed with 400 ul/well of 3% para-formaldehyde (PFA) in 

PBS for approximately 20 minutes. For immunostaining experiments on GATA-4, cultured 

cells were first transfected with lamin C (wild-type or mutant) and GATA-4 constructs, and 

fixed with PFA 18 to 22 hours after transfection. Following fixation, cells were washed three 

times with PBS, and PFA was quenched with 1 ml/well of 50 mM ammonium chloride (in 

PBS) for 30 minutes. Cells were then permeabilized using 0.1% TritonXlOO in 5% FBS (in 

PBS) for 20 minutes at room temperature, washed thrice with PBS, and incubated for 20 

minutes at room temperature with 200 ul/well of blocking solution (10% FBS in PBS). The 
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blocking solution was removed and cells were incubated for one hour at 37 ° C with a 

solution consisting of primary antibodies (anti-rat GATA-4 goat polyclonal antibody [C-20] 

or anti-rat lamin A/C goat polyclonal antibody [Sc-6215]) diluted in 5% FBS (in PBS). 

Following three more washes with PBS, cells were hybridized with secondary antibody 

(Alexa Fluor-647-labeled rabbit anti-goat IgG [A-21446]), diluted in 5% FBS/PBS for one-

half hour at 37 ° C. Cells were then washed thrice with PBS. Glass coverslips were mounted 

on microscopic slides using fluorescent mounting medium (Dakocytomation #S3023). 

3.4.5. Fluorescence microscopy 

Cells were visualized through a Carl Zeiss Axio Imager .Zl fluorescent microscope 

using the 63X oil immersion objective. Some images were also taken using Olympus Fluor 

View FV-1000 laser scanning confocal fluorescent microscope. Excitation wavelengths used 

for ECFP, EYFP, EGFP and pDsRed2 fluorescent vectors were 434 nm, 514 nm, 488 nm 

and 588 nm, respectively. All images were processed using Axio-vision, or Olympus FV-

100 acquisition software, depending upon the microscope used. 

3.4.6. Cloning of cDNA's into TOPO TA cloning vector for subsequent RT-PCR 

The list of target and housekeeping genes cloned for use in real-time PCR 

experiments is shown in Table 3.1. The cDNA's of different genes were cloned to generate 

the required standard curves. Various primers were designed to amplify a fragment of 

approximately 100 bp to 150 bp using the Primer3 program. To clone the cDNA's into 

TOPO TA vector, one-step RT-PCR (Qiagen) was performed on RNA isolated from rat for 

H9C2 cells, and from mouse for C2C12 cells, using the above primers. The RT-PCR product 
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was directly cloned into the TA vector using the TA cloning kit (Invitrogen). Competent 

bacterial cells were transformed with the cloned TA vector using the standard transformation 

protocol. Transformed bacterial cells were plated on kanamycin/Xgal/IPTG plates and 

grown overnight at 37°C. Colonies containing the cloned cDNA's were selected on the basis 

of blue-white screening. Four or five white colonies were picked and grown individually 

overnight at 37°C with constant shaking in 4 to 5 ml of kanamycin-containing LB broth 

media. Mini-prep plasmid isolation was performed on these cultures using the kit from 

Qiagen. Isolated plasmid was electrophoresed on 5% agarose gel, and also subjected to a 

sequencing reaction using 3100 ABI prism sequencer to confirm the sequences of the TA 

clones. Maxi-prep plasmid isolation was performed on the clone having the correct cDNA 

sequence using the kit from Qiagen. Maxi-prep plasmids were quantified by absorbance at 

280 nm. 

Table 3.1: List of cloned target and housekeeping genes. 

Gene 
ANF 
Troponin C 
PGK1 
SrPK3 
PBGD 
Beta-actin 
PGK1 

Purpose for cloning 
Target gene 
Target gene 
Housekeeping gene 
Target gene 
Housekeeping gene 
Housekeeping gene 
Housekeeping gene 

Cell line 
H9C2 
H9C2 
H9C2 
C2C12 
C2C12 
C2C12 
C2C12 

3.4.7. Generation of standard curves 

To generate standard curves of the different TA clones, eight serial dilutions (ranging 

from 10 ng -0.001 pg) of maxi prep plasmids were made. These were subjected to real-time 

PCR using the SYBR green "taq-start" polymerase and light cycler adaptors according to the 
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manufacturer's instructions (Roche Diagnostics). PCR was conducted in capillaries in a total 

volume of 10 ul, consisting of 1 ul of SYBR Green, 5 ul (10 ng-.OOl pg) of cloned cDNA, 

1.2 uM of a mixture of forward and reverse primers, and 2.5mM ul of MgC^. Standard 

curves were generated by plotting CT values (crossing threshold) of various standard 

dilutions against the logarithm of the amount of input standard. Standard curves were 

generated for both target and housekeeping genes. 

3.4.8. RNA isolation and DNase treatment 

RNA was isolated from transfected H9C2 and C2C12 cells frozen at -80°C. Briefly, 

cells were thawed and resuspended in 100 ul of chloroform, and centrifuged at 12,000g at 

4°C for 15 minutes to collect the clear aqueous phase. 250 ul of isopropanol was added, and 

the samples were incubated at room temperature for 10 min, followed by centrifugation at 

12,000g at 4°C for 10 minutes to obtain a RNA pellet. The pellet was washed with 75% 

ethanol by centrifugation at 7,500g at 4°C for 5 minutes, and dissolved in 20 ul of RNase 

free water. DNase treatment was performed using the RNase-free DNase kit from Ambion 

according to the manufacturer's instructions. RNA was further purified using 1/10 volume of 

sodium acetate (pH 5.4) and 2.5 volume of 100% ethanol. This was frozen overnight. On the 

following day, the mixture was centrifuged at 12,000g at 4°C for 15 minutes. The pellet 

obtained was washed with 70% ethanol at 7,500g at 4°C for 5 minutes, and dissolved in 20 

ul of nuclease free water. The RNA concentration was measured by taking the optical 

density at 260 nm. The purity of RNA was assessed by taking the optical density at 280 nm, 

and calculating the 260/280 ratio. 
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3.4.9. mRNA quantification using real-time PCR 

Extracted RNA was subjected to first-strand cDNA synthesis using oligo (dT)i2-i8 

primers (Omniscript RT kit, Qiagen). Briefly, 2 ug of extracted RNA was added to RT mix 

prepared according to the manufacturer's instructions. This was then incubated at 37°C for 

one hour, and at 42°C for one hour. Under the same conditions previously standardized for 

the respective standard curves, lug of cDNA from each sample was subjected to real time 

PCR using gene-specific primers and SYBR green "taq-start" polymerase, according to the 

manufacturer's instructions. CT values of the samples of interest were determined. The 

concentrations of target and reference genes in the sample were calculated by the 

LightCycler Software using Cy values and the appropriate standard curves. The normalized 

concentration of target gene was calculated by dividing the amount of target gene by the 

amount of reference gene. 

3.5. Results 

3.5.1. In vitro examination of LMNA mutations in a cardiac cell model (Objective 1) 

3.5.1.1. Search for an appropriate cardiac cell model 

The following cardiac cell models were tested: HL-1 cells (in collaboration with Dr. 

Patrick Burgon), PI 9 cells (in collaboration with Dr. Iona Skerianc), primary 

cardiomyocytes (in collaboration with Dr. Alex Stewart), and H9C2 cells (ATCC). HL-1 is a 

mouse cardiomyocyte cell line that has been shown to beat in cultures (Claycomb et al., 

1998). We stained these cells for endogenous lamins with several antibodies, but could not 

find the proper lamin phenotype (Figure 3.3). P19 cells are embryonic mouse stem cells. In 

the presence of DMSO, P19 cells differentiate into cardiac cells (Jamali et al., 2001). 
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Differentiated P19 cells were shown to beat in culture after differentiation with DMSO (Van 

der hayden et al., 2003). However, we could not use P19 cells in our experiments because 

only 10% of treated cells were found to differentiate into cardiac cells. It would have been 

very difficult to determine if LMNA mutations cause perturbations in endogenous cardiac 

gene expression under these circumstances, since any effects would be diluted by the 

presence of non-differentiated cells in the culture. Use of primary cardiomyocytes has also 

been attempted in our laboratory, but they also demonstrated very poor transfection 

efficiency with commercially available transfection reagents. We stained H9C2 rat 

cardiomyoblasts, widely used as a cardiac cell model, for endogenous lamins (Kaneda et al., 

2005, Sulliman et al., 2006, Tshori et al., 2006). We found that lamins were uniformly 

expressed in the nuclear lamina (Figure 3.3), indicating that these cells have a normal lamin 

A/C phenotype. We tested the transfection efficiency in this cell line with several 

transfection reagents such as SuperFect (Qiagen), TransFectin (Bio-Rad), Metafectene 

(Biontex), Lipofectamine 2000 (Invitrogen), and Lipofectamine LTX (Invitrogen). Except 

for Lipofectamine and Lipofectamine LTX, which produced transfection efficiencies of 10% 

to 15%, all reagents demonstrated exceedingly low rates of transfection. Given that the 

H9C2 cell line possessed the proper lamin phenotype and demonstrated higher transfection 

efficiency compared to the other cell lines tested, we decided to select H9C2 cells as a model 

to study the effects of LMNA mutations. 
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A 

Figure 3.3: Cellular distribution of endogenous lamins in HL-1 (A) and H9C2 cells (B), 
stained with anti-rat goat polyclonal lamin A/C antibody (n=4). Alexa fluor-labeled rabbit 
anti-goat IgG (A-21446) was used as secondary antibody. Cells were visualized using wide-
field fluorescent microscopy at the excitation wavelength for Alexa Fluor of 647 nm. 
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3.5.1.2. In vitro examination of LMNA mutations in H9C2 cells: 

In vitro examination of LMNA mutations had previously been performed in COS-7 

cells (Sylvius et al., 2008, Appendix 3). We wanted to confirm these results in H9C2 cells, a 

cell line more relevant to the study of DCM. Full-length lamin A and lamin C (wild type or 

mutant), fused to the C-terminus of variants of green-fluorescent protein (pEGFP) were 

expressed in H9C2 cells, and analyzed using the fluorescent microscope. In order to 

understand the roles of both lamin A and lamin C splice variants in the organization of 

nuclear lamina, we transfected H9C2 cells with wild-type or mutant lamin A or lamin C, 

separately or together. We studied DCM-causing LMNA mutations located in different 

domains of the protein as shown in Figure 3.3B. We also studied a mutation that causes 

EDMD (p.R386K), and another that causes FPLD (p.R482W), to test the tissue specificity of 

LMNA mutations. 

3.5.1.2.1. Lamin A mutant aggregates 

Wild-type lamin A cloned into pECFP-Cl (Cyan fluorescent protein) when 

expressed in H9C2 cells was homogenously expressed in the nuclear lamina, giving it a veil­

like appearance that was similar to the phenotype of endogenous wild-type lamin A/C in 

H9C2 cells (Figure 3.3B, and Figure 3.4). We observed similar phenotypes upon expression 

of two distinct lamin A mutant constructs: p.L85R (DCM-causing mutation located in the 

central rod domain of lamin A/C) and p.R482W (FPLD-causing mutation located in the C-

terminal tail region of lamin A/C). 

In contrast, three other lamin A mutant constructs (DCM-causing mutations p.D192G 

and p.Q353K; EDMD-causing mutation p.R386K) formed small distinct aggregates in the 
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nuclear lamina, giving it a punctate appearance. These findings indicate that these lamin A 

mutants are able to localize at the nuclear envelope, although they form discontinuous 

lamina as compared to the veil-like structure of wild-type lamin (Figure 3.4). It is 

noteworthy that, although most of the aggregates seemed to be localized at the nuclear 

periphery, we cannot exclude the possibility that some aggregates may be present in the 

nucleoplasm as well. 
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WT p.L85R(DCM p.D192G(DCM) 

p.R386K(EDMD) p.Q353K(DCM p.R482W(Lipodystrophy) 

Figure 3.4: Fluorescence microscopy images of wild-type and mutant lamin A constructs 
(expressed as ECFP fusion protein) localized in the nuclei of H9C2 cells (n=4). Cells were 
visualized at an excitation wavelength of 433 nm for EFCP protein. The laminopathies 
associated with each mutation are shown in parenthesis. DCM: Dilated cardiomyopathy, 
EDMD Emery-Dreifuss Muscular dystrophy. 
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3.5.1.2.2. Lamin C mutant aggregates 

In contrast to wild-type lamin A, wild-type lamin C formed multiple small, distinct, 

speckles in the nucleus, as has been described previously (Pugh et al., 1997, Motsch et al., 

2005, Sylvius et al., 2005, Sylvius et al., 2008). Electron microscope images taken on COS-7 

cells expressing wild-type lamin C indicated that lamin C speckles were localized in the 

nucleoplasm, but maintained close proximity with the nuclear envelope (Sylvius et al., 

2008). A similar phenotype was observed for the lipodystrophy causing mutation p.R482W 

and for the DCM-causing mutation p.L85R. In contrast, the other three mutations (p.D192G, 

p.Q353K and p.R386K) resulted in the formation of large intranuclear lamin C aggregates in 

the majority of transfected cells (Figure 3.5). Furthermore, it was apparent from electron 

microscope images that the aggregates did not form a close connection with the nuclear 

envelope, suggesting that LMNA mutations abrogated the association of lamin C with the 

nuclear envelope (Sylvius et al., 2008) 
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WT p.L85R(DCM) p.D192G(DCM) 

p.Q353K(DCM) p.R386K(EDMD) p.R482W(lipodystrophy) 

Figure 3.5: Fluorescence microscopy images of wild-type and mutant lamin C constructs 
(expressed as ECFP fusion protein) localized in the nuclei of H9C2 cells (n=4). Cells were 
visualized at an excitation wavelength of 433 nm for EFCP protein. The laminopathies 
associated with each mutation are shown in parenthesis. DCM: Dilated cardiomyopathy, 
EDMD: Emery-Dreifuss Muscular Dystrophy. 
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3.5.1.2.3. Co-transfection with wild-type or mutant lamin A and lamin C 

In order to restore lamin A/C stoichiometry and thereby mimic a more 

physiologically relevant state, we performed double transfections of H9C2 cells with both 

lamin A and lamin C. To distinguish between the two isoforms, we cloned lamin A into 

pECFP-Cl, whereas lamin C was cloned into pDSRed2-Cl (red fluorescent expression 

vector) or pEYFP-Cl (yellow fluorescent expression vector). Co-transfected wild-type lamin 

A and lamin C were uniformly expressed in the nucleus and formed a continuous lamina 

(Figure 3.6). Interestingly, a similar phenotype was observed upon transfection with the 

mutant lamin A/C constructs p.L85R and p.R482W. In these cases, expression of exogenous 

wild-type or mutant lamin A abrogated the formation of exogenous wild-type or mutant 

lamin C speckles, and gave rise to a uniform continuous lamina. 

In contrast, upon expression of other lamin A/C mutant constructs (p.D192G, 

p.R386K, p.Q353K), lamin A and lamin C continued to form abnormal aggregates. This 

finding is consistent with previous studies in other cell models such as COS-7 cells, HeLa 

cells, MEF +/+ cells (Sylvius et al., 2005, Raharjo et ah, 2004). Both lamin A and lamin C co 

localized in aggregates and were localized in the nuclear lamina (figure 3.6). These results 

indicate that mutant lamin A retained its ability to drive mutated lamin C into the nuclear 

membrane, although the result was an abnormal distribution characterized by granular and 

discontinuous nuclear envelope. 
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LaminACFP Lamin CYFP Overlay 

WT 

p.L85R(DCM) 

p.D192G(DCM) 

p.Q353K(DCM) 

p.R386K(EDMD 

p.R482W(lipo-
dystrophy) 

Figure 3.6: Confocal microscopy images of wild-type and mutant lamin A and lamin C 
constructs (expressed as ECFP fusion protein and DsRed2 fusion proteins respectively) 
localized in the nuclei of H9C2 cells (n=4). Lamin A is shown in red and lamin C in green. 
Cells were visualized at excitation wavelengths of 433 nm for lamin A-ECFP, and 558 nm 
for lamin C-DsRed2. DCM: Dilated cardiomyopathy, EDMD Emery-Dreifuss Muscular 
dystrophy. 
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3.5.2. Effect of LMNA mutations on the intranuclear localization of SUMO-1 and 
UBC-9 (Objective 2) (manuscript in preparation) 

3.5.2.1. Effect on SUMO-1 and its conjugates 

Apart from having a structural role in the nucleus, A-type lamins also play a role in 

mRNA transcription. Abnormal assembly of nuclear lamina along with formation of mutant 

lamin A/C aggregates may affect the distribution of important transcription factors or 

regulators, such as SUMO-1. Our group previously showed that the lamin A/C mutant 

p.D192G affected the intranuclear localization of SUMO-1 and its conjugates in COS-7 

cells. In this study, we determined the effect of various DCM- and non-DCM causing lamin 

A/C mutations (i.e., p.L85R, p.D192G, and p.Q353K causing DCM, p.R482W causing 

lipodystrophy, and p.R386R causing EDMD) on the intranuclear localization of SUMO-1 

and its conjugates in H9C2 cells. None of our lamin A constructs (wild-type or mutant) 

appeared to alter the distribution of SUMO-1 conjugates (Figure 3.7). 

In the presence of wild-type lamin C, SUMO-1 was uniformly expressed in the 

nucleus. In contrast, all mutant lamin C constructs (p.L85R, p.D192G, p.Q353K, p.R386K, 

and p.R482W) affected the intranuclear distribution of SUMO-1 (Figure 3.8), such that the 

SUMO-1 conjugates either co-localized with the lamin C aggregates (p.Q353K, p.R386K, 

p.R482W) or were sequestered within the mutant lamin C aggregates (p.L85R, p.D192G). 

All mutations were located within the lamin A and C common protein regions. 

Therefore, in order to determine if SUMO-1 is mislocalized in the physiologically relevant 

state when both mutated lamins are expressed, we performed triple transfections of H9C2 

cells with wild-type or mutant lamin A (in ECFP expression vector), wild-type or mutant 

lamin C (in pDsRed2 expression vector), and SUMO-1 (in EYFP expression vector). As 

expected, SUMO-1 was uniformly distributed in the nucleus in the presence of wild-type 
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lamin A and lamin C. Not surprisingly, given the uniform distribution of lamin A and lamin 

C in the nuclear lamina of cells expressing mutations p.L85R, and p.R482W, co-expression 

of lamin A and lamin C led to the restoration of wild-type phenotype with respect to SUMO-

1 distribution (i.e., a uniform distribution throughout the nucleus). In contrast, in the 

presence of mutations p.D192G, p.Q353K, and p.R386K, SUMO-1 conjugates were found to 

be sequestered within lamin A/C aggregates (Figure 3.9). It was also evident that 

sequestration of SUMO-1 conjugates within lamin A/C aggregates was driven by lamin C, 

because lamin A transfection alone did not appear to have a substantial effect on the 

intranuclear distribution of SUMO-1 conjugates. 
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LaminACFP SUMO YFP Overlay 

WT 

p.L85R(DCM) 

p.D192G(DCM) 

p.Q353K(DCM) 

p.R386K(EDMD 

p.R482W(DCM 

Figure 3.7: Fluorescence microscopy images showing nuclear localization of transfected 
SUMO-1 in the presence of either wild-type or mutant lamin A constructs in H9C2 cells 
(n=4). Lamin C is shown in red and SUMO-1 in green. Lamin A and SUMO-1 were cloned 
into pECFP-Cl and pEYFP-Cl fluorescent expression vectors, respectively. Cells were 
visualized at excitation wavelengths of 433 nm for lamin A-ECFP and 514 nm for SUMO-1-
EYFP. DCM: Dilated cardiomyopathy, EDMD Emery-Dreifuss Muscular dystrophy. 
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LaminCCFP SUMO YFP Overt* 

WT 

p.L85R(DCM) 

p.D192G(DCM) 

p.Q353K(DCM) 

p.R386K(EDMD) 

p.R482W(Lipo 
dstrophy) 

Figure 3.8: Fluorescence microscopy images showing nuclear localization of transfected 
SUMO-1 in the presence of either wild-type or mutant lamin C constructs in H9C2 cells 
(n=4). Lamin C is shown in red and SUMO-1 is shown in green. Lamin C and SUMO-1 
were cloned into pECFP-Cl and pEYFP-Cl fluorescent expression vectors, respectively. 
Cells were visualized at excitation wavelengths of 433 nm for lamin C-ECFP and 514 nm for 
SUMO-1-EYFP. DCM: Dilated cardiomyopathy, EDMD Emery-Dreifuss Muscular 
dystrophy. 
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LaminA LaminC SUMO Overlay 

Figure 3.9: Confocal microscopy images showing nuclear localization of transfected 
SUMO-1 in the presence of wild-type or mutant lamin A and lamin C (n=4). Lamin A is 
shown in blue, lamin C in red, and SUMO-1 in green. Lamin A, lamin C and SUMO-1 were 
cloned into pECFP-Cl, pDSRed2 and pEYFP-Cl fluorescent expression vectors, 
respectively. Cells were visualized at excitation wavelengths of 433 nm for lamin A-ECFP, 
558 nm for lamin C-dsRed2 and 514 nm for SUMO-1-EYFP. DCM: Dilated 
cardiomyopathy, EDMD Emery-Dreifuss Muscular dystrophy. 
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3.5.2.2. Effect of LMNA mutations on UBC-9 

UBC-9 is the sole E2 conjugating enzyme for covalent attachment of SUMO-1 to its 

substrates. Furthermore, UBC-9 has been shown to interact with A-type lamins (Zhong et al., 

2004). We therefore sought to assess the effect of LMNA mutations on the localization of 

UBC-9 to the nuclear envelope (Zhang et al., 2002). In order to study the effect of LMNA 

mutations on the intranuclear distribution of endogenous UBC-9, we co-transfected H9C2 

cells with wild-type or mutant lamin A or lamin C. We also performed triple transfections 

with lamin A, lamin C and UBC-9. 

UBC-9 was found to co-localize at the nuclear periphery along with wild-type lamin 

A. DCM-causing mutation p.L85R and FPLD-causing mutation p.R482W demonstrated 

phenotypes that were similar to wild-type. In contrast, the DCM-causing mutation pD192G 

and p.Q353K, and the EDMD-causing mutation p.R386K, disrupted the uniform peripheral 

distribution of UBC-9, such that UBC-9 was found to co-localize with mutant lamin A 

aggregates (Figure 3.10). 

As described previously, over-expression of wild-type lamin C led to the formation 

of multiple, small lamin C speckles that were uniformly distributed in the nucleus. UBC-9 

was found to co-localize with these speckles. The lamin C mutants p.R482W and p.L85R 

demonstrated phenotypes similar to wild-type. On the other hand, the lamin C mutants, 

p.D192G, p.Q353K, and p.R386K formed large intranuclear aggregates with which UBC-9 

was also co-localized (Figure 3.11). 

Upon co-expression of UBC-9 with both wid-type lamin A and lamin C, all three 

proteins were found to be uniformly expressed at the nuclear periphery. Similar to the results 

obtained with lamin A mutants, co-expression of mutants p.L85R or p.R482W with UBC-9 
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did not affect nuclear localization of UBC-9. In the presence of lamin A/C mutations 

p.D192G, p.Q353K, and p.R386K, UBC-9 was found to co-localize with the mutant lamin A 

and lamin C aggregates (Figure 3.12). 

The observed mislocalization of both SUMO-1 and UBC-9 by lamin A/C mutant 

aggregates demonstrated that LMNA mutations may exert their effects, at least in part, by 

interfering with the sumoylation pathway. 
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LaminACFP UBC9 GFP Overlay 

Figure 3.10: Fluorescence microscopy images showing nuclear localization of transfected 
UBC-9 in the presence of either wild-type or mutant lamin A constructs in H9C2 cells (n=4). 
Lamin A is shown in red and UBC-9 is shown in green. Lamin A and UBC9 were cloned 
into pECFP-Cl and pEGFP-Cl fluorescent expression vectors, respectively. Cells were 
visualized at excitation wavelengths of 433 nm for lamin C-ECFP and 488 nm for UBC9-
EGFP. DCM: Dilated cardiomyopathy, EDMD: Emery-Dreifuss Muscular dystrophy. 
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LaminCCFP UBC9 GFP Overlay 

WT 

p.L85R(DCM) 

p.D192G(DCM) 

p.Q353K(DCM) 

p.R386K(EDMD) 

p.R482W(Lipo-
dstrophy) 

Figure 3.11: Fluorescence microscopy images showing nuclear localization of transfected 
UBC9 in the presence of either wild-type or mutant lamin C constructs in H9C2 cells (n=4). 
Lamin C is shown in red and UBC9 is shown in green. Lamin C and UBC9 were cloned into 
pECFP-Cl and pEGFP-Cl fluorescent expression vectors, respectively. Cells were 
visualized at excitation wavelengths of 433 nm for lamin C-ECFP and 488 nm for UBC9-
EYFP. DCM: Dilated cardiomyopathy, EDMD: Emery-Dreifuss Muscular dystrophy. 
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Lam In A Lam in C UBC9 Overlay 

Figure 3.12: Confocal microscopy images showing nuclear localization of transfected 
UBC9 in the presence of either wild-type or mutant lamin A and C constructs in H9C2 cells 
(n=4). Lamin A is shown in blue, lamin C in red, and UBC9 in green. Lamin A, lamin C and 
UBC9 were cloned into pECFP-Cl, pDsRed2 and pEGFP-Cl fluorescent expression 
vectors, respectively. Cells were visualized at excitation wavelengths of 433 nm for lamin A-
ECFP, 558 nm for lamin C-DsRed2, and 488 nm for UBC9-EGFP. DCM: Dilated 
cardiomyopathy, EDMD: Emery-Dreifuss Muscular dystrophy. 
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3.5.3. Effect of LMNA mutations on intranuclear localization of GATA-4 (Objective 3) 

Although LMNA mutations may affect a number of transcription factors directly, we 

chose to focus on sumoylated transcription factors based on our observations that some 

LMNA mutations caused marked disruption of SUMO-1 distribution. One such sumoylated 

transcription factor is GATA-4, a cardiac-enriched dual zinc-finger transcription factor that 

plays a critical role in regulating cardiac-specific genes such as ANF and troponin C. 

Sumoylation has been shown to enhance the transcriptional activity of GATA-4 (Wang et 

al., 2004). In order to determine the effect of LMNA mutations on the intranuclear 

localization of sumoylated GATA-4, we double-transfected H9C2 cells with wild-type or 

mutant lamin C and GATA-4 (rat-GATA-4 cloned into PCGNA vector, obtained from Dr. 

Mona Nemer). Intranuclear distribution of SUMO-1 appeared to be disrupted when cells 

were transfected with mutant lamin C, but not when transfected with mutant lamin A. 

SUMO-1 was also found to be mislocalized when cells were co-transfected with mutant 

lamin A and lamin C, suggesting that mislocalization of SUMO-1 is driven by lamin C. 

Since the most pronounced effect on SUMO-1 distribution was observed upon transfection 

with lamin C alone, we used wild-type or mutant lamin C to study the intranuclear 

distribution of GATA-4 (Figure 3.13). None of the mutations used in the study affected the 

intranuclear distribution of transfected GATA-4. The results for endogenous GATA-4 were 

similar (data not shown). One possible reason for the lack of an apparent effect of LMNA 

mutations on GATA-4 distribution is that at any given time, only 5% of proteins (including 

GATA-4) are sumoylated. Since only sumoylated GATA-4 is expected to be trapped in 

mutant lamin A/C aggregates, our methods may not be sufficiently sensitive to measure this 

effect. 
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Lamin C GATA-4 

WT 

p.L85R(DCM) 

p.D192G(DCM) 

p.Q353K(DCM) 

p.R386K(EDMD) 

P.R482W (Lipo­

dystrophy) 

Figure 3.13: Confocal microscopy images showing nuclear distribution of transfected 
GATA-4 in the presence of wild-type or mutant lamin C constructs in H9C2 cells (n=4). 
Lamin C is shown in red and GATA-4 is shown in blue. Lamin C and GATA-4 were cloned 
into pECFP-Cl, and PCGNA vectors (obtained from Dr. Mona Nemer), respectively. 
GATA-4 was stained using an anti-rat GATA-4 goat polyclonal antibody (C20). Rabbit anti-
goat IgG (A-21446) Alexa-fluor labeled antibody was used as secondary antibody. Cells 
were visualized at excitation wavelengths of 433 nm for lamin C-ECFP-C1 and 647 nm for 
Alexa fluor (for GATA4). DCM: Dilated cardiomyopathy, EDMD: Emery-Dreifuss 
Muscular dystrophy. 
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3.5.4. Effect of LMNA mutations on GATA-4 transcriptional activity (Objective 4) 

Since the results regarding GATA-4 co-localization in the presence of lamin C 

aggregates were inconclusive, we investigated the effect of LMNA mutations on GATA-4 

transcriptional activity by assessing their effects on expression of GATA-4 regulated genes 

through real-time PCR. 

3.5.4.1. Search for GATA-4 regulated target genes 

GATA-4 regulates the expression of many cardiac-specific genes such as ANF, 

troponin C, troponin I, a-MHC, and NKX2-5. For real-time PCR, it is recommended that 

expression of the target gene be similar to that of the chosen housekeeping gene, in order to 

ensure maximal sensitivity in detection of small differences in expression (Silver et al. 2006, 

Roche Applied Science, technical Note No. LC 13/2002-selection of house-keeping gene, 

Psiotra et al., 2008). This consideration was especially important in our study since 

transfection efficiency in H9C2 cells was relatively low. We assessed the expression of 

several GATA-4 regulated genes such as ANF, troponin C, troponin I, and NKX2-5 through 

real-time PCR. Except for troponin C, most genes demonstrated low expression (i.e., a high 

CT value) in H9C2 cells (Figure 3.14). We measured the expression level of several 

candidate housekeeping genes such as phosphoglycerate kinase 1 (PGK1), beta-actin, 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and Hypoxanthine-guanine 

phosphoribosyltransferase (HPRT) in order to identify one with a similar expression level to 

candidate target genes (figure 3.14). All of these demonstrated higher expression as 

compared to the target genes a-myosin, ANF, NKX2-5, and troponin I (low CT value). We 
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ultimately selected troponin C as our target gene because it had a higher expression level 

than the other candidates that was similar to that of the housekeeping gene PGK1. 



a-myosin troponin I troponin C NKX2.5 

40 -

0) 
3 

o 

PGK1 GAPH beta-actin HPRT 

Figure 3.14: CT (Crossing threshold) values of candidate target and housekeeping genes. 
Troponin C was ultimately selected as target gene along with the housekeeping gene PGK1 
due to their similar CT values. 
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3.5.4.2. Real-time PCR on troponin-C 

Real time PCR on troponin C was performed using RNA obtained from H9C2 cells 

(transfected with wild type or mutant lamin A and lamin C) using the housekeeping gene 

PGK1 as a standard. Although there was a trend toward decreased expression of troponin C, 

a statistically significant difference in expression between wild-type and mutant was not 

observed (Figure 3.15). There are two possible reasons for this. First, it is possible that the 

low transfection efficiency (10%) reduced the sensitivity to detect differences in expression. 

As described previously, the maximum transfection efficiency achieved after a trial of 

several transfection agents was 10-15% with Lipofectamine LTX. It is therefore possible that 

endogenous wild-type lamin A/C expression may have attenuated the effect of transfected 

mutant lamin A/C on expression of troponin C. Second, since cardiomyocytes do not 

undergo replacement, it is conceivable that expression of a structural protein such as 

troponin C may not be as tightly regulated as other proteins such as transcription factors. 

Therefore, the expression of troponin C may not be affected by LMNA mutations. Since 

Since other GATA-4 regulated genes had a lower exression in H9C2 cells, we focused out 

study on another sumoylated cardiac enriched transcription factor: myocyte enhancing 

factor-2C. 
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Figure 3.15: Real-time PCR on the GATA-4 regulated gene troponin C (normalized to the 
house-keeping gene PGK1) in H9C2 cells transfected with wild-type and mutant lamin A 
and lamin C (cloned into pECFP-Cl and pEYFP-Cl expression vectors, respectively). No 
statistically significant difference was observed between wild-type and the mutants, wt 
(n=12); 85 (n=9); 192 (n=12);, 386(n=10); 482 (n=10). 
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3.5.5. Effect of LMNA mutations on MEF2C transcriptional activity (Objective 5) 

3.5.5.1. C2C12 cells 

Skeletal and cardiac muscle share similar properties and express many of the same 

genes. Furthermore, some laminopathies are known to affect both cardiac and skeletal 

muscles (e.g., the EDMD-causing mutation p.R386K). Therefore, the C2C12 skeletal 

myoblast cell line was thought to be the most appropriate alternative to a cardiac cell line to 

test our hypothesis. Moreover, upon transfecting C2C12 cells with lamin A and lamin C with 

lipofectamine LTX, we found a transfection efficiency of 40-50%, higher than that observed 

in H9C2 cells. When cultured in the presence of low serum-containing growth medium, 

C2C12 cells exit the cell cycle and differentiate into skeletal myotubes. In this cell model, 

we wanted to investigate the effect of LMNA mutations on the transcriptional activity of 

myocyte-enhancing factor 2C (MEF2C), a transcription factor specific to cardiac, skeletal 

and brain tissue. This transcription factor regulates the expression of skeletal muscle genes 

such as SrPK3 and troponin C (Nagakawa et al. 2006) and is involved in regulating and 

maintaining differentiation of skeletal muscles. It has been shown that sumoylation represses 

the transcriptional activity of MEF2C (Kang et al., 2006). Because MEF2C plays a role in 

differentiation of C2C12 cells and is elevated in differentiated cells, we initially decided to 

use differentiated C2C12 cells as our model to study the effect of LMNA mutations on 

expression of SrPK3. We transfected C2C12 myoblasts with wild-type or mutant lamin A 

and lamin C. Following transfection, we induced differentiation by culturing in the presence 

of low serum-containing growth medium for approximately 72 hours. Interestingly, in 

contrast to untransfected cells and cells transfected with wild-type lamins, we found that 

some lamin A/C mutations (p.D192G, p.R386K, p.Q353K, p.L85R) affected the 
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differentiation of myoblasts into myotubes. (The mutation p.R482W did not appear to have a 

substantial effect on differentiation as compared to the wild-type.) This observation 

confirmed a previous report by Favreau et al. (2004) that LMNA mutations affect C2C12 

differentiation. This model was therefore not suitable for our study since the degree of 

differentiation would vary across different lamin mutants, thereby confounding any 

differences in gene expression. We therefore proceeded to study the effect of LMNA 

mutations on MEF2C transcriptional activity in undifferentiated C2C12 myoblasts. We 

implemented specific measures in the protocol to maintain cells in an undifferentiated state 

in the culture medium. First, we plated the cells such that they were not more than 50% 

confluent at the time of transfection. Second, cells were grown in 20% FBS to prevent them 

from differentiating. Third, the potential presence of differentiated myotubes in C2C12 

myoblast cultures was monitored by performing western blots of C2C12 protein lysate with 

anti-myogenin antibody, since myogenin protein is present only in differentiated myotubes 

(Favreau et al., 2004). No myogenin was observed, demonstrating that C2C12 myoblast 

cultures did not contain differentiated cells. (This experiment was done by Sarah Labib, a 

member of our laboratory.) 

3.5.5.2. Real-time PCR on SrPK3 in undifferentiated C2C12 myoblasts 

To study the effect of LMNA mutations on MEF2C regulated genes, SrPK3 was 

considered a relevant target gene because its over-expression was shown to cause DCM in 

mice (Nagakawa et al., 2005). 
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Real-time PCR on SrPK3 was performed using RNA obtained from undifferentiated 

C2C12 cells (transfected with wild type or mutant lamin A and lamin C). The housekeeping 

gene PBGD was used as a standard since its expression was similar to that of SrPK3. 

There was no statistically significant difference between wild-type and mutants in the 

expression of SrPK3. However, from the mean ratios of target gene to housekeeping gene 

concentration, most mutations (p.D192G, p.Q353K, p.R386K, p.R482W) appeared to result 

in higher expression of SrPK3 as compared to wild-type (Figure 3.16). The lack of a 

significant difference cannot be considered conclusive due to the substantial variability 

observed between different replicates (n=3). Possible causes of the observed variability were 

considered, such as the presence of myogenin and cell confluence, as described previously. 

As well, DNA and protein (Rnase) contamination was ruled out since DNase treatment was 

performed and the 260/280 ratio (which determines protein contamination) was greater than 

two in all cases. Since a high degree of variability was also demonstrated by untransfected 

cells, it is possible that variability may be due to the intrinsic expression characteristics of 

SrPK3inC2C12cells. 
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Figure 3.16: Real-time PCR on the MEF2C-regulated gene SrpK3 (normalized to the house­
keeping gene PBGD) in C2C12 cells transfected with wild-type and mutant lamin A and 
lamin C (cloned into pECFP-Cl and pEYFP-Cl expression vectors, respectively). No 
statistically significant difference was observed between wild-type and the mutants. 
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3.6. Discussion 

Our results indicate that some DCM-causing LMNA mutations lead to the formation 

of abnormal lamin A and lamin C aggregates in the nuclei of H9C2 cardiac cells. We also 

found that SUMO-1 and UBC-9, proteins involved in sumoylation and regulation of cardiac-

specific transcription factors such as MEF2C and GATA-4, were sequestered within these 

aggregates. However, attempts to measure the effect of LMNA mutations on the expression 

of genes regulated by these transcription factors produced inconclusive results. 

3.6.1. LMNA mutations caused abnormal nuclear distribution of lamin A and lamin C 

We investigated the effect of LMNA mutations on the individual and conjoint 

functions of lamin A and lamin C in the organization of the nuclear lamina. Our results 

demonstrated that some mutant lamin A proteins (p.D192G, p.R386K, p.Q353K) form 

abnormal aggregates in the nuclear periphery. This suggests that, although these lamin A 

mutants were unable to form a continuous lamina, they maintained their association with the 

nuclear envelope. In contrast, two other lamin A mutants (p.L85R, p.R482W) had a 

phenotype similar to wild-type. 

Unlike lamin A, wild-type lamin C formed multiple, small intranuclear aggregates, 

called speckles, that were distributed throughout the nucleus and were closely associated 

with the nuclear envelope. Two lamin C mutants (p.L85R, p.R482W) had a similar 

phenotype. However, three other lamin C mutants (p.D192G, p.R386K, p.Q353K) formed 

large intranuclear aggregates that did not exhibit close association with the nuclear envelope. 

Upon expression of both lamin A and lamin C in H9C2 cells, we observed that lamin A 

inhibited the formation of aggregates by wild-type, p.R482W, and p.L85R lamin C, and 
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restored the veil-like distribution of both lamins in the nuclear lamina. In contrast, upon 

expression of other lamin A/C mutants (p.D192G, p.R386K, p.Q353K), lamin A and lamin 

C continued to form abnormal aggregates, leading to the formation of discontinuous lamina. 

These results were similar to those obtained in COS-7 cells transfected with p.D192G, 

p.R386K, p.L85R, and p.R482W (Sylvius et al., 2005, Sylvius et al., 2008). We also 

extended these findings to the new mutation p.Q353K identified in our lab. Similar to our 

results, formation of nuclear lamin A/C aggregates have also been reported in previous 

studies of other DCM-causing mutations (Ostlund et al., 2001, Raharjo et al., 2001, Broers et 

al., 2005, Sylvius et al., 2005, Hubner et al., 2006, Hubner et al., 2006). 

Formation of discontinuous lamina by EDMD- and DCM-causing mutations may 

render the nuclear envelope more fragile, especially in mechanically-stressed tissues such as 

cardiac and skeletal muscle (Ostlund et al., 2001, Raharjo et al., 2001, Broers et al., 2005, 

Sylvius et al., 2005, Hubner et al., 2006, Hubner et al., 2006). These observations support 

the role of the structural mechanism in the pathophysiology of DCM and EDMD. However, 

one DCM mutation (pL85R) demonstrated a normal lamina structure, similar to wild-type. 

Other groups have also reported DCM- and EDMD-causing mutations that have no effect on 

lamina integrity (Ostlund et. al., 2004, Sylvius et al., 2005). The fact that not all DCM- and 

EDMD-causing mutations affect the lamina therefore indicates that the structural mechanism 

alone cannot account for all DCM or EDMD cases. 

The lipodystrophy-causing mutation p.R482W, which affects adipose tissue, did not 

appear to affect the integrity of the nuclear lamina. This suggests that the structural 

hypothesis may, at least in part, explain why this mutation specifically affects adipose tissue 

while sparing cardiac and skeletal muscles. 

131 



Our results also suggest that, although mutant lamin A and lamin C are both 

dysfunctional, they are differentially affected by the mutation. Mutations p.D912G, 

p.Q353K, and p.R386K resulted in nucleoplasmic aggregation of lamin C, and aggregation 

of the lamin A counterpart at the nuclear periphery. This shows that mutant lamin A retained 

its association with the nuclear envelope, while the lamin C counterpart did not. Such 

differential effects of the same mutation indicate that lamin A and lamin C may play 

different roles in the nucleus. Further support for this is provided by previous findings that 

lamin A and C have different binding affinities for emerin, despite possessing a common 

binding region (Vaughan et al., 2001), and that some LMNA mutations only affect the 

interaction of lamin A with emerin, and not lamin C (Motsch et al., 2005). It is therefore 

evident that investigations into the pathophysiology of DCM and EDMD due to LMNA 

mutations must assess effects on both lamin A and lamin C, separately and in combination, 

in order to dissect the role of each mutated protein. 

Another significant finding is that wild-type lamin C when expressed alone in H9C2 

cells is present in the form of intranuclear speckles that are in close proximity to the nuclear 

envelope. Consistent with our findings, previous in vitro studies have also demonstrated the 

nucleoplasmic distribution of lamin C in the form of small speckles in cells such as COS-7 

cells (green monkey kidney fibroblasts), C2C12 cells (mouse myoblasts), Swiss 3T3 cells 

(mouse fibroblasts) (Pugh et al., 1997, Motsch et al., 2005, Sylvius et al., 2005,). It has been 

reported that proper localization of lamin C to the nuclear envelope may require the presence 

of lamin A (Pugh et al., 1997, Vaughan et al., 2001, Motsch et al., 2005, Sylvius et al., 

2005). Therefore, the presence of lamin C in the form of speckles rather than a uniform veil 

in the nuclear lamina may be due to disruption of lamin A/C stochiometry caused by over-
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expression of exogenous lamin C. This is further supported by the observation that the 

uniform veil-like distribution of lamin C is restored when wild-type lamin C is co-expressed 

with wild-type lamin A. However, the role of lamin A in the proper distribution of lamin C 

has been contradicted by a recent study involving a mouse model expressing lamin C alone 

(Fong et al., 2006). In embryonic fibroblast cells derived from these mice, lamin C was 

localized normally to the nuclear envelope despite the absence of lamin A. Furthermore, 

these mice were as healthy as wild-type mice, and demonstrated minimal alterations to the 

nuclear envelope. These results suggest that, at least in mice, lamin C expressed alone may 

substitute for lamin A in the nuclear envelope. The reason for the discrepant results between 

in vivo and in vitro experiments is unclear, however, it is possible that compensatory 

mechanisms in mice abrogate the effects of lamin A deficiency. 

Some of the mutations described in our study have also been investigated by other 

groups. Consistent with our results, Ostlund et al. (2001) demonstrated that the p.L85R 

lamin A mutant is correctly localized to the nuclear envelope, and has a phenotype similar to 

wild-type. In contrast, Raharjo et al. (2001) demonstrated that p.L85R lamin A was slightly 

distinct from wild-type lamin A, and exhibited a punctate distribution in the nuclear lamina. 

Results regarding the mutation pR482W have also been inconsistent in in vitro studies. 

Consistent with our results, most in vitro experiments involving expression of this mutation 

in various cell lines have demonstrated that lamin A is correctly localized to the nuclear 

lamina, with a phenotype indistinguishable from wild-type lamin A (Ostlund et al., 2000, 

Lloyd et al., 2002, Raharjo et al., 2001). In contrast, other in vitro experiments have 

demonstrated the presence of nuclear envelope defects such as the presence of mutant lamin 
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A aggregates, dysmorphic nuclei, and loss of lamin A staining from nuclear poles or buds 

(Vigouroux et al., 2001, Broers 2005). 

Unlike our results indicating the presence of lamin aggregates in the periphery, 

previous studies have suggested that mutant lamin A aggregates are found in the 

nucleoplasm (Ostlund et al., 2001, Raharjo et. al., 2001, Broers et al., 2005, Hubner et al., 

2006, Hubner et al., 2006). Although lamins are generally localized at the nuclear lamina, 

some studies have reported the presence of endogenous intranuclear lamin A and lamin C 

(Goldman et al., 1992, Bridger et al., 1993, Hozak et al., 1999, Neri et al., 1999,). 

Intranuclear lamins have been suggested to play roles in DNA replication, transcription, and 

RNA processing (Jagatheesan et al., 1999, Hozak et al., 1995, Kennedy et al., 2001). 

Therefore, although lamin aggregates in our experiments appeared to be localized at the 

periphery, the possibility that some aggregates may be intranuclear cannot be entirely 

discounted. 

The discrepancy between our in vitro results and previous studies may have been due 

to differences in: 1) the promoters within the expression vector used for transfection, which 

may dictate the level of expression of exogenous protein; 2) the expression vector tag 

attached to the lamin A/C gene, which may require direct or indirect immunofluorescence 

for detection of expressed protein; 3) the cell lines used, since each cell line varies in its 

expression of A-type lamins and hence in its handling of exogenous lamin A over-

expression. 
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3.6.2. LMNA mutations affect the intranuclear distribution of SUMO-1 and UBC-9 

Besides providing evidence in favour of the structural hypothesis, the finding that 

mutant lamins form nuclear aggregates also supports the hypothesis that LMNA mutations 

alter gene expression, since nuclear aggregates could affect the distribution of other nuclear 

proteins. Apart from the two mutations that did not cause formation of aggregates (i.e., 

p.R482W, p.L85R), our results indicated that the lamin A and lamin C mutants pD192G, 

p.Q353K, and p.R386K can affect the intranuclear distribution of SUMO-1 and its 

conjugates. An interesting observation was that the intranuclear distribution of SUMO-1 

conjugates was affected when either lamin C mutants were expressed with SUMO-1, or 

when both lamin A and lamin C mutants were co-expressed with SUMO-1. This effect was 

not apparent when lamin A mutants were co-expressed with SUMO-1. These observations 

indicate that LMNA mutation had a differential effect on the two lamin isoforms. There are 

two possible factors that may explain this finding. First, mutant lamin A aggregation may 

occur in the nuclear periphery, while mutant lamin C aggregates in the nucleoplasm. The fact 

that most SUMO-conjugates are present in the nucleoplasm may explain why only mutant 

lamin C affected SUMO-1 distribution. Second, it is possible that there are differences in the 

interaction of lamin A and lamin C with SUMO-1. It was recently demonstrated that lamin A 

interacts with SUMO-2, but not SUMO-1 (Zhang and Kevin, 2008). This may explain why 

mutant lamin A do not appear to alter the localization of SUMO-1. The interaction of lamin 

C with SUMO-1 has not yet been tested. However, the consensus sequence ( i | /KX D/E 

motifs) for sumoylation is present in the region common to both lamin isoforms, therefore it 

remains unclear why lamin C affects SUMO-1 distribution whereas lamin A does not. There 

is evidence in the literature that despite interacting with a region common to lamin A and 
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lamin C, the binding affinities of the two proteins for interacting partners can differ. 

Furthermore, the binding affinities of lamin A and lamin C may be differentially affected by 

LMNA mutations. For example, emerin has a stronger affinity for lamin C as compared to 

lamin A, and some LMNA mutations only affect interaction of emerin with lamin A, and not 

lamin C (Motsch et al., 2005). It is therefore possible that lamin C undergoes unique, as yet 

uncharacterized, interactions with SUMO-1. This distinguishing feature between lamin A 

and lamin C warrants further investigation. 

The aggregates formed by the lamin A/C mutants p.D192G, p.Q353K, and p.R386K 

not only affected the nuclear localization of SUMO-1, but also UBC-9, the sole-E2 

conjugating enzyme of the sumoylation pathway. In contrast with SUMO-1, UBC-9 

mislocalization was seen in the presence of both lamin A and lamin C mutants, suggesting 

that both isoforms affect the distribution of this protein. 

Our results demonstrated that LMNA mutations may interfere with cellular post-

translational modifications such as sumoylation. The function of SUMO depends on a tightly 

regulated balance between sumoylation and SUMO-deconjugation. Thus, by decreasing the 

availability in the nucleus of both sumoylated proteins and the E2 conjugation enzyme UBC-

9, LMNA mutations may disturb functions that depend on sumoylation. 

Although our group was the first to study the effect of LMNA mutations on the 

intranuclear distribution of SUMO-1 and its conjugates, other studies have demonstrated that 

the presence of abnormal lamin A/C aggregates can affect the intranuclear distribution of 

other nuclear proteins (Sylvius et al., 2005). Hubner et al. (2006) reported that over-

expression of mutant lamin A constructs (DCM causing mutation p.N195K and EDMD 

causing mutation p.R386K) led to the formation of mutant lamin A aggregates. They also 
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observed that the transcription factors SREBP1 and pRB were sequestered within these 

aggregates. Similarly, Dreuillet et al. (2008) demonstrated that aggregates formed by mutant 

lamin A affected the intranuclear distribution of the transcription factor MOK2. 

Interestingly, sumoylation of SREBP1 has been shown to decrease its transcriptional 

activity. This finding, along with our results showing mislocalization of SUMO-1 within 

lamin A/C aggregates, indicates that abnormal distribution of sumoylated transcription 

factors in mutant lamin aggregates may play a role in the pathophysiology of laminopathies. 

The sumoylation status of MOK2 and pRB is not currently known, therefore further 

experiments will be needed to corroborate this hypothesis. 

3.6.3. Effect of LMNA mutations on the activity of sumoylated cardiac transcription 

factors 

Sumoylation plays many important functions in the cell such as nucleo-cytoplasmic 

trafficking, chromosome segregation, and DNA repair, all of which could potentially be 

affected by the mislocalization of SUMO-1. One third of all sumoylated proteins are 

transcription factors (Vertegaal et al. 2006), therefore regulation of transcription factor 

activity is likely affected by SUMO-1 mislocalization. In order to understand the 

contribution of misregulated gene expression in the pathogenesis of DCM, we investigated 

the effect of LMNA mutations on the intranuclear distribution of the sumoylated transcription 

factor GATA-4. None of the mutations tested affected the intranuclear distribution of this 

transcription factor. One possible reason for the negative finding is that our methods may not 

have been sufficiently sensitive to detect the small percentage of GATA-4 that is sumoylated 

and trapped within lamin aggregates. We therefore studied the effect of LMNA mutations on 
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the expression of troponin C, a GATA-4 regulated gene, through real-time PCR. None of the 

mutations tested had a statistically significant effect on the expression of troponin C, relative 

to wild-type. While this may indicate that LMNA mutation has no effect on the expression of 

a structural gene such as troponin C, it is also possible that the low transfection efficiency 

(10%) in H9C2 cells caused any differences in expression to be attenuated. Despite the lack 

of statistically significant differences in expression between wild-type and mutants, we 

observed a trend that some mutations (p.D192G, p.R386K, p.Q353K) affecting the 

distribution of SUMO-1 appeared to decrease the expression of troponin C. In contrast, a 

previous study in a p.N195K mouse model found that GATA-4 regulated genes were 

upregulated (Mounkes et al., 2005). This discrepancy may indicate that GATA-4 is affected 

differently by various LMNA mutations. Sumoylation of GATA-4 has been shown to 

enhance its transcriptional activity (Wang et al., 2004). The observation that LMNA 

mutations decreased GATA-4 transcriptional activity may therefore indicate that these 

mutations decreased the availability of sumoylated GATA-4. Further studies with greater 

sensitivity to detect differences in gene expression are required to determine whether LMNA 

mutations indeed reduce GATA-4 mediated gene expression. 

We also tested the effect of LMNA mutations on the transcriptional activity of 

MEF2C, another sumoylated cardiac transcription factor, by measuring effects on expression 

of SrPK3. None of the mutations were found to significantly affect the expression of SrPK3, 

as compared to wild-type. However, some mutations (p.D192G, p.R386K) that affected 

SUMO-1 distribution demonstrated a trend towards increased expression of SrPK3 relative 

to wild-type. The lack of statistical significance may be due to the high degree of variability 

observed between different replicates. Sumoylation has been shown to repress the 
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transcriptional activity of MEF2C (Kang et al., 2006). The trend towards increased SrPK3 

expression may therefore indicate that LMNA mutation decreased the availability of 

sumoylated MEF2C. However, future studies with higher sensitivity to detect differences in 

MEF2C-mediated gene expression are required. An important requirement in future will be 

identification of a cell line with higher expression of MEF2C regulated genes. 

In both the GATA-4 and MEF2C studies, mutations such as p.R482W that do not 

affect SUMO-1 distribution nevertheless appeared to affect the expression of troponin C and 

SrPK3. Furthermore, the mutation p.L85R does not affect SUMO-1, but still increased the 

expression of SrPK3. On the other hand, the mutation p.D192G, which affects SUMO-1, did 

not increase the expression of SrPK3. However, the lack of statistically significant 

differences between wild-type and mutant LMNA preclude any firm conclusions regarding 

the effect of these mutations on gene expression. 
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CHAPTER 4 

DISCUSSION 
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Mutations in LMNA, a gene encoding a nuclear protein, are implicated in the pathogenesis of 

phenotypically diverse diseases such as DCM, EDMD, and FPLD. There are two putative 

mechanisms by which LMNA mutations may cause the tissue-specific effects in cardiac 

muscle underlying the pathogenesis of DCM: 1) Nuclear fragility caused by LMNA 

mutations may affect mechanically stressed tissues such as cardiac muscle to a greater extent 

than other tissues; and 2) LMNA mutations may cause dysregulation of cardiac-specific gene 

transcription. In order to understand the contribution of each of these mechanisms to the 

pathophysiology of DCM, we first carried out a genotype-phenotype analysis correlating the 

presence of LMNA mutations with the presence of nuclear envelope defects in 

cardiomyocytes from patients with DCM. We then investigated the effect of DCM-causing 

LMNA mutations on the assembly of nuclear lamina in our in vitro cardiac cell model, and 

on the interaction of lamins with SUMO-1 and UBC-9, two proteins involved in regulating 

the cardiac-specific transcription factors GATA-4 and MEF2C. Finally, we measured the 

effect of these mutations on expression of genes regulated by GATA-4 and MEF2C. In order 

to differentiate the effect of mutations on functions of lamin A and lamin C, we expressed 

these mutated lamins in the cell model both individually and together. The results of these 

studies have helped us further understand the contributions of the structural and gene-

regulatory mechanisms to the pathogenesis of DCM caused by LMNA mutations. 

4.1. Role of Structural and Gene regulatory mechanisms in the pathogenesis of 

DCM 

The first phase of this study consisted of a genotype-phenotype correlation analysis, 

in which we found that about 34% of screened DCM patients displayed cardiomyocyte 
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nuclear envelope abnormalities. Only two patients with nuclear envelope defects carried 

LMNA mutations: 1) a novel large deletion encompassing exons 3-12 resulted in decreased 

expression of the lamin protein in one patient's heart tissue.and 2) a heterozygous p.D192G 

mutation which has been previously reported by our group (Sylvius et al., 2005). Other 

groups have also reported DCM patients with LMNA mutations demonstrating nuclear 

envelope defects in either cardiac tissue or skin fibroblasts (Arbustini et al. 2002, Verga et. 

al., 2003, Muchir et al., 2004). 

The results of our in vitro experiments, in which we used a cardiac cell model to 

express mutations in the lamin A/C gene, provided further support for the structural 

hypothesis. We found evidence that the DCM-causing lamin A/C mutants p.D192G and 

p.Q353K formed abnormal lamin A/C aggregates in the nuclear lamina, leading to the 

formation of discontinuous lamina in vitro. Other studies in the literature have also reported 

the presence of lamin A/C aggregates in cells expressing LMNA mutations (Ostlund et al., 

2001, Raharjo et al., 2001, Broers et al., 2005, Sylvius et al., 2005, Hubner et al., 2006, 

Hubner et al., 2006). Since the lamina plays an integral role in maintaining the structural 

integrity of the nuclear envelope, it is possible that lamin aggregation increases nuclear 

envelope fragility. 

In summary, results from the genotype-phenotype correlation analysis and in vitro 

experiments indicate that LMNA mutations may cause damage to the nuclear envelope. They 

lend support to the structural hypothesis of DCM pathogenesis since nuclear envelope 

abnormalities and resulting fragility may be most likely to cause cell death in mechanically-

stressed tissues such as cardiac muscle. 
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There is also evidence from this study, as well as past work from our laboratory, that 

not all DCM patients with lamin A/C mutations (e.g., p.Q353K, p.R541S) demonstrate 

nuclear envelope defects (Sylvius et al., 2005). Similarly, not all mutant lamin A/C 

constructs led to the formation of lamin A/C aggregates in vitro. In fact, mutations p.L85R 

(from the present study) and pR514S (from previous work in our laboratory) behaved in a 

manner similar to wild-type lamin A/C. These observations indicate that the presence of 

mutant lamin aggregation and the resulting nuclear envelope defects are not a prerequisite 

for the pathogenesis of DCM. Hence, the structural hypothesis does not fully explain the 

mechanism by which LMNA mutations cause DCM. Furthermore, the possibility that LMNA 

mutations cause misregulation of cardiac gene expression cannot be discounted based on the 

data pertaining to nuclear envelope defects and the abnormal distribution of mutant lamins in 

vitro. 

For most mutations, in vitro results were correlated with in vivo observations. For 

example, results from in vitro and in vivo experiments provided similar results for the 

mutations p.D192G, and p.R541S (Sylvius et al., 2005). However, this was not the case for 

mutation p.Q353K. While a patient with this mutation did not have ultra-structural nuclear 

envelope defects, expression of this mutation in H9C2 cells resulted in the formation of 

abnormal lamin aggregates. One possible explanation for this discrepancy is that nuclear 

envelope defects may have affected only a small proportion of cells, therefore these 

abnormalities may simply have been missed in the electron microscope images. Nuclear 

envelope defects were only observed in about 30% of all cells in cardiac tissue from the 

patient with p.D192G mutation (Sylvius et al., 2005). Furthermore, in skin fibroblasts from 

patients carrying LMNA mutations, the percentage of cells with nuclear envelope defects is 
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only 10-15% (Muchir et al., 2004). It is not yet clear how a germ-line mutation can lead to 

nuclear envelope defects in only a small percentage of cells. Nevertheless, it is possible that 

the proportion of affected cells in the patient with the p.Q353K mutation may have been 

exceedingly small, a factor that raises the possibility of false negative classification. 

In order to understand the contribution of the gene regulatory hypothesis in the 

pathogenesis of DCM, we focused our attention on SUMO-1 and UBC-9. We observed that 

both proteins were sequestered within mutant lamin aggregates. Given the importance of 

these molecules in post-translational modification (i.e., sumoylation), and activation of 

several cardiac transcription factors (such as MEF2C and GATA-4), this finding may have 

implications for the effect of LMNA mutations on gene expression in cardiac muscle. 

Although we were not able to identify a satisfactory system to test the hypothesis that 

LMNA mutations affect gene expression, we did observe that some mutations that affected 

SUMO distribution also appeared to affect the expression of genes regulated by sumoylated 

transcription factors. However, none of the differences in gene expression between cells 

transfected with wild-type or mutated lamin were statistically significant. Therefore, further 

work is needed to confirm the role of LMNA mutations in the misregulation of cardiac genes. 

Despite the inconclusive results regarding the effects of LMNA mutations on cardiac 

gene expression, the finding that LMNA mutations can alter the organization of lamin A/C in 

the nuclear lamina, as well as disrupt the normal distribution of SUMO-1 and UBC-9, 

suggests that the structural and gene regulatory mechanisms may not be mutually exclusive. 

However, some mutations, such as p.L85R, neither resulted in the formation of lamin 

aggregates nor affected the distribution of SUMO-1 and UBC-9. The structural mechanism 

does not appear to play a role in DCM pathogenesis in such patients, although the possibility 
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that cardiac gene expression is altered via mechanisms not involving SUMO-1 or UBC-9 

cannot be ruled out. Taken together, our investigations into the effects of LMNA mutations 

on lamin aggregation, SUMO-1 and UBC-9 distribution, and gene expression demonstrated 

that the relative contributions of structural defects and aberrant gene expression to DCM 

pathogenesis may vary between mutations. 

LMNA mutations not only cause DCM, but also several other tissue-specific 

disorders such as FPLD (which affects adipose tissue) and EDMD (which affects skeletal 

and cardiac muscle). In addition to the DCM-causing mutations, we also investigated the 

effects of two non-DCM mutations in our in vitro experiments: p.R386K which causes 

EDMD, and p.R482W which causes FLPD. This was done to compare the effects of DCM-

causing and non DCM-causing mutations on cardiac cells, since any differences could shed 

light on the mechanisms by which LMNA mutations produce tissue-specific effects. The 

p.R386K mutation formed aggregates and also affected SUMO-1 and UBC-9, similar to the 

DCM-causing mutations. This indicates that the mechanism by which this mutation causes 

EDMD (with manifestations in both cardiac and skeletal muscle) may be similar to DCM, in 

that both the structural and gene regulatory mechanisms may play a role. Both cardiac and 

skeletal tissue are mechanically stressed, therefore both may be similarly affected by the loss 

of structural integrity of the nuclear envelope. Of course, the fact that this mutation affects 

skeletal muscle whereas DCM-causing mutations do not likely indicates that p.R386K 

affects the expression of genes specific to skeletal muscle. 

In contrast to p.R386K, the p.R482W mutation did not result in formation of nuclear 

aggregates. Consequently, this mutation is unlikely to compromise nuclear envelope 

integrity. FPLD primarily affects adipose tissue, therefore this finding provides support to 
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the notion that LMNA mutations causing defects in the nuclear envelope preferentially affect 

mechanically stressed tissues such as cardiac muscle. This may explain why p.R482W does 

not affect cardiac tissue. It is noteworthy, however, that both in vitro and in vivo studies have 

reported contradictory results as to whether this mutation is associated with nuclear envelope 

abnormalities (Ostlund et al., 2000, Raharjo et al., 2001, Vigouroux et al., 2001, Lloyd et al., 

2002, Broers 2005). For example, some studies have reported nuclear envelope defects in 

skin fibroblasts from FPLD patients with the p.R482W mutation, whereas others have not 

(Vigouroux et al., 2001, Lloyd et al., 2002). Therefore, the possibility that this mutation 

causes nuclear envelope defects cannot be entirely discounted at present. If p.R482W is 

eventually proven to cause nuclear envelope defects (especially in cardiac tissue), it will 

indicate that LMNA mutations cause tissue-specific effects by mechanisms other than 

differential sensitivity of mechanically stressed tissues to nuclear envelope abnormalities. 

We also attempted to measure differences between p.R482W and wild-type lamin in 

cardiac gene expression (i.e. troponin C and SrPK3). However, no statistically significant 

differences in gene-expression were observed. Since this study was inconclusive with 

respect to the effect of both DCM-causing and other LMNA mutations due to the high 

variability of results, further study is required in this area. 

4.2. Lamin haploinsufficiency: a novel mechanism for nuclear envelope 

abnormalities and DCM 

In our mutation screening analysis, using MLPA, of a patient displaying major 

cardiomyoctye nuclear envelope damage, we identified a large deletion encompassing exons 

3 to 12 in the lamin A/C gene. This deletion was absent in DNA from more than 100 
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controls. Since the deletion encompasses LMNA exon 3 to 12, it is likely that the observed 

nuclear abnormalities are not due to the expression of a putative truncated protein composed 

of exons 1-2 only. It was shown that the potential truncated protein resulting from the 

Y259X nonsense mutation (exon 4) was not detectable in patient fibroblasts (Muchir et al., 

2003). Similarly, in the mouse model with the LMNA exon 8-11 deletion, the 54-kDa 

truncated protein resulting from this deletion was not detected (Sullivan et al., 1999) 

Furthermore, immunostaining revealed reduced lamin A/C in the patient's cardiomyocyte 

nuclei, thus indicating lamin A/C haploinsufficiency. Since lamins are implicated in the 

mechanical stability of the nucleus, and are reported to have numerous binding partners and 

functions, lamin A/C haploinsufficiency has the potential to have severely detrimental 

effects on cellular structure and function. One obvious consequence could be disturbance of 

the nuclear architecture, which was evidenced by the nuclear envelope defects observed. 

Most mutations in LMNA are heterozygous point mutations, only some of which have 

been associated with cardiomyocyte nuclear envelope defects in DCM patients (Arbustini et 

al., 2002, Verga et al., 2004). These mutations have been suggested to have a dominant-

negative effect on functions of normal lamin protein. For example, impaired lamin 

integration into the nuclear lamina due to the dominant-negative effects of a mutation 

ultimately disrupts the lamina and compromises nuclear envelope integrity. A few studies 

have previously reported the presence of small deletions in the lamin A/C gene. Walter et al., 

(2005) reported the presence of a 15 amino acid deletion (-3 to 12 nucleotides) in the 5' end 

of the LMNA gene, resulting in the loss of the translation initiator codon. van Tintelen et al. 

(2007) also reported the presence of a 674 base pair deletion encompassing exon 1 and the 

adjacent non-coding exon in a patient with myocardial fibrosis. Recently, this patient was 
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shown to have nuclear envelope defects such as extensively convoluted nuclear envelope 

along with large blebs in the nuclear membrane in the cardiomyocytes (Diercks et al., 2009). 

Although this has not yet been demonstrated, it is conceivable that loss of the translation 

initiator codon resulting from both of these mutations may cause lamin A/C 

haploinsufficiency. A third study demonstrated the presence of a null LMNA mutation 

(p.Q6STOP) in the exon 1 leading to lamin A/C haploinsufficiency in a family with EDMD 

(Becane et al., 2000). To the best of our knowledge, our results provide the first evidence of 

a large deletion encompassing most exons of the lamin A/C gene in a DCM patient. Apart 

from demonstrating that lamin haploinsufficiency may be involved in the pathophysiology of 

DCM, this is the first report of nuclear envelope structural defects in cardiomyocytes 

associated with lamin A/C haploinsufficiency. That lamin haploinsufficiency can cause 

nuclear envelope defects is corroborated by a heterozygous LMNA+/~ mouse model that had 

50% of normal cardiac lamin A/C levels and displayed abnormal nuclear architecture (Wolf 

et al., 2008). 

4.3. Mutated lamin A and lamin C may have specific roles in disease pathogenesis 

Our results demonstrated that lamin A and lamin C are not affected in a similar 

manner by LMNA mutations. Mutant lamin A aggregates were found in the nuclear lamina, 

whereas mutant lamin C aggregates were located in the nucleoplasm. Furthermore, SUMO-1 

mislocalization inside mutant lamin aggregates was seen either when lamin C was expressed 

alone, or co-expressed with lamin A, but not when lamin A was expressed alone. These 

observations indicate that lamin A and lamin C are differentially affected by a given 

mutation, and that the two isoforms may have distinct functions within the cell. It is 
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therefore important that future studies investigate the effects of lamin A and lamin C 

separately as well as in combination, so that their specific functions and roles in disease 

pathogenesis can be dissected. Such studies may also aid in understanding the mechanisms 

by which LMNA mutations lead to the various tissue-specific laminopathies. 

4.4. No genotype-phenotype correlation between LMNA mutations, presence of 

nuclear envelope defects, and DCM symptoms 

A summary of the LMNA mutations, clinical characteristics, and nuclear envelope 

phenotypes (in vivo and in vitro) for each DCM patient enrolled in our study is presented in 

Table 4.1. A large degree of clinical heterogeneity was evident regardless of the presence of 

nuclear envelope abnormalities, or presence of LMNA mutation. No correlation was evident 

with respect to DCM severity (as determined by LVEF), age of onset, and either the 

presence of nuclear envelope abnormalities or presence and position of LMNA mutations. 

Nuclear envelope defects were present in both patients with LMNA mutations and without 

LMNA mutations, indicating the lack of a correlation between genotype and phenotype. The 

severity of the nuclear envelope defect or the proportion of observed cells displaying 

abnormal nuclei did not correlate with the presence of position of the LMNA mutation. These 

observations indicate that patients with a clinical suspicion of laminopathy and with marked 

abnormalities in cardiomyocyte nuclei can be free of LMNA mutations. Such patients may 

therefore carry a mutation in another gene encoding a protein involved in the maintenance of 

nuclear architecture. In contrast, some patients with LMNA mutations did not have nuclear 

envelope defects, and the mutant proteins did not result in discontinuous lamina in vitro. 
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This suggests that occurrence of a mutation in LMNA does not necessarily lead to 

cardiomyocyte nuclear envelope defects. 

4.5. Future Directions 

In our study, we showed that nuclear envelope defects caused by LMNA mutations 

may play a role in the pathogenesis of DCM. We also demonstrated that LMNA mutations 

may cause DCM by interfering with the sumoylation pathway, which regulates the activity 

of cardiac transcription factors. However, we could not conclusively demonstrate that LMNA 

mutations affect the expression of cardiac-specific genes. 

One of the limitations of our experiments was the inability to identify an appropriate 

cardiac cell model to measure changes in cardiac gene expression. H9C2 cells had low 

transfection efficiency, while HL-1 cells did not have the proper lamin A/C phenotype. In 

future work, the inefficient transfection of H9C2 cells could be overcome by selecting 

successfully transfected cells using fluorescence activated cell sorting (FACS), thereby 

reducing the dilutive effects of non-transfected cells on gene expression (Kovala et al., 

2000). Gene expression in transfected cells could then be measured using microarray 

analysis, allowing for simultaneous testing of the effect of LMNA mutations on the 

expression of multiple genes. This would permit rapid identification of up- or down-

regulated genes that could be investigated further for their utility as target genes. These 

genes would be further subjected to real-time PCR to confirm changes in gene expression. In 

the present study, we attempted to measure the effect of LMNA mutations on expression of 

cardiac genes in the presence of both lamin A and lamin C, since such a system was 

physiologically relevant. However, since we found that LMNA mutations have differential 
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effects on the functions of the individual lamins, future experiments should test the effect not 

only of both mutated lamins, but also each one separately. 

H9C2 cells have been widely used as a cardiac cell model (Kaneda et ah, 2005, 

Sulliman et al., 2006, Tshori et al., 2006). However, these cells do not beat in cultures. They 

also demonstrate low expression of several GATA-4 regulated genes such as ANF. A long-

term goal of our laboratory is to conduct these experiments in primary cardiomyocytes. 

Unfortunately, these cell lines are difficult to transfect with commercially available reagents. 

Therefore, we anticipate the need to standardize procedures for using electroporation for 

transfection. As an alternative, we may also create viral vectors carrying wild-type or mutant 

lamins to infect these cell lines (Tamamori et al., 1998, Aruda et. al., 2007). 

In our study we also used two non-DCM mutations (EDMD-causing p.R386K, and 

FPLD-causing p.R482W) to check the tissue specificity of LMNA mutations. In the future, 

the cardiac cell line should also be transfected with these mutations in order to determine 

whether they have an effect on cardiac gene transcription. Similar experiments could also be 

performed in non-cardiac cell lines such as C2C12 cells (a skeletal muscle cell line) and 

3T3-L1 (an adipose tissue cell line), to gain insights into the tissue-specific effects of LMNA 

mutations. 

In order to obtain results in vivo, microarray analysis could be performed on RNA 

extracted from cardiac biopsies of DCM patients with LMNA mutations. This approach has 

been previously employed to identify the genes up- or down-regulated in DCM (Barrans et 

al., 2002, Hwang et al., 2002, Grzeskowiak et al., 2003). However, these studies did not 

genotype the DCM patients included, therefore it is unknown whether they carried LMNA 

mutations. Performing microarray analysis on biopsies from DCM patients carrying LMNA 
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mutations will provide further insights into the cardiac genes that may be affected by DCM-

causing LMNA mutations. As an alternative, pre-existing mouse models carrying LMNA 

mutations (Arimura et al., 2005, Mounkes et al., 2005) could also be used in microarray 

analysis. In contrast to studies in DCM patients which would necessarily be restricted to 

cardiac tissue, micro-array analysis could be performed on RNA extracted from the cardiac, 

skeletal, and adipose tissues of mouse models to gain insights into possible mechanisms 

underlying tissue specificity. However, a disadvantage to the use of mouse models is the 

possibility that the genes affected by LMNA mutations may not be the same as in humans. 

By using microarray analysis to measure differences in gene expression in the 

presence of LMNA mutations both in vitro and in vivo, we should also be able to determine 

the proportion of affected genes that are regulated by sumoylated transcription factors. Such 

findings will help elucidate whether the effect of LMNA mutations on gene expression is 

mediated primarily through SUMO-1. 

In summary, our results provided important insights into the mechanisms by which 

LMNA mutations may cause DCM, especially with respect to the structural hypothesis. 

Further work is required to verify whether LMNA mutations cause changes in the expression 

of cardiac genes, and to unravel the mechanisms by which LMNA mutations lead to tissue-

specific diseases. 
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APPENDIX 2: List of known lamin A/C binding proteins 

Proteins Characteristics References 
Domain of 
Interaction 

Proteins associated with the inner nuclear membrane 
Lamin Bl 
(LMNB1) 

Emerin (EMD) 

Lamina-
associated 
polypeptides 1A 
and IB (LAP1A, 
IB) 
Lamina-
associated 
polypeptide 2A 
(TMPO) 

Lem domain-
containing 3 
(MAN1) 

E1B 19K 

Synaptic Nuclear 
Envelope Protein 
1 SYNE1 
(Nuclear 
Envelope 
Spectrin Repeat 
Protein 1, 
Nesprin-1, 
MYNE-1) 
Nesprin-2, 
SYNE2, 
NUANCE 

LUMA 

Intermediate filament protein. 
Component of the nuclear lamina. 

Member of the nuclear lamina-
associated protein family 

Interact with both A and B-type 
lamins 

Alfa isoform is distributed 
throughout the nucleus. Beta and 
gamma isoforms are localized to the 
nuclear membrane. 

Integral membrane protein of the 
inner nuclear membrane 

Associated with intermediate 
filament proteins in the cytoplasm 
and the nuclear lamina. Protect 
against cell death. 

Transmembrane protein of the inner 
nuclear membrane. Connects the 
nucleus to the cytoskeleton by 
interacting with the nuclear 
envelope and with F-actin in the 
cytoplasm. 

A multi-isomeric protein that binds 
both lamin A and emerin. Localize 
at nuclear envelope in C2C12 cells. 
Highly abundant in skeletal and 
cardiac cells compared to Nesprin-
1. Also interacts with F-actin at 
outer nuclear membrane. 

Highly conserved integral inner 
nuclear membrane protein. Co-IP 
lead researchers to believe they 
interact with lamin a/c. 

C. Ostlund, et al., J Cell Sci 
114, 4435-45 (Dec 2001). 

L. Clements et al., Biochem 
Biophys Res Commun 267, 
709-14 (Feb 2000). 

C. Ostlund, et al., J Cell Sci 
114, 4435-45 (Dec 2001), R. 
Foisner et al., Cell 73, 1267-
79 (Jul 1993). 

T. Dechatetal., J Cell Sci 113 
Pt 19, 3473-84 (Oct 2000). 

M. Mansharamani et al., J 
Biol Chem (Jan 2005) 

L. Raoetal., Oncogene 15, 
1587-97 (Sepl 997). 

J.M.K. Mislow et al., J Cell 
Sci 115, 61-70 (Jan 2002), 
J.M.K. Mislow et al., FEBS 
Letters 525, 135-140 (July 
2002). 

Q. Zhang etal., J Cell Sci 118, 
673-687 (Jan 2005). 

L. Bengtsson and H. Otto, J 
Cell Sci 121, 536-548 (Feb 
2008). 

384-566 

319-566 

252-390 

476-916 
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Proteins 

SUN1 

Characteristics 

Role in nuclear positioning by 
connecting nuclear envelope to 
cytoskeleton. 

References 

F. Haque et al., Molecular and 
Cellular Biology 26:10, 3738-
3751 (May 2006). 

Domain of 
Interaction 

DNA-binding proteins 

Zinc Finger 
Protein 239 
(ZNF239, Zinc 
Finger Protein 
MOK2) 
Barrier-To-
Autointegration 
Factor 1 (BAF) 

Mel 18 

Sterol regulatory 
element binding 
transcription 
factor 1 
(SREBP1) 

DNA, RNA and nuclear 
ribonucleoproten-binding proteins. 
Transcription factor. 

May play a role in chromatin 
attachment to membranes and 
chromatin decondensation during 
nuclear assembly. Also interacts 
with emerin, LAP2 Beta and 
MAN1. 

Zinc finger protein. Localized in the 
nucleus. Sequence-specific DNA-
binding protein and is a negative 
transcriptional regulator. 

Regulates the transcription of genes 
for sterol biosynthesis and the LDL 
receptor gene. 

C. Dreuillet et al., Nucleic 
Acids Res 30, 4634-42 (Nov 
2002). 

J.M. Holaska et al., J Biol 
Chem 278, 6969-75 (Nov 
2002). 

N. Zhong et al. Biochem and 
Biophys Res Commun 338, 
855-861 (Oct 2005). 

D.J. Lloyd et al, Hum Mol 
Genet 11, 769-77 (Apr 2002). 

243-387 

379-664 

Enzymes 
Protein Kinase C 
alpha (PKCA, 
PRKCA) 

12-lipoxygenase 
(ALOX12B) 

Ubiquitin 
Conjugating 
Enzyme E21 
(UBC9, UBE1) 

Nuclear Prelamin 
A Recognition 
Factor (NARF) 

Calcium-activated and 
phospholipid-dependent kinase 
involved in signal transduction and 
cell communication. 
Oxyreductase that converts 
arachidonic acid to 12R-
hydroperoxyeicosatetraenoic acid. 

Involved in 6-step ubiquitin-
proteosome system. Functions in 
the transfer of ubiquitin to an active 
Cys residue of a ubiquitin carrier 
substrate protein. Also involved in 
tagging proteins with ubiquitin-like 
proteins (SUMOl, SUM02, 
SUM03...). 

Component of the endoprotease 
complex likely involved in the 
postranslational maturation of 
prelamin A to lamin A. 

A.M. Martelli et al., J Cell 
Biochem 86, 320-30 (2002). 

K. Tang et al., Biochemistry 
39,3185-91 (Mar 2000). 

N. Zhong et al. Biochem and 
Biophys Res Commun 338, 
855-861 (Oct 2005). 

R.M. Barton et al., J Biol 
Chem 274, 30008-18 (Oct 
1999). 

499-702 

463-664 

Farnesylated 
prelamin A 389-
664 
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Proteins Characteristics References 
Domain of 
Interaction 

Miscellaneous 

Actin 

Retinoblastoma 1 

Lamin 
companion 1 
(Lcol) 
Nuclear Titin 
(TTN) 

c-FOS 

hnRNP 

Epidermal 
Growth Factor 
(EGF) 

Cyclin D3 

Cytoskeletal protein 

Regulator of cell proliferation and 
differentiation. Tumor suppressor 
factor. 

Intranuclear Iamin-binding protein. 

In non-muscular cells, nuclear 
isoforms of titin are essential for 
chromosome condensation and 
chromosome segragation during 
mitosis. 

Involved in transcriptional and cell 
cycle control in mammalian cells. 
One component of the dimeric AP-
1 transcription factor complex in 
the regulation of a variety of 
cellular processes (cell 
differentiation, cell proliferation, 
neoplasmic transformation 

Involved in several RNA-related 
biological processes such as 
transcription, pre-mRNA 
processing, mature mRNA transport 
to the cytoplasm and translation. 
Regulates initiation of RNA 
replication and translation. 

Promotes growth and 
differentiation. 

Forms insoluble complexes with 
cell-cycle regulatory factors in 
muscle cells. 

A.M. Sasseville et al., FEBS 
Lett 425, 489-9 (Apr 1998). 

M.A. Mancini et al., Proc Natl 
Acad Sci USA 91, 418-22 (Jan 
1994); T. Ozakietal., 
Oncogene 9, 2649-53 (1994). 

S. Vlcek et al., Exp Cell Res 
298,499-511 (Aug 2004). 

M.S. Zastrow et al., Journal of 
Cell Science 119,239-49 
(2006). 

C. Ivorra et al., Genes and 
Development 2, 307-320 
(2006). 

N. Zhong et al. Biochem and 
Biophys Res Commun 338, 
855-861 (Oct 2005). 

N. Zhong et al. Biochem and 
Biophys Res Commun 338, 
855-861 (Oct 2005). 

I. Mariappan et al., Biochem 
and Biophys Res Commun 
355, 981-85 (Feb 2007). 

247-355 

394-664 

383-474 
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APPENDIX 3 

Specific contribution of lamin A and lamin C in the 
development of laminopathies 

Reprinted from Experimental Cell research 2008, 314: 2362-2375; Nicolas Sylvius, Andrea 
Hathaway, Emilie Boudreau, Pallavi Gupta.Sarah Labib, Pierrette M. Bolongo, Peter 

Rippstein, Heidi McBride, Zofia T. Bilinskac, Frederique Tesson; Specific contribution of 
lamin A and lamin C in the 

development of laminopathies Copyright (2008), with permission from Elsevier 
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A B S T R A C T 

Mutations in the lamin A/C gene are involved in multiple human disorders for which the 
pathophysiological mechanisms are partially understood. Conflicting results prevail 
regarding the organization of lamin A and C mutants within the nuclear envelope (NE) and 
on the interactions of each lamin to its counterpart. We over-expressed various lamin A and 
C mutants both independently and together in COS7 cells. When expressed alone, lamin A 
with cardiac/muscular disorder mutations forms abnormal aggregates inside the NE and not 
inside the nucleoplasm. Conversely, the equivalent lamin C organizes as intranucleoplasmic 
aggregates that never connect to the NE as opposed to wild type lamin C. Interestingly, the 
lamin C molecules present within these aggregates exhibit an abnormal increased mobility. 
When co-expressed, the complex formed by lamin A/C aggregates in the NE. Lamin A and C 
mutants for lipodystrophy behave similarly to the wild type. These findings reveal that 
lamins A and C may be differentially affected depending on the mutation. This results in 
multiple possible physiological consequences which likely contribute in the phenotypic 
variability of laminopathies. The inability of lamin C mutants to join the nuclear rim in the 
absence of lamin A is a potential pathophysiological mechanism for laminopathies. 

© 2008 Elsevier Inc. All rights reserved. 

Introduction 

The lamin A/C gene (LMNA) has been implicated in numerous 
diseases referred to as "laminopathies" that affect the heart, 
skeletal muscle, adipose tissue, bones, peripheral nerves, skin, 
or cause premature aging [1]. 

Lamins A and C are type V intermediate filament proteins 
expressed in terminally differentiated somatic cells, and syn­

thesized by alternative splicing of LMNA. Both proteins share 
the same first 566 amino acids but differ in their carboxyl 
terminus. Lamins A and C have 646 and 572 amino acids re­
spectively and are known for their structural role in supporting 
the nuclear architecture and anchoring chromatin and the 
nuclear pore complexes to the nuclear membrane. Indeed, 
along with B-type lamins, they are the main components of the 
lamina, a filamentous meshwork underlying the inner nuclear 

* Corresponding author. CEA/Institut de Genomique, Centre National de Genotypage, 2 rue Gaston Cremieux, Batiment G2, CP 5721, 91057 
Evry Cedex, France. 

E-mail address: sylvius@cng.fr (N. Sylvius). 
1 Current address: Centre National de Genotypage, 2 rue Gaston Cremieux, CP 5721, 91 057 Evry Cedex, France. 
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membrane. However, they are also present within the nucleus 
[2]. In addition to participating in nuclear architecture, there is a 
growing body of evidence showing that lamin A/C plays a key 
role in gene transcription regulation, DNA repair and replication 
[1,3], and cell differentiation regulation [1,4,5]. The list of lamins 
A and C partners is regularly growing [2,6-9], which confirms 
that these proteins are involved in multiple functions, some of 
which are still being unravelled. For instance, it has recently 
been shown that lamins A and C are tightly connected to the 
cytoskeleton, thus revealing a nuclear-cytoskeletal continuity 
[10]. Also, some LMNA mutations have been reported to affect 
the posttranslational machinery of the cell. It has been shown 
that the nuclear localization of SUMOl (ubiquitin-related 
modifierl) is totally disrupted in the presence of the DCM-
associated D192G lamin C mutant [11]. 

Whether or not lamin A is required for lamin C to be 
localized into the nuclear envelope remains debated. The early 
death of lmna knockout mice (lmna"/_) [12] or the dramatic 
lamina defects observed when silencing lamin A/C in human 
endometrial stromal cells [13], clearly demonstrates that at 
least one of the two proteins is required for survival. However, 
a recent study in fibroblasts from mice expressing only lamin C 
have shown that lamin C is normally targeted to the nuclear 
envelope [14]. As well, nuclei shape from these fibroblasts is 
only mildly altered and the mice do not exhibit any symptoms 
of muscle diseases. Furthermore, lamin C has also been shown 
to be sufficient for proper localization of both emerin [14] and 
nesprin-2 [15] at the nuclear envelope. These studies therefore 
suggest that lamin C can substitute for lamin A on its own and 
provide functional support to the nuclear envelope. However, 
these results strikingly contradict several other studies which 
showed that lamin A targets both lamin C and emerin to the 
nuclear envelope [16-19]. 

Furthermore, nuclear envelope alterations associated with 
LMNA mutations have long been reported [11,20-23]. Mice ex­
pressing M371K lamin A exhibit cardiomyocytes with convoluted 
nuclear envelopes, intranuclear inclusions and chromatin 
clumps in nuclei [24]. Several LMNA mutations are known to 
result in the aggregation of lamin A in uitro [18,25-27]. In a 
previous report, we found DCM-causing LMNA mutations leading 
to the aggregation of nuclear lamin C as well [11]. However, the 
physiological consequences of these aggregates as well as the 
impact of these mutations on lamin C specifically or on the 
complex lamin A/lamin C have only been partially investigated. 
It is unclear whether or not these lamin A and lamin C aggregates 
retain the capability to incorporate themselves into the nuclear 
envelope either in combination or independently. 

In humans, most reported LMNA mutations are found in 
Emery-Dreifuss muscular dystrophy and dilated cardiomyo­
pathy (DCM) but the spectrum of phenotypes is constantly 
extending [28]. Nuclear fragility and/or abnormalities in the 
tissue/cell-specific gene expression are the main two hypoth­
eses proposed to explain how mutations in this gene cause 
such a large spectrum of diseases [1]. However, the exact 
pathophysiological mechanisms remain puzzling. In this 
study, we propose to further examine wild type and mutated 
lamin A and C behaviour separately and then in combination. 
In an attempt to better clarify the lamin A and lamin C 
respective functions and shed light on the properties of lamin 
A/C affected in laminopathies, we compared various LMNA 

mutations previously reported in DCM (L85R, D192G, N195K) 
[29], autosomal dominant Emery-Dreifuss muscular dystrophy 
(R386K) [30] or lipodystrophy (R482W) [31]. 

Methods 

Expression plasmid and mutagenesis 

Our cloning procedures of wild type and mutated full-length 
human lamins A and C as C-terminal fusions to either the 
enhanced cyan, yellow or red fluorescent protein sequence of, 
respectively pECFP-Cl, pEYFP-Cl, and pDsRed2-Cl fluorescent 
expression vectors, have previously been described [11]. L85R, 
D192G, N195K, R386K and R482W point mutations were 
introduced in the lamin A and lamin C cDNAs by site directed 
mutagenesis using primers previously published [11,18,27]. All 
clones were systematically sequenced. 

Fluorescent microscopy 

Images were captured on an Olympus 1 x 70 inverted microscope 
and processed using TILLvisION software (version 4.0), or an 
Olympus Fluoview FV1000 confocal microscope with a lOOx 1.4 
NA oil immersion objective (UplanSApo) and using the Olympus 
FV-10 acquisition software, version 5.0, to acquire images. 

Fluorescence recovery after photobleaching 
experiments (FRAP) 

FRAP experiments were performed on living transfected COS7 
cells at 37 °C. Only the transfected cells displaying a phenotype 
characteristic of the mutation investigated were considered for 
FRAP experiments. To minimize cell physiology disturbance, 
we chose to photobleach selected areas for 10 iterations at 16% 
power of the argon laser. After photobleaching, 42 images were 
captured every 5 s for 210 s at 1.5% power of the argon laser. 
FRAP was performed during such a short period of time to limit 
bias due to nuclear rotation and cell movement. Average 
fluorescence intensity in each region of interest was normal­
ized to total cellular fluorescence loss during bleach and 
imaging phase as Irei=ToIt/TtI0 as described by Phair et al. [32] 
(T0, total cellular intensity during prebleach; Tt, total cellular 
intensity at time t; I0, average intensity in the region of interest 
during prebleach, It, average intensity in the region of interest 
at time t). Fluorescence of surrounding cells was taken into 
account in cases of cells exhibiting a single speckle (mutation 
D192G and R386K). A non linear regression was used to create a 
best fit curve. Difference in the tV2 between L85R, D192G, R386K 
and wild type lamin C aggregates was assessed by a T-test. 

Immunocytochemistry 

Transfected cells were fixed on coverslips with 4% paraformal­
dehyde in phosphate buffered saline (PBS) and permeabilized 
with 10% Triton-100 for 5 min. Cells were incubated with the 
primary antibody (RanGapl (N-19) polyclonal antibody (Santa 
Cruz)) in 10% fetal bovine serum (1:50) and with Alexa Fluor 594-
labeled Rabbit Anti-Goat antibody (Molecular Probes) for 30 min. 
The coverslips were mounted on a glass slide with mowiol. 
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Immunoblotting 

Western blot analyses were performed as previously described 
by Sylvius et al. [11]. The primary antibody used was goat anti-
lamin A/C (N-18) polyclonal antibody and mouse anti beta 
actin (C4) monoclonal antibody (Santa Cruz) and the second­
ary antibodies were peroxidase-linked anti-goat and anti-
rabbit antibodies (Santa Cruz). 

Cell preparation for EM 

Cells were fixed in 1.6% glutaraldehyde in 0.1 M sodium 
cacodylate buffer pH 7.2. They were then resuspended in 15% 
bovine serum albumin infiltrated for 30 min and pelleted by 
centrifugation. The supernatant was removed and the cell pellets 

were coagulated with 1.6% glutaraldehyde in 0.1 M sodium 
cacodylate buffer pH 7.2. The resulting firm pellets were cut 
into 1 mm pieces post-fixed in 1% osmium tetroxide dehydrated 
in ascending alcohols and embedded in Spurr epoxy resin. Thin 
sections were stained with uranyl acetate and lead citrate and 
examined with a Jeol 1230 TEM equipped with AMT software. 

Results 

We transiently expressed the full-length human wild type and 
the various mutant lamins A and C cDNAs fused to the C-
terminus of variants of the Aequorea uictoria green fluorescent 
protein (GFP) (lamin-FP) in fibroblast COS7 and rat cardiomyo-
blast H9C2 cells. To assess the consequences of mutations on 

wr 
Lamin A 

L85R D192G 

N195K R386K R482W 

B 
L85R D192G N195K R386K 

Fig. 1 - A. Nuclei expressing wild type or the various lamin A mutant constructs transiently expressed as ECFP fusion protein in 
COS7 cells. Cells were visualized by wide-field fluorescence microscopy with an excitation wavelength of 433 nm. Wild type 
lamin A, as well as L85R and R482W lamin A mutants homogeneously organize throughout the nucleus. In contrast, D192G, 
N195K and R386K lamin A mutants accumulate in abnormal aggregates. The nuclear membrane appears granular and 
discontinued. B. The abnormal lamin A aggregation previously found in COS7 cells expressing D192G, N195K and R386K 
lamin A, was confirmed in nuclei of rat cardiomyoblast H9C2 cells as opposed to cells expressing wild type or L85R lamin 
A (not shown). 
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Fig. 2 - Confocal microscopy picture of H9C2 cell nuclei transiently expressing D192G lamin A as ECFP fusion protein. 
Mutated lamin A organizes as aberrant aggregates. However, the spherical organization of these aggregates reveal that they are 
likely embedded in the nuclear envelope. 

lamin A and C properties specifically, we used confocal immu­
nofluorescence microscopy to examine the cells expressing 
lamins A-FP and C-FP separately and then together. 

Lamin A mutants aggregate 

The wild type phenotype was characterized by a homogeneous 
distribution of the protein throughout the nucleus (Fig. 1A). L85R 
and R482W lamin A-FP did not exhibit any aberrant phenotype 
compared to the wild type (Figs. 1A and B). It is noted that the 
images of cells expressing L85R lamin A were carefully analyzed 
since this mutant was previously reported as slightly different 
from the wild type [18]. In contrast, D192G, N195K and R386K 
lamin A-FP accumulated in abnormal, giant aggregates (Figs. 1A 
and B), which is consistent with results already described in 
C2C12 or COS7 cells [11,26,27]. Several immunofluorescence 
microscopy studies performed on cells lines transfected with 

lamin A/C have reported the aggregation of lamin A as intra­
nuclear foci or nuclear aggregates inside the nucleoplasm [18,25-
27]. To confirm this statement in our analyses, we used confocal 
immunofluorescence microscopy and 3D reconstruction of the 
cell (Fig. 2). Although we could not exclude the presence of 
nucleoplasmic aggregates, it was obvious that the aggregates 
were massively present at the periphery of the nucleus and led to 
a punctate aspect of the nucleus, as shown on Fig. 2. This 
punctate aspect suggests that lamin A-FP mutants retain the 
ability to locate at the nuclear envelope, albeit not properly. 

Abnormal lamin C aggregation is a common feature of several 
LMNA mutations 

We then examined the effect of these mutations on lamin C 
only. As previously described, wild type lamin C-FP gave rise 
to multiple small intranuclear aggregates, known as speckles, 

WT 

Lamin C 

L85R D192G 

N195K R386K R482W 

Fig. 3 - Nuclei expressing wild type or the various mutated lamin C constructs transiently expressed as ECFP fusion protein in 
COS7 cells. Prior to visualization by wide-field fluorescence microscopy, Hoechst 33258 dye was used to locate the nuclei 
(in blue). Excitation wavelengths were 433 nm for lamin C-ECFP and 365 nm for Hoechst 33258. Note that the aberrant 
aggregation of the lamin C (in red) within the nucleus visualized by Hoechst 33258 dye is common to several LMNA mutations. 
Only R482W lamin C mutants responsible for lipodystrophy gave rise to a phenotype similar to the wild type. 
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that are evenly distributed throughout the nucleus [11J. 
R482W lamin C-FP showed a phenotype similar to the wild 
type whereas D192G lamin C-FP accumulated in one or two 
intranuclear giant speckles (Fig. 3), which agrees with 
previously published studies performed on COS7 or HeLa 
cells [11,18]. Interestingly, L85R, D192G, N195K, and R386K 
lamin C-FP mutants also showed a dramatic aggregation in the 
vast majority of transfected cells (Fig. 3). In COS7 cells, the 

respective mean speckle diameters were 4.7+/-2 nm (n=9) 
for L85R lamin C-FP, 5.2+/-1 urn (n = l l ) for D192G lamin C-FP, 
5.3+/-2.5^(n=3)forN195Klamin C-FP, 7.1+/-4(nn(n = 10) for 
R386K lamin C-FP, and 2.9 +/-1.5 nm (n = 11) for wild type lamin 
C-FP. The mean nuclear diameter was 15 urn (+/-1.5 urn) for all 
transfected COS7 cells. Intriguingly, L85R lamin C-FP exhibited 
an aberrant phenotype compared to wild type lamin C-FP, as 
opposed to its counterpart lamin A-FP which behaved similarly 

o.5|jg 0.3Mg 0.1 |jg 
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D192G 

R386K 
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Endogenous Lamin A (74kDa) 

Endogenous Lamin C (65kDa) • 

Beta actin 

Fig. 4 - A. Transient transfections of COS7 cells with varying quantity of either wild type or mutated lamin C-FP constructs. 
Cells were visualized by wide-field fluorescence microscopy with an excitation wavelength of 433 nm. The phenotype observed 
with mutated lamin C-FP is not due to a too elevated quantity of vectors used to transfect the cells. B. Representative Western 
blot analysis of COS7 cells transfected with the different lamin C-FP variants and using and lamin A/C antibody. Results 
show equal over-expression for all construct. 
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to the wild type lamin A-FP. This suggests that both proteins 
were differentially affected by the mutation. Aberrant aggrega­
tion of nuclear lamin C-FP was observed in less than 20% of 
COS7 cells expressing wild type lamin C-FP. This proportion 
was similar to that we previously reported [11]. 

To ensure that this abnormal lamin C aggregation was not an 
artifact due to the over-expression of the protein we transfected 
COS7 cells using lower concentrations of constructs (0.3 ng and 
0.1 ng). Lamin C-FP mutants formed giant aggregates at each 
tested concentration indicating that the formation of large 
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Fig. 5 - A. Electron micrographs of COS7 cells transiently transfected with lamin C-FP constructs. In 60% of cells, wild type lamin 
C nuclear aggregates were localized in close contact with the nuclear envelope (a-c). Notably, wild type aggregates were able to 
establish close contact with the nuclear envelope (circle) (c). Similarly, L85R lamin C aggregates organized in contact with the 
nuclear envelope (d-e). Conversely, in 88% and 87.5% of cells respectively, D192G and R386K lamin C aggregates were found 
within the nucleoplasm without any contact with the nuclear envelope (f-i). In 30% of cells expressing R386K lamin C, 
nuclei presented with lamin C aggregates localized outside the nuclear envelope (j-k). B. Percentage of transfected cells 
displaying lamin C nuclear aggregates in direct contact with the nuclear envelope, x2 test showed that the number of cells 
displaying lamin C aggregates in close contact with the nuclear envelope is significantly different in transfected cells 
expressing D192G or R386K lamin C mutants compared to the wild type (p<0.01). 
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aggregates was not an artifact due to an exaggerated dose of 
DNA (Fig. 4A). Furthermore, Western blotting quantification of 
lamin mutants did not reveal any difference in the transfection 
efficiency compared to the wild type, confirming that these 
giant aggregates did not result from transfection artifact 
(Fig. 4B). 

A Lamin A 

WT 

Mutated lamin C loses its ability to incorporate into the nuclear 
envelope 

We further assessed whether lamin C aggregates retain their 
ability to join the nuclear envelope. As a means to better see 
envelope shape and potential misshapen nuclei, we chose to 

Lamin C Merge 

L85R 

D192G 

R386K 

B 

WT lamin A 
+ 

WT lamin C 

D192GlaminA 
+ 

D192G lamin C 

Fig. 6 - A. COS7 cell nuclei transiently co-expressing wild type or mutated lamin A and lamin C constructs. Lamins A and C 
were inserted into pECFP-Cl and pDsRed2-Cl fluorescent expression vectors respectively. Cells were visualized by wide-field 
fluorescence microscopy with excitation wavelengths of 433 nm for lamin A-FP and 558 nm for DsRed2-lamin C. Compared to 
the wild type, the complex lamin A/C forms aggregates and the membrane appears granular and discontinued. 
B. Laser-scanning confocal microscopy of COS7 cells nuclei transiently co-transfected with either wild type or mutated lamin A 
and lamin C. Lamin A (in red) and lamin C (in green) were inserted into pECFP-Cl and pEYFP-Cl fluorescent expression vectors; 
respectively. Excitation wavelengths were 433 nm for lamin A-FP and 558 nm for DsRed2-lamin C. 
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perform electron microscopy on COS7 cells expressing the wild 
type or the various lamin C-FP mutants. We restricted the 
analysis to wild type lamin C and L85R, D192G and R386K lamin 
C mutants since each of these mutants are representative of a 
single phenotype. No nuclear deformation was observed in any 
of the transfected cells. However, in most cells expressing wild 
type lamin C-FP (60%), lamin C aggregates were in close contact 
with the nuclear envelope (Fig. 5Aa-b). Clearly, close connec­
tions between wild type lamin C aggregates and the nuclear 
envelope are possible (Fig. 5Ac). Conversely, the number of cells 
exhibiting such a proximity between aggregates and the nuclear 
envelope was dramatically reduced in the case of D192G and 
R386K lamin C-FP (12% and 12.5% respectively; wild type: n=47; 
D192G: n=38, p <0.01; R386K: n=17, p < 0.01) (Figs. 5Af-i and B). In 
most of these cells, speckles were found within the nucleo-
plasma and did not exhibit any close connection with the 
nuclear envelope as opposed to cells expressing wild type lamin 
C-FP. In the case of L85R lamin C-FP, the percentage of cells 
exhibiting lamin C aggregates in contact with the nuclear 
envelope was similar to the wild type (L85R, n=24, p<0.1) 
(Fig. 5B). This finding implies that wild type lamin C is able to 
establish connections with the nuclear envelope in the ab­
sence of lamin A. This also implies that mutations D192G and 
R386K caused the inhibition of the lamin C/nuclear envelope 
connection. The L85R mutation had no effect on this contact. 
Again, this supports the hypothesis that each LMNA mutation 
has specific consequences in regards to lamin A/C properties. It 

is noteworthy to mention that a significant proportion of cells 
(30%, n = 17, p<0.05) expressing R386K lamin C exhibited 
aggregates abnormally localized outside the nuclear membrane 
(Arrows in Fig. 5Ai). This is rarely observed in nuclei of cell 
expressing wild type (<8%, n=47), or the other lamin C mutants 
(<18% for D192G, n = 38, p>0.05; <12% for L85R, n = 24, p>0.05). 
However, electron microscopy analysis of the nuclear envelope 
of cells expressing R386K lamin C did not reveal any obvious 
abnormality. 

Nuclear localization of lamin A/C mutant complexes in 
COS7 cells 

To find out whether lamin A/C complexes localized in the 
nuclear envelope, we then co-expressed the wild type and each 
mutated lamin A-FP with its corresponding lamin C, except for 
N195K and R482W lamin A/C since these mutants are similar to 
D192G and wild type respectively. To circumvent bleedthrough 
issues due to confluent spectral profiles exhibited by C-FP and 
YFP fluorophores, the wild type and the various lamin A-FP 
mutants were expressed concomitantly with their counterpart 
lamin C cloned in pDsRed2-Cl expression vectors. When co-
expressed, wild type lamin A-FP and wild type DsRed2-lamin C 
were homogeneously distributed throughout the nuclear 
envelope, conferring the nucleus with a veil-like appearance 
(Fig. 6A). In contrast, D192G and R386K mutants resulted in 
abnormal aggregations of the complex lamin A/C, which is 

Lamin A Lamin C RanGapl Merge 

Wild Type 

L85R 

D192G 

R386K 

Fig. 7 - Confocal immunofluorescence microscopy pictures of COS7 cells nuclei transiently co-expressing wild type or mutated 
lamin A-FP and lamin C-FP and immunostained with the and RanGaPl polyclonal antibody (N-19). RanGap appears normally 
distributed in the nuclear envelope. Arrows indicate nuclei with R386K lamin C aggregates localized outside the nuclear 
envelope. 
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consistent with previous results [11,18]. Cells expressing L85R 
lamin A-FP and L85R DsRed2-lamin C exhibited a phenotype 
similar to the wild type, which suggests that co-expression of 
both lamins rescues the wild type phenotype. Although L85R 
DsRed2-lamin C formed speckles within the nucleus (Figs. 3 
and 4), we showed that these speckles retained the capacity to 
make contact with the nuclear envelope (Fig. 5A). Most 
importantly, even when mutated, lamins A and lamin C 
always co-localized and were situated in close contact with 
the nuclear envelope as made evident by confocal microcopy 
(Fig. 6B). However, in some cells expressing R386K lamins A 
and C, we observed aberrant localizations of lamin A/C 
aggregates outside of the nuclear envelope visualized by anti 
RanGapl (Arrows in Fig. 7), similarly to cells expressing R386K 
lamin C-FP only (Fig. 5Ai). Furthermore, the expression of 
lamin A mutants did not disturb the distribution of endogen­
ous RanGapl as revealed by immunostaining with an anti 
RanGapl (N-19) polyclonal antibody (Fig. 7). Notably, Rangapl 
was not enriched in lamin A/C aggregates (Fig. 7). Since 
RanGAPl is a Ran GTPase-activating protein present on the 
cytoplasmic side of nuclear pore complex during interphase, 

this result suggests that the nuclear pore complexes were 
correctly localized in the nuclear rim of transfected cells. 

Mutated lamin C molecules present in giant aggregates exhibit 
increased mobility 

It has been shown that some LMNA mutations are associated 
with an increased mobility of lamin A within the nuclear en­
velope [33] which indicates that some LMNA mutations affect 
the mobility of lamin A/C molecules. We hypothesized that the 
inability of lamin C mutants to properly incorporate into the 
nuclear envelope would reflect a different rigidity of the mo­
lecular structure of lamin C aggregates compared to the wild 
type. This would lead to defective connection with the nuclear 
envelope. To assess the mobility of the lamin C molecules inside 
the aggregates, we performed Fluorescence Recovery After 
Photobleaching (FRAP) on living COS7 cells expressing L85R, 
D192G, R386K or wild type lamin C-FP. A denned area of selected 
aggregates was bleached by a series of high-powered spot laser 
pulses (Fig. 8A). The recovery of fluorescence in this area was 
then monitored as a mean to assess the mobility of lamin C 

Prebleach Bleach 75 s 150 s 210 s 

Fig. 8 - A. FRAP experiments on wild type and L85R, D192G and/ or R386K lamin C nuclear aggregates of COS7 cells. The boxed 
regions were bleached and the fluorescence recovery was monitored over a 210 s period. B. Quantitative experiments showing 
normalized fluorescence recovery after photobleaching of a targeted region of the lamin C nuclear aggregates in COS7 cells, 
(a) The fluorescence intensity in the bleached area is expressed as a relative recovery. Error bars indicates SEM, n=7.1 is the 
level of fluorescence before bleaching, (b) We assessed the time after photobleaching required for fluorescence to recover the 
median value between the prebleach and just after the bleach (t1/2) as a mean to reflect the dynamics of molecule. 
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Fig. 8 (continued). 

molecules within each aggregate. T-test confirmed that the time 
after bleaching required to recover 50% of the plateau (tV2, half 
time recovery) was significantly decreased in D192G (p=0.02) or 
R386K (p=0.03) lamin C-FP aberrant speckles compared to wild 
type lamin C-FP speckles (Fig. 8B), thus revealing that the dy­
namics of mutated lamin C molecules is significantly higher 
within D192G and R386K lamin C aggregates than within wild 
type aggregates. In contrast, in L85R lamin C aggregates, the 
difference is not significant. Therefore, in comparison to the wild 
type, the D192G and R386K lamin C intra-aggregates molecules 
appeared to be more mobile which is indicative of a less stable 
structure of the mutants. This finding was corroborated by three-
minute films showing that R386K lamin C-FP speckles were more 
prone to move and fuse to each other (data not shown). No 
difference was observed with L85R (Figs. 8A and B) and R482W 
(data not shown) aggregates compared to the wild type. 

Mutated lamins A organize as nuclear envelope aggregates 

Our results showed that some mutated lamin A (D192G, N195K, 
R386K) form abnormal aggregates when expressed alone, 
which is consistent with previous studies [11,26,27]. However, 
in contrast to previous studies reporting lamin aggregates de­
scribed as intranuclear [18,25-27], we found that lamin A 
aggregates mainly localized at the nuclear periphery of the 
nucleus, suggesting that although unable to properly organize 
in the nuclear rim and form the lamina, lamin A mutants keep 
the capability of associating with the nuclear envelope. 
Alternatively, other mutants (L85R, R482W) behaved in a way 
that was indistinguishable from the wild type. 

Lamin C mutants form aberrant intranucleoplasmic 
aggregates and lose their ability to join the nuclear enuelope 

Discussion 

In order to better differentiate and define lamin A and lamin C 
functions, we used a cell model to express the lamins in­
dividually and then together. In view of the conflicting results 
in previous studies regarding the effect of LMNA mutations, we 
duplicated some of the experiments in COS7 cells and H9C2 rat 
cardiomyoblasts. Results are summarized in Table 1. 

We also expressed lamin C alone and showed that aberrant 
lamin C aggregation within the nucleoplasm is a defect common 
to several LMNA mutations (L85R, D192G, N195K, R386K). 
Interestingly, only the mutations responsible for skeletal and 
cardiac diseases were found to result in this atypical aggregation 
whereas mutation R482W involved in human lipodystrophy, did 
not result in noticeable abnormalities in the location or dis­
tribution of either lamin A or lamin C. This finding suggests that 
the pathophysiological mechanism of laminopathies with 
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Table 1 - Summary of the phenotypes observed for the LMNA mutations selected in the study 

Variants Diseases Phenotypes 

Lamin A alone Lamin C alone Lamin A+C 

Wild type 

L85R DCM 

D192G DCM 

N195K DCM 

R386K EDMD 

R482W FPLD 

Homogenous distribution 
throughout the nuclear envelope 

Homogenous distribution 
throughout the nuclear envelope 
similarly to the wild type 
Aggregates located at the 
periphery of the nucleus 

Aggregates located at the 
periphery of the nucleus 
Aggregates located at the 
periphery of the nucleus. 

Homogenous distribution 
throughout 
the nucleus similarly to the wild type 

Numerous small intranuclear aggregates 
mainly 
in close contact with the nuclear envelope 
Rare intranuclear giant aggregates which may 
make contact with the nuclear envelope 

Rare intranuclear giant aggregation without 
contact with the nuclear envelope. Lamin C 
molecules display increased mobility. 
Rare intranuclear giant aggregates 

Rare intranuclear giant aggregates without 
contact with the nuclear envelope. Significant 
proportion of these aggregates localize outside 
the nuclear membrane. Lamin C molecules 
display increased mobility. 
Phenotype indistinguishable 
from the wild type 

Homogenous distribution 
throughout the nuclear 
envelope 
Homogenous distribution 
similarly to the wild type 

Aberrant aggregation of lamin 
A/C complexes connected 
to the nuclear envelope 

Aberrant aggregation of lamin 
A/C complexes connected 
to the nuclear envelope 

AD-EDMD: Autosomal dominant muscular dystrophy, DCM: Dilated cardiomyopathy, and FPLD: Dunningan-type familial partial lipodystrophy. 

cardiac involvement is distinct from lipodystrophy and engages 

lamin C but not lamin A as m a d e evident by the absence of 

abnormal phenotype in cells expressing lamin A with the 

dilated card iomyopathy m u t a t i o n L85R. Other m u t a t i o n s 

responsible for cardiomyopathy or muscular dystrophy have 

also been reported to result in aberrant lamin A or C aggregation 

such as muta t ions E358K, M358K [27], or R453W [25]. However, 

all muta t ions should be tested to corroborate this conclusion 

and determine if this lamin C aggregation inside the nucleo­

plasm could be regarded as a potential hal lmark of laminopa-

thies with cardiac or muscular involvement. So far, more than 

two hundred muta t ions have been reported of which mos t 

are listed in the database ht tp: / /www.dmd.nl/nmdb/index.php? 

select_db=LMNA. 

Compared to some previous reports [16-19], we somet imes 

obtained divergent phenotypes of cells expressing the lamin 

m u t a n t s . For example, Raharjo et al. showed tha t L85R lamin A 

exhibits a punc ta te distribution across the nuclear surface 

slightly different from the wild type, which opposes our results 

and o ther s tudies [27]. Also, N195K and R386K lamin A m u t a n t s 

have been shown to re-localize to the nucleoplasm [18,27,34]. 

These discrepancies m a y be explained by protocol differences 

such as i) the antibody used which can be directed against 

lamin A, lamin C, or both lamins; ii) the expression vectors 

used for t he transfection which requires e i ther direct or 

indirect immunofluorescence analysis; iii) the cell l ines used 

(C2C12, HeLa, COS7, SW13, H9C2) since each cell type expresses 

different levels of endogenous A-type lamin and differently 

handles the expression of exogenous lamin A/C. 

It is interest ing to note tha t aberrant lamin C aggregation 

m a y also be present in a small proport ion of nuclei expressing 

wild type lamin C. This suggests tha t the presence of these 

aggregates corresponds to a t rans ient stage of the cell cycle. 

We can hypothesize tha t cells expressing these m u t a n t s would 

be longer fixed in this stage. Recently, it has been shown tha t 

the m u t a n t lamin A involved in Hutchinson-Gilford Progeria 

Syndrome and harboring a 50 amino acid deletion alters the 

cell cycle progression [35]. 

Furthermore, several s tudies have suggested tha t lamin A 

plays a key role in targeting l amin C and Emerin to the nuclear 

envelope [16-19]. However, recen t work in embryonic fibro­

blasts from mice expressing lamin C only (lco) showed tha t 

lamin C and emer in are normally localized into the nuclear 

envelope even in the absence of lamin A [14]. Fur thermore, 

Lmna l c o / l c o fibroblasts from these mice display nuclear envel­

ope wi th only very min imal al terat ions. The extrapolat ion of 

these results to human is hazardous since mouse models often 

exhibit differences compared to human laminopathies [36,37]. 

For example, two mutated H222P alleles are necessary to 

develop muscular dystrophy in mice, whereas the patients are 

heterozygous [36]. Similarly, the clinical phenotype of 

LmnaL530P/L530P mice, harboring an Emery-Dreifuss muta­

tion, is consistent with human progeria syndrome [38]. In this 

study, we used a cell model expressing lamin C only, and 

brought evidence that wild type lamin C has the capacity to 

establish close connections with the nuclear envelope on its 

own (Figs. 5Ac and B). This strongly suggests that lamin C can 

behave independently and that lamin A is not necessary for 

lamin C to be present in the nuclear envelope. This finding also 

argues in favor of a potential substitution of lamin Aby lamin C 

in the nuclear envelope which is consistent with the study by 

Fong et al. However, it is important to note that our finding 

does not contradict the fact that lamin C is intranuclear when 

expressed alone and is re-incorporated into the nuclear lamina 

when expressed with lamin A, as previously reported [11,16-

19]. This likely reflects that the presence of lamin C in the 

nuclear lamina requires a precise lamin C/lamin A stoichio-

metry to be respected. This may also explain why the 

incorporation of lamin C into the nuclear lamina proceeds 

via intranuclear foci [17]. 

http://www.dmd.nl/nmdb/index.php
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Furthermore, our results showed that the lamin C mutants 
tested here were seldom part of the nuclear lamina (Fig. 5A). As a 
consequence, an altered ability of lamin C to establish connec­
tions with the nuclear envelope due to mutations in LMNA gene 
should also be considered to explain the major alterations of the 
nuclear membrane observed in cardiomyocytes from patients 
[11,20,22]. To further analyze the pathophysiology of lamino-
pathies and propose a potential explanation as for why the 
mutant lamin C connections with the nuclear envelope is 
altered, we performed FRAP experiments on the nuclear 
aggregates formed by lamin C mutants. Our result revealed 
that lamin C molecules were significantly more mobile within 
D192G and R386K lamin C-FP intranuclear aggregates compared 
to the wild type, thereby indicating that these aberrant lamin C 
aggregates were significantly less stable. Interestingly, the 
increased lamin C velocity was observed only with the mutants 
that exhibited an altered ability to interact with nuclear 
envelope and that led to an abnormal aggregation in the 
nucleoplasm (D192G, R386K). In view of these results, we can 
postulate that the lamin C molecules involved in these 
aggregates preferably interact with each other to the detriment 
of the nuclear envelope. However, it would be interesting to 
investigate other mutants to corroborate a potential correlation 
between the size of intranuclear aggregates, the velocity of 
nuclear lamin C and its capacity to associate with the nuclear 
envelope. Altogether, these results provide novel insight into 
the pathophysiological mechanism of laminopathies. 

LMNA mutations alter lamin A and C interactions with their 
partners but not RanGap 1 distribution 

We showed that L85R lamin C aggregates exhibited neither 
altered stability nor altered capacity to be connected to the 
nuclear membrane, as opposed to D192G, N195K, and R386K 
mutants. These findings likely indicate that the maintenance 
of these properties is not correlated to the size of nuclear 
aggregates. However, we cannot exclude that the formation of 
such aberrant intranuclear accumulations did not affect other 
lamin A/C properties, such as the interactions with lamin A/C 
partners. Nuclear lamina is known to participate in the 
organization of nuclear pores within the nuclear membrane 
[39]. Since we did not find any mislocalization of RanGapl with 
any of the mutants tested, we can hypothesize that the 
localization of nuclear pore complex within the nuclear 
envelope is not affected. Therefore, in our cell model, the 
nuclear-cytoplasm trafficking of macromolecules through the 
nuclear envelope is most likely unaffected by the presence of 
mutated lamin A/C (Fig. 7). However, further experiments 
have to be performed to confirm this hypothesis. Indeed, it 
has been shown that embryonic fibroblasts from mice lacking A-
type lamin exhibited a loss of the nuclear pore protein Nupl53 
from one pole of the nuclei indicating exclusion of nuclear pore 
complex from this area [40]. Similarly, Muchir et al. found that 
Nupl53 was absent in pole of fibroblasts from patients with type 
IB limb-girdle muscular dystrophy and carrying the nonsense 
Y259X mutation [21]. Recently, the prelamin A Y646F mutant 
has been found to co-localize with nuclear pore complex in 
embryonic kidney (HEK-293) cells [41]. Our divergent results 
may be explained by the fact that the mutations we investigated 
are not responsible for either IB limb-girdle muscular dystrophy 

or progeria and that the cell type used in our model has 
endogenous lamin A/C which is likely sufficient to anchor 
nuclear pore complexes in the nuclear envelope. 

Lastly, in a previous report, we showed that lamin C 
nuclear aggregation results in the aberrant trapping of SUMOl, 
a post translational modifier of numerous proteins [11]. 
Among these proteins, there are several transcription factors 
including the cardiac specific transcription factor GATA4 [42]. 
Similarly, Hubner et al. demonstrated that the over-expres­
sion of lamin A mutant led to the sequestration of the lamin A/ 
C interacting partners pRb (retinoblastoma protein) and 
SREBPla (sterol responsive element binding protein la) into 
lamin A nuclear aggregates [34]. Such aberrant interactions 
with lamin A/C partners may also be considered as a potential 
pathophysiological mechanism for laminopathies. 

LMNA gene mutations and the variety of human phenotypes 

Defects in gene regulation and/or abnormalities in nuclear 
architecture causing cellular fragility are the main two 
hypotheses that have been proposed to explain the variability 
of phenotypes due to LMNA mutations [1]. Our previous study 
was in favor of nuclear fragility since we observed dramatic 
nuclear envelope discontinuity in cardiomyocytes from LMNA 
mutated patients [11]. Here, we better dissect the properties of 
each of lamins A and C specifically and show that they can be 
differentially affected by a given mutation. These results with 
others [16,18,27], clearly showed that the consequences of 
LMNA mutation on the cell physiology is different from one 
mutation to another. Therefore, we can conclude that i) the 
type of mutation and ii) its consequence on the unique 
properties of each lamin specifically, are two key factors that 
has to be considered in predicting the potential consequences 
on nuclear function. The combination of these two factors can 
result in multiple consequences on the cell physiology which 
likely contributes to explain the variability and complexity of 
phenotypes in human disease and may be regarded as an 
additional working hypothesis to explain how mutations in 
LMNA gene lead to so many phenotypes in humans. 

Lamins A and C support conjoint and also separate /unctions 

Lastly, we showed that connections between the nuclear 
envelope and some mutated lamin C-FP (D192G, R386K) are 
absent which is not the case with the equivalent mutated lamin 
A. Conversely, other mutants, such as L85R led to aberrant lamin 
C aggregation but did not alter lamin A organization within the 
nuclear envelope. The fact that a mutation has different effects 
on lamin A and lamin C, shows that lamins A and C have to be 
investigated not only together but also separately in order to 
better dissect their function and specific role in the occurrence of 
disease. Also, this likely suggests that each protein may support 
distinct functions. This is in agreement with a previous study 
showing that lamins A and C do not play the same role in the 
nuclear lamina assembly characteristics [16]. In particular, the 
emerin-lamin A and emerin-lamin C interactions appear to be 
functionally different and are differently affected by some 
Emery-Dreifuss LMNA mutations [16]. As a conclusion, a closer 
look at the functions of lamins A and C specifically may allow 
resolution of conflicting results and may also help define 
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genotype-phenotype correlation in laminopathies which has 

been difficult thus far. 
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