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Abstract 

Laminopathies are a collection of over ten distinct and overlapping disease phenotypes 

resulting from over 340 known mutations in the LMNA gene. This gene encodes the 

alternatively spliced nuclear intermediate filament proteins, lamins A and C, that localize to the 

nuclear envelope and the nucleoplasm. These proteins are part of the nuclear lamina which is a 

complex meshwork of over 80 proteins underlying the inner nuclear membrane. Lamins have 

proposed roles in nuclear structural support and in multiple cell processes that include gene 

regulation, chromatin organization, and protein localization/scaffolding. Previous research has 

shown that in vitro expression of a laminopathic mutant lamin C resulted in nuclear aggregation 

of lamin C and subsequently sequestration of a co-expressed post-translational modification 

protein, sumol. Sumoylation is the attachment of the small ubiquitin-like modifier 1 (sumol) to 

a target lysine(s) on substrate proteins which serves to regulate various protein characteristics 

such as transcriptional activity, localization, protein interaction, and stability. 

In this thesis, I investigated the sumolyation of lamin A/C and the effect of laminopathic 

mutant lamin A/C on sumoylation and sumol localization. It was demonstrated that although not 

modified by sumol, mutant lamin A/C elicits a mutation-dependent alteration of sumol 

localization in vitro in cultured mouse myoblasts overexpressing lamin A/C and primary mouse 

myoblasts expressing endogenous mutant lamins, as well as in vivo in affected muscle tissue 

from a laminopathy knock-in mouse model. Furthermore, in cultured myoblasts, this correlated 

with a mutation-dependent significant increase in the steady-state level of protein sumoylation by 

sumol. Taken together, these results suggest that the alteration of sumol localization and 

sumoylation may be contributing factors in the pathophysiological mechanisms underlying the 

development of laminopathies. 
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Chapter 1: Introduction 

1.1 LMNA gene and its products: Lamins A and C 

1.1.1 General information and post-translational processing 

The human LMNA gene is found at lq21.2 and spans 21kb with 12 exons. The gene 

product is alternatively spliced in exon 10 to produce the A-type lamins A and C which are type 

V nuclear intermediate filament proteins (OMEVI #150330). They are expressed in all terminally 

differentiated tissues with the exception of erythrocytes. There are also two other minor A-type 

lamin isoforms denoted AA10 which is very lowly expressed and C2 that is expressed in 

spermatocytes (Furukawa et al., 1994; Machiels et al., 1996). The lamin A and C proteins are 

identical for the first 566 amino acids but differ at the C-terminus where lamin A has 98 and 

lamin C has 6 unique amino acids. Lamin A has a protein molecular weight of approximately 

74kDa and lamin C of approximately 65kDa. Human lamin A/C shares 86% similarity to mouse 

lamin A/C at the mRNA level and 95% similarity at the protein level which demonstrates that it 

is highly conserved. The LMNA gene is also conserved in chimpanzee, dog, cow, rat, zebrafish, 

and mosquito (NCBIENTREZ Gene, LMNA). 

Lamin A is synthesized as a precursor that is modified to become the mature protein. Its 

unique sequence contains a tetrapeptide motif that signals for isoprenylation of a cysteine residue 

followed by cleavage of the last 3 amino acids, then carboxymethylation and finally cleavage of 

the last 18 residues including the modified cysteine. Isoprenylation is known to increase a 

proteins membrane affinity and the subsequent cleavage allows lamin A to localize to the inner 

nuclear membrane and also in the nucleoplasm (Goldberg et al., 2008; OMIM #150330). Both 

lamin A and C are post-translationally modified by phosphorylation which occurs primarily on 

the assembled filaments (Ottaviano and Gerace, 1985). This modification regulates filament 
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assembly/disassembly during mitosis and nuclear localization (Heald and McKeon, 1990; Ward 

and Kirschner, 1990; Haas and Jost, 1993). 

1.1.2 Protein characteristics 

Both isoforms consist of an N-terminal globular head domain followed by a central alpha 

helical rod domain containing heptad repeats and end with a larger C-terminal globular tail 

domain (Figure 1: Top panel). They contain a DNA binding site, an Ig-fold, and together with 

the B-type lamins, are the only intermediate filaments that have a nuclear localization sequence 

(NLS) which is found in the tail domain (Holtz et al., 1989; Stierle et ah, 2003; Goldberg et al., 

2008; Marmiroli et al., 2009). As type V intermediate filaments, lamins form the basic parallel 

unstaggered coiled-coil dimer units which then associate in a head-to-tail manner to form 

tetramers and then further associate to form ~15nm unit-length intermediate-like filaments 

(Strelkov et al., 2003; Strelkov et al., 2004). In the end, they are thought to form stable 

paracrystal structures (Furukawa et al., 2009). A-type lamin filament arrays have recently been 

shown to have the ability to form 3-dimensional bundles of filaments instead of only 2-

dimensional sheets (Goldberg et al., 2008). 

Lamins A and C are a major component of the nuclear lamina which is a complex 

meshwork of over 80 proteins that underlie the inner nuclear membrane (ENM) of all nucleated 

cells. They are also found throughout the nucleoplasm as small foci or a diffuse skeletal network 

(Bridger et al., 1993; Hozak et al., 1995). The other nuclear intermediate filaments are the B-type 

lamins (Bl and B2 encoded by LMNB1 and LMNB2 genes, respectively) which are ubiquitously 

expressed at all developmental stages in all cell types and are essential for survival. They interact 

with A-type lamins and are also major components of the inner nuclear lamina. However, due to 

experimental constraints, most studies on lamina assembly are performed either in vitro or in 

2 
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Figure 1 Schematic of lamin A/C protein and location of currently known mutations associated 

with different types of laminopathies. Top panel: Lamin A/C protein denoting amino acid 

positions of protein domain boundaries. Note: amino acid position 422 signifies the lamin A/C 

nuclear localization signal and residue 566 signifies the end of residues identical to both lamin A 

and C. Amino acid positions 566-572 denote lamin C-specific residues and 566-664 denote 

Lamin A-specific residues. Bottom panel: Locations of mutations reported in the Universal 

Mutation Database (www.umd.be) along the lamin A/C gene (LMNA) associated with different 

types of laminopathies and asymptomatic mutation carriers. 

Figure 1 
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invertebrate organisms and thus vertebrate lamina assembly in vivo remains poorly understood 

(Goldberg et al., 2008). 

1.2 Lamin A/C functions and interactions 

1.2.1 Structural roles 

Lamins A and C have been implicated in many important nuclear functions and have 

been found to have numerous interacting partners. They have been shown as a key determinant 

of nuclear shape and strength as lamin deficient cells show smaller nuclei, altered nuclear 

morphology with increased nuclear deformation under strain as well as impaired 

mechanotransduction (Hutchison et al., 2002; Lammerding et al., 2004; Lammerding et al., 

2006). Lamins also regulate nuclear envelope (NE) organization by anchoring and spacing 

nuclear pore complexes (NPCs) as they interact with NPCs in the early stages of lamina 

assembly and are involved in proper NPC localization (Furukawa et al., 2009). Lamins are often 

considered as scaffolds for proteins and protein complexes. They have been found to be 

responsible for protein recruitment to the INM as studies have shown that mutant lamins mediate 

a mislocalization of certain proteins into nuclear foci (Hubner et al., 2006, Dreuillet et al., 2008). 

Lamins are also implicated in anchoring heterochromatin at the NE (Verstraeten et al., 2007). 

Through their interaction with other structural proteins such as Nesprin, they form a link between 

the nucleoskeleton/lamina and the actin cytoskeleton in cells (Padmakumar et al., 2005). They 

also interact with emerin and function to anchor it at the NE as some mutant lamin expression 

resulted in misassembly of lamin filaments into aggregates with the co-localization of emerin 

(Holt et al., 2003). 
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1.2.2 Regulatory roles 

Lamin filaments are disassembled and reassembled during cell division which is 

mediated by hyper- and hypo-phosphorylation, respectively, and their disassembly is necessary 

for nuclear envelope dissociation (Gerace et al., 1984; Nigg, 1992). Lamins also have important 

regulatory roles in various cell processes. They have been shown to maintain efficient DNA 

replication speed and expression of mutant lamin A resulted in the inhibition of the elongation 

phase (Moir et al., 2000; Prokocimer et al., 2009). Lamins interact with DNA, chromatin, and 

chromatin-associated proteins such as histone deacetylases (HDACs) in both direct binding and 

indirect scaffolding manners. The lamin protein contains a chromatin binding site in the alpha 

helical rod domain and another in the C-terminal globular domain (Dechat et al., 2009). It is 

reported that chromatin regions that interact with lamins are transcriptionally silent (i.e. 

heterochromatin) and that when in proximity of promoters, lamins transcriptional repressors 

(Verstraeten et al., 2007; Prokocimer et al., 2009; Lee et al., 2009). They also interact with 

multiple histone (H) proteins/complexes such as H2A and H2B dimers as well as H3 and H4 

tetramers (Taniura et al., 1995; Goldberg et al., 1999). Through their interaction with Lap2a, 

lamin A/C functions to anchor the hypophosphorylated retinoblastoma protein (pRb) at the NE to 

inhibit it from preventing cell cycle progression (Markiewicz et al., 2002; Pekovic et al., 2007). 

Furthermore, PP2 is a protein phosphatase that interacts with lamins and when lamins are absent 

in fibroblasts, PP2 cannot dephosphorylate pRb, and thus fibroblast proliferation is accelerated 

(van Berlo et al., 2005). 

Lamins are also implicated in anchoring transcription factors such as c-Fos of the 

activating protein -1 (API) complex thus inhibiting its transcriptional activation activity and the 

transcriptional regulator MOK2 by sequestering it at the nuclear periphery (Dreuillet et al., 2002; 

Ivorra et al., 2006). Lamins also interact with barrier-to-autointegration factor (BAF) in the 
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organization of chromatin and sterol regulatory element binding protein -lc (SREBP-lc) 

interacts with pre-lamin A in regulating cholesterol synthesis and adipogenesis (Markiewicz et 

al., 2002; Lloyd et al., 2002; Capanni et al., 2005; Verstraeten et al., 2007). Furthermore, a study 

found that disrupting normal lamin organization resulted in the displacement of the TATA-

binding protein and thus inhibited RNA polymerase II activity which highlights the role of 

intranuclear lamins as a scaffold in regulating transcription directly (Spann et al., 2002). Lamin 

A/C also has functions in DNA repair as research has shown that the accumulation of pre-lamin 

A causes genomic DNA to be more sensitive to genotoxic stress and impaired DNA repair foci 

(Varela et al., 2005; Liu et al., 2005; Manju et al., 2006). 

Additionally, lamins have been proposed as participants in several other signalling 

pathways. Lamin A/C is known to bind protein kinase C-alpha (PKCa) and thus may have a role 

in the regulation of PKCa signalling possibly modulating cell proliferation and apoptosis 

(Martelli et al., 2002; Parnaik, 2008). Lamins are also implicated in the mitogen-activated 

protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) signalling cascades. An 

increase in MAPK signalling was found at disease onset and through disease progression in the 

LMNAH222P/H222P mouse model that expresses mutant lamins (discussed in chapter 1.9.3) (Muchir 

et al., 2009). Lamins have been shown to interact with the E2 conjugating enzyme, Ubc9, of the 

post-translational modification pathway known as sumoylation. Our laboratory has since 

demonstrated the sequestration of the effector protein, sumol, inside mutant lamin aggregates 

(discussed in chapter 1.4) (Zhong et al., 2005; Sylvius et al., 2005). 

1.2.3 Roles in muscle 

Lamin A/C filaments are known to undergo disassembly and reassembly during the cell 

cycle yet they also undergo regulated reorganization during myoblast differentiation 

(Muralikrishna et al., 2001). It is also known that myoblasts lacking lamin A/C show lower 
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expression of important differentiation proteins such as MyoD and pRb (Frock et al., 2006). 

Furthermore, disease-associated mutant lamin A/C expression resulted in the inhibition of 

differentiation of myoblasts into myotubes (Favreau et al., 2004) that our laboratory has also 

observed (unpublished observations). This highlights lamins as important in proper myogenesis. 

Also, as discussed earlier, cells lacking lamins are more sensitive to mechanical stress, especially 

in tissues that are subject to mechanical forces such as cardiac and skeletal muscles 

(Lammerding et al., 2004; Mittlebronn et al., 2008). This implicates a properly functioning 

nuclear lamina in structural integrity. 

1.3 Laminopathies 

1.3.1 Disease phenotypes resulting from mutations in LMNA 

Laminopathies are a collection of over 10 distinct and overlapping human disease 

phenotypes associated with over 340 known mutations in the LMNA gene (Figure 1: Bottom 

panel) (OMTM#150330 and UMD database). They comprise a wide-range of tissue-specific and 

overlapping phenotypes that include dilated cardiomyopathy 1A (DCM) with or without 

conduction defects, autosomal dominant Emery Dreifuss muscular dystrophy (EDMD), limb-

girdle muscular dystrophy type IB (LGMD1B), restrictive dermopathy (RD), familial partial 

lipodystrophy type 2 (FPLD), Charcot-Marie Tooth syndrome type 2B1 (CMT2B1), 

mandibuloacral dysplasia (MAD), heart hand syndrome Slovenian type, atypical Werner 

syndrome, Seip Syndrome, and Hutchinson-Gilford progeria syndrome (HGPS) as well as a 

syndrome of lipoatrophy with diabetes, hepatic steatosis, hypertrophic cardiomyopathy and 

leukomelanodermic papules (OMEVI #150330). So far, there is no definitive genotype/phenotype 

relationship for mutations in this gene. Moreover, asymptomatic carriers have mutations along 

the full length of the gene. In Figure 1, the top panel shows a schematic of the lamin A/C protein 
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domains corresponding to the amino acid residues while the bottom panel demonstrates the 

location of known mutations along the LMNA gene and the disease phenotype that presents. 

In particular, DCM is characterized as dilatation of the left or both heart ventricles and 

impaired myocardial contractility (Richardson et al., 1996). As the heart chambers become 

enlarged and the chamber walls thin, contraction is compromised resulting in decreased ejection 

fraction. Age of onset is variable but commonly occurs in the 4th or 5th decades of life (Mestroni 

et al., 1999). In the United States, the incidence of DCM accounts for approximately 40 cases per 

100,000 population and 10,000 deaths per year (Dec and Fuster, 1994; Karkkainen and 

Peuhkurinen, 2007). It is estimated that up to 50% of idiopathic DCM cases are familial and our 

laboratory has determined that approximately 5% of genotyped DCM probands from 1999 to 

2006 had LMNA mutations (Sylvius and Tesson, 2006; Malhotra and Mason, 2009). This 

implicates LMNA as a major causative gene for familial DCM. This disease has an autosomal 

dominant transmission and it is associated with a worse prognosis that other forms of DCM 

(Arbustini et al , 2002; Taylor et al., 2003). 

EDMD is characterized by early onset contractures of the elbows, spinal extensor 

muscles, and Achilles tendon followed by slowly progressive muscle wasting/weakness and 

cardiac conduction defects that often present before the age of 30 (Emery, 2000). It can be 

caused by X-linked mutations in the EMD gene (encoding emerin) but more commonly by 

autosomal dominant mutations in LMNA. Mutations in LMNA are often responsible for an 

earlier onset and more severe form of EDMD (Vytopil et al., 2003). Furthermore, DCM and 

cardiac complications are often found with EDMD and other muscular dystrophy laminopathies, 

and are responsible for an increased risk of sudden death and heart failure requiring 

transplantation (Bonne et al., 1999; Wessely et al., 2005). 
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1.3.2 Molecular characteristics of laminopathies 

At the molecular level, DCM cardiomyocytes undergo events such as cellular 

hypertrophy, myocyte degeneration, and myocardial fibrosis (Dec and Fuster, 1994). Also, 

nuclear abnormalities are commonly found in DCM cardiomyocytes and include oddly shaped 

nuclei, irregular chromatin deposition, and the disruption of nuclear membranes leading to 

invasion of cytoplasmic organelles into the nucleoplasm (Sylvius et al., 2005; Fidzianska et al., 

2008, Gupta et al., 2010 - Appendix I). Our lab reported one LMNA mutation carrier (p.D192G) 

to have a completely disrupted nuclear membrane in 30% of cardiomyocytes (Sylvius et al., 

2005). We have also shown that a lamin A/C gene deletion encompassing exons 3-12 in a DCM 

patient resulted in diminished lamin A/C staining in an endomyocardial biopsy, discontinuous 

nuclear envelopes and invasion of mitochondria in the nuclear space (Gupta et al., 2010). 

Apart from DCM, aggregations and altered localization of lamin A/C is reported in 

patient tissues from other laminopathies. Fibroblasts from an FPLD patient with the p.R482L 

mutation have shown intranuclear aggregations with decreased staining of lamin A/C at the 

nuclear rim and altered chromatin distribution (Capanni et al., 2003). The aggregates were not 

bound to DNA or splicing factors and there was also a decreased rate of transcription leading to 

the hypothesis that this mutation may be eliciting its effects through disrupted interaction with 

chromatin and other interacting partners (Capanni et al., 2003). A study by Muchir et al. (2004) 

examined fibroblasts from 13 patients with various laminopathies. In eight of the patients they 

found intranuclear aggregations (foci), dysmorphic nuclei, blebbing (protrusions of lamin A/C 

outside the NE), and honeycomb-like appearance of lamin A/C in an average of 10% of nuclei 

compared to about 1% in controls. These eight patients represented EDMD, FPLD, LGMD and 

DCM disease phenotypes. The remaining patients, which included EDMD and LGMD 

phenotypes, did not show significant differences from controls. This study showed that lamin 
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A/C localization is perturbed in patient fibroblasts but highlights the lack of correlation between 

laminopathies and their molecular phenotype (Muchir et al., 2004). Moreover, this study as well 

as a study by Favreau et al. (2003) aided to demonstrate that different mutations causing different 

diseases can elicit similar molecular alterations of lamin A/C. They also helped validate in vitro 

results by showing that patient fibroblasts show comparable characteristics to exogenously 

expressed mutant lamin A/C in cell culture (Favreau et al., 2003). 

Furthermore, the failing DCM heart undergoes structural re-modelling and altered gene 

expression. Multiple micro-array analyses have reported hundreds of genes that have shown up-

or down-regulation from various cellular pathways. The main limitation is that the different 

studies do not often replicate the same gene sets. Several targets that have been identified in at 

least two studies are LMNA, cardiac troponin, Atrial natriuretic peptide (ANP), and B-type 

natriuretic peptide (BNP) (reviewed in Asakura and Kitakaze, 2009). The latter two represent 

part of a re-employment of a fetal cardiac gene expression program that may occur either as an 

attempt to compensate for the malfunctioning muscle or as a defective mechanism due to gene 

regulation dysfunction (Gerdes and Capasso, 1995; Kuwahara et al., 2003; Barton et al., 2004; 

Oka et al., 2007). 

1.4 Mutant lamin A/C overexpression alters lamin dynamics 

Our laboratory has shown that expression of p.D192G (DCM) and p.R386K (DCM) 

mutant lamin A results in nuclear aggregates that appear to retain the ability to target the NE. 

Wild-type lamin A expression shows the normal veil-like distribution. Wild-type lamin C formed 

small aggregates that contacted the NE. Conversely, the expression of p.D192G and p.R386K 

mutant lamin C formed large aggregates that were unable to target the NE and instead remained 

in the nucleoplasm (Sylvius et al., 2008 - Appendix II). It is important to note that aggregate 
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formation is not due to an excess of transfected DNA or different transfection efficiencies. We 

demonstrated that similar lamin C aggregates were formed at varying transfection concentrations 

and that transfection efficiency is comparable between samples (Sylvius et al., 2008). 

Furthermore, p.D192G and p.R386K mutant lamin C molecules in aggregates from transfected 

COS7 cells show an increased mobility which indicates a lower stability of the lamin complexes. 

This also suggests that these mutant lamin C aggregates do not target the NE and may preferably 

interact with each other (Sylvius et al., 2008). 

Co-expression of p.D192G and p.R386K mutant lamin A and C together resulted in co-

localized aggregates that target to the NE. This suggests that lamin A has a role in the correct 

localization or tethering of lamin C at the NE. Interestingly, one DCM-associated LMNA 

mutation, p.L85R, did not show any significant differences from the wild-type in the above 

mentioned experiments except for expression of only mutant lamin C. We found that this 

mutation shows large intranuclear aggregates like the other mutation but re-introducing lamin A, 

even though it is also p.L85R mutated, rescues the wild-type phenotype. This suggests that the 

ratio of lamin A to lamin C is important for lamin C incorporation into the lamina. In addition, 

one FPLD-associated mutation, p.R482W, does not show any differences in protein localization 

or lamina appearance compared to the wild-type which demonstrates that not all mutations affect 

lamina assembly (Sylvius et al., 2008 and unpublished observations). 

It is important to note that some of the results may be weakened by the fact that these 

cells endogenously express wild-type lamin A/C and although the expression vectors cause over-

expression, this does not negate the presence of some endogenous lamins. However, these 

models aid to mimic the heterozygous mutation state found in virtually all laminopathy patients. 
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In 2005, our laboratory used COS7 cells to co-express p.D192G mutant lamin C with the 

post-translational modification protein, sumol (small ubiquitin-like modifier 1) (Sylvius et al., 

2005). This resulted in sumol being targeted to and sequestered inside the aggregates (Figure 2 

from Sylvius et al., 2005). When the sumol vector was mutated to abolish the c-terminal di-

glycine motif required for sumol to be covalently linked to target proteins, the sequestration in 

mutant aggregates was abolished and there was a diffuse nuclear distribution of sumol lacking 

the normal punctate aspect. Normal sumol localization usually appears diffuse with small 

nuclear bodies in the nucleus and diffuse in the cytoplasm. Expression of wild-type lamin C did 

not alter normal sumol localization. This suggests that there is recruitment of sumol and/or 

proteins modified by sumol within mutant lamin C aggregates and that this phenomenon is 

dependent on the sumoylation competency of sumol (Sylvius et al., 2005). 

1.5 Sumoylation and sumol 

1.5.1 The sumoylation process 

Sumoylation is the covalent yet reversible post-translational attachment of the small 

ubiquitin-like modifier (sumo or sentrin) protein to a target lysine on a substrate protein in a 

process that is similar to ubiquitination yet with different enzymes. Figure 3 shows a schematic 

representation of the sumoylation process. The sumo protein (-llkDa) is first synthesized as an 

inactive precursor protein that has 4 residues cleaved at the C-terminus to reveal the di-glycine 

motif required for conjugation. This is accomplished by sumo-specific isopeptidases (SENPs -

sentrin(sumo)-specific proteases). Next, Aosl and Uba2 form a heterodimer that functions as the 

El activating enzyme through an ATP-dependent reaction. First, a thioester bond is formed 

between the C-terminal carboxy group of sumo and a catalytic cysteine on Uba2. Second, sumo 
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Figure 2: Sumol is sequestered in mutant lamin C aggregates in a sumoylation-dependent 

manner. Obtained from Sylvius et al. J Med Genet 2005;42:639-47. COS7 Cells co-transfected 

with fluorescently tagged lamin C (red) and (A) SUMOl or (B) SUM01DC5 (yellow green). (A) 

Presence of wild type lamin C did not alter SUMOl distribution (small dots within and nearby 

the nucleus), while co-transfection with D192G lamin C shows recruitment of SUMOl within 

the lamin C spots. (B) No difference is observed in the localisation of SUM01DC5 in cell 

transfected with wild type lamin C or D192G lamin. 

Figure 2 
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is transferred to the E2 conjugating enzyme, Ubc9, and a thioester is formed between the C-

terminal carboxy group of sumo and the catalytic cysteine of Ubc9. Subsequently, Ubc9 interacts 

with the substrate protein and transfers sumo to the substrate by forming an isopeptide bond 

between the C-terminal glycine and the target lysine, thereby covalently attaching sumo to its 

target protein. This last reaction may be catalyzed by specific E3 ligase enzymes that are unique 

to certain targets and with varying specificities but are not absolutely required for sumoylation 

(reviewed in Johnson, 2004). E3 ligases act by promoting the interaction of Ubc9 with the target 

or the transfer of sumo to the target and are proposed to aid in activating Ubc9. The major 

examples of E3s include the PIAS family (protein inhibitors of activated STATs), the nuclear 

pore protein RanBP2, and the polycomb group protein 2 (PcG2) and appear to have mostly 

distinct target sets. Finally, sumo can be removed from the substrate protein by the same family 

of enzymes that cleave the immature precursor sumo protein, the SENPs. SENPs 1, 2, 3, 5, 6 and 

7 have varying specificities for maturation, isopeptidase activity, and to the different sumo 

proteins as well as at different intracellular locations (Johnson, 2004; Geiss-Friedlander and 

Melchior, 2007; Mukhopadhyay and Dasso, 2007). Major sites of sumoylation in the cell 

include the nuclear rim, nucleolus, and PML nuclear bodies (Saitoh et al., 2006). 

1.5.2 The sumo protein family 

In mammals, there are 4 proposed sumo proteins (sumol to sumo4) that share a 3D 

conformation with ubiquitin but only about 20% sequence identity. They are ubiquitously 

expressed except for sumo4 which appears to be expressed mainly in the kidney, lymph node, 

and spleen. They all contain N-terminal unstructured sequences for sumo chain formation yet 

there are conflicting reports that sumol is able to form chains as its extension lacks a 

sumoylation consensus sequence (Vertegaal, 2007; Yang et al., 2006; Hammer et al., 2007). The 

most common sumoylation consensus sequence is ^-K-X-E/D where *F is a large hydrophob 
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Figure 3 Schematic of sumoylation pathway. Sumol is synthesized as an inactive precursor and 

cleaved by sumo-specific proteases (SENPs) then is transferred to the El activating complex 

where it is activated in an ATP-dependent reaction. Sumol is then transferred to the E2 

conjugating enzyme, Ubc9, which interacts with the substrate protein and covalently attaches 

sumol to the target lysine in the substrate. This step can be catalyzed by substrate-specific E3 

ligase enzymes but is not necessary for sumoylation to occur. As the process is reversible, the 

substrate may undergo de-sumo ylation by SENPs to release the protein and sumol from their 

covalent attachment. 

Figure 3 
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amino acid, K is the modified lysine, X is any amino acid, and E/D is aspartic or glutamic acid. 

Sumoylation is not limited to these sites but appears to preferentially occur there. Sumo2 and 

sumo3 are almost identical in sequence yet only share -50% identity to sumol. Sumo4 was 

formerly thought to lack the ability to undergo sumoylation and therefore lack functionality. It 

was recently shown to be degraded during normal cellular conditions but reported to undergo 

maturation by a stress-activated hydrolase and can then modify target proteins (Wei et al., 2008). 

Sumo2/3 is also generally linked to acute stress response and is mostly found in a 

free/unconjugated form although there is growing evidence to suggest it has roles in cellular 

processes (Flick and Kaiser, 2009; Yang and Paschen, 2009). Sumol is mostly found conjugated 

to target proteins and has roles in many tightly regulated cell processes (Saitoh and Hinchey, 

2000). It was shown that sumol and sumo2/3 share modification of certain targets but also have 

separate substrates (Vertegaal et al., 2006). 

1.6 Functions of sumoylation by sumol 

Sumoylation by sumol has been found to have roles in a growing number of integral cell 

processes and elicits a wide range of different effects on substrate proteins. Sumoylation can 

interfere with other post-translational modifications (ex. Ubiquitination), provide or mask protein 

interaction sites, alter protein localization/trafficking, alter chromatin regulation, as well as 

activate or repress transcription factors. 

Ubc9, the sumoylation conjugation enzyme, has been shown to be essential for survival 

in mice as knock-out mice die at an early embryonic stage. They display nuclear envelope 

abnormalities, mislocalized RanGAPl (a sumoylation target discussed later), chromosome 

segregation defects and chromosome condensation (Nacerddine et al., 2005). This implicates 

sumoylation in viability, cell cycle, chromosome regulation, and proper nuclear functioning 
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(Kuehn, 2005; Nacerddine et al., 2005). Below are a number of specific examples to highlight 

the diversity of sumol modification targets and pathways: 

1.6.1 Sumoylation in chromatin regulation 

Sumoylation is implicated as part of the "histone code" in the regulation of chromatin. 

Both core histones as well as histone deacetylases are sumol targets. The core H4 histone protein 

was found to be sumoylated which recruits histone deacetylase 1 (HDAC1) and heterochromatin 

protein 1 which mediate transcriptional repression (Shiio and Eisenman, 2003). Moreover, 

HDAC-1, -4, and -6 were found to be sumoylated. HDAC4 is modified at the NPC appearing 

important for its nuclear import and like H4, sumoylation increased repression ability (Kirsh et 

al., 2002). The modification of HDAC4 is catalyzed in the presence of the E3 ligase, RanBP2. 

At nuclear pores, RanBP2 interacts with the irreversibly sumoylated RanGAPl protein as well as 

Ubc9 and this complex is required for proper nuclear import (Mahajan et al., 1997). Sumoylation 

of RanGAPl is also important for the proper association of RanGAPl with the mitotic spindles 

during mitosis again in complex with RanBP2 (Joseph et al., 2002). 

1.6.2 Sumoylation and PML 

PML nuclear bodies (NBs) represent another major meeting point of sumol and its 

targets, especially in the goal of transcriptional repression. These dynamic nuclear bodies are 

named as such due to the tumour suppressor promyelocytic leukaemia protein that specifically 

localizes to them. Sumoylation of PML is required for the formation of PML-NBs which 

themselves have been implicated in many nuclear processes and their loss is observed in 

leukaemia and tumours (Salomoni and Pandolfi, 2002). They are also generally thought to be a 

storage site for repressed transcription factors, appear to be a site of active sumoylation, and are 

responsive to cellular stress and DNA damage (Dellaire and Bazett-Jones, 2004; Saitoh et al., 

2006; Bernardi and Pandolfi, 2007; Heun, 2007). Still, they are known to interact tightly with 
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certain areas of chromatin that are transcriptionally active and that contain many genes including 

the MHC class I and p53 loci (Sun et al., 2003; Wang et al., 2004; Kumar et al., 2007). 

Interestingly, some PML-NBs have been observed to co-localize with over-expressed proteins 

and protein aggregates, as well as mutant proteins and are suggested to promote their degradation 

(Dino Rockel and von Mikecz, 2002; Fu et al., 2005). It is not currently known if mutant lamin 

aggregates co-localize with PML-bodies. 

1.6.3 Sumoylation and TGFfl-mediatedfibrosis 

Another pathway linked to sumoylation is the TGF(3-mediated fibrosis pathway. The 

TGFP receptor I (TPRI) and an intracellular effector of the TGFP pathway (smad4) are known to 

be sumoylated. When the TGFP ligand binds, TpRII trans-phosphorylates TpRI and this induces 

the intracellular phosphorylation and thus activation of smad proteins -2 and -3 that then interact 

with smad-4 and translocate to the nucleus where they activate gene expression (Kang et al., 

2008; Miyazono et al., 2008). Sumoylation of TpRI enhances this activation and it is 

hypothesized that sumoylated TpRI increases the affinity of smads-2 and -3 to TpRI to 

outcompete the inhibitory smad7 protein (Miyazono et al., 2008). Smad4 is also sumoylated 

however there are differing reports on the functional result of its sumoylation. Also, a point 

mutation in the TPRI gene near the sumoylation site was found in humans with several types of 

cancers and although there was no observed change in the phosphorylation ability of TpRI, its 

sumoylation was reduced. This correlated with a lower activation of the TGFP signal (Kang et 

al., 2008). Therefore although not completely elucidated, sumoylation is still implicated in the 

regulation of the TGFp pathway. 

1.6.4 Sumoylation roles in muscle 
Sumoylation has been implicated in myogenesis and adult cardiac tissue homeostasis. 

Ubc9 was shown to be important for myoblast differentiation in C2C12 cells (Riquelme et al., 
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2006). This occurred independently of MyoD and myogenin which are early myogenic factors. 

This suggests that the role of ubc9 in myogenesis may be related with more downstream 

myogenic factors (Riquelme et al., 2006). Also, there are several important muscle factors that 

are known to be sumoylated: Interacting partners GATA4, serum response factor (SRF), and 

myocardin are transcriptional activators important in cardiogenesis and their activities are all 

enhanced or activated by sumo-1 modification (Molkentin et al., 1994; Wang et al., 2004; Wang 

et al., 2007; Wang, 2009). Conversely, myocyte enhancing factor 2 proteins (Mef2s) are 

positively acting myogenic and cardiogenic transcription factors yet there is a negative effect of 

sumoylation to inhibit transcriptional activation ability (Zhao et al., 2005). 

1.7 Linking lamin A/C and sumol 

It has been shown that lamin A/C interacts with the only conjugating enzyme of the 

sumoylation process, ubc9, which is known to interact directly with proteins that are sumoylated 

(Zhong et al., 2005). The lamin A/C protein sequence harbours 4 common sumoylation 

consensus sequences (Figure 4A) which lead us to hypothesize that wild-type lamins may be 

sumoylated by sumol. In addition, if mutations in lamins alter the folding of the protein, this 

may mask the sumoylation site or reveal an otherwise concealed modification site and thus may 

alter lamin A/C function and localization. During the course of this thesis, Zhang and Sarge 

(2008) found lamin A to be sumoylated by sumo2/3 in HeLa cells and mouse cardiomyocytes. 

However, they did not demonstrate sumoylation of lamins by sumol. They also showed that a 

DCM-linked mutation (p.E203G) in one of the consensus sequences resulted in abolishment of 

sumoylation and mislocalization of lamin A into nuclear aggregates. Although it is possible that 

sumoylation affects lamin A localization as they suggested, it is also plausible that the point 
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mutation altered filament assembly for proper localization as we and other groups have shown 

with other lamin A/C point mutations (discussed in chapters 1.3.2 and 1.4). 

Furthermore, sumol has been found sequestered in mutant lamin C aggregates in a 

sumoylation-dependent manner (discussed in chapter 1.4). Lamins are also known to scaffold 

and/or interact with multiple proteins that are sumoylated such as core histones, HDACs, c-Fos, 

SREBP1/2, and ubc9 (discussed above). Therefore, mutant lamins may be mediating a 

disturbance in protein sumoylation/de-sumoylation, sumol turnover, and protein function. More 

specifically, multiple myogenic and cardiogenic factors interact with lamins and are sumoylated, 

thus mutant lamins may be contributing to the tissue specificity of laminopathies especially those 

which affect striated muscle. 

1.8 Selected striated muscle laminopathy mutations 

There were five mutations which were investigated in this thesis (Figure 4B). They were 

chosen as they are specifically related to two myopathic laminopathies in humans: Dilated 

cardiomyopathy and Emery-Dreifuss muscular dystrophy. They also represented mutations that 

when expressed in cell culture resulted in different effects on lamin A/C localization. The 

p.L85R mutation, located at the beginning of coil domain IB, was found in a family with severe 

autosomal dominant DCM and conduction system disease (without skeletal myopathy) with 

incidences of sudden death and heart transplantation (Fatkin et al., 1999). Coil IB is a region 

important for lamin A/C dimerization and interaction with lamin B (Perrot et al., 2009). 

Interestingly, despite the major change of a leucine to an arginine amino acid and its important 

location, research has shown that p.L85R mutant lamin A/C retains either slightly aberrant but 

predominantly normal localization (Raharjo et al., 2001; Holt et al., 2003; Sylvius et al., 2008). 

The p.D192G mutation is also located in coil IB and has a particularly severe disease phenotype. 
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It was found by our laboratory in a family with suspected autosomal dominant DCM with 

atrioventricular block and without skeletal myopathy. Cardiac tissue sections displayed dramatic 

nuclear membrane abnormalities such as complete loss of the nuclear membrane with invasion of 

cytoplasmic organelles in the nucleoplasm and chromatin disorganization. In vitro expression 

results in large intranuclear aggregations of co-localized lamins A and C as well as large 

intranuclear aggregations of lamin C with sequestration of sumol inside the aggregates (Sylvius 

et al., 2005; Sylvius et al., 2008). The p.H222P mutation is located in the flexible linker region 

(LI2) of the rod domain between coil IB and coil 2 and may function to provide flexibility 

between the coiled coils (Strelkov et al., 2003). It was found in a family with classic autosomal 

dominant Emery-Dreifuss muscular dystrophy with DCM and conduction defects (Bonne et al., 

2000). In 2005, a mouse laminopathy model was generated with this mutation (discussed in 

chapter 1.9) and lamins are reported to retain normal localization (Arimura et al., 2005). The 

p.Q353K mutation is located in the rod domain in coil 2 which is also a region important for 

dimerization (Strelkov et al., 2003). This mutation was discovered by our laboratory in a DCM 

patient that required a heart transplant and had a skeletal myopathy but interestingly showed no 

major cardiomyocyte ultrastructural abnormalitites (Gupta et al., 2010 - Appendix I). The 

p.R386K mutation is found at the distal end of coil 2 at a highly conserved position. Although 

this mutation is not thought to disrupt coiled-coil formation, this region could be important for 

later filament assembly and protein-protein interactions (Strelkov et al., 2004). It was originally 

discovered in a family with autosomal dominant EDMD with cardiac involvement (Bonne et al., 

2000). Our laboratory has shown that expression of this mutation in COS7 cells shows 

aggregations of lamins at and outside the NE (Sylvius et al., 2008). 

21 



1.9 Mouse models of laminopathies 

1.9.1 Lamin A/C knock-out mouse model LMNA"' 

The LMNA7" mice were generated by Sullivan et al. (1999) by truncating the 3' end of 

the LMNA gene encompassing exon 8 to the middle of exon 11. This deleted 152 codons from 

lamin A and 114 codons including the polyadenylation signal from lamin C. Although the 

mutated genes were still lowly expressed, there was complete loss of lamin A/C protein 

expression. The homozygous knock-out mice were undistinguishable from heterozygotes and 

wild-type mice at birth. Yet, after 2-3 weeks, they displayed reduced growth rate and after 3-4 

weeks, they began to show symptoms of a severe EDMD-like phenotype. All homozygous mice 

died by 8 weeks and were found to have cardiac and skeletal myopathy. They also display 

nuclear abnormalities such as elongated shape, blebbing, mislocalization of emerin into the 

endoplasmic reticulum, some NPC clustering, as well as the exclusion of LAP2 and Lamin B 

from one pole (Sullivan et al., 1999). LMNA"A mice have recently been shown to have shorter 

telomeres and impaired telomere processing, implicating lamins in the DNA damage response 

(Gonzalez-Suarez et al., 2009). Heterozygous mice were normal at 8 weeks but later develop 

atrioventricular conduction defects (Stewart et al., 2007). Both hetero- and homo-zygote LMNA 

knock-out mice are free of metabolic and adiposity defects associated with FPLD (Cutler et al., 

2002). This is a very informative mouse model for lamin insufficiency but does not represent a 

true laminopathy as no patients have ever been found to completely lack lamins A and C. One 

case where a newborn died at birth was carrying a homozygous mutation introducing a 

premature stop codon at position 259 (p.Y259X). There was no lamin A/C found in 

immunostained quadriceps. The heterozygous family members showed 50% lamin A/C 

expression and a LGMD1B phenotype (van Engelen et al., 2005). 
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Figure 4 A) Lamin A/C protein sequence denoting residues of interest. Residues are 

representedby highlight colours of red for mutation sites included in this project, yellow for 

sumol sumoylation consensus sequences, pink for known sumo2/3 sumoylation site, blue for 

possible sumo interacting motifs, and green for the point at which lamin A and lamin C are no 

longer identical. Underlining represents lamin C specific resiudes and all residues following are 

lamin A specific residues. B) Locations of laminopathic mutations investigated. Point mutations 

examined (top) and potential lysine sumoylation residues (bottom) are indicated. White bars 

represent linker regions and checkered bar represents lamin C specific amino acids. 

Figure 4 
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1.4.2 Other laminopathy mouse models 

The LMNAN195K/N195K mouse model was produced to model a laminopathy of autosomal 

dominant dilated cardiomyopathy with conduction defects found in humans (DCM-CD1) 

(Mounkes et al., 2005). Homozygous mice develop DCM, fibrosis, arrythmias, cardiomyocyte 

nuclear membrane defects and die at 3 months of age. This mutation also results in the up-

regulation of the fetal expression program genes atrial natriuretic peptide (ANP) and B-type 

natriuretic peptide (BNP) (Mounkes et al., 2005) that is also observed in humans with DCM 

(Hwang et al., 2002). Heterozygous mice were indistinguishable from WT mice (Mounkes et al., 

2005). 

The LMNAM371K/M371K mouse model was produced to investigate the cardiac effects of 

this mutation that was found to cause EDMD in humans. The transgene was made to only be 

expressed in heart tissue. Homozygous mice showed high prenatal mortality and died by 8 weeks 

of age. Interestingly, they do not develop DCM but show cardiomyocyte abnormalities and 

nuclear deformities (Wang et al., 2006). 

The LMNAL530P/L530P mouse model was originally generated to elucidate the mechanisms 

of EDMD yet heterozygous mice have no obvious phenotype and homozygous mice developed a 

strong progeria phenotype of premature aging and died by 5 weeks of age. (Mounkes et al., 

2003). Homozygous mice showed nuclear abnormalities including discontinuities of the nuclear 

envelope, less lamin A in the lamina, and localization of lamin C in the cytoplasm. They found 

the mutant protein and mRNA to be unstable most likely due to aberrant splicing. Also, they 

observed abnormal differentiation of myoblasts and fibroblasts into adipocytes suggesting that a 

defective nuclear lamina mediates an inability to maintain terminal differentiation (Mounkes et 

al., 2003). 
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1.4.5 EDMD knock-in mouse model LMNAH222P/H222P 

The LMNAH222P/H222P knock-in mouse model for the EDMD laminopathy was made by 

Dr. Gisele Bonne's laboratory in Paris, France (Arimura et al., 2005). This mutation was found 

in a human family to cause autosomal dominant EDMD. The hetero- and homo-zygous p.H222P 

mice are undistinguishable from wild-type mice at birth and develop normally through sexual 

maturity. At 2-3 months of age, adult male homozygous mice develop progressive dilated 

cardiomyopathy with conduction defects, reduced growth rate, hunched position, stiff walking 

posture, and abnormal shallow breathing. Female mice show the same trend but with a later 

onset and slower progression starting at 4-6 months of age. At the end stage of disease, 

homozygous mice displayed dramatic atria/chamber dilation as well as a striking increase in 

fibrosis. Skeletal muscle at this stage exhibited some regenerative fibres and an increase in the 

numbers of atrophic fibres, hypertrophic fibres, and nuclei internalization. All homozygous male 

mice die by 9 months of age and homozygous females by 13 months of age. They do not show 

any characteristics of lipodystrophy or metabolic disorders. They exhibit normal lamin A/C and 

emerin localization yet display nuclear abnormalities in cardiac and skeletal muscle with 

convoluted membranes and irregular heterochromatin deposition in 10% of nuclei. Furthermore, 

there was an increase in the nuclear accumulation of Smad proteins in cardiac and skeletal 

muscles. Smads 2, 3, and 4 are the intracellular effectors of the transforming growth factor beta 

(TGF-P) signalling pathway of fibrosis. The heterozygous LMNAH222P/+ mice show no 

abnormalities for the majority of their normal lifespan but have been observed to develop signs 

of cardiomyopathy at 24 months of age (unpublished observation by G. Bonne, Arimura et al., 

2005). Muchir et al. (2007) assayed heart tissue from this mouse model for changes in global 

gene expression during disease development in comparison with wild-type mice. Interestingly, 

they found that there was an up-regulation of the mitogen-activated protein kinase (MAPK) 
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pathway and a group of its target genes that include c-Jun, Elkl, JunD and Elk4. Transfections of 

cell lines with the p.H222P and other EDMD and DCM associated mutant lamins A and C 

resulted in the same activation of the MAPK pathway and showed increased phosphorylation of 

its protein targets including ERK1/2 and JNK. Lamin A/C is also known to interact with c-Fos, 

another player in the MAPK pathway and thus implicates lamin A/C in MAPK signalling 

(Muchir et al., 2007). They also found an up-regulation of fetal cardiac genes, supporting the 

finding in human heart tissue on the re-expression of the fetal gene program as well as an up-

regulation of genes involved in fibrosis (Muchir et al., 2007). 

1.10 Laminopathy Cell Models 

1.10.1 Mouse skeletal myoblasts: C2C12 cell line 

The C2C12 myoblast cell line is a sub-clone originally derived from skeletal muscle of 

wild-type normal C3H mice by Yaffe and Saxel (1977). To isolate myogenic cells, they first 

injured the muscle in 2 month old mice by crushing it with forceps. They then harvested the 

myoblast cells from muscle preparations 3 days later. This cell line has a doubling time of 24 

hours and retains the ability to proliferate as mononucleated (undifferentiated) cells. If they are 

cultured in horse serum or become confluent, they can rapidly differentiate into myotubes that 

are contractile and express many muscle-specific genes/proteins such as MyoD, myogenin, 

myosins and troponins (Tomczak et al., 2004; Kislinger et al., 2005). They are also easily 

transfected to express proteins of interest. This makes them a good model of mammalian 

myoblast dynamics and is validated by the hundreds of published peer-reviewed articles that 

have used them. 

26 



1.10.2 C0S7 monkey kidney and H9c2 rat cardiomyocyte cell lines 

The C0S7 cell line was originally derived from African green monkey kidney cells (CV-

1 cell line) and transformed by an origin-defective SV40 virus (Gluzman, 1981). They have the 

morphology of fibroblast cells and are easily cultured and transfected. This cell line has been 

used extensively in molecular biology research. 

The H9c2 cell line is a subclone of a rat embryonic heart tissue clonal cell line. Yet 

phenotypically they exhibit many characteristics of skeletal muscle cells and upon differentiation 

produce multinucleated myotubes (Kimes and Brandt, 1976). This cell line has been used by 

many research groups as a model of mammalian cardiomyoblasts. 

1.10.3 Primary mouse myoblasts 

Primary mouse skeletal myoblasts were derived from C57 Black 6 LMNA+/+, 

LMNA+/H222P, and LMNAH222P/H222P mice that were described in chapter 1.9.3 (Arimura et al., 

2005). Although there are no articles published specifically with myoblasts from this model, the 

homozygous mutant mice have been show to recapitulate the human disease phenotype (Arimura 

et al., 2005). This provides a very informative mammalian skeletal muscle cell model where 

mutant lamins are expressed endogenously. These myoblasts are also transfection competent. 

1.11 Hypotheses 

1. Lamin A/C is sumoylated by sumol. Certain disease-associated LMNA mutations will 

cause altered sumoylation of lamin A/C. 

2. In vitro expression of mutant lamin A/C will alter the localization of sumol and will 

perturb the sumoylation process. 

3. In vivo expression of mutant lamin A/C will perturb the localization of sumol and will 

perturb the sumoylation process in a laminopathy mouse model (LMNAH222P/H222P). 
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1.12 Objectives 

1. A) Determine if lamin A and/or lamin C is sumoylated by sumol in vitro in C2C12 

myoblasts. B) Delineate the target lysine(s) of lamin A/C at which sumoylation occurs by 

systematically mutating lysines to arginines that lie within sumoylation consensus 

sequences. C) Investigate if expressing disease-associated mutant lamin A/C results in 

increased or decreased sumoylation of lamin A/C in C2C12 myoblasts. 

2. A) Determine if mutant lamin A and lamin C expression alters sumol localization in 

C2C12 myoblasts. B) Investigate the effect of mutant lamin A/C expression on total 

steady-state sumoylation levels in C2C12 myoblasts. 

3. A) Determine if sumol localization is altered in cultured primary myoblasts from 

LMNAH222P/H222P mice. B) Investigate the effect of mutant lamin A/C expression on total 

steady-state sumoylation levels in the primary myoblasts. C) Determine if sumol 

localization is altered in vivo in skeletal muscle tissue sections from affected mice. 

Chapter 2: Materials and Methods 

2.1 Expression plasmid preparation 

Full length lamin A, lamin C, and sumol cDNA was previously cloned into fluorescent 

expression vectors that express C-terminally fused cyan, red or yellow fluorescent proteins 

(pECFP-Cl, pDsRed2-Cl, and pEYFP-Nl, respectively from Clonetech laboratories) as 

described in Sylvius et al., 2005. The ubc9-HA vector was a kind gift from Peter Howley as seen 

in Yasugi and Howley (1996). The p.L85R, p.D192G, and p.R386K point mutations were 

previously introduced into the lamin A and C cDNA by site-directed mutagenesis as described in 
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Sylvius et al., 2005 (Clonetech laboratories). The p.H222P point mutation corresponds to the 

cDNA A>C transversion at position 665. The p.Q353K point mutation corresponds to the cDNA 

C>A transversion at position 1057. These mutations were introduced into the lamin A and lamin 

C expression vectors using the QuikChange XL Site-Directed Mutagenesis Kit from Stratagene 

according to the manufacturer's protocol except for extending the transformation time to 45 

seconds and using LB broth to grow and dilute the competent cells. Primers used for the 

p.H222P mutation included forward primer 5'-TCTCCACCAGTCGGGTCTCAGGAC 

GGCGCTTGGTCTCACGC-3' and reverse primer 5'-GCGTGAGACCAAGCGCCGTCCT 

GAGACCCGACTGGTGGAGA-3'. Primers used for the p.Q353K mutation included forward 

primer 5'-CCGAGATGCGGGCAAGGATGAAGCAGCAGCTGGACGAGTAC-3' and reverse 

primer 5'-GTACTCGTCCAGCTGCTGCTTCATCCTTGCCCGCATCTCGG-3'. Plasmid DNA 

was extracted from transformed clones using the Mini-Prep kit from Invitrogen and was 

subsequently sequenced at the mutation site to ensure introduction of appropriate point mutation. 

Mutation positive clones were then grown up and vector DNA extracted to make stock solutions 

using the Maxi-Prep kit from Invitrogen. All stock vector preparations were then subjected to 

sequencing of the entire coding sequence to ensure that the proper point mutation is present as 

well as to ensure that no other point mutations or coding sequence changes were introduced 

during manipulation. 

2.2 Cell culture, transfection, and protein extraction 

2.2.1 Immortalized cell lines 

C2C12 mouse skeletal myoblasts (ATCC), H9C2 rat cardiomyoblasts (ATCC), and 

COS7 African green monkey kidney cells (ATCC) were cultured in 60mm tissue culture plates 

with Dulbecco's Modified Eagle Medium (DMEM) supplemented with 1% L-Glutamine and 
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20% FBS and incubated at 37°C with 5% CO2. Selected plates also contained a glass coverslip 

for microscopy evaluation. Cells were grown to a visual confluency of 60-80% prior to 

transfection. One hour prior to transfection cells were given fresh, supplemented media. C2C12 

cells were transiently transfected with Metafectene Pro (Biontex) according to manufacturer's 

protocol optimized to 9ug total DNA and 30ul of transfection reagent in serum-free DMEM. 

Cos7 and H9c2 cells were transiently transfected with Lipofectamine (Invitrogen) according to 

manufacturer's protocol and optimized for a 3:1 Lipofectamine to DNA ratio and 9jxg total 

DNA. Media was changed 4-6 hours post-transfection. Glass coverslips were processed 

immediately prior to or during protein extraction. Coverslips were transferred to 24-well plates 

and washed twice with IX PBS. Cells were fixed using 400u.l of ice-cold methanol and 

incubated at -20°C for 5 minutes. Cells were then washed three times with lx PBS and mounted 

on glass slides using aqueous mounting medium (DakoCytomation #S3023). Slides were stored 

in the dark at 4°C. Total protein was harvested with lOOjxl of RIPA buffer with protease 

inhibitors and nuclear protein was harvested using a nuclear protein extraction kit (Active Motif) 

following manufacturer's protocol 20-22 hours post-transfection. Selected protein samples were 

harvested in the presence of 20mmol N-Ethylmaleimide (NEM) (Invitrogen) to inhibit sumo 

isopeptidases. 

2.2.2 Primary mouse myoblasts 

All experimentation with LMNAH222P/H222P mice was performed in the laboratory of 

Gisele Bonne PhD in Paris, France (Inserm U582). Primary mouse myoblasts were harvested 

from LMNAH222P/H222P mice (Arimura et al., 2005) as described in Rosenblatt et al., 1995 by 

Anne Bertrand PhD. I cultured the cells in Myo-1 culture medium with 20% FBS and 1:1000 

gentamicin and supplemented with 6ul of dexa and lOul bFGF per 50ml of medium. Cells were 

grown in 100mm culture plates coated with Matrigel diluted 1:10 in Myo-1 complete media and 
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incubated at 37°C with 5% CO2. Cells were transiently transfected using an electroporation kit 

(Amaxa) according to the manufacturer's protocol optimized for 5xl05 cells and 3u.g of vector 

used per transfection. Cells were grown for 24hours post-transfection and harvested in a total 

protein extraction buffer containing 2% SDS, 250mM sucrose, 75mM urea, ImM DTT and 

50mM Tris-HCl, pH7.5 with 1:100 dilution of the protease inhibitors aprotinin, leupeptin, and 

sodium ortho vanadate. 

2.2.3 Western blotting and analysis 

Western blot analysis was performed on primary mouse myoblasts, COS7 and H9c2 total 

protein or C2C12 nuclear protein. In France, primary mouse myoblast protein samples were 

resolved by size using denaturing 10% acrylamide gels run for 2 hours at 20mA and in Canada, 

C2C12 nuclear protein and COS7/H9c2 total protein samples were resolved using 4-20% pre­

cast Tris-Glycine gels (Invitrogen) run at 180V for 1.5hours. Proteins were then transferred to a 

nitrocellulose membrane for 2 hours at 300mA. Membranes were blocked in IX phosphate 

buffered saline with 0.5% Tween20 (PBS-T) with 5-7.5% non-fat milk powder for 30 minutes 

and incubated in primary antibody overnight at 4°C. Primary antibodies used were goat anti-

lamin A/C, rabbit anti-SP3, mouse anti-SUMOl, mouse anti-P-Actin, (Santa Cruz Biotechnology 

6215, 644, 5308, and 47778), mouse anti-GapDH (ABM G041), mouse anti-vinculin (Sigma-

Aldrich 4505). The following day, membranes were washed 3 times for 5 minutes in IX PBS-T 

with 7.5% non-fat milk powder then incubated with secondary antibody for 1 hour at room 

temperature. Secondary antibodies used were goat anti-mouse, rabbit anti-goat, and goat anti-

rabbit conjugated to the horseradish peroxidase enzyme (Santa Cruz 2005, 2768, 2004). 

Membranes were then washed 2 times for 10 minutes and once for 5 minutes in IX PBS-T and 

incubated with detection reagent for 2 minutes following manufacturer's protocol (Amersham) 

and subsequently exposed in the Fluorchem chemiluminescent imager (Alpha Innotech). 
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Western blots were analyzed using the AlphaEase program corresponding to the Alpha Imager. 

Selected Western blost were then stripped and re-probed with Re-Blot Plus Strong antibody 

stripping solution (Millipore 2504) to normalize for protein loading differences. Densitometry 

analyses were presented graphically as normalized means (± standard deviation) while statistical 

significance was calculated using a non-parametric Wilcoxon rank test. 

2.3 Immunostaining and fluorescent microscopy 

2.3.1 Immortalized cell lines 

Transfected C2C12 cells grown on glass coverslips were transferred to a 24-well plate, 

washed 3 times with IX PBS then fixed by incubation in 100% methanol for 5 minutes at -20°C. 

They were washed 3 times in IX PBS and mounted on glass slides with Faramount aqueous 

mounting medium (DakoCytomation). Images were captured on an Olympus Fluoview FV1000 

confocal microscope with a 100X 1.4 NA oil immersion objective and using the Olympus FV-10 

acquisition software, version 5.0. Excitation wavelengths of the fluorescent proteins were 434nm 

for cyan, 558nm for red, and 514nm for yellow. 

2.3.2 Primary mouse myoblasts 

Untransfected and transfected primary mouse myoblasts for immunostaining and 

microscopy were plated on 8-well Labtek slides and processed 24 hours post-transfection. At this 

time, the cells were washed 3 times in IX PBS, fixed with 100% ice-cold methanol for 5 minutes 

at -20°C, washed 3 times in IX PBS, then blocked for 20 minutes in 5% BSA in PBS. The cells 

were incubated with 1:50 mouse anti-SUMOl (Santa Cruz Biotechnology 6215) primary 

antibody overnight at 4 degrees Celcius, washed 3 times with IX PBS, incubated with 1:200 

Alexa Fluor 568 goat anti-mouse (Invitrogen A-21124) secondary antibody for 30 minutes in the 

dark, washed 3 times in IX PBS, and then mounted on glass slides with Vectashield mounting 
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media with DAPI. Slides were stored at 4°C. Images were captured on CarlZeiss Axiophot2 or 

Zl Imager fluorescent microscopes. 

2.3.3 Soleus muscle tissue cross sections 

Cryostat soleus muscle cross sections 6nm thick from frozen soleus muscle of C57 Black 

6 mice LMNA+/+ and LMNAH222P/H222P were mounted on glass slides by Valerie Decostre PhD. 

I fixed the soleus muscle cross sections in paraformaldehyde for 5 minutes at room temperature. 

Sections were then rinsed once with IX PBS with O.IM Glycine for 2 min and twice with IX 

PBS for 5 minutes. Sections were permeabilized with ice cold methanol for 6 minutes at -20°C 

then washed twice with IX PBS. Slides were immersed in 90°C preheated 0.01M citric acid (pH 

6.0) and micro waved at minimum power without boiling for 5 minutes then covered and cooled 

at room temperature for 5-10 minutes. Slides were transferred to a dark and humid incubation 

tray and divided into single sections using a hydrophobic barrier pen (Vector laboratories) then 

washed twice with IX PBS for 2 minutes. Sections were blocked in 5% BSA in IX PBS for 1 

hour at room temperature then washed twice with IX PBS for 2 minutes. They were incubated 

with 0.05 mg/ml mouse Fab in IX PBS for 30 minutes at room temperature and washed twice in 

IX PBS for 2 minutes. Selected sections were incubated with a 1:50 diltion of mouse anti-

SUMOl (Santa Cruz Biotechnology 6215) primary antibody overnight at 4°C. The following 

day, slides were washed once for 2 minutes and 3 times for 10 minutes in IX PBS then incubated 

with a 1:200 dilution of Alexa Fluor 568 goat anti-mouse (Invitrogen A-21124) secondary 

antibody for 1 hour at room temperature in the dark. Slides were washed once for 2 minutes and 

3 times for 10 minutes in IX PBS and then covered with a glass coverslip mounted with 

Vectashield mounting media with DAPI and stored at 4°C. Images were captured on a CarlZeiss 

Axiophot2 fluorescent microscope. 
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Chapter 3: Results 

3.1 Lamin A/C is not sumoylated by sumol 

Our laboratory had previously observed a disruption of sumol in the COS7 cell line 

overexpressing p.D192G mutant lamin C. The sumol protein was found sequestered within 

mutant lamin C aggregates in a sumoylation-dependent manner (Sylvius et al., 2005 and 

discussed in chapter 1.4). This observation and the presence of 4 sumoylation consensus 

sequences in the lamin A/C protein, led to the hypothesis that lamin A/C was sumoylated by 

sumol. Since it was published during the course of this research that lamin A/C is sumoylated by 

sumo2/3 and presumably not sumol in Hela cells and mouse cardiomyocytes (Zhang and Sarge, 

2008), we sought to confirm that result in C2C12 cells. I further investigated if mutant lamins are 

sumoylated by sumol which could occur if an otherwise hidden modification site was revealed 

as protein folding or filament assembly may be disrupted by a mutation. Total protein was 

harvested from cells and western blotting was performed probing for endogenous and exogenous 

lamins A and C. Cells were transfected with lamin A and lamin C tagged with cyan fluorescent 

protein (pECFP-Cl) and red fluorescent protein (pdsRed2), respectively. Due to the transient 

nature of sumoylation and the low steady-state levels of sumoylated proteins (Pichler, 2008), 

cells were also transfected with sumol tagged with yellow fluorescent protein (pEYFP-Nl). N-

ethylmaleimide was added to preserve sumo conjugation by inhibiting de-sumoylation enzymes 

(isopeptidases) during protein extraction (Sacher et al., 2005). As sumoylation is a covalent 

bond, modified proteins can be visualized on western blots as more slowly migrating bands that 

migrate roughly to the combined size of the protein of interest plus sumol (~1 lkDa). 
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3.1.1 Testing lamin A/C and sumol expression/sumoylation 

To determine the optimal cell model to assess sumoylation, I tested the functionality of 

three cell lines (COS7, H9c2, and C2C12) for transfection efficiency and sumoylation detection 

(Figure 5). Protein underwent western blotting for lamin A/C (panel A), sumol (panel B), and 

the endogenous irreversibly sumoylated protein, ranGAPl (panel C). The COS7 cells showed 

high transfection efficiency (-80%) and this correlated with easily detectable transfected lamins 

and sumol/sumoylated proteins. Although H9c2 cells are derived from cardiomyoblasts and are 

the closest cell type to cardiac tissue, transfection efficiency was only -10% and consistent 

detection of transfected lamins and sumoylation was difficult. The C2C12 cells showed moderate 

transfection efficiency (-40%) and easily detectable expressed proteins. As they are skeletal 

myoblasts, they more closely represent muscle tissue that is affected by myopathic laminopathies 

while COS7 cells are kidney cells and not as applicable to laminopathies. RanGAPl was 

observed to be sumoylated by both endogenous sumol and exogenous sumol-YFP in all three 

cell lines. Further investigations were performed in C2C12 cells. 

3.1.2 Assaying sumoylation of lamin A/C in C2C12 cells 

Cells were untransfected or transfected with either 1: wild-type sumol-YFP (Figure 6 

panels A and B); 2: wild-type lamin A-CFP, lamin C-Red and sumol-YFP (Figure 6 panels A 

and B) or 3: wild-type and mutant lamin C-Red, wild-type sumol-YFP, and ubc9-HA (Figure 6 

panel C). The sumoylation conjugating enzyme, ubc9, was co-transfected to further promote 

sumoylation. Protein was assayed by Western blot for lamin A/C, however, no slower migrating 

bands corresponding to sumoylated lamin A or lamin C by either endogenous or exogenous 

sumol were observed (Figure 6: panel A). As a positive control of our protocol and of the 

sumoylation process in the C2C12 cell line, the blot was stripped and re-probed for the 
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endogenously expressed reversibly sumoylated protein, SP3. I observed bands for SP3 

sumoylated by both endogenously and exogenously expressed sumol (Figure 6: panel B). The 

previous western blots from the COS7 and H9c2 cells confirms that the C2C12 cells result was 

not cell type specific as there was no detection of any bands corresponding to sumoylated lamin 

A or C (Figure 5). 

Previously, our lab demonstrated that p.D192G mutated lamin C sequesters sumol inside 

the lamin C aggregates in a sumoylation-dependent manner (Sylvius et al., 2005). I therefore 

investigated whether the expression of disease-associated mutant lamin C result in sumoylation 

by revealing masked lamin C modification sites. I transfected lamin C, sumol, and ubc9 tagged 

with pECFP-Cl, pdsRed2 and hemagglutinin (HA), respectively. No bands corresponding to 

sumoylated lamin C were observed (Figure 6: panel C). Fellow M.Sc. student Sarah Labib 

performed co-immunoprecipitations of lamin A/C and sumol to confirm the absence of lamin 

A/C sumoylation (Boudreau et al., in preparation - Appendix III). As neither wild-type nor 

mutant lamin A/C was found to be sumoylated by sumol, I did not mutate the possible 

consensus sequences and could not examine if sumoylation was significantly altered by 

mutations and so objectives IB and 1C were not investigated further (Chapter 1.12). 

3.2 Mutant lamin A/C alters localization of sumol and sumoylation 

3.2.1 Expression of mutant lamin A/C results in mislocalization of sumol 

I next investigated the effect of disease-associated LMNA point mutations on the localization of 

sumol in the C2C12 myoblast cell line. C2C12 cells were transiently transfected with wild-type 

and mutant lamin A-CFP, lamin C-Red and sumol-YFP expression vectors and visualized using 

confocal microscopy (Figure 7). Wild-type lamin A, lamin C, and sumol show a relatively even 

distribution in the nucleus. In agreement with previously published results in other cell lines, the 
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Figure 5 Optimization of fluorescent vector expression and sumoylation. Western blots of total 

protein from COS7 (14ug), H9c2 (5ug), and C2C12 (14|ig) cells untransfected or transiently 

transfected with lamin A-CFP, lamin C-Red, and sumo-YFP. A) Probing for endogenous and 

exogenously expressed lamins A and C. B) Blot A stripped and re-probed for sumol. C) Blot B 

stripped and re-probed for sumoylated protein RanGAPI. 

Figure 5 
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Figure 6 Lamin A/C is not sumoylated by sumol in C2C12 cells. Western blots of C2C12 

nuclear protein: A) Untransfected (UNT) or sumol-YFP transfected, or triple transfected wild-

type lamin A-CFP, lamin C-Red and sumol-YFP probed for lamin A/C. N-ethylmaleimide 

(NEM) was added to selected samples to stabilize sumo conjugation. B) Western blot A stripped 

and reprobed for SP3. C) UNT or triple transfected wild-type and mutant lamin C-Red, wild-type 

sumol-YFP and wild-type Ubc9-HA probed for lamin A/C. 

Figure 6 
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p.L85R mutant lamin A/C shows a comparable phenotype to the wild-type samples, and the 

p.D192G mutant lamin A/C results in nuclear aggregation of co-localized lamin A and C. Shown 

previously with only p.D192G lamin C (Sylvius et al., 2005), here it is shown that co-expression 

of both p.D192G lamin A and C result in aggregates that also disturb the localization of sumol 

by sequestering it within the aggregates. Here, the localization of tagged p.Q353K mutant lamin 

A and C in vitro is reported for the first time. This mutation results in variable sizes and 

distributions of aggregated lamins A and C within the nucleus as well as at the nuclear periphery. 

This mutant also sequesters sumol within some of the formed aggregates. As previously 

reported, the p.R386K mutation also results in the formation of lamin A/C aggregates and here 

we demonstrate the trapping of a substantial amount of the sumol protein. The p.H222P mutant 

lamin A/C retains the ability to localize to the nuclear lamina but also develops aggregates with 

some sumol sequestration. In the H222P mouse model, lamin A/C is reported to retain normal 

localization in both cardiac and skeletal muscle (Arimura et al., 2005). 

3.2.2 Mutant lamin A/C alters cellular sumoylation 

3.2.2.1 Western blotting for sumol and sumoylation 

Even though lamins were not found to be sumoylated, expression of mutants still mediated an 

alteration of sumol intranuclear localization. This led to next investigate a correlation between 

the mislocalization of sumol and an alteration of the cellular sumoylation process with the 

presence of mutant lamin A/C. We harvested nuclear protein from C2C12 cells transfected with 

equal amounts of vectors encoding lamin A-CFP, lamin C-Red, and sumol-YFP then performed 

Western blot analysis for sumol. Interestingly, it was observed that the expression of mutant 

lamin A/C that trapped sumol in aggregates paralleled with an increase in both non-conjugated 

sumol-YFP and sumol conjugated to other proteins (Figure 8 - top panel). The Western blot and 
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Figure 7 Sumol localization is disturbed by mutant lamin A/C in a mutation-dependent manner 

in C2C12 cells. Confocal microscopy images of nuclei of C2C12 cells expressing wild-type and 

mutant lamin A-CFP, lamin C-Red and wild-type sumol-YFP. Lamin A and lamin C images are 

represented in one panel as they co-localize in all cells. 

Figure 7 
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densitometry analysis in Figure 8 is representative of 7 blots each performed as independent 

experiments. 

3.2.2.2 Densitometry analysis of western blots 

Densitometry analysis was performed on the bands corresponding to all the conjugated 

sumol and also on the band of non-conjugated sumol tagged with YFP. Each western blot was 

stripped and re-probed for GapDH or P-actin to account for protein loading differences and to 

which all densitometry values were first normalized. As densitometry values were greatly 

variable between blots, the values were converted to ratios so comparisons between blots could 

be made. The wild-type value was set at 100% and mutant values were compared against the 

wild-type. Standard error on the mean (SEM) was calculated after normalization. Values are 

presented graphically in Figure 8 - bottom panel as mean ± SEM comparing the change of the 

steady-state levels of conjugated and non-conjugated sumol from C2C12 cells expressing 

mutant lamin A/C to those of the wild-type. As these calculations have not been previously 

shown to follow a normal distribution, I could not assume that the values would be appropriate 

for parametric analysis. Therefore, statistical significance was determined using a non-parametric 

Wilcoxon rank test with significance set at p<0.01. 

Expression of the p.D192G mutant, which showed sequestration of sumol within lamin 

A/C aggregates, resulted in an average (SEM) significant increase of 55% (17%) with a 

significance of p<0.002 for conjugated sumol. There was also an increase of 44% (16%) in the 

level of non-conjugated sumol-YFP however this change fell below statistical significance 

(p<0.025). Expression of the p.Q353K mutation which also showed trapping the sumol protein 

within the aggregates resulted in a significant increase in sumoylated proteins of 41% (8%) 

p<0.002. There was no significant increase in non-conjugated sumol with an average increase of 
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24% (14%) and p<0.025. Expression of the p.R386K mutant that also perturbed sumol resulted 

in significant increases of 65% (23%) p<0.002 and 35% (8%) p<0.002 for conjugated and non-

conjugated sumol levels, respectively. I found that expression of the p.L85R mutant which did 

not appear to significantly affect sumol localization, also did not significantly affect the level of 

either conjugated (increase of 22% (18%) p<0.25) or non-conjugated (21% (15%) p<0.055) 

sumol yet followed the same trend as the other mutants investigated. 

3.3 Sumol localization and sumoylation are altered in LMNA mouse model 

3.3.1 Sumol localization is altered in LMNAH222P/H222P mouse myoblasts 

In order to confirm my results in a more physiologically relevant model, I cultured 

primary skeletal myoblasts harvested from LMNA and LMNA mice and 

immunostained for sumol (Figure 9 - left panel WT). In LMNA+/+ myoblasts, sumol shows 

homogenous nuclear and cytoplasmic distribution (Figure 9). In homozygous myoblasts that 

solely express p.H222P mutated lamin A/C, approximately 75% of cells show sumol localizing 

into nuclear foci and approximately 20% display a pronounced appearance at the nuclear 

envelope (Figure 9 - left panel H222P). In agreement with published results from striated 

muscles (Arimura et al., 2005), I found lamin A/C localization to be normal with no sumol 

sequestration (data not shown). The myoblasts were then transfected to express YFP-tagged 

sumol which resulted in exacerbation of the nuclear foci localization observed in the 

endogenously sumol expressing myoblasts to approximately 87% but abolished the nuclear 

envelope localization (Figure 9 - right panel). It is important to note that sumol localization in 

primary myoblasts was more variable than that observed in the C2C12 cells and that the images 

in Figure 9 represent the most common phenotype. 
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Figure 8 Expression of mutant lamin A/C results in increased levels of steady-state sumoylation 

and non-conjugated sumol in a mutation-dependent manner. Top panel: Western blot analysis of 

sumol from C2C12 nuclear protein untransfected and transfected with wild-type and mutant 

lamin A-CFP, lamin C-Red and sumol-YFP harvested in the presence or absence of NEM. 

Bottom panels: sumol blots stripped and reprobed for GapDH as a loading control. Bottom 

panel: Densitometry performed on western blots of C2C12 nuclear protein probed for sumol 

(n=7 independent experiments). Left graph represents the collection of higher molecular weight 

sumol conjugates (encompassing bands from 85kDa to top of blot). Right graph represents non-

conjugated sumol-YFP band at 41kDa. Samples were normalized to GapDH or P-actin 
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housekeeping protein to account for protein loading differences. Values were subsequently 

converted to ratios so comparisons between blots could be made. The wild-type value was set at 

100% and mutant values are changes compared against the wild-type. P-values refer to 

statistically significant changes versus wild-type levels where * represents a significant 

difference p<0.01 of a non-parametric Wilcoxon rank test. 

Figure 8 
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Figure 9 Endogenous and exogenous sumol localization is disturbed in homozygous 

LMNA H222P/H222P primary mouse myoblasts. Fluorescent microscopy images of non-transfected 

and sumol-YFP transfected LMNA+/+ (WT) and LMNAH222P/H222P (H222P) primary myoblast 

nuclei. Left panel: Untransfected myoblasts immunostained for endogenous sumo-1 (green). 

Right panel: Sumol-YFP transfected myoblasts expressing YFP-tagged sumol (green). All 

myoblasts were counterstained for DAPI (blue). 

Figure 9 
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3.3.2 Expression of endogenous p.H222P mutant lamin AJC disrupts sumoylation 

To determine if the sumoylation profile is disturbed in LMNAH222P/H222P mice as it was 

determined in C2C12 cells exongenously expressing mutant lamin A/C, western blotting analysis 

was performed on total protein harvested from sumol-YFP transfected LMNA+/+, LMNA+/H222P, 

and LMNAH222P/H222P primary myoblasts. In three western blots representing two independent 

experiments, I did not detect a significant change in the levels of sumol conjugated proteins yet I 

observed an increase in the amount of non-conjugated sumol-YFP in p.H222P homozygous 

myoblasts (Figure 10). I also noticed an increase in sumoylation of one unknown sumol 

conjugated protein in LMNAH222P/H222P myoblasts (Figure 10 - asterisk). This sumoylated protein 

migrates to approximately 60kDa and as such indicates a sumol-YFP (41kDa) modified protein 

about 10-20kDa in size. 

3.3.3 Altered localization of endogenous sumol in LMNAH222P/H222P mouse muscle tissue 

As endogenous sumol was found mislocalized in myoblasts cultured from 

LMNAH222P/H222P mice, I wanted to determine if this occurred in vivo in dystrophic muscle tissue. 

Therefore I examined its localization directly by immunostaining for sumo 1 in cross-sections of 
. /, H977P/H797P 

soleus muscle tissue from LMNA and symptomatic LMNA mice (Figure 11). Soleus 

skeletal muscle is known to be dystrophic in this mouse model (Arimura et al., 2005). As 

expected, normal myocyte architecture is found in wild-type mice. Sumol staining in wild-type 

muscle tissue shows consistent punctate myocyte staining and homogenous punctate nuclear 

localization (Figure 11 - left panel) that is comparable to endogenous myoblast sumol staining 

(Figure 11 - left panel). Conversely, in the H222P mutant muscle tissue, I observed abnormalities 

in the myocyte architecture with variable fibre size, appearance of degeneration, and some 

internal nuclei as was previously shown (Arimura et al., 2005). Interestingly, I also observed a 
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prominent nuclear envelope localization of sumol in approximately 25% of nuclei (Figure 11 -

right panel). Alternatively, the wild-type muscle showed this phenotype in approximately 3% of 

nuclei. The cytoplasmic localization appears conserved in this tissue. A small proportion of 

nuclei from both wild-type (-4%) and mutant mice (-6%) showed intranuclear aggregation of 

sumol. 
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Figure 10 Increased level of non-conjugated sumol and an unknown substrate in homozygous 

LMNA H222P/H222P primary mouse myoblasts. Western blot analysis for sumol of whole cell 

extracts from LMNA+/+ and LMNAH222P/H222P myoblasts transfected with wild-type sumol-YFP 

harvested with NEM. Bottom panel: sumol blot reprobed for vinculin as a loading control. The 

asterisk (*) marks an unknown sumoylated protein whose sumoylation is increased only in the 

LMNAH222P/H222P myoblasts. 

Figure 10 
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Figure 11 Sumol localization is disturbed in soleus muscle sections from LMNAH222P/H222P 

mice. Fluorescent microscopy images taken at 63X magnification of cross sections of soleus 

muscle from LMNA and LMNA mice. Top row sections were stained for sumol 

(green). Bottom row sections were stained with only secondary antibody to show background 

signal of anti-mouse-568nm antibody (green). All sections were counterstained for DAPI (blue). 

Figure 11 
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Chapter 4: Discussion and future directions 

4.1 Neither wild-type lamin A/C nor mutant lamin C is sumoylated by sumol in C2C12 

myoblasts 

After observing the sequestration of sumol inside mutant lamin C aggregates, I 

hypothesized that lamin C and/or lamin A was post-translationally modified by sumol and that 

mutations will alter its level of sumoylation and possibly its functions and interaction(s). I also 

hypothesized that the co-expression of p.D192G and other disease-associated mutant lamin A 

and C together would disrupt sumol localization. This would subsequently result in alteration of 

the sumoylation of certain cellular targets. These effects in turn may modulate the roles of lamin 

A/C and other proteins which could contribute to the pathophysiological development of 

laminopathies. The intranuclear intermediate filament proteins lamins A and C have proposed 

roles in numerous cell processes that range from structural support to protein scaffolding, to 

signalling, to gene expression as well as interact with many other nuclear lamina and intranuclear 

proteins. Sumoylation is a dynamic, transient and reversible modification regulates many similar 

cell processes (Makhnevych et al., 2009). As the functions of lamins and sumol vary between 

cell and tissue types, laminopathic mutant lamins may be exerting their tissue-specific 

phenotypes through perturbation of sumol and sumoylation. 

Through the presence of 4 common sumoylation consensus sequences in the lamin A/C 

protein, its interaction with the sumoylation E2 conjugating enzyme, ubc9 (Zhong et al., 2005), 

and our observation of sumol sequestration in mutant lamin C aggregates, I first hypothesized 

that lamins A and C would be modified by sumol. However, I did not observe sumoylation of 

lamin A or C by either endogenously or exogenously expressed sumol. This outcome might be 

explained by the structural motifs in the lamin A/C protein and subsequent filament 

conformation that conceal sumol sumoylation sites from modification (Anckar and Sistonen, 
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2007) or these sites are not conducive to sumol attachment. Research published during this 

thesis supported the results we obtained and found lamin A to be sumoylated at lysine 201 by 

sumo2/3 and apparently not sumol (Zhang and Sarge, 2008). They further demonstrated that two 

DCM-associated lamin A/C mutations at position 203 (the glutamic acid (E) within one 

consensus sequence) display lower lamin A sumoylation, mislocalization of lamin A, and 

increased cell death. The authors suggest that the sumo2/3 modification of lamin A is important 

for the proper localization and functioning of the protein (Zhang and Sarge, 2008). However, 

lamins are structural proteins whose coiled coil regions, including coil IB, are crucial for 

filament assembly and amino acid 203 lies within coil IB (Perrot et al., 2009). Thus mutating the 

glutamic acid at that position to a glycine (p.E203G) or a lysine (p.E203K) would result in the 

change of a negatively charged hydrophilic amino acid to a nonpolar neutral or a positively 

charged hydrophilic residue, respectively. This may then have disastrous consequences on 

filament assembly/structure (Fatkin et al., 1999) and lead to the observed mislocalization of 

lamins into aggregates as we and many other groups have shown when expressing mutated 

lamins. So it does not appear conclusive that sumo2/3 regulates lamin A/C localization. Still, it is 

interesting to consider if sumo2/3 sumoylation of lamin A regulates its interaction with other 

lamina proteins that affect cell viability or as a stress compensation as sumoylation was reduced 

with a DCM-associated mutation (Zhang and Sarge, 2008) and is linked to stress response (Flick 

and Kaiser, 2009). 

Although wild-type lamin C is not sumoylated by sumol, it was shown in our previous 

study that DCM-associated p.D192G mutant lamin C formed intranuclear aggregates that 

sequestered sumol and that the trapping of sumol within the aggregates was dependent upon 

sumoylation competency (Sylvius et al., 2005). This led us to investigate whether this and other 
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mutations in lamin C would produce a misfolding of the protein that might reveal an otherwise 

masked sumoylation site. I did not observe any sumoylation of exogenous mutant lamin C even 

with the co-overexpression of the conjugating enzyme, ubc9, to further promote sumoylation. 

This implies that mutant lamin C was mediating a mislocalization of sumol through indirect 

mechanisms possibly by its interaction or scaffolding with other proteins that are sumoylated and 

not through its own increased sumoylation. 

4.2 Sumol localization and steady-state sumoylation levels are altered in C2C12 myoblasts 

in a mutation-dependent manner 

Despite the lack of lamin A/C sumoylation by sumol, I demonstrated that the expression 

of disease-associated mutant lamin A/C results in the mislocalization and misregulation of 

sumoylation and/or sumol turnover in vitro. The mutations I included were located in the a-

helical coiled coil rod domains and are present in both lamin A and lamin C isoforms. These 

domains are essential for both filament assembly and protein-protein interactions (Dechat et al., 

2008). In vitro in C2C12 cells, I observed mislocalization of lamins from a normal veil-like 

phenotype in the wild-type to various sizes of intranuclear aggregates that appeared to target the 

nuclear envelope or nucleoplasm or both. In the cells expressing p.D192G (DCM), p.Q353K 

(DCM), p.H222P (EDMD), and p.R386K (EDMD) mutated lamin A/C, these aggregates were 

observed to trap sumol within them. Following this observation, in the cells expressing p.R386K 

(EDMD) mutant lamins, we detected a significant increase in the amount of non-conjugated 

transfected sumol. This implies that the sequestration of monomeric sumol within aggregates 

may offer a means of protection from normal sumol degradation by SENPs and/or prevents its 

conjugation to target proteins possibly by excluding ubc9 or E3 ligases. 
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As sumol is mostly found conjugated to target proteins in vertebrate cells and less in 

monomeric form (Saitoh and Hinchey, 2000), I suggest that the trapped sumol may likely be not 

only non-conjugated sumol but also other proteins that are sumoylated. Supporting this 

hypothesis, I detected a significant increase in the steady-state levels of sumoylated nuclear 

proteins in the cells expressing aggregating p.D192G (DCM), p.Q353K (DCM), and p.R386K 

(EDMD) mutant lamin A/C that were observed to sequester sumol. Unfortunately, I was unable 

to detect if the sumoylation of any single protein was particularly increased. Research by our 

laboratory has examined the localization of RanGAPl which is an irreversibly sumoylated 

nuclear pore complex (NPC) protein found on the cytosolic side of the NE. We found that the 

localization of RanGAP was not affected by the expression of certain lamin A/C mutants and 

does not co-localize with lamin aggregates (Sylvius et al., 2008). A fellow M.Sc. student, Pallavi 

Gupta, investigated the localization of a sumoylated nuclear myogenic protein, GATA4, and 

found that it was not one of the possible proteins recruited into the lamin aggregates (Boudreau 

et al., in preparation). Expression of the p.L85R (DCM) mutant lamin A/C did not produce lamin 

aggregates and also did not have a significant effect on sumol localization, sumoylation, or on 

the level of non-conjugated sumol when expressed in C2C12 cells. However, it was interesting 

that this mutant had slightly increased non-conjugated sumol and sumoylation following the 

same trend that was observed with the other mutants which may suggest a possible non-specific 

response to a defective lamina. 

The increased steady-state sumoylation level results suggest the mutant lamin A/C may 

recruit sumoylated proteins into the aggregates and conceal them from interacting with and 

undergoing normal regulation of de-conjugation by SENPs. Conversely, these results could also 

represent an independent function of mutant lamin A/C in mediating an increased level of protein 
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sumoylation. In fact, fellow M.Sc. student, Sarah Labib, has demonstrated that co-expression of 

lamin A/C with ubc9 results in co-localization of the proteins. When co-expressing p.D192G 

(DCM), p.Q353K (DCM), and p.R386K (EDMD) mutant lamin A/C with wild-type ubc9, the 

ubc9 remains co-localized with but is not trapped by the lamin A/C aggregates (Boudreau et al., 

in preparation). Still, it remains inconclusive whether the sequestered sumol is in monomeric 

form or conjugated to target proteins. We propose that it is likely a mutation-dependent 

combination of both forms as our results from nuclear protein extracts indicate variable increases 

in levels of both non-conjugated and conjugated sumol. I was unable to determine if there was 

an increase or decrease in cytoplasmic sumol or sumoylated proteins due to low sumol 

detection, yet preliminary experiments showed no detectable change. 

It remains uncertain whether altered sumol localization and increased nuclear 

sumoylation is an attempt at a compensatory mechanism in response to a weakened nuclear 

lamina or a pathological mechanism by which it, and proteins it has modified, are recruited into 

the mutant lamin aggregates. Reviewed in Dorval and Fraser (2007), it has been demonstrated 

that in several neurodegenerative disorders, sumol was found to target protein 

inclusions/aggregates. Researchers have found multiple implicated proteins to be sumoylated yet 

there are conflicting reports whether sumol and/or sumoylation have a positive or negative effect 

on neurodegeneration. They implicated sumoylation to have proposed roles in cell survival, 

aggregate deposition, and disease pathogenesis. It was also suggested that increased sumoylation 

may out-compete ubiquitination as both modifications target lysine residues which may then 

reduce mutant protein degradation and thus promote aggregate formation (Dorval and Fraser, 

2007). 
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4.3 Sumol mislocalization may be mediated by lamin A/C interacting proteins 

One plausible mechanism of disrupting the sumoylation process may be through the 

disturbance of sumoylated lamin A/C interacting proteins. Although lamin A/C itself is not 

sumoylated, it interacts both directly and indirectly with several sumoylated proteins, including 

ubc9 that may recruit sumol. Also, other research groups have reported a co-

localization/mislocalization of other nuclear proteins with lamin A/C aggregates which suggests 

that this sequestration effect may be, in part, a secondary effect of lamin scaffolding networks. In 

fact, fellow M.Sc. student Sarah Labib performed immunoprecipitation of lamins A and C that 

were co-expressed with sumol and observed four bands that did not correspond to lamin 

interacting partners known to be sumoylated (unpublished observations). Known sumoylated 

lamin interacting proteins were excluded due to molecular weight inconsistencies and lack of 

expression within the cell system used. Thus the identities of these protein bands remain 

unknown and so may represent possibly novel sumoylated lamin A/C interacting proteins. If 

lamins are sequestering these sumoylated targets within aggregates, then the function of these 

proteins may be compromised. Future work in characterizing these proteins may give insight 

toward laminopathy pathogenesis and may uncover previously unknown proteins whose 

interaction with lamin A/C is only apparent and/or enriched when sumoylated. A possible 

method to determine the identity of these unknown proteins would be to compare mass 

spectrometry profiles on the smear of sumoylated proteins between wild-type and mutant lamin 

A/C expressing cells. This would implicate the specific targets that may be recruited into the 

aggregates and thus implicate certain up- or down- regulated processes. 
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4.4 Mutant Iamin A/C in muscle may affect myogenic targets of sumoylation 

Laminopathies are known to elicit various tissue-specific effects with a wide-range of 

ages of disease onset. As there are hundreds of proteins known to undergo sumoylation, the 

consequences of sumol mislocalization could have disastrous consequences on the regulation of 

different cell processes in different tissues. Our results highlight the possible effects of mutant 

lamin A/C in myoblasts due to the alteration of sumol localization, turnover, and sumoylation in 

the model systems that were used in this research. 

The processes of myogenesis and cardiogenesis have been linked to sumoylation. 

Introduced earlier yet explained in more detail here, this occurs via sumol modification of 

crucial components of these pathways as well as the importance of ubc9 in myoblast 

differentiation (Riquelme et al., 2006). GATA4 is a transcriptional activator of early cardiac gene 

expression whose nuclear localization and thus activity is enhanced by sumo-1 modification 

which is supported by its increased activation in the presence of ubc9 (Molkentin et al., 1994; 

Wang et al., 2004). Transgenic mice engineered to produce 70 or 95% less GATA4 in myocytes 

were viable, yet developed cardiac dilatation and heart failure (Oka et al., 2006). Serum response 

factor (SRF) is promoter activation factor, a GATA4 interacting partner, and critical for 

cardiogenesis. SRF also undergoes sumoylation which increases its activation ability (Wang, 

2009). Furthermore, transgenic mice expressing a less functional mutant SRF developed DCM 

and died of premature death (Zhang et al., 2001). As a coactivator of SRF and interactor with 

GATA4, myocardin is another cardiac gene expression modulator known to be activated by 

sumoylation (Wang et al., 2007). The myocyte enhancing factor family (Mef2s) are transcription 

factors involved in early myogenic and cardiogenic gene expression programs. Unlike the above 

mentioned sumol substrates, the sumoylation of Mef2s negatively regulates their transcriptional 

activation (Zhao et al., 2005). If one or more of these sumoylated proteins were recruited into 
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lamin A/C aggregates or if their sumoylation was altered, this could be a contributing factor for 

the development of DCM with certain laminopathic mutations. The manuscript (Boudreau et al., 

in preparation) includes the investigation by Pallavi Gupta of whether mutant lamin A/C 

mediated a mislocalization of GATA4 and thus altered the expression of a GATA4 target gene, 

troponin C. An alteration of the intranuclear localization of GATA4 was not observed. There was 

a trend towards decreased expression of troponin C; however this change was not statistically 

significant. These results suggest that mutant lamin A/C may then be eliciting its effects via other 

myogenic factors. It would be interesting to pursue future work to investigate the localization 

and target gene expression of the other aforementioned sumoylated myogenic factors. 

4.5 Increased sumoylation may be a stress response 

The first group to demonstrate a similar increase in total sumoylation as I have shown 

was for cytoprotection and tolerance to in vitro ischemia (Lee et al., 2007; Ja Lee et al., 2009). 

Sumoylation of transcription factors often results in the repression of gene expression, thus a 

global increase in sumoylation in response to stress could be a mechanism of shutting down gene 

expression (Lee et al., 2007; Girdwood et al., 2004). This finding may be extrapolated to my 

results suggesting that an increase in the amount of sumoylated proteins in C2C12 cells 

expressing mutant lamin A/C may be an effect of damage to the myoblasts caused by a fragile 

nucleus or a defective nuclear lamina. Logically, the pool of non-conjugated sumo should be 

diminished as a result of an increased steady-state of sumoylation yet this was not the case for 

the p.R386K (EDMD) lamin A/C mutant. Together with the increase in both non-conjugated 

sumol and total sumoylation, this suggests that there could possibly be an overly active function 

of sumol to cause repression of gene transcription. It would be informative to examine this 
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phenomenon through expression microarrays which could also reveal whether the repression is 

pathway-specific. 

4.6 Sumol localization altered in skeletal muscle and myoblasts of the LMNA 

laminopathy mouse model 

In vitro, in primary myoblasts from LMNA mice expressing endogenous 

sumol, I observed an alteration of sumol localization into nuclear aggregates and to the NE. In 

myoblasts expressing transfected sumol, the aggregation phenotype was exacerbated however 

the NE localization was not observed. This has revealed possible implications for the other 

mutations investigated in that overexpression of sumol may override its localization to the NE. 

Still, these observations recapitulated the results from exogenous p.H222P lamin A/C and sumol 

expression in C2C12 cells. I also observed an increase in the level of transfected non-conjugated 

sumol. In vivo, I observed that sumol was mislocalized and concentrated at the nuclear envelope 

in approximately 25% of myocytes in LMNAH222P/H222P skeletal muscle tissue yet there was no 

detectable difference in the formation of nuclear sumol aggregates between wild-type and 

mutant myocytes. As previously reported, lamin A/C localization was normal in the 

LMNAH222P/H222P mice although the primary myoblasts showed somewhat convoluted nuclear 

membranes and small localization discontinuities. 

4.7 Mutant lamin A/C may be detrimental to nuclear pores and nuclear bodies 

Interestingly, certain sumoylation-desumoylation enzymes localize to the nuclear pore 

complexes (NPCs) (Palancade and Doye, 2008) and the proper assembly and positioning of 

NPCs is dependent on lamin A/C (Furukawa, 2009). In fact, ubc9, which is critical for 

conjugation of sumol to targets, is found both in the nucleus and at NPCs (Palancade and Doye, 
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2008) and moreover, we have observed that ubc9 co-localizes with both wild-type and mutant 

lamin A/C (Boudreau et al., in preparation). SENP1 and SENP2 are sumo-specific proteases that 

de-sumoylate modified proteins and are found in the nucleus and at the nucleoplasm^ face of the 

NPCs, respectively (Hang and Dasso, 2002; Zhang et al., 2002). Also, RanBP2, a protein with 

sumoylation E3 ligase function localizes to the cytosolic filaments of the NPCs (Mahajan et al., 

1997). Altered localization and exclusion of NPCs from nuclear blebs has been demonstrated in 

patient fibroblasts expressing lipodystrophy-associated mutant lamins (Vigouroux et al., 2001). 

Fibroblasts from LMNA7" mice showed exclusion of NPCs from blebs and also some NPC 

clustering (Sullivan et al., 1999). NPC clustering has also been reported directly in 

cardiomyocyte nuclei from laminopathy DCM patients (Verga et al., 2003) and this clustering 

was absent from DCM patients without lamin mutations (Arbustini et al., 2002). Taken together, 

mutant lamins may not be supporting proper nuclear envelope architecture and could be 

detrimental to the assembly or function of the NPCs. As p.H222P mutant lamin A/C retains its 

localization to the NE and we observed sumol to be more concentrated there, mutant lamins may 

be disrupting the location or protein-protein interactions of the enzymes involved in the 

sumoylation cascade. Future work could investigate the localization of these proteins in the 

presence of mutant lamins. 

Nuclear PML bodies are known to increase in size and number during cellular stress and 

act as storage sites for repressed transcription factors and mutant proteins (Bernardi and Pandolfi, 

2007). The PML protein is sumoylated by sumol and also phosphorylated by ERK1/2 of the 

MAPK pathway. Furthermore, it was shown that ubc9 is required for the proper formation of 

PML bodies (Bernardi and Pandolfi, 2007). This implicates sumoylation and PML in MAPK 

signalling which was shown to be upregulated in p.H222P mice and thus could possibly 
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represent one of the links to the cellular targets which are disrupted by mutant lamin A/C 

(Muchir et al., 2007). Moreover, as PML bodies are one of the main sites of active sumoylation 

and they were shown to colocalize with protein aggregates (Bernardi and Pandolfi, 2007), it 

would very intriguing to determine if PML bodies are increased in size/number or co-localize 

with the lamin A/C and sumol aggregates. 

4.8 Altered sumol in LMNAH222P/H222P mice may be linked to fibrosis 

Although an increase of overall sumoylation in primary LMNA mutant 

myoblasts expressing tagged sumol was not detected, I observed an increase in the level of non-

conjugated transfected sumol. Previous research in cardiac and skeletal muscles of the 

homozygous p.H222P mouse demonstrated an increase in the nuclear accumulation of Smad 

proteins, which are potent effectors of the TGFPi signalling cascade resulting in fibrosis and 

alteration of cardiac gene expression (Arimura et al., 2005; Rosenkranz, 2004). Both the TGFp 

receptor type I (TpRI) which activates the Smad proteins as well as Smad4 itself are sumoylated 

(Lin et al., 2003; Kang et al., 2008). TpRI is sumoylated in response to TGFP and activates the 

phosphorylation of Smad3, signalling translocation into the nucleus and thus amplifying the 

TGFp signal by modulating gene expression (Kang et al., 2008). With regards to Smad4, there 

are conflicting reports as to the effect of sumoylation. Certain groups report that overexpression 

of sumol or ubc9 result in increased smad4 stability and transcriptional responses to TGFp 

signalling (Lin et al., 2003; Lin et al., 2003; Ohshima and Shimotohno, 2003; Liang et al, 2004; 

Shimada et al., 2008). Others maintain that sumoylation of Smad4 inhibits TGFp response while 

overexpressing a sumol protease potently increases the inhibition (Long et al., 2004). It would 

be intriguing to investigate whether there is a correlation between the nuclear accumulation of 
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Smad4 and an alteration of its sumoylation status in LMNA mice as well as in 

laminopathy patients with cardiac or skeletal muscle fibrosis. 

4.9 Sumoylation of one unknown substrate is altered in laminopathic myoblasts 

Interestingly, one unknown sumoylated substrate protein displayed an increase in 

sumoylation only in homozygous p.H222P myoblasts transfected with sumol and not in wild-

type myoblasts. This band would correspond to a small sumoylated protein with an estimated 

molecular weight in the range of 10-20kDa. Determining the identity of this protein would be 

beneficial as misregulation of sumoylation in myoblasts expressing mutated lamin A/C prior to 

muscle differentiation in a mouse model would give insight into early disease pathogenesis. 

Further research should investigate whether this protein is the Histone H4 protein, a sumoylated 

lamin A/C binding partner and has a molecular weight of -l lkDa. Through sumoylation, H4 

recruits histone deaceytlase complexes (HDACs) or blocks acetylation at the target lysine to 

mediate transcriptional repression (Shiio and Eisenman, 2003; Nathan et al., 2006) and thus may 

be responding to stress due to a defective nuclear lamina as discussed above. Identification could 

be achieved through co-immunoprecipitation of wild-type and p.H222P mutant lamin A/C then 

probing for H4 and sumol or through mass spectrometry of the unknown band. 

4.10 Significance of research 

Overall, from the results I have observed throughout this research, I propose that the 

expression of myopathic disease-linked mutant lamin A/C results in an alteration of the 

dynamics of sumol in vitro and in vivo. In vitro I have shown aberrant localization of sumol into 

nuclear aggregates of DCM- and EDMD-associated mutant lamin A/C. There was consequently 

an up-regulation of the sumoylation process that I suggest to be caused by interplay between an 
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increased steady state level of sumoylation, deficient sumol deconjugation and/or deficient 

degradation of the sumol protein. In primary myoblasts I have also shown an altered localization 

of sumol into nuclear aggregates and an increase in sumoylation of an unknown protein. In vivo 

in affected laminopathic mouse muscle tissue, I found sumol to be more concentrated at the 

nuclear envelope where mutant lamin A/C and multiple sumoylation enzymes are also targeted. 

Sumoylation is a highly conserved, very dynamic, and tightly regulated cellular process with 

numerous targets in cardiac and skeletal muscle. Lamins A and C are also highly conserved with 

roles in many cell processes, they interact with sumoylated proteins, and their functions coincide 

with some sumol-regulated processes. Thus, laminopathic lamin A/C-mediated misregulation of 

sumoylation could account, in part, for the tissue-specific effects observed in laminopathies 

especially those involving striated muscles as I have shown. Determining the identities of the 

precise targets involved would give great insight into tissue specificity, disease pathogenesis, and 

possibly uncover novel targets for molecular therapies. 
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Abstract Major nuclear envelope abnormalities, such as 

disruption and/or presence of intranuclear organelles, have 

rarely been described in cardiomyocytes from dilated car­

diomyopathy (DCM) patients. In this study, we screened a 

series of 25 unrelated DCM patient samples for (a) car­

diomyocyte nuclear abnormalities and (b) mutations in 

LMNA and TMPO as they are two DCM-causing genes that 

encode proteins involved in maintaining nuclear envelope 

architecture. Among the 25 heart samples investigated, we 

identified major cardiomyocyte nuclear abnormalities in 8 

patients. Direct sequencing allowed the detection of three 

heterozygous LMNA mutations (p.D192G. p.Q353K and 

p.R541S) in three patients. By multiplex ligation-depen-

dant probe amplification (MLPA)/quantitative real-rime 

PCR, we found a heterozygous deletion encompassing 

exons 3-12 of the LMNA gene in one patient. Immuno-

staining demonstrated that this deletion led to a decrease in 

lamin A/C expression in cardiomyocytes from this patient. 

This LMNA deletion as well as the p.D192G mutation was 

found in patients displaying major cardiomyocyte nuclear 

envelope abnormalities, while the p.Q353K and p.R541S 

mutations were found in patients without specific nuclear 

envelope abnormalities. None of the DCM patients inclu­

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

Taken together, we found no evidence of a genotype-

phenotype relationship between the onset and the severity 

of DCM, the presence of nuclear abnormalities and the 

presence or absence of LMNA mutations. We demonstrated 

P. Gupta • N. Sylvius • E. Boudreau • S. Labib -
P. M. Bofongo • A. Hamza • T. Jackson • F. Tesson ( H i 
Faculty of Health Sciences, University of Ottawa, 
451 Smyth. Ottawa. ON K1H 8M5. Canada 
e-mail: ftessoni&uottawaca 

Z. T. BiSinska - J. Grzybowski 
1st Department of Coronary Artery Disease. 
Institute of Cardiology, Alpejska 42. 04-6 28 Warsaw. PoEand 

Present Address: 
N. Sylvius 
Department of Biochemistry. University of Leicester, 
Leicester LEI 9HN. UK 

J. P. Vcinot 
Department of Pathology and Laboratory Medicine, 
University of Ottawa. Anatomical Pathology. 
Ottawa Hospital Ottawa. ON Kl Y 4E9. Canada 

R. Ploski 
Department of Medical Genetics. Warsaw Medical University. 
Pawinskiego Street 3c, 02-106 Warsaw. Poland 

M. Walski 
Department of CeB Ultxastructurc. 
M Mossakowski Medical Research Centre. 
Polish Academy of Science. Pawinslaego Street 5. 
02-106 Warsaw. Poiand 

E Walczak 
Department of Pathology. Institute of Rheumatology, 
Spartanska 1, 02=637 Warsaw, Poland 

G. Religa 
2nd Department of Cardiac Surgery. Institute of Cardiology. 
Alpejska 42. 04-628 Warsaw. Poland 

A. Fidzianska 
Neuromuscular Unit. Medical Research Center. 
Polish Academy of Science. ul.Pawiriskiego 5, 
02-097 Warsaw. Poland 

^ Springer 

79 



366 Basic Res Cardio! {2010t 105:365 377 

that a large deletion in LMNA associated with reduced 
levels of the protein in the nuclear envelope suggesting a 
haploinsufficiency mechanism can lead to cardiomyocyte 
nuclear envelope disruption and thus underlie the patho­
genesis of DCM. 

Keywords Lamin A/C • Thymopoietin • Mutation • 
Dilated cardiomyopathy • Cardiomyocyte • 
Nucleus ultrastructure 

Introduction 

Dilated cardiomyopathy (DCM) is characterized by dila­
tation 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, 9-11, is, 19. MLM#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, 35]. Furthermore, symptomatic 
DCM patients carrying LMNA mutations display a worse 
prognosis than DCM patients carrying a mutation in 
another DCM-associated gene 12, 17, 19. 26, 44, 46. 48). 

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 mesh-
work—the nuclear lamina—underlying the nucleoplasms 
side of the inner nuclear membrane, and are also present 
in the nucleoplasm (8. 20, 28. 30]. Lamins have tradi­
tionally been considered key components in providing 
structural support to the nucleus and anchoring chromatin 
and nuclear pore complexes to the nuclear envelope [24, 
4(5, 52]. Intranuclear lamins have proposed functions in 
DNA replication [20, 25. 28. 29], transcription [41] and 
chromatin organization f38, 50]. 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 nucleoplasms thy­
mopoietin alpha [also called lamina-associated polypep­
tide 2 (LAP2) alpha] has been shown to harbour a 
mutation in DCM patients 147]. 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 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 

© Springer 

nuclear architecture through its binding with lamins and 
other proteins. 

Cardiomyocytes from DCM patients with LMNA muta-
tioas exhibit the following characteristics: (a) reduced 
lamin A/C expression in myocyte nuclei on immuno-
Huorescence/irnmunohistochemistry studies and (b) two 
types of ultrastructural changes, minor nuclear envelope 
damage, such as focal disruptions, blebs and nuclear pore 
clustering, and major morphologic alterations, including a 
complete loss of the nuclear envelope and accumulation of 
mitochondria, glycogen and/or lipofuscin in the nucleo­
plasm [2, 7. 13, 44, 51]. To date, these major nuclear 
envelope defects were only found in a DCM patient car­
rying the p.D192G LMNA mutation 17, 13. 44]. 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, indentations, 
giant and multiple nucleoli and irregularly distributed 
chromatin are commonly found [1,4, 34, 37]. There is 
considerable heterogeneity in the abnormalities observed 
from one cardiac sample to the next as well as within one 
particular sample [I, 37]. 

Theaimof the present study was to ascertain whether: (1) 
major nuclear envelope abnormalities are a common feature 
in patients with DCM and (2) LMNA and/or 7jW/'Omutatioas 
are associated with nuclear envelope defects in cardiomyo­
cytes from a series of 25 unrelated DCM patients. 

Materials and methods 

Patient recruitment 

Written informed consent was obtained from all patients in 
accordance with study protocols approved by the hospital 
ethics committees. Diagnosis of DCM was established 
based on WHO/ISFC criteria modified by Mestroni and 
colleagues [27] that included severe LV systolic dysfunc­
tion (LV dilatation exceeding 117% of normal value cor­
rected 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). Exclusion 
criteria included hypertension, or acquired or congenital 
heart disease. All patients underwent clinical examination, 
evaluation of functional status according to NYHA clas­
sification, ECG study, two-dimensional echocardiography 
with Doppler and/or 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. 
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Cardiac tissue collection, electron microscopy 
and immunostaining 

Cardiac tissue samples were collected from endomyocar­
dial biopsies performed on clinical indication or from 
explanted heart tissue. Samples were immediately processed 
in 1.6-3% gluteraldehyde. Fixed heart tissues were processed 
into thick and thin sections according to the standard methods. 
Tissue sections were examined with a Hitachi 7100 or JEM 
1200EX electron microscope. 

For indirect immunofluorescence examinations, 8 pm 
cryostat sections were stained with two monoclonal antisera 
against lamin A/C (NCL-LAM-A/C) (Novocastra Laborato­
ries, Newcastle, UK) and A4. kindly provided by Dr. 
Hutchison (Department of Biological Science, University of 
Dundee, UK). A4 antibody detects only lamin A as its rec­
ognition site lies after amino acid 572. KCL-LAM-A/C 
recognizes both lamin A and lamin C. In brief, antibodies 
diluted 1:10 were applied to tissue sections for 60 min. 
Sections were rinsed with PBS and incubated for another 
60 min with the appropriate Rodamine Red X conjugated 
goat anti-rabbit IgO 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. 

Screening of LMNA and TMPO coding sequences 

Genomic DXA was isolated from white blood cells 
(Qiagen Flexigene kit). To screen for somatic mutations. 
DXA was extracted from cardiac tissues using a Qiamp 
Mini DXA extraction kit (Qiagen). 

Intronic oligonucleotide primers flanking each of the 
exons were designed based on published sequences (Gen-
bank accession number: LI23399, LI2400 and LI2401 for 
LMNA and UCSC genome bioinformatics database for 
TMPO). All DXA 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 DXA col­
lected independently was systematically double-strand 
sequenced (Table 1). Sequences were compared to two 
control samples from individuals without known cardio­
vascular disease. Each sample's electropherogram was 
analyzed by two independent investigators. 

Multiplex-ligation dependant probe amplification 
(MLPA) analysis was performed to screen for deletions and 
duplications in the LMNA gene coding sequence according 
to the manufacturer's instruaioas (SALSA MLPA KIT 
P048 LMXA. MRC Holland). The probe mix contained 
probes for 10 of the 12 coding exons of LMNA, but not 

Table I Primer pairs and annealing temperatures used to amplify LMNA and TMPO coding regions 

Primer sequences (5 ' to 3' I PCR annealing 
temperature (°C) 

LMS'A 

TMPO 

Eton 

1A 

2A 

3 

4 

5 

6 

9 

10 

11A 

1 IB 

12 

1 

2 

3 

4 

5 

6 

7 

Forward 

TCTGTCCTTCGACCCGAG 

GGAGGACCTGCAGGAGCT 

CCTTCAAGTTCTTGTGTTCTGTGAC 

GGCCTCCCAGG.\ACTAATTCTG 

GCTGTAGCAGTGATGCCCAAC 

ATCCTGGAGAGAGTAGCCAG 

CCCCACTTGGTCTCCCTCTCC 

GAGGCCTCAATTGCAGGCAGGC 

GGAGCGCTGGGGTAAGTGTC 

GTAAGCAGCAGGCCGGACAAAG 

GGTCAGTCCCAGACTCGC 

GTCACTCGCAGCTACCGC 

CTTGTCTGAGCCCCAGACTGGAG 

GTCTAAGGGGAAGGGTCGAG 

CCAATTTGGTAGTGAGTTTGCA 

TGAGCTGCATCCTAAATGAAAC 

GCTTTGTCrACCAGGGCAAATC 

AAACCAGGGTTCCCGATTA 

CCAGTATGGCCGTTATTAAAGTA 

AAGAGAGCCTTGGAAGCATGTG 

TCAGGGAATGTGCTTGGAAT 

Reverse 

GTAGACCGCCAAGCGATC 51 

GCCCTCTCACTCCCTTCC 50 

CCTAGCCCAGCCCAAGTCTGTC 58 

CTCCCTGCCACCATCTGC 63 

CCAAAGCCCTGAGAAGTGAAG 62 

TCTAGTCAAGGCCAGTTGCC 60 

CCCTGATGCAGCTGTATCCCC 60 

GAAAAGGACACTTACCCCAGC 62 

CTCGTCCAGCAAGCAGCCAG 60 

GATGOCATGGAATATTCCTGTG 58 

ACCAGATTGTCCCCGAAG 55 

CCACCTCGTCCTACCCCT 52 

AGGGAAAAGGAAGGGAGGAGAAAT 65 

CAGACCCACACGTCAAAGAAC 60 

TAATTTGGGGTCCTGCTTCA 60 

TGAGCTGCATCCTAAATGAAAC 57 

GGCAGCCATCTTCACTCATC 60 

TGGATTAGTGTTGTCAGGAGGTT 60 

CTCCCTCCCACTCCAAAAA 60 

ACCATTGTACCTGGCTCCAAA 60 

GCAGTTTTTATTCAGCAGAGAA 60 
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for exorts 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. Two 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 
patient's electropherogram was compared to three con­
trols. We used the Coffalyzer MLPA DAT (MRC-Hol-
land) 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) [36]. 
Primers were designed for LMNA exon 9 (forward: 
5'-ggagcgctggggtaagtgtc-3': reverse: 5'-ctcgtccagcaagca 
gcccag-3'). PCR was set up in capillaries in a total volume 
of 20 p.1; each PCR mixture contained 2.5 mM MgCl; 
(2.5 mM). 2 ul of sybr green mix. 0.6 \i\\ of mixture 
of forward and reverse primers and 20 ng of DXA. 
Standard curves for both the housekeeping gene 
(V?2-microglobulin) and target gene were generated. 
Two different types of sample DXA (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 LightCycler system 
calculated the concentrations (M) of sample and control 
DXA for both the reference gene (/?2 microglobulin) and 
the target gene (Lamin A/C). These concentratioas were 
then used to calculate the gene dosage ratio using the fol­
lowing equation: 

_ Afunge^patientJ/AfrctgMM(patient) 

'Wta]ja(control}/MrctOTiKC {control) 

where R = 0.5 (0.4-0.7) indicates deletion, R m 1 (0.8-
1.2) indicates normal copy number and R as 1.5 (1.3-1.7) 
indicates duplication 

Statistical analysis 

LVEF and LVEDD in percentage values were compared 
between patients with major cardiomyocyte nuclear 
abnormality and patients with non-specific cardiomyocyte 
nuclear abnormality using a two-tailed Student's / test (level 
of significance 5%). 

© Springer 

Results 

Ultrastructural characteristics of endomyocardial 
samples 

Ultrastructural analysis of endomyocardial samples 
enabled us to distinguish two groups of DCM patients. One 
group coasisted of eight individuals exhibiting major 
nuclear envelope abnormalities on electron micrographs 
(Fig. I) and the second consisted of 17 patients with minor 
and non-DCM specific abnormalities. 

Among the patients with nuclear envelope defects, the 
proportion of defective cells ranged from a small percent­
age to as much as 30% (patients 2 and 6). The most 
obvious abnormality, occurring in four of eight patients, 
was intrusion and accumulation of mitochondria and other 
cytoplasmic organelles into the nuclear matrix (patients 1, 
2. 5 and 7) (Rg. I a. d). The membranes of these organelles 
appeared discontinuous from the nuclear envelope (Fig. 1 a, 
d). The nuclear envelope was usually irregular (Fig. la-c) 
and partially disrupted or totally missing in six of eight 
patients (patients 1, 2. 4, 5, 6 and 7) (Fig. la, c. d). 
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 round in DCM patients regardless of the pres­
ence of LMNA mutations (Fig. !e. f). 

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. 
There was considerable heterogeneity in terms of the 
clinical characteristics and severity of DCM across the 
cohort of 25 patients. 

In the group of eight patients who exhibited nuclear 
envelope abnormalities, age at disease onset ranged from 
14 to 63 years, four patients had a family history of DCM 
(Table 2, Fig. 2. 144]), 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; two patients required 1CD (patients 1 and 7) 
and one required pacemaker (patient 5). Three patients had 
received a heart traasplant (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. Xo 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 
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Fig. 1 Electron mkrographs of cardioinyocytes from dilated cardie* 
myopathy patients with or v. hhout LM\'A mutation, a. b, c and d 
Major nuclear abnormalities in. respectively, patient 1. 3. 4 and 5 
iTable 2|. Patient 1 carried the LMNA deletion exons 3 12. while 
patients.'. 4 and 5 had no LV/AA nor TMPC) mutation; a accumulation 
of mitochondria around the nuclear envelope; b bkbbing of the 
nuclear envelope and separation of the inner and the outer nuclear 

abnormalities: age at disease onset ranged from 12 to 
61 years, 10 patients had a family history of DCM 
(Table 2, Fig. 2, 114]), 1 patient had documented skeletal 
myopathy (patient 10; and I had elevated CPK values [up 
to 600 L7I (patient 18)]. LVEF values ranged from 10 to 
38<*; conduction defects were present in all but two 
patients (data were not available for four patients), four 
patients required ICD and two had pacemakers. Twelve 
patients had received heart transplants and two patients had 
died ot heart failure ipatients 1? and 2ii 

We compared mean LVEF and LVEDD in percentage 
values between patients exhibiting major nuclear envelope 
abnormalities and patients with minor and non-DCM-spe-
eifje abnormalities. No significant correlation between the 
severity of the phenotype and the presence of nuclear 
envelope defect was detected (/> > 0.05). 

Screening of LMNA and TMPO coding sequences 

We screened the complete coding sequence as well as the 
intron-e.xon 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.D192Gj and two in the group with non-specific nuclear 

membrane; c extrusion of nucleoplasm from the eardiomyocyte 
nucleus into the cytoplasm; d accumulation of cytoplasmic organelles 
in the nucleoplasm; e non specific nuclear alteration in patient 10 
(Table 2> carrying the p.Q353K LMNA mutation; f non specific 
alterations in dilated cardiomyopathy patient 14 (Table li with wild 
type LMNA and TMPO loriginal magnifications: a. 20.000x; b. 
fs.OOOx; e. 12.000 x; d. lO.OOOx; e. 4X)00 r; and f. 4.000 x> 

envelope abnormalities (patient 9, p.R541S and patient 10, 
p.Q353K). Patient 2 and 9 and their LMNA mutations have 
been described previously [7, 441. 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, 
rs505()58, rs464I) and TMPO (non-synonymous polymor­
phism rs 17459334) were detected We also found a 
C.C1341A synonymous polymorphism in LMNA exon 6. 
which has not been previoash reported, in two control 
individuals. Mutations in the corresponding codon have 
been previously reported in patients with limb-girdle 
muscular dystrophy IB (p.R377H. [31]: p.R377L. [21]). 

Sequencing analysis cannot detect large heterozygous 
deletions or duplications. In an attempt to ascertain whe­
ther the defects resulted from deletions or duplications in 
LMNA, we performed multiplex ligation-dependant probe 
amplification (MLPA) on the LUNA coding sequence in all 
25 DCM patients. One DCM patient (Table 2. patient I) 
with major nuclear abnormality displayed a MLPA nor­
malized ratio peak area of -0 .5 for exons 3-12 (Fig. 3). 
This indicated the presence of a heterozygous deletion 
encompassing exons 3 to 12 (>4.704 bp). The remaining 
probes, including those for exoas 1 and 2, displayed a 
normalized ratio of •> 1.0 indicating normal copy number 
(Fig. 3). We confirmed the presence of the deletion using 
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Tabic 2 Patients' clinical characteristics at the time of the heart sampling, LMNA mutation status and nuclear envelope defect status 

Patient LMNA 
mutation 

Family Nuclear envelope defect 
history 

Sex/age at NYHA Echocardiography 
onset (years) class 

Weight (kgyhcight Dysrhythmias 
(cmt/LVEDD (%) 

Clinical status 

Major nuclear envelope defects and LMNA mutation 

Deletion exons 3-12 Yes 

p.D192G 

(C.575A > G) 

Irregular and broken nuclear 
envelope: accumulation of 
mitochondria within and 
around the nuclei 

Yes Complete loss of nuclear 
envelope, accumulation of 
mitochondria, glycogen and/ 
or lipofuscin in the 
nucleoplasm, chromatin 
disorganization 

Major nuclear envelope defects and no LMNA mutation 

3 No Yes Blebbing of nuclear envelope, 
separation of inner and outer 
nuclear membrane 

No 

No 

No 

No 

No 

Yes 

No 

No 

No 

No 

Local disruption of nuclear 
envelope, chromatin 
disorganization 

Misshapen nuclei, local 
disruption of nuclear 
envelope, penetration of 
mitochondria into nucleus 

Irregular shape of nuclei 

Non-specific nuclear envelope defects and LMNA mutation 

9 ' p.R541S Yes No 

(c. 1621C> A) 

10 p.Q353K Yes No 

(C.1057C > A) 

F/39 

M/26 IV 

M/63 III 

Extrusion of nucleoplasm from M/21 
the eardiomyocytc nucleus 
into the cytoplasm 

Irregular nucleus border; lack M/29 
of nuclear membrane, 
presence of mitochondria 
within nuclear matrix 

F/14 

M/14 

WIS 

M/12 

M/38 

LVEDD 54 mm, 
LVEF 50% 

LVEDD 60 mm, 
LVEF 20% 

LVEDD 64 mm, 
LVEF 26% 

57/164/1200 

67/175/127.2 

71/180/136.5 

III 

111 

IV 

in 

in 

IV 

IV 

LVEDD 75 mm. 
LVEF 25% 

LVEDD 59 mm. 
LVEF 3 0 * 

LVEDD 64 mm. 
LVEF < 10% 

LVEDD 71 mm. 
LVEF 20% 

LVEDD 68 mm, 
LVEF 20% 

LVEDD 64 mm. 
LVEF 25% 

LVEDD 62 mm, 
LVEF 22%. 

80/176/153.7 

84/176/1205 

55/152/1447 

57/168/155.6 

47/160/156.0 

49/152/147.3 

59/163/138.1 

nsVT, couplets, 
frequent VE, 
1CD 

1 AVB, LAFB 

Mild progressive HF 

No MD 

Died at 27 while 
awaiting for a 
heart transplant 

N o M D 

S V I . VT 

nsVT 

RBBB. LPFB, 
nsVT. 

Pacemaker at 32 

Recurrent VT/ 
VF 

nsVT. couplets, 
frequent VE. 
1CD at 20 

LBBB. nsVT 

NA 

1CD 

Died of progressive 
HF, 4 years after 
diagnosis 

NoMD 

HTx at 24 

No MD 

Progressive HF, 
HTx at 40 

No MD 

HTx at 14 

No MD 

Progressive HF 

NoMD 

Progressive HF 

NoMD 

HTx at 13 

NoMD 

HTx at 38 

Skeletal myopathy 



Table 2 continued 

Patient LMSA 
mutation 

Family Nuclear envelope defect 
history 

Sex/age at NVHA Echocardiography Weight (kg/height Dysrhythmias Clinical status 
onset (years) class (cm)/LVEDD {%) 

Non-specific nuclear envelope defects and no LMNA mutation 

11 No Yes No 

12 No 

13 No 

14 

15 

16 

No 

No 

No 

17 

18 

No 

No 

19 No 

20 No 

21 No 

Yes No 

Yes No 

Yes 

Yes 

Yes 

No 

No 

No 

Yes No 

Yes No 

No No 

No No 

No No 

M/27 

M/26 

M/40 

F/14 

M/36 

M/27 

M/34 

M/35 

F/13 

F/61 

M/54 

Ii 

111 

NA 

IV 

11 

111 

IV 

111 

NA 

NA 

III 

LVEDD 60 mm, 
LVEF 38% 

LVEDD 75 mm, 
LVEF 20% 

LVEDD 77 mm. 
LVEF 19% 

LVEDD 58 mm, 
LVEF 14% 

LVEDD 78 mm. 
LVEF 25% 

LVEDD 78 mm, 
LVEF 10% 

LVEDD 78 mm, 
LVEF 20% 

LVEDD 58 mm, 
LVEF 15% 

LVEDD 69 mm, 
LVEF 10% 

LVEDD 69 mm, 
LVEF 12% 

LVEDD 88 mm, 
LVEF 20% 

100/186/117.2 

73/183/154.8 

73/168/164.3 

37/155/139.4 

94/185/154.9 

72/186/160.7 

73/178/163.1 

80/170/121.1 

41/164/160.3 

88/165/145.3 

109/175/175.1 

Permanent AF, 
single VE 

Single VE 

ICD, pacemaker 

No 

Single Vex 

Sinus 
tachycardia 

1-degree AVB 

Frequent sVT 

NA 

ICD 

Pacemaker 

Improved after AF 
ablation, LVEF 
45% 

No MD 

Stable HF 

NoMD 
Died at 59, poor 

candidate denied 
for HTx 

NoMD 

HTx at 14 

NoMD 

Stable HF 

NoMD 

HTx within several 
months 

NoMD 
Fulminant HF 

leading to HTx 
within several 
months 

NoMD 
Atrial septal 

aneurysm: HTx at 
39 

No MD 

CPK value up to 600 
U/I 

HTx at 13 

NoMD 
Pericarditis, HTx at 

62 
NoMD 
Died at 60, waiting 

for HTx 
NoMD 
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qPCR (R value of 0 5 for the patient with the deletion and I 
for the patient without the deletion) (Fig. 4). 

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) as well as in 
heart from patients without defective nuclear envelope 
(patients 19, 20, 21, 22, 23, 24 and 25). This analysis did 
not reveal any somatic mutations. 

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. 

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 immunofluo­
rescence analysis of endomyocardial samples 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 agaiast lamin A and C epitopes (Fig. 5). The 
immunostaining was reduced in patient 1 as compared to 
the control patient indicating significant attenuation of 
lamin expression (Fig. 5). 

Discussion 

Among heart samples from 25 unrelated DCM patients, we 
identified major cardiomyocyte nuclear abnormalities in 8 
individuals and non-specific nuclear abnormalities in the 
remaining patients. The presence of nuclear abnormalities, 
along with the fact that all patients presented with dys­
rhythmias and/or severe heart failure leading to cardiac 
transplantation, prompted us to analyze the sequence of 
LMNA and TMPO, two DCM-causing genes involved in 
maintaining nuclear envelope architecture. 

Direct sequencing allowed the identification of three 
heterozygous LMNA genomic variations (p.Dl92G. 
p.R541S and p.Q353K) in three patients. Since sequencing 
analysis cannot detect large heterozygoas deletions or 
duplications, we performed multiplex ligation-dependant 
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 D.\A from more than 100 
controls. The occurrence of LMNA mutation in our popu­
lation is high probably due to fact that the studied 
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Fig. 2 Pedigree of the families with LMNA mutations. Arrow 
indicates proband; black filled symbol dilated cardiomyopathy patient. 
open symbol asymptomatic individual, a Deletion of exons 3-12; b 
p.Q353K 

population presented with cardiac condition requiring 
undergoing endomyocardial biopsies or cardiac transplan­
tation. 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, 44, 46, 48] as well 
as with dysrhythmia [4, 35], our population was probably 
biased toward LMNA mutations carriers. None of the 
patients carried a mutation in the TMPO gene. 

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. [53] found 
a 15 amino acid 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 

Fig. 3 MLPA analysis graph 
showing the heterozygous 
LMNA deletion of exons 3-12 in 
patent 1. Exom 3-12 display a 
normalized ratio of *-Q5; 
indicating a loss of genetic 
materiel. 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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Fig. 4 Confirmation of the 
deletion of exons 3-12 in LMNA 
in patient 1 using qPCR R 
values were calculated as 
described in the "Materials and 
methods". Patient 14 without 
the deletion had a R value of 
0955. which indicates a normal 
copy number of the exon. The R 
value for patient 1 is 0.476. 
which indicates the presence of 
only one copy of the exon 
W = 3) 

1.20 

DCM patient without deletion DCM patient with deletion 
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Patient 1 with deletion 

with ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ | ^^^^^^^^^^^^^f l 

ACF 44 

Fn i Indirect immunofluorescence analysis of endomyocardial 
biopsy trom patient 1 carrying the LMS\ heterozygous exon * 12 
deletion and from a control patient with no Uft-1 mutation 
Endomyocardial biopsy was taken from the nght yentnele Immuno-
staining was. performed using ami lamin \~C monoclonal antibodies 
ACF and antibody A4 w hich detects lamin \ onl> Isee Maknals 
diij methods t and the goat anti rabbit IgG secondary antibody 
longinal magnificanon 1 OSOx) 

translation initiator codon \an Tmtelen et al [ 491 reported 
a 674 bp deletion encompassing exon 1 and the adjacent 
non-coding exon in a patient with myocardial fibrosis The 
presence of the exon 1 p Q6Stop LMXA mutation resulting 
in reduced le\els of lamin A/C proteins has also been 
reported in a famil} with EDV1D HI 

Most LMXA mutations that cause DCM are heterozy­
gous point mutations, only some of which haye been 
associated with cardiomyocyte nuclear envelope detects [2, 
~, P . 11. 51) It has been suggested that mutations causing 
such abnormalities ha\e a dominant-negame effect on the 
functions ot normal lamin protein Impaired lamin inte­
gration into the nuclear lamina due to the dominant-nega­
m e effects ot a mutation may cause disruption ot the 
lamina and ultimately compromise nuclear emelope 
integrity Our results suggest that apart from the dominant-
negati\e effects ot mutant lamin A/C protein lamin haplo-
insutticiencv i.an also vjuse nuclear enyelope detects and 
underlie the pathogenesis ot DCM Since the deletion 
encompasses LMXA exon 3 to 12. it is likely that the 
obsened nuclear abnormalities are not due to the expres­
sion ot a putatiy e truncated protein composed ot exons 1-2 
only It was shoyyn that the potential truncated protein 
resulting trom the ^ 259 \ nonsense mutation (exon 4i was 
not detectable in patient fibroblasts p 3 | Similar!), in the 
mouse model with the LMXA exon 8-11 deletion, the 54-
kDa truncated protein resulting from this deletion was not 
detected |4^j Furthermore, immunostaining reyealed 
reduced lamin A/C in the patient's cardiomyocvte nuclei 
That lamin haploinsutficienc} can cause such detects is 
further corroborated by the tact that a heterozygous 
LMXA+ ~ mouse model in which cardiac lamin A/C leyels 
were diminished by 50Q compared to wild-type, demon­
strated early-onset conduction system disease and late-
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onset DCM |5J] Furthermore, misshapen cardiomvocyte 
nuclei and heterochromatin clumping \yere also obsened 
HI! 

The LMX\ deletion ot exons 3-12 was observed in a 
patient presenting with major nuclear enyelope abnorma­
lities—notably broken nuclear envelope and accumulation 
ot mitochondria within and around the nuclei This sug­
gests that haplo-insufticiency is the mechanism underlying 
the obsened nuclear abnormalities Among their many 
functioas, lamins pla> an integral role in maintaining the 
mechanical stability ot the nucleus hence we can speculate 
that the nuclear enyelope detects observed in the patient 
canying this LMXA deletion results trom the reduced 
levels ot lamin A/C protein 

Apart from the obsened deletion, one ot our patients 
with nuclear envelope detects earned a pD192G point 
mutation in the LMXA gene When expressed in COS-7 
cells, this mutation resulted m a discontinuous nuclear 
lamina due to the formation ot multiple lamin aggregates 
|4) . 151 These results therefore corroborated the patho­
logical findings trom the patient with the mutation 

In our study, not all LMXA mutauons were found to 
cause nuclear envelope abnormalities in patients' cardio-
myoevtes Indeed, two patients with LMXA point mutations 
demonstrated no specific nuclear envelope abnormalmes in 
the samples taken trom explanted heart tissue one patient 
earned a p Q353K mutation, while the second earned the 
pR541S mutauon It is possible that the number ot 
abnormal nuclei was so low in these two patients that it 
resulted in a talse-neganve finding Patient age at the time 
ot tissue collection and the protein domain affected by the 
mutation were considered as possible explanations tor the 
obsened discrepancy in nuclear envelope phenotype Age 
at the time ot tissue collection was 38 and 12 years tor the 
patients carrying mutations p Q353K and pR541S, 
respectively, both oi which were associated with normal 
nuJear envelope ultrastructure The patients with LM\A 
deletion and pDI92G mutation, both ot whom demon­
strated nuclear envelope abnormalities were 39 and 
26 jears ot age, respectively. Hence, there was no apparent 
relationship between age and obsened nuclear envelope 
phenorype It was also considered possible that the pres­
ence ot nuclear envelope abnormalities may depend upon 
the protein domain affected by each mutation 112. ^2] The 
pDI92G mutauon, which was associated with major 
nuclear envelope abnormalities, is located in the central 
a helical rod domain at the distal end ot coil IB This 
highly consened region ot the lamin A/C protein is critical 
tor the formation ot the i helical coiled-coil dimer, the 
basic building block tor the construction ot lamin hla 
ments In contrast, the p Q353K mutation in exon 6 affected a 
highly consened residue localized in the central rod domain 
coil 2B fragment Based on the coil 2B fragment crystal 
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structure, mutations in this domain are unlikely to alter the 
dimer structure but may interfere with essential molecular 
interactioas occurring in later stages of filament assembly, 
lamina formation and/or chromatin interaction [42J. Simi­
larly, the p.R541S mutation is located in highly coaserved 
residues in a region of gene shared by lamin A and C 
isoforms within the carboxyl-terminal end. The buried side 
chain of R54I participates in the stabilization of the car-
boxy-terminal /3-sandwich through hydrophobic contacts 
with the core of the domain [22]. 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. Unex­
pectedly, the ultrastructural phenotype associated with 
these mutations was indistinguishable from controls. 
Hence, our results do not support the presence of a rela-
tioaship between the position of the mutation and the 
resulting ultrastructural phenotype. 

The six 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 dis­
count the possibility that some of these individuals pos­
sessed 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 
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 the 
disease [14, 23j. We therefore screened for the presence of 
LMNA and TMPO 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 mutation in genes encoding lamin A/C-
binding proteins are responsible for the major cardiomyo­
cyte nuclear abnormalities observed in these patients [15, 
16, 39, 55-57]. 

We showed here that there is no clear correlation 
between the presence or position of the LMNA mutation 
and either clinical phenotype with respect to DCM onset or 
severity or cardiomyocyte ultrastructural phenotype. We 
also found no apparent correlation between genotype and 
either severity of the ultrastructural aberration (i.e., the 
degree of nuclear envelope disruption), or the proportion of 
observed cells displaying abnormal nuclei. Furthermore, 
there was no significant correlation between the severity of 

the disease and the presence of ultra-structural nuclear 
envelope defects. Although a quantitative analysis was not 
possible due to the small sample size, overall, we found no 
evidence of a relationship between the onset and the 
severity of DCM, the presence of nuclear abnormalities and 
the presence or absence of LMNA mutations. 

Taken together, our results suggest that lamin A/C 
haplo-iasufficiency, documented by reduced protein level 
in the patient's cardiomyocyte nuclear envelope caused by 
a large deletion in the LMNA gene, can lead to nuclear 
envelope disruption and underlie the pathogenesis of DCM. 
However, the finding that two patients without cardiomy­
ocyte 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 demoastrates that 
patients with a clinical suspicion of laminopathy and 
marked abnormality of cardiomyocyte nuclei can be free of 
both LMNA and TMPO mutatioas and may carry a muta­
tion in another gene encoding a protein involved in the 
maintenance of the nuclear architecture. 
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A B S T R A C T 

Mutations m 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 iamin to its counterpart We over-expressed various lamm 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 equhralentlamin 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 Â C aggregates in the NE. Lamin AandC 
mutants for lipodystrophy behave similarly to the wild type. These findings reveal that 
iamins A and C msy be differentially affected depending on the mutstion. This results arc 
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 Sseviesr inc All rights reserved. 

Introduction 

The lamin A'C gene (LMNA) h a s been implicated in numerous 
diseases referred to as "laminopathies" t ha t affect the heart , 
skeletal muscle, adipose tissue, bones, peripheral nerves, skin, 
or cause premature agjng fl]. 

Larnins 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-typelamins, they are the main components of the 
lamina, a filamentous meshworkunderlying the innernuc lea r 
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membrane. However, they are also present within the nucleus 
(2J. In addition to participating in nuclear architecture, there is a 
growing body of evidence showing that larnin A/C plays a key 
role in gene transcription regulation, DMA. repair and replication 
(1,3 j , 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 stfll 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 larnin C mutant [11). 

Whether or not larnin A is required for larnin C to be 
localized into the nuclear envelope remains debated.The early 
death of Imna knockout mice (Imna7-) (12) or the dramatic 
lamina defects observed when silencing larnin 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 larnin C 
have shown that larnin 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, larninC has also beenshown 
to be sufficient for proper localization of both emerin (14) and 
nesprin-2 (15) at the nuclear envebpe. These studies therefore 
suggest that larnin C can substitute for larnin A on its own and 
provide functional support to the nuclear envelope. However, 
theseresults strikingly contradict severalother studies which 
showed that larnin A targets both larnin 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-
pressingM371Klamin 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 larnin A in vitro (18,25-27). In a 
previous report, we found DCM-causingLMNA mutations leading 
to the aggregation of nuclear larnin C as well (11). However, the 
physiological consequences of these aggregates as well as the 
impact of these mutations on larnin C specifically or on the 
complex larnin A/lamin C have only been partially investigated. 
ltis unclear whether or not these larnin A and laminC aggregates 
retain the capability to incorporate themselves into the nuclear 
envelope either in combination or independently. 

In humans, most repotted 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 gehe expression are the main two hypoth­
eses proposed to explain how mutations in this gene cause 
such a large spectrum of diseases (1). However, tiie exact 
pathophysiological mechanisms remain puzzling. In this 
study, we propose to further examine wild type and mutated 
larnin A and C behaviour separately and then in combination. 
In an attempt to better clarify the larnin A and larnin C 
respective functions and shed Kght on the properties of larnin 
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). 

M e t h o d s 

Expression piasmid 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, andpDsRed2-Cl fluorescent 
expression vectors, have previously been described (11). L85R, 
D192G, N195K, R386K and R4S2W point mutations were 
introduced in the larnin A and larnin C cDNAs by site directed 
mutagenesis usingprimers previously published (11,18,27). All 
clones were systematically sequenced. 

Fluorescent microscopy 

Imageswere capturedon an Olympus 1 x 70 inverted microscope 
and processed using TlLLvislON software (version 4.0), or an 
Olympus Fluoview FV1000 confocal microscope with a lOOx 1.4 
NAoil 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.Ohly 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 pho tob leaching, 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 ot interest was normal­
ized to total cellular fluorescence loss during bleach and 
imaging phase asiKi=Toit/TiI0 as described by Phair et al. [32] 
(To, total cellular intensity during prebleach; Tb total cellular 
intensity at time t; 10, average intensity in the region of interest 
during prebleach, lt, average intensity in the region of interest 
at time £). Fluorescence of surrounding cells was taken into 
account in cases of cells exhibiting a single speckle (mutation 
D192G and R386K). Anonlinear regression was used to create a 
bestfitcurve. Difference in the tV2 between L85R,D192G,R386K 
and wild type larnin 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-
labeied 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 ai. [Uj. The primary antibody used was goat ants-
iamin A/'C (N-1S) 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/or £M 

Cells were fixed in 1.6% glutaraldehyde in 0.1 M sodium 
cacodyiate buffer pH 7.2. They were then resuspended in 15% 
bovine serum albumin infiltrated for 30 min and pelleted by 
centiifugation.Thesupematant was removed and the cellpeilets 

were coagulated with 1.6% glutaraMehyde in 0.1 M sodium 
cacodyiate buffer pH 7.2. The resulting firm pellets were cut 
into 1 mm pieces post-fixed inl% osmium tetroxide dehydrated 
in ascending alcohols and embedded in Spurr epoxy resia 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 ofctoria green fluorescent 
protein (GFP) (larnin-FP) in fibroblast COS7 and rat cardiomyo-
blast H9C2 ceils. To assess the consequences of mutations on 

WT 
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 weO 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 (Kg. 1A). L8bR 
and 114 82W .amin A-FP did not exhibit any aberrant phenDtype 
compared to the wild type (Figs. 1A and B). It is noted that the 
images of cells expressing 18bR lamin A were Larefuiiy analyzed 
si-ice this mutant was previously reported as slightly different 
from the wild type [18 .̂ in contrast, D192G, X19SK and R386K 
lamin A-FP accumulated in abnormal, giant aggregates (figs. 1A 
and B), which is consistent with results already described in 
C2C12 or COS? cells [11,26,2/;. Several immunofluorescence 
microscopy studies performed on cells lines transfected with 

lamin A/C have reported the aggregation of larnin A as intra­
nuclear foci or nuclear aggregates inside the nucleoplasm [18,2b-
27j. To confirm t i ts statement in our analyses, we used confocal 
immunofluorescence microscopy and 3D reconstruction of the 
cell f i g 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 .-ig 2. This 
punctate aspect suggests that Tamin 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 iamin C 
only. As previously described, wild type iamin 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 run 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 !he nucleus [11]. 
R482W iamin C-FP showed a phenotype similar to the wild 
type whereas D192G iamin C-FP accumulated in one or "wo 
intranuclear giant speckles (fig. 3), which agrees with 
previously published studies performed on COS7 or HeLa 
ceils [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 jim (n=9) 
for L8SR lamin C-FP, 5.2+/-1 nm (n=ll) forD192G lamin C-FP, 
S.3+/-25(im(n=3)forN195KlaminC-FP,7.1+/-4(im(n=10)for 
R386K lamin C-FP, and 2.9 +/- l.S pm (n-11) for wild type lamin 
C-FP. The mean nuclear diameter was 15 )im (+/-1.S jim) for ail 
transfected COS7 cells. Intriguingiy, L8SRlamin 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 0-1M9 

wr 

L85R 

D192G 

R386K 

B <* 
«/ ^ 

^ 

Sstf/frS 
*? 

Lamin C-ECFP(IMkDa) 
Endogenous Lamin A(74kDa) 

Endogenous Lamin C (65kDa) -

Beta actin MtMTi 

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 anti 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. Aberrantaggrega-
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 |llj. 

Toensure that this abnormal lamin C aggregationwasnotan 
artifact due to the over-expression of the protein we transfected 
COS7 cells using lower concentrations of constructs (0.3 Mg and 
01 ng). Lamin C-FP mutants formed giant aggregates at each 
tested concentration indicating that the formation of large 

Lamin C WT 

Lamin C L85R 

Lamin C D192G 

Lamin C R386K 

\ e 

B 

% of ce l l s 

L85R lamin C D192GlammC R386K lamn C 

Fig. 5 - A. Electron micrographs of COS7 ceDs transiently transfected with lamin C-FP constructs. In 60% of cells, wild type lamin 
C nuclear aggregates were localized in close contact with the nudearenveiope (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 875% 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 ceDs 
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 net an artifact due to an exaggerated dose of 
SNA (Kg. 4A). Furthermore, Western blotting quantification of 
.amin mutants did not reveaJ any difference in tne Sanafection 
efficiency compared to the wiid type, confirming tliat these 
giant aggregates did not result from transfection artifact 
(Eg. 43). 

A Lamin A 

Mutated lamin C loses its ability to incorporate into the nuclear 
envelope 

We further assessed whether .asnin 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 

B 

WT lamin A 
+ 

WT lamin C 

D192G lamin A 
+ 

D192G lamin C 

R386K 

Fig. 6 - A. COS7 cell nuclei transiently co-expressing wild type or mutated lamin A and lamin C constructs. Lamins A and C 
were insetted 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 fin red) and lamin C fin 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 ceils expressing She 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 transf ected cells. However, in most cells expires sing wild 
type lamin C-FP (60%), lamin C aggregates were in dose contact 
with the nuclear envelope (Fig. SAa-b). Clearly, dose connec­
tions between wild type lamin C aggregates and the nudear 
envelope are possible (Fig. 5Ac). Conversely, the number of cells 
exhibiting such a proximity between aggregates and the nudear 
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, SAf-i and B). In 
most of these cells, speckles were found within the nudeo-
piasma and did not exhibit any dose connection with the 
nuclear envelope as opposed to cells expressingwild type lamin 
C-FP. In the case of L85R lamin C-FP, the percentage of cells 
exhibiting lamin C aggregates in contact with the nudear 
envelope was similar to the wild type (L8SR, n=24, p<0.1) 
(f:g. SB). 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 O'nuclear envdope 
connection. The L85R mutation had no effect on this contact. 
Again, this supports the hypothesis that each IMNA 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<0.0B) expressing R386K lamin C exhibited 
aggregates abnormally localized outside the nuclear membrane 
(Arrows in Fig SAi). This is rarely observed in nudei of cell 
expressing wild type (<8%, n=47), or the other lamin C mutants 
(<18% for D192G, n=38, p -0.05; <12% for L8SR, n=24, p--0.05). 
However, electron micioscopy analysis of the nudear envelope 
of cells expressing R386K lamin C did not reveal any obvious 
abnormality. 

Nuclear localization o/ lamin A/C mutant complexes in 
COS7 cells 

To End out whether lamin A/C complexes localized in the 
nudear envelope, we then co-expressed the wild type and each 
mutated lamin A-FP with its corresponding lamin C, except for 
N195K and R482WlaminA'Csince these mutants are similar to 
D132G and wild type respectively. Tocircumventbleedthrough 
issues due to confluent spectt al 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 doned 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 
(rig. 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 rmmunostained with the and RanGaPl polyclonal antibody (N-19). RanGap appears normally 
distributed in the nudear envelope. Arrows indicate nudei with R386K lamin C aggregates localized outside the nudear 
envelope. 
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consistent with previous results [11,18]. Ceils expressing JL85R 
iamin A-FP and L85R DsRed2-lamin C exhibited a phenotype 
similar to the wild type, which suggests that co-expression of 
both iamins 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 bA). Most 
importantly, even when mutated, Iamins A and Iamin C 
always co-localized and were situated in dose contact with 
the nuclear envelope as made evident by confoeal microcopy 
(Fig. 6B). However, in some cells expressing R386K Iamins A 
and C, we observed aberrant localizations of Iamin A/C 
aggregates outside of the nuclear envelope visualized by anS 
RanGapl (Arrows in Fig. ?), similarly to cells expressing R386K 
iamin C-FP only (Fig. SAi). Furthermore, the expression of 
iamin A mutants did not disturb the distribution of endogen­
ous RanGapl as revealed by immunostaining with an anS 
RanGapl (NJ-19) polyclonal antibody (Fig 7). Notably, Rangapl 
was not enriched in Iamin A/C aggregates (fig. ?). Since 
RanGAPl is a Ran GTPase-activating protein present on the 
cytoplasmic side of nuclear pore complex during interphase, 

this result suggests that she nuclear pore complexes were 
correctly localized in the nuclear rim of transfected cells. 

Mutated Iamin C molecules present in giant aggregates exhibit 
increased mobility 

It has been shown that some LMNA mutations are associated 
with an increased mobility of Iamin A within the nuclear en­
velope [33] which indicates that some LMNA mutations affect 
the mobility of Iamin AC molecules. We hypothesized that the 
inability of Iamin C mutants to properly incorporate into the 
nuclear envelope would reflect a different rigidity of the mo­
lecular structure of Iamin C aggregates compared to the wild 
type. This would lead to defecSve connection with the nuclear 
envelope. To assess the mobility of the Iamin C molecules inside 
the aggregates, we performed Fluorescence Recovery After 
Photo-bleaching (FRAP) on living COS7 cells expressing L8SR, 
D192G, R386K or wild type Iamin C-FP. A defined area of selected 
aggregates was bleached by a series of high-powered spot laser 
pulses (Fig. SA). The recovery of fluorescence in this area was 
then monitored as a mean to assess the mobility of Iamin C 

Prebleach Bleach 75 s 150 s 210s 

Fig.8 - A. FRAP experiments on wild type andL85R,D192G and/or R386fClamin C nuclear aggregates ofCOS7 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 Iamin 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 (t^, half 
time recovery) was significantly decreased in D1S2G (p=0.02) or 
R386K (p=O.C3) lamin C-FP aberrant speckles compared to wild 
type lamin C-FP speckles (Fig. 8B), thus revealing that the dy­
namics of mutated Hamin 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 notssgnificant. 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 
structureof the mutants. This finding was corroborated by three-
minute films showing thatR386K lamin C-FP speddes 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 somernutated lamin A (D192G.M195K, 
R386K) form abnormal aggregates when expressed alone, 
which is consistent with previous studies !11,26,27J. However, 
in contrast to previous studies reporting Lamin aggregates de­
scribed as intranuclear [18,25-2?|, 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 (USSR, 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 nudear envelope 

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 inCOS? 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 (L8SR, D192G, N195K, R386K). 
Interestingly, only the mutations responsible for skeletal and 
cardiac diseaseswerefound 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 - Sum maty 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 Homogenous distribution 
throughout the nuclear envelope 

L85R DCM Homogenous distribution 
throughout the nuclear envelope 
similarly to the wild type 

D142G DCM Aggregates located at the 
periphery of the nucleus 

N195K DCM Aggregates located at the 
periphery of the nucleus 

R3SKK EDMD Aggregates located at the 
periphery of the nucleus. 

R4&2W FPLD 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 whkh may 
make contact with the nuclear envelope 

Rare intranuclear giant aggregation without 
contact with the nuclear envelope. Lamin C 
molecules display increased mobQiry. 
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 dominantmusciiar dystrophy, DCM: Dilated cardiomyopathy, and FPLD: Dunningan-type familial partial lipodystrophy. 

ca rd iac invo lvement i s dist inct from lipodystrophy and engages 

lamin C but not l amin A as m a d e evident by the absence of 

abnorma l pheno type in cells express ing lamin A wi th the 

di lated ca rd iomyopa thy m u t a t i o n L35R. Other m u t a t i o n s 

responsible for cardiomyopathy or muscular dys t rophy have 

also been repor ted to re stilt in aberr ant lamin A or C aggregation 

such as muta t ions E358K, M358K [27], o r R453W [2SJ. However, 

all muta t ions should be rested to corroborate this conclusion 

and de te rmine if this lamin C aggregation inside the nucleo­

p la sm couM be regarded as a potent ia l hal lmark of laminopa-

thies w i th cardiac or muscular involvement . So far, more than 

two h u n d r e d m u t a t i o n s have b e e n reported of wh ich mos t 

are listed in the database h a p v' /www.dmAnli 'nmdb/index.php? 

select d b - l M N A 

Compared to some previous repor t s {16-19], w e somet imes 

ob ta ined divergent p h e n o t y p e s of cells express ing the l amin 

m u t a n t s . For exam pie, Raharjo et al. s h o w e d that L85R l a m i n A 

exhibits a punctate distribution across the nuclear surface 
slightly different from the wild type, which opposes our results 
and other studies [27). Also,N195K and R386Klamin A mutants 
have been shown to re-iocali2e to the nucleoplasm [18,27,34]. 
These discrepancies may 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 the transfection which requires either direct or 
indirect immunofluorescence analysis; iii) the cell lines used 
(C2C12, HeLa,COS7, SW13,H9C2) sinceeachcell type expresses 
different levels of endogenous A-type lamin and differently 
handles the expression of exogenous lamin A/C. 

It is interesting to note mat aberrant lamin C aggregation 
may also be present in a small proportion of nuclei expressing 
wild type lamin C. This suggests that the presence of these 
aggregates corresponds to a transient stage of the cell cycle. 
We can hypothesize thatcells expressing these mutants would 
be longer fixed in mis stage. Recently, it has been shown that 

the mutant lamin A involved in Hutchinson-Gilford Progeria 
Syndrome and harboring a SO amino acid deletion alters the 
cell cycle progression f3S]. 

Furthermore, several studies have suggested that lamin A 
plays a key role in targeting lamin C and Emerin to the nuclear 
envelope [16-19J. However, recent work in embryonic fibro­
blasts from mice expressing lamin C only fco) showed that 
lamin C and emerin are normally localized into the nuclear 
envelope even in the absence of lamin A [14]. Furthermore, 
Lisna 1 0* 3 fibroblasts from these mice display nuclear envel­
ope with only very minimal alterations. The extrapolation 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 [36J. Similarly, the clinical phenotype of 
LmnaLS30P/LS3OP mice, harboring an Emety-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 die nuclear envelope on its 
own (Figs. SAc 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 poten tial substitution of lamin A by 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.dmAnli'nmdb/index.php
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Furthermore, our results showed that the lamin C mutants 
tested here weres eldom partof 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 analyse 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 andR386K laminC-FPintranuclearaggregates 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 kminopathies. 

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 fliese 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 
[39J. Since we did not find any mislocalization of RanGapl with 
any of the mutants tested, we can hypothesize that die 
localization of nuclear pore complex within the nuclear 
envelope is not affected. Therefore, in our cell model, the 
nuclear-cytoplasm trafficking of macrornolecules 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 
hasbeenshownthatembryonk fibroblasts from mice lackingA-
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 [40j. 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 notresponsible 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 fllj. 
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 f34j. 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 [lj. Our previous study 
was in favor of nuclear fragility since we observed dramatic 
nuclear envelope discontinuity in eardiomyoeytes 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 [16,18,27f, 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 theirfunction and specific role inthe occurrenceof 
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 [16j. 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 
bok 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 correlat ion i n l aminopa th ies which h a s 

been difficult thus far. 
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ABSTRACT 

A-type larnins A and C are nuclear intermediate filament proteins in which mutations 

have been implicated in multiple disease phenotypes commonly known as laminopathies. In 

COS7 cells, we previously showed that the over-expression of a lamin C mutant associated with 

dilated cardiomyopathy (pAsp!92Gly) resulted in nuclear aggregation of lamin C and the 

sequestration of a protein modifier, sumol. within the aggregates. Siimoylation is a post-

translational protein modification that regulates a wide range of cell processes through the 

attachment of sumol to various substrates, Here we observed the mislocalization of sumol both 

in vitro (C2C12 cells overexpressiug mutant lamins A and C) and m vivo (myoblasts and 

myopathic muscle tissue from the Lmna " mouse model) hi C2C12 cells, we showed 

that the trapping of sumol inp.Aspl92Gly. p.Gln353Lys. and p.Arg3S6Lys aggregates of lamin 

A C coiTelated with an increased steady-state level of siimoylation. However, we could not 

detect the siimoylation of lamin A or C by sumol. Our results suggest that mutant lamin A C 

alters the dynamics of sumol and thus misregulation of siimoylation may be contributing to 

disease progression in laminopathies. 



INTRODUCTION 

Laminopathies. diseases associated with mutations in the lamin A C gene (LMNA). are a 

collection of over ten distinct disease phenotypes including but not restiicted to dilated 

cardiomyopathy (DCM). Emery-Dreifuss muscular dystrophy (EDMD). restrictive deraiopathy, 

familial partial lipodystrophy (FPLD). and premature ageing (QMIM £ 150330). However, there 

is no definitive genotype-phenotype relationship for over 340 mutations reported in this gene (for 

the full List of mutations, see UMD-LMNA database at www.umd.be>'LMNA'). LMNA is one of 

the most frequently reported mutated genes in familial DCM and is associated with a worse 

prognosis than other forms of DCM.[1] Also, mutations in LMNA are often responsible for an 

earlier onset and more severe form of EDMD than X-linked EDMD.[2] 

LMNA encodes the A-type lamin proteins, lamins A and C. which are expressed in all 

temiinally differentiated and nucleated cells. Lamins A and C are type V intermediate filament 

proteins which constitute major components of the inner nuclear lamina with structural roles 

such as nuclear membrane strength and shape, positioning of the nuclear pore complexes, 

anchoring chromatin, and lamina assembly.[3-5] They also support regulatory roles as they are 

required for proper DNA transcription and gene expression. [6. 7] 

Investigations into the molecular consequences of LMNA mutations have shown that 

point mutations can affect lamina, filament, and protein complex assembly in a mutation-

dependent manner.[8-10] Expression of certain lamin A'C mutants result in intranuclear 

aggregations of the lamins while others do not appear to affect assembly or localization of the 

protein.[ll. 12] Furthermore, mutations in LMNA can differentially affect the lamin A or C 

isofomis.[10] Hie absence of the lamin A C protein has been shown to cause mislocalization of 

other nuclear proteins such as emerin.[13] Previously, we demonstrated that in vitro over-

expression of lamin C containing the p.Aspl92Gly DCM-linked mutation resulted in the 

inislocalization and trapping of a post-translational protein modifier known as Small Ubiquitin-

related MOdifier-1 (sumol) inside lamin C aggregates.[11] The sequestration of sumol was 

abolished by the disruption of the sumol di-glycine motif required for sumoylation.[ll] 

Sumoylation. which involves the covalent but reversible attachment of the -10 kD sumol protein 

to a lysine residue on the target protein, has been shown to regulate an assortment of cell 

processes that include gene expression and nucleocytoplasmic transport.[14. reviewed in 15] It 
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was demonstrated that the ubiqui tin-conjugating enzyme E2I (Ubc9). which conjugates sumol to 

target proteins, interacts with lamiu A'C.[16] Furthennore. both lamins A and C contain three 

proposed common sumoylation consensus sequences.[17] Taken together these findings suggest 

that lamin A C may be modified by sumol and that mutations in LMNA may disturb the 

sumoylation process by disrupting sumol localization. Interestingly, it was observed in HeLa 

cells and mouse cardiomyocytes that lamin A C is modified by sumo2'3 and that a DCM-

associated mutation within the consensus sequence decreased the sumoylation.[18] However, it 

was shown that lamin A C is sumoylated preferentially by sumo2'3 and not sumol.[18] Sumo2 

and sumo3 are nearly identical paralogs of sumol. with approximately 50% sequence identity 

with sumol and both common and unique protein substrates.[19] 

In the present study we tested the sumoylation of lamin A C by sumol in the C2C12 

mammalian myoblast cell model. We investigated whether the expression of DCM- and EDMD-

associated mutant lamin A and C alter the localization of sumol and disturb the sumol 

sumoylation process in C2C12 cells, We confirmed our resiilts using myoblasts isolated from the 

Lmna " ' " knock-in mouse, which develops adult-onset muscle dystrophy and DCM 

comparable to the human phenofype.[20] We also validated sumol mislocalization results in vivo 

in soleus muscle tissue biopsies trom the Lmna " " mouse. Although there is still much to 

be elucidated, our results highlight the involvement of the sumol sumoylation pathway in the 

pathophysiology of laminopathies especially those involving striated muscles. 

MATERIALS AND METHODS 

Expression vector preparation 

Full length lamin A. lamin C. and sumol cDNA was previously cloned into fluorescent 

expression vectors (pECFP-Cl. pDsRed2-Cl. and pEYTP-Nl from Clonetech laboratories) as 

described previously.[11] The p,Leu85Arg. p.Aspl92Gly. and p.Arg386Lys point mutations 

were previously introduced into the lamin A and C cDNA by site-directed mutagenesis as 

described previously. [11] The ubc9-HA vector was a kind gift from Peter Howley as seen in 

Yasugi and Howley (1996).[21] The p.His222Pro point mutation was introduced into the lamin 

A and C cDNA by site-directed mutagenesis (Stratagene) with forward primer 5'-

TCTCCACCAGTCGGGTCTCAGGACGGCGCTTGGTCTCACGC-3' and reverse primer 5"-

GCGTGAGACCAAGCGCCGTCCTGAGACCCGACTGGTGGAGA-3'. The p.Gln353Lys 



point mutation was introduced using the forward primer 5"-

CCGAGATGCGGGCAAGGATGAAGCAGCAGCTGGACGAGTAC-3' and reverse primer 5'-

GTACTCGTCCAGCTGCTGCTTCATCCTTGCCCGCATCTCGG-3" All the inserts were 

systematically verified by sequencing. 

Cell culture and transfection 

C2C12 mouse myoblasts and COST monkey kidney cells were cultured in Dulbecco"s 

Modified Eagle Medium (DMEM) and transiently transfected usmg Metafectene Pro (Biontex). 

Primaiy mouse myoblasts were haivested from wild-type and Lmna " ' mutant mice as 

described previously.[22] cultured in Myo-1 medium, and transfected using electroporation 

(Amaxa). 

Co-iinmuuopreeipitation 

Nuclear protein was incubated with M280 sheep anti-mouse magnetic beads (Dynal -

Invitrogen) for 1 hour at 4 C. Each sample was incubated with 2ug primaiy antibody (anti-GFP 

sc-9996. anti-lamin A C sc-6215. Santa Cruz) then M280 sheep anti-mouse magnetic beads. 

Samples were washed in TEG buffer supplemented with 50mM NaCl and 0 1% TitonX-100. 

Washed beads were boiled with SDS sample buffer with DTT at 95CC for 5 minutes then cooled. 

Irnmunoblottiug 

Cells were haivested 24 hours post-transfection and either nuclear protein (Active Motif) 

or total protein was extracted. N-ethylmaleimide (NEM) was added to certain extractions to 

preserve sumoylation.[23] Primary antibodies used included goat anti-lamin A C. rabbit auti-

SP3. mouse anti-sumo 1. mouse anti-fJ-Actin. mouse anti-GFP (Santa Cruz Biotechnology 6215. 

644. 5308. 47^78. and 69779). mouse anti-GAPDH (ABM G041). mouse anti-viiiculin (Sigma-

Aldrich 4505). and mouse anti-emenn (Novocastra NCL-EMERIN). Secondaiy HRP-conjugated 

antibodies used included goat anti-mouse, rabbit anti-goat, or goat anti rabbit (Santa Cruz 2005. 

276S. 2004) Visualization was performed using ECL detection reagent (Amersham) in the 

Fluorochem chemiluminescent imager (Alpha Innotech). Blots were analyzed for densitometry 

using the AlpliaEase program. GAPDH. fi-actin. or vinculin were used as protein loading 

controls. 



Densitometry and statistical analysis 

Samples were normalized to GAPDH or P-actin housekeeping protein to account for 

protein loading differences. As densitometry values vary greatly between blots, wild-type values 

were set at 100% and mutant values were compared against the wild-type as a ratio. As these 

calculations have not been previously shown to follow a normal distribution, a non-parametric 

Wilcoxon rank test was used with statistical significance set at p<0.01, 

Immunostaiuing and fluorescent microscopy 

C2C12 images were captured on an Olympus Fluoview FV1000 confocal microscope 

using the Olympus FV-10 acquisition software. Cryostat soleus muscle cross sections 6um thick 

were obtained from Lmna++ and Lmna " ' ~~ mice.[20] Prior to staining, slides were treated 

with 0.0IM citric acid (pH 6.0) and incubated with 0.05 mg ml mouse Fab. Tissue sections and 

primary mouse myoblasts were incubated with 1:50 mouse anti-SUMOl (Santa Cruz 

Biotechnology 6215) primary antibody overnight at 4CC and then 1:200 Alexa Fluor 56S goat 

anti-mouse (Invitrogen A-21124) secondary antibody for 30-60min in the dark. Images were 

captured on a CarlZeiss Axiophot2 or Zl Imager fluorescent microscopes. 

RESULTS 

To investigate the impact of LMNA mutations on the sumol sumoylation pathway, we 

examined sumoylation of lamin A C and sumol localization in the presence of wild-type lamin 

A and C as well as p.Leu85Arg. p.Aspl92Gly. and p.Glu353Lys lamin A and C mutants 

associated with DCM and p,Arg3S6Lys and p.His222Pro lamin A and C mutants associated with 

EDMD. 

Lamin A and C are not sumoylnted by sumol 

We previously reported the disruption of sumol localization in COS7 cells over-

expressing p.Aspl92Gly mutant lamin C and demonstrated that this mislocalization was 

sumoylation dependent.[11] Examination of the lamin A and C protein sequence unveiled three 

potential sumoylation consensus sites[17] at lysine amino acid positions 171. 201. and 270. 

Although not essential for sumoylation. these sites are found more frequently modified by sumol 



and consist of a four residue motif. *¥-K-X-E D, where ^ is any large hydrophobic amino acid. K 

is the target lysine to which sumol is attached. X is any amino acid, and E/D is aspartic or 

glutamic acid. To assess whether lamin A and C were sumoylated. we over-expressed tagged 

lamin A and lamin C in C2C12 cells. Due to the transient nature of sumoylation and the low 

steady-state levels of sumoylated proteins.[23] cells were also transfected with tagged sumol. 

However, no slower migrating bands corresponding to sumoylated lamin A or lamin C by either 

endogenous or exogenous sumol were observed (Figure 1A), To ensure the result was not cell-

type specific, we confirmed the results using COS? cells (data not shown). As a positive control 

of our protocol and of the sumoylation process in the C2C12 cell line, the blot was stripped and 

re-probed for the reversibly sumoylated protein. SP3. We observed bauds for SP3 sumoylated by 

both endogenously and exogenously expressed sumol (Figure IB). Given that we previously 

demonstrated how p.Aspl92Gly mutant lamin C sequesters sumol inside aggregates, we 

investigated whether the expression of this mutant and other disease associated mutant lamin C 

result in its sumoylation. We transfected tagged proteins: lamin C. sumol. and Ubc9. Ubc9, the 

sumoylation conjugating enzyme, was co-transfected to further promote protein sumoylation. No 

bands corresponding to sumoylated lamin C were observed with any of the lamin C wild-type or 

mutants (Figure 1C) suggesting that wild-type as well the other lamin A and C mutants are not 

sumoylated. To confirm this result, co-immunopreciptations were performed, hi C2C12 cells 

transfected with tagged sumol. immunoprecipitation of endogenous lamin A/C did not reveal 

lamin-sumol-conjugates (Figure ID). These results were confirmed in COS7 cells transfected 

with tagged wild-type lamin A. lamin C and with sumol (Figure IE). Furthermore, over-

expression of ubc9 did not produce different results (data not shown). 

Mutant lamin A/C expression in C2C12 cells alters localization of sumol and ubc9 

We next investigated the effect of disease associated LMNA point mutations on the 

localization of sumol and ubc9 in C2C12 cells. Wild-type lamin A. lamin C. and sumol show a 

relatively even distribution in the nucleus (Figure 2). hi agreement with previously published 

results hi other cell lines, the p.Leu85Arg mutant lamin A C shows a comparable phenotype to 

the wild-type samples, and the p.Aspl92Gly mutant lamin A C results hi nuclear aggregation of 

co-localized lamin A and C. As shown previously with only p.Aspl92Gly lamin C.[ll] 

expression of p.Aspl92Gly lamin A and C aggregates disturb the localization of sumol by 



sequestering it within the aggregates. The p,Ghi353Lys substitution results in variable sizes and 

distributions of aggregated lamins A and C within the nucleus as well as at the nuclear periphery. 

This mutant also sequesters sumol within some of the aggregates. As previously reported, the 

p.Arg386Lys mutation also results in the foniiation of laniiu A C aggregates and we demonstrate 

here the flapping of the sumol protein. The p.His222Pro mutant lamin A C retains the ability to 

localize to the nuclear lamina but also develops aggregates with partial sumol sequestration. To 

assess ubc9 localization, the cells were transiently co-transfected with ubc9-GFP. and wild-type 

or mutant tagged lamin A and lamin C. Ubc9 was observed to always co-localize with both wild-

type and any mutant lamin A C (Figure 3). 

Mutant lamin A/C expression alters cellular suunoylation in C2C12 cells 

Given that mutant lamin A C affected sumol localization, we next investigated the effect 

of p.LeuSSArg. p.Aspl92Gly. p.Arg353Lys. and p.Arg3S6Lys lamin A C mutations on the 

steady-state level of sumoylation. Western blotting was perfonned on nuclear extracts from 

C2C12 cells transfected with tagged lamin A. lamin C and sumol or lamin C, ubc9 and sumol. It 

was observed that cells expressing mutant lamin A C that trapped sumol in aggregates also 

showed an increase in steady-state sumoylation levels and non-conjugated sumol-YFP (Figure 

4), Densitometry analysis was then perfonned on the bands coiresponding to proteins conjugated 

to sumol (>85kDa) and also on the band of non-conjugated sumol tagged with YFP (at 

~-41kDa). There was a statistically significant increase in the steady-state levels of conjugated 

sumol-YFP in the cells expressing p.Aspl92Gly. p.Gln353Lys. and p.Arg386Lys mutant lamin 

A C . however the values varied fiom 1.3-fold to 4-fold increases thus estimating a tme mean of 

increased sumoylation is difficult. We attribute this to the 30-40% transfection efficiency in 

C2C12 cells thus allowing the non-transfected cells to dilute the effect of the mutant lamins. 

Tliere was also an increase in the levels of non-conjugated sumol-YFP in the cells expressing 

the p.Aspl92Gly. p.Gln353Lys. and p.Arg386Lys mutant lamin A C though the trend was less 

pronounced and fell slightly below statistical significance. 

Sumol localization and sumoylation are perturbed in Lmna "" mouse myoblasts 

hi order to confinn our results in a more physiologically relevant model, we cultured 

primary skeletal muscle myoblasts harvested from Lmna+'~ and Lmna ' ' " mice and stained 
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for sumol (Figure 5 left panel). In Lmna+hr myoblasts, sumol shows homogenous nuclear and 

cytoplasmic distribution (Figure 5 A). Approximately 75% of myoblasts of Lmna "" _ i mice 

show sumol localizing into nuclear foci while approximately 25% of myoblasts show a 

pronounced appearance at the NE without foci (Figure 5A). As reported previously in striated 

muscles.[20] lamin A C is normally localized in myoblasts (data not shown). Mutated myoblasts 

transfected with tagged sumol demonstrated an exacerbation of the foci phenotype to 

approximately 87% (Figure 5B). 

To determine if the sumoylation profile is disturbed in Lmna ' " myoblasts, we 

performed western blotting for sumol in total protein from sumol-YFP transfected Lmna"* and 

Lmna " primary myoblasts (Figure 5C). We did not detect a significant change in the 

levels of sumol conjugated proteins yet we observed an increase in the amount of non-

conjugated sumol-YFP. There was also an increased sumoylation of one unknown protein that 

migrates to approximately 60kDa which would correspond to a protein with an estimated 

molecular weight of 10-20kDa. 

Altered localization of endogenous sumol in Lmna " mouse muscle tissue 

As endogenous sumol was found mislocalized in myoblasts cultured from 

Lmna ' " mice, we wanted to determine if this occuned in vivo in dystrophic 

Lmna—f,n— muscle tissue.[20] Therefore we examined its localization directly by 

immunostaining for sumol in cross-sections of soleus muscle from Lmna and Lmna 

mice (Figure 6). Wild-type muscle tissue sumol shows consistent punctate myocyte staining and 

homogenous punctate nuclear localization (Figure 6 left panel) that is comparable to endogenous 

myoblast sumol staining (Figure 5A). In the p.His222Pro mutant muscles, we observed a 

striking nuclear envelope localization of sumol in approximately 25% of nuclei (Figure 6 right 

panel). The cytoplasmic localization appears conserved in this tissue. A small proportion of 

nuclei (-6%) showed an intranuclear aggregation of sumol. 

DISCUSSION 

In this study, we showed that the expression of mutant lamin A C results in the 

mislocalization and misregulation of sumoylation and/or sumol turnover. The lamin A'C protein 



sequence contains three sumoylation consensus sequences as well as interacts with the 

conjugating enzyme. ubc9.[16] yet we could not detect its sumoylation by sumol. This is in 

agreement with the study that found laniin A C to be preferentially modified by sumo2'3.[lS] 

The mutations included in this study were located in the «-helical coiled coil rod domains of 

laniin A C that are essential for both filament assembly and protein-protein interactions.[24] As 

we previously demonstrated the aggregation of lamin C and the sequestration of sumol.[l l] we 

investigated whether mutations in lamin C would produce a misfolding of the protein that might 

reveal an otherwise masked sumoylation site. However, we did not observe any sumoylation of 

mutant lamin C indicating that lamin A C is not sumoylated by sumol. 

Over-expression of sumol with wild-type mutant lamin A and C showed normal 

localization of lamin A C with no trapping of sumol. as did expression of the p.Leu85Arg 

mutant. We observed that p.Aspl92Gly and p. Arg3S6Lys imitant lamin A'C formed intranuclear 

aggregates of lamin A C as expectedflO] however we further demonstrated sequestration of 

sumol within the aggregates. We report here for the fust time, the in vitro over-expression of 

p.Ghi353Lys (DCM) and p.His222Pro (EDMD) mutant lamin A C . The p.Gm353Lys mutant 

lamin A C shows intranuclear aggregations that sequester sumol. We observed that p.His222Pro 

mutant laniin A'C localizes to the nuclear envelope yet forms intranuclear aggregates that 

partially sequester sumol. This is in contrast to the reported normal localization in both cardiac 

and skeletal muscle from the Lmna " ' ~~ mouse. [20] This discrepancy may be due to the 

over-expression of mutant lamins and the exaggeration of normally undetectable changes in 

lamin filament formation, hi myoblasts solely expressing p.His222Pro mutated laniin A'C. we 

observed an abnormal nuclear rim and''or intranuclear aggregation of both endogenous and 

exogenously expressed sumol as was seen in C2C12 cells. In skeletal muscle cross-sections, we 

observed a prominent staining of sumol at the nuclear envelope in a subset of myocyte nuclei. 

Certain sumoylation-desumoylation enzymes localize to the nuclear pore complexes (XPCs)[36] 

and the proper assembly and positioning of XPCs is dependent on lamin A'C.[37] hi fact. ubc9. 

which is critical for conjugation of sumol to targets, is found both in the nucleus and at 

NPCs.[36] Furthermore, we have shown in C2C12 cells that ubc9 co-localizes with wild-type 

and mutant laniin A C . SENP1 and SENP2 are sumo-specific proteases that de-sumoylate 

modified proteins and are found in the nucleus and at the uucleoplasmic face of the NPCs. 
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respectively.[3S. 39] Also. RanBP2. a protein with sumoylation E3 ligase function also localizes 

to the cytosolic filaments of the NPCs.[40] Therefore, mutant lamin A C may be altering the 

assembly or function of the lamina. ubc9. and NPCs and thus disrupting the location or protein-

protein interactions of the enzymes involved in the sumoylation cascade. 

In the C2C12 cell model, the sequestration of sumol within mutant lamin aggregates 

paralleled with an increase in the steady-state levels of siimoylated proteins in nuclear extracts. 

There was also a modest increase in the amount of non-conjugated sumol. Our results suggest 

that the trapping of sumol in the lamin A C aggregates may conceal siimoylated proteins from 

normal regulation of de-conjugation and'or sumol degradation. Furthermore, althougli not 

sequestered within the aggregates, we found ubc9 to co-localize with both wild-type and mutant 

lamin A C regardless of aggregation phenotype. This co-localization of ubc9 at lamin aggregates 

may be maintaining or promoting the higher levels of sumoylation. As there are hundreds of 

proteins known to undergo sumoylation. the consequences of sumol mislocahzation could have 

disastrous consequences on the regulation of many cell processes. Previous research in cardiac 

and skeletal muscles of the Lmna " ' " mouse demonstrated an increase in the nuclear 

accumulation of Smad proteins, which are potent effectors of the TGFf$i signalling cascade 

con-elating with increased fibrosis in the mice.[20. 28] Both the TGFfJ receptor type I (T^RI) 

which activates the Smad proteins as well as Smad4 are siimoylated.[29. 30] Tf5RI is siimoylated 

in response to TGFfJ and amplifies the signal by modulating gene expression.[30] However, 

there are conflicting reports whether sumoylation stimulates or represses Smad4.[29. 31-35] The 

nuclear accumulation of Smad proteins might result from the alteration of sumoylation of Smad4 

and'or T^RI in the presence of lamin A C mutants. Interestingly, we also observed an increase in 

the sumoylation of one unknown substrate protein only in homozygous p.His222Pro myoblasts 

transfected with sumol and not in wild-type nor heterozygous myoblasts. This band would 

correspond to a small (10-20kDa) siimoylated protein which we are currently investigating. 

Determining a protein whose sumoylation is misregulated prior to muscle differentiation could 

give insight into early disease pathogenesis. 

Overall, our results suggest that disease-associated mutations in the LMNA gene that 

result in the expression of mutated lamin A'C mediate a mislocahzation of sumol. ubc9. and 
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likely sumoylated proteins in a mutation-dependent manner, There is consequently deficient 

deconjugation and'or degradation of sumol indicating a misregulation of the sumoylation 

process. Li affected mouse tissue, sumol is found concentrated at the nuclear envelope where 

mutant lamin A/C and many of the sumoylation enzymes are targeted. As sumoylation is a 

highly conserved and tightly regulated cellular process with numerous targets, we propose that 

altered sumol dynamics may play a role in the pathophysiology of laminopathies. 
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FIGURE LEGENDS 

Figure 1: Lamin A and C are not sumoylated by sumol. (A-C) Western blots of C2C12 

nuclear proteins: (A) Untransfected (UNT) or sumol-YFP transfected. or triple transfected wild-

type lamin A-CFP. lamin C-Red and sumol-YFP probed for lamin A C . N-ethylmaleimide 

(NEM) was included with harvesting of selected samples to stabilize sumo conjugation. (B) 

Western blot A stripped and reprobed for SP3. (C) UNT or triple transfected wild-type and 

mutant lamin C-Red. wild-type sumol-YFP and wild-type Ubc9-HA probed for lamin A, C. (D-

E) Inimunoprecipitation of endogenous and exogenous lamin A and C. (D) Nuclear extracts of 

sumol-HA transfected C2C12 cells were inrmunoprecipitated using anti-lamin A C antibody and 

western blotting was performed for lamin AC. (E) Nuclear extracts of lamin A-CFP. lamin C-

CFP. or empty CFP vector transfected COS7 cells were immunoprecipitated using anti-GFP tag 

antibody and western blotting was performed for the GFP tags. All protein was harvested in the 

presence of NEM. Emerin. a known lamin A C binding partner, was included as a positive 

control for immuiioprecipitation. 

Figure 2: Sumol localization is disturbed by mutant lamin A C in a mutation-dependent 

manner. Confocal microscopy images of nuclei of C2C12 cells expressing wild-type and mutant 

lamin A-CFP. lamin C-Red and wild-type sumol-YFP. Lamin A and lamin C images are 

represented in one panel as they co-localize in all cells. Each picture presented is representative 

of the most commonly observed phenotype. 



Figure 3: Ubc9 co-localizes with wild-type and mutant lainin A/C. Confocal microscopy 

images of nuclei of C2C12 cells expressing wild-type and mutant lamin A-CFP. lamm C-Red 

and wild-type sumol-YFP Lamin A and lamin C images are represented in one panel as they co-

localize in all cells. Each picture presented is representative of the most commonly observed 

phenorype. 

Figure 4: INIutant lamin A/C expression correlates with an increase in levels of siimovlated 

proteins. Western blot analysis of sumol in nuclear protein harvested from C2C12 cells 

transfected with wild-type and mutant lamin C-CFP and sumol-YFP harvested with NEM. Blot 

was re-probed for f$-actin as a loading control. Blot is representative of increased sumoylatiou 

observed in both lamin C. ubc9 and sumol transfections (n=2) as well as lamin A. lamin C. and 

sumo 1 transfections (n=6). 

Figure 5: Sumol localization and sumoylatiou of an unknown protein is disturbed by 

endogenous pJIis222Pro mutant lamin A/C in primary mouse myoblasts. (A-B) Fluorescent 

microscopy images of non-transfected and sumol-YFP transfected Lmna (WT) and 

Lmna "_i ~" primary myoblast nuclei. (A) Untransfected myoblasts immunostained for 

endogenous sumo-1 (green). (B) Sumol-YFP transfected myoblasts expressing YFP-tagged 

sumol (green). All myoblasts were couuterstained for DAPI (blue). Each picture presented is 

representative of the most commonly observed phenotype (C) Western blot analysis of sumol in 

whole cell extracts from Lmna+I+ and Lmna ' "" myoblasts transfected with wild-type 

sumol-YFP harvested with NEM. Bottom Blot was reprobed for vinculin as a loading control. 

The asterisk (+) marks an unknown siimovlated protein whose sumoylatiou is increased in the 

Lmna "~ ' "" myoblasts. The blot is representative of two independent experiments. 

Figure 6: Sumol localization disrupted in soleus muscle sections from Lmna " mice. 

Fluorescent microscopy images of soleus muscle cross sections from Lmna~' and 

Lmna ' ' mice. Top row sections were stained for sumol (areen). Bottom row sections 



were stained with only secondary antibody to show background signal of anti-mouse-568nni 

antibody (green), All sections were couiiterstained for DAPI (blue). Each picture presented is 

representative of the most commonly observed phenotype. Scale bar represents lOum. Red arrow 

highlights one cell with nuclear envelope localization of sumol. Yellow arrow highlights one 

cell with intranuclear aaareaation of sumol. 
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