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Abstract 

Mutations in the LMNA gene, which encodes the nuclear intermediate filament proteins 

lamin A and lamin C, are associated with over ten tissue-specific diseases, including Dilated 

Cardiomyopathy (DCM) and lone Atrial Fibrillation (lone AF). There is no clear genotype-

phenotype relationship between the location of the mutation and the associated disease 

phenotype. The general hypothesis of this thesis is that LMNA mutations exert their tissue-

specific effects via the perturbation of lamin A and lamin C's specific interacting partners. 

Protein kinase C a, PKCa, is a lamin A/C binding partner implicated in heart failure and 

cardiac hypertrophy. Furthermore, abnormal PKCa function results in iKACh activity associated 

with chronic AF. My first aim is to identify specific phenotypes associated with three 

laminopathies: lone AF, DCM, and DCM with AF by a) comparing the cellular phenotype 

induced by LMNA mutations associated with lone AF, DCM, and DCM with AF and b) 

determining the effect of the mutations on the cellular distribution of PKCa. I found two 

previously unreported mutant lamin A and C phenotypes - cytoplasmic lamin A/C extrusion and 

the formation of intranuclear lamin A/C sickle-shaped aggregates associated with one lone AF 

mutation and one DCM mutation. I show that PKCa is mislocalized to the nucleus in C2C12 

cells transfected with the same mutants. 

The E2 conjugating enzyme of the Sumo process, Ubc9, is a reported lamin A/C binding 

partner. Sumol is a post-translational modifying protein that is sequestered within mutant lamin 

A/C aggregates and has increased substrate conjugation in DCM-associated mutant cells. My 

second aim is to determine how lamin A and C are involved in the Sumo process by a) 

investigating Ubc9 cellular distribution and lamin A and C binding in the presence of 

DCM-associated LMNA mutations and b) determining whether lamin A and/or C are 
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Sumol binding partners. I show that Ubc9 is mislocalized from the inner nuclear membrane to 

the mutant lamin A/C aggregates. Co-immunoprecipitation did not show lamin A/C sumoylation 

by Sumol. Mass spectrometric analysis indicates that heterogeneous ribonucleoprotein U may be 

a novel lamin A/C binding partner that is sumoylated by Sumol. 

In conclusion, I found that two cellular pathways are perturbed in the presence of LMNA 

mutations and might account for the specific symptoms observed in the tissue-specific 

laminopathies. Incorrect activation or deactivation of tissue-specific targets may lead to the wide 

range of tissue-specific diseases associated with LMNA mutations. 
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Chapter 1 - Introduction 
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1.1 The Structure and Organization oflamin A/C 

The nuclear lamina is a distinct meshwork that lines the nucleoplasmic side of the inner 

nuclear membrane. It is made up of intermediate filament proteins (the lamins) and nuclear 

membrane associated proteins. The lamins, A-type (lamins A and C) and B-type (lamins Bl and 

B2), encoded by different genes (LMNA, LMNB1 and LMNB2, respectively) are type V 

intermediate filament proteins which differ in solubility properties (Gerace and Blobel 1980), 

expression patterns (Lin and Worman 1997), and localization during mitosis (Gerace and Blobel 

1980). 

1.1.1 Gene and Expression 

The LMNA gene, which encodes the A-type lamin proteins, maps to chromosome lq21.2-

q21.3 and is approximately 24 kilobases long and contains 12 exons (Lin and Worman 1993). 

The first exon codes for the N-terminal head domain and the first part of the rod domain. Exons 

2 through 6 code for the rest of the rod and exons 7 though 9 code for the C-terminal tail. 

Alternative splicing within exon 10 yields two splice variants - lamin A and lamin C. Exons 11 

and 12 are lamin A specific (Figure 1.1). 

The LMNA gene gives rise to four known splice variants: lamin A, lamin C, lamin AA10, 

and lamin C2. Lamin A and lamin C are expressed in all terminally differentiated somatic cells, 

except in cells of the hematopoietic system (Rober et al 1990). Alternative splicing at the codon 

for amino acid 566 generates the two most commonly found isoforms - A and C (Lin and 

Worman 1993). Prelamin A is the transcribed mRNA before post-translational modification to 

yield mature lamin A. A splice of 743 nucleotides downstream of exon 11 joins the amino acid 

566 splice site to yield prelamin A. The lamin C-specific amino acids are translated from 
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D192G 
DCM qssas: 

DCM 

Lamin A and. C 
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Figure 1.1 Schematic of LMNA gene DNA and lamin A/C protein indicating location of 
mutations studied above and Sumo consensus sites below. Blue mutations are studied in Chapter 
3 and red mutations in Chapter 4. LMNA gene encodes for a small globular head domain, a 
coiled-coil rod domain and a large, globular tail domain. 
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contiguous DNA after amino acid 566. 

The lamin AA10 isoform is identical to lamin A except that it is missing exon 10 

(Machiels et al 1996). This isoform is expressed primarily in lung cancer cell lines. Lamin C2 is 

a germ cell-specific isoform that has an identical sequence to lamin C except the N-terminal 

segment (with the non-a-helical head and the a-helical 1A domain) is replaced by a short non-a-

helical segment (Furukawa et al 1994). 

Metazoan cells contain a variety of lamins. Mammalian LMNA gene encodes lamin A, C, 

AA10, and C2 while separate genes encode lamin Bl and B2. Drosophila have two lamin genes 

encoding lamin DmO and C, closely associated with B- and A-type lamins, respectively. C. 

elegans have a single lamin gene - lmn-1 which encodes Ce-lamin, which is more closely 

associated with B-type lamins compared to A-type lamins. In Xenopus laevis there are five 

lamins - LI, LII, and LIII closely related to B-type lamins, lamin A (related to human lamin A), 

and LIV which has not been characterized. 

Prelamin A undergoes specific post-translational modifications for nuclear envelope 

incorporation involving its C-terminal CAAX motif - CSEVI (reviewed in Rusinol and Sinensky 

2006) (Figure 1.2). First, a farnesyl group is added to the cysteine of the 74kDa prelamin A 

CSEVI motif by farnesyl transferase. The three C-terminal amino acids are cleaved by either the 

zinc metallopeptidase ZMPSTE24 or Ras-converting enzyme 1 (Reel). Carboxymethylation 

occurs at the cysteine residue by a carboxymethyltransferase. ZMPSTE24 performs a second 

cleavage 15 amino acids upstream of the farnesylated cysteine to yield the 72kDa mature lamin 

A. 
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Figure 1.2 Schematic drawing of pre-lamin A post-translational processing into mature 
lamin A. The CAAX motif in pre-lamin A is CSIM. In the first step, a farnesyl group is attached 
to the cysteine residue by a farnesyltransferase. Next, The last three residues of proteolitically 
cleaved by an endopeptidase. The lone cysteine is then carboxymethylated by isoprenyl 
carboxymethyl transferase (Icmt). Finally, Zmptste24 cleaves an additional 15 amino acids 
upstream of the CSIM motif to yield mature lamin A. 
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During mitosis, between prophase and prometaphase, lamin A/C phosphorylation results 

in the disassembly of the nuclear lamina (Broers et al 1999, Moir et al 2000a). The known 

phosphorylation sites associated with lamina disassembly are Ser22 and Ser392, flanking the rod 

domain (Heald and McKeon 1990, Eggert et al 1993). Lamin A/C is a reported substrate for 

protein kinase C (PKC) (Eggert et al 1993, Haas and Jost 1993, Leukel and Jost 1995), however 

the particular isoform involved has not been identified. Interestingly, in 2002 (Martelli et al), 

lamin A/C was identified as an interacting partner of PKCa, a classic PKC, at the C-terminus 

after residue 499. This interaction is not related to the physiologically relevant PKC 

phosphorylation sites, Ser403 and Ser404 (Leukel and Jost 1995) and the function of this 

interaction has yet to be elucidated. 

The regulation of the lamin A/C gene expression is not well studied, however there is 

evidence for the presence of regulatory motifs binding SP1/3, c-Jun, c-Fos, CREBP and p53 

(Okumura et al 2000, Muralikrishna and Parnaik 2001, Janaki-Ramaiah and Parnaik 2006, 

Rahman-Roblick 2007). 

Although lamin A/C localization to the inner nuclear lamina is most often mentioned, 

there is a long line of evidence pointing to nucleoplasm^ localization (Goldman et al 1992, 

Bridger et al 1993, Hozak et al 1995, Broers et al 1999, Moir et al 2000b, Dechat et al 2004). 

Fluorescence recovery after photobleaching (FRAP) experiments show that nucleoplasmic 

lamins are relatively stable, indicating they are not just artifacts (Moir et al 2000b, Broers et al 

2005). 

Lamin A and C proteins are found distributed together in a homogeneous meshwork in a 

1:1 ratio, however the independent localization of each isoform is a topic of debate. Wild type 

lamin A transfected alone is consistently shown to localize to the inner nuclear lamina with some 
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nucleoplasmic localization. Lamin C, on the other hand, has been shown to localize to the inner 

nuclear lamina like lamin A (Raharjo et al 2001) as well as in intranuclear aggregates (Pugh et al 

1997, Vaughan et al 2001, Sylvius et al 2005, Sylvius et al 2008) (Figure 1.3). In defense of the 

latter, Pugh et al (1997) studied the incorporation of the respective lamins in Swiss 3T3 cells and 

found that the incorporation of lamin C into the lamina is made possible by lamin A. The lamin 

C foci exhibit a close connection with the inner nuclear envelope as determined by electron 

microscopy (Sylvius et al 2008) and intranuclear lamin C-GFP is more mobile than intranuclear 

lamin A-GFP, as determined by fluorescence loss of intensity after photobleaching (FLIP) 

experiments (Broers et al 2005). On the other hand, the lamin C only mouse model expresses 

lamin C at the inner nuclear lamina as seen in wild type cells (Fong et al 2006), indicating the 

presence of compensatory mechanisms. 
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Sylvius et al 2008 Sylvius et al 2008 

Figure 1.3 Nuclear distribution of lamin A and lamin C. (a) Lamin A is found distributed 
homogeneously at the inner nuclear membrane while (b) lamin C is expressed as small 
intranuclear aggregates evenly distributed within the nucleus (Sylvius et al 2008). Cos7 cells 
were transiently transfected with (a) lamin A or (b) lamin C in pECFP and pEYFP fluorescent 
expression vectors, respectively. Cells were visualized via fluorescent confocal microscopy. 
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1.1.2 Structure and Assembly 

The lamin A/C protein structure is highly conserved among cytoplasmic intermediate 

filament proteins (Fisher et al 1986, McKeon et al 1986). Notable differences include small N-

terminal head and large C-terminal tail domains in lamin A/C. 

The formation of a mature lamin molecule is a three step process: (1) Lamin monomers 

form unstaggered dimers in an a-helical manner with each other. (2) These dimers arrange 

longitudinally in a polar head-to-tail manner which then (3) associate laterally into intermediate 

filament-like structures. The formation of the dimers is dependent on the presence of the rod 

domain (Moir et al 1991, Heitlinger et al 1992). The N-terminal head domain (specifically the 

last 20 residues) is essential for proper head-to-tail polymer formation (Heitlinger et al 1992, 

Isobe et al 2007). 

The function of the C-terminal tail domain in mature lamin formation is more ambiguous. 

Deletion of the tail domain allows the dimers to associate in a head-to-tail manner, however they 

are also able to associate laterally, staggered or antiparallel (Sasse et al 1997). In general, the 

function of the C-terminal Ig domain is to provide structural support and to mediate 

intermolecular interactions with other proteins, DNA or phospholipids. 
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Table 1 Table of lamin A/C interacting proteins including characteristics, domain of interaction 
and reference 

Actin 

Arachidonate 12-
hpoxygenase (12R 
LOX, ALOX12B) 

Barner-To-
Automtegration Factor 
1 (BAF) 

C-Fos 

Core histones H2A, 
H2B, H3, H4 

Cychn D3 (CCND3) 

E1B 19K 

Emenn (EMD) 

Epidermal Growth 
Factor (EGF) 

hnRNPEl 

Lamin Bl 

Lamin Companion 1 
(Lcol) 

Lamina-associated 
polypeptides 1A and IB 
(LAP1A, IB) 

Lem domain-containing 
3(LEMD3,MAN1) 

LEM2 

LUMA 

Mell8 

Characteristics 

Major constituent of microfilaments and plays an important role 
in cell shape, movement and structure 

Oxyreductase that converts arachidomc acid to 12R-
hydroperoxyeicosatetraenoic acid 

Plays a role in nuclear reassembly by interacting with both DNA 
and nuclear membrane proteins to recruit chromatin to the 
nuclear periphery 

Involved in transcriptional and cell cycle control in mammalian 
cells One component of the dimenc AP-1 transcription factor 
complex in the regulation of a variety of cellular processes (cell 
differentiation, cell proliferation, neoplasmic transformation and 
apoptosis) 

Histones play important roles in the maintenance of chromosome 
integrity, DNA recombination, and DNA replication Core ! 
histones are responsible for creating a protein core around which 
146bp of DNA are wrapped in approximately 2 left handed 
superhehcal turns giving rise to the nucleosome core particle 

Forms a complex with CDK4 or CDK6 which are involved in the Mariappan et al 
Gl/S transition of the cell cycle 2007 

Reierente 

Sasseville and 
Langeher1998 

Tang et al 2000 

Holaska et al 2003 

Ivorra et al 2006 

Domain of 
Interaction 

Carboxy 
Terminal 
Domain 

Unknown 

Unknown 

Unknown 

Inhibitor of apoptosis both during viral infection and 
transformation 

Protein of inner nuclear membrane associated with X-hnked 
Emery Dreifuss muscular dystrophy It mediates membrane 
anchorage to the cytoskeleton 

Promotes growth and differentiation Has profound effect on 
differentiation of specific cells in vivo and is a potent rmtogenic 
factor for a variety of cultured cells of both ectodermal and 
mesodermal origin 

Involved in several RNA-related biological processes 
(transcription, pre-mRNA processing, mature mRNA transport to 
the cytoplasm and translation) Regulates initiation of RNA 
replication and translation 

Taniura et al 1995 Unknown 

Residues 
383-474 

Residues 
252-390 

Residues 
384-566 

Raoetal 1997 

Clements et al 
2000 

Zhong et al 2005 ' Unknown 

Zhong et al 2005 Unknown 

Intermediate filament protein Component of the nuclear lamina 

Involved in organizing internal lamin network 

Integral membrane proteins of the nuclear envelope May be 
involved in the organization of synaptic cell cell contact 

Bind directly to BAF Has 2 transmembrane domains 

MAN1 related protein Potential function in structural 
organization of a subset of NE components 

A novel ER protein enriched at the nuclear envelope It is highly 
conserved with wide tissue distribution 

Zinc finger protein localized in the nucleus A sequence-specific 
DNA-binding protein and is a negative transcriptional regulator 

Ye and Worman i Unknown 
1995 | 

Vlcek et al Aug Unknown 
2004 

Foisner et al 1993 Unknown 

Mansharamani et 
al 2005 

Brachner et al 
2005 

Bengtsson and 
Otto 2008 

Zhong et al 2005 

Globular 
Tail Domain 

Globular 
Tail Domain 

Unknown 

Unknown 
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Mesenchymal Lim 
Interacting Protein 
(MLIP) 

Nuclear Prelarmn A 
Recognition Factor 
(NARF, IOP2) 

Nuclear Titin (TTN, 
Connectm) 

PCNA (Proliferating 
Cell Nuclear Antigen) 

Protein Kinase C Alpha 
(PKCA, PRKCA) 

Retinoblastoma 
Rb) 

(Rbl, 

Sterol Regulatory 
Element Binding 
Transcription Factor 1 
(SREBFl,SREBPl)a 
and c 

Sterol Regulatory 
Element Binding 
Transcription Factor 2 
(SREBF2, SREBP2) 

SUN1 

Synaptic Nuclear 
Envelope Protein 1 
(SYNE1, Nuclear 
Envelope Spectrin 
Repeat Protein 1, 
Nespnn-1,MYNE-1) 

SYNE-2, Nespnn-2, 
NUANCE 

Thymopoietin (TMPO, 
TP, Lamina-associated 
polypeptide 2A LAP2) 

Ubiquitin Conjugating 
Enzyme E21 (Ubc9, 
UBE1) 

Zinc Finger Protein 239 
(ZNF239, MOK2) 

Novel lamin interacting partner Expressed primarily in cardiac 
muscle, skeletal muscle and brain Essential for muscle 
differentiation 

Component of the endoprotease complex likely involved in the 
postranslational maturation of prelarmn A to lamin A 

In non-muscle cells, nuclear isoforms are essential for 
chromosome condensation and chromosome segregation during 
mitosis 

Nuclear protein Co-factor for DNA polymerase delta Helps 
increase processivity of leading strand synthesis during DNA 
replication 

Calcium activated and phospholipid-dependent kinase involved 
in signal transduction and cell communication Normally 
expressed in cytosol but lots of evidence points to its localization 
in the nucleus (Buchner 1995 Eur J Biochem) Reports on 
isolated nuclei say that PKCA can be found constitutively in the 
nucleus Confocal microscopy experiments show that it is found 
in cytoplasm and nucleus in resting cells PKCs have been 
known to phosphorylate nuclear proteins (Buchner 1995 Eur J 
Biochem) 

Regulator of cell proliferation and differentiation Tumor 
suppression factor 

Involved in both cholesterol biosynthesis and adipogenesis, 
including the expression of genes involved in fatty acid 
metabolism 

Acts mainly to stimulate cholesterol biosynthesis 

Role in nuclear positioning by connecting nuclear envelope to 
cytoplasm NTD positions it at INM and CTD with Nespnn 
isoforms in NE 

Transmembrane protein of the inner nuclear membrane 
Connects the nucleus to the cytoskeleton by interacting with the 
nuclear aenvelope and F-actin m the cytoplasm Expressed 
primarily m cardiac, skeletal and smooth muscle tissue 

Localizes more to the outer nuclear membrane than Nespnn-1 
and is more abundant in cardiac and skeletal muscle than its 
cousin 

Non-membrane isoform of LAP family Identified as part of 
nucleoskeleton and is implicated m nuclear structure 
organization during cell cycle 

E2 conjugating enzyme of SUMO pathway Functions in transfer 
of ubiquitin or SUMO to an active cystine residue of a substrate 
protein 

Transcription factors able to recognize DNA and RNA and 
nuclear nbonucleoproteins 

Personal 
communication 
with Patrick G 
Burgon 

Barton et al 1999 

Zastrow et al 2006 

Shumaker et al 
2008 

Martelh et al 2000 

Rod 1 
Domain 

Carboxy 
Terminal 
Domain of 
prelarmn A 

Unknown 

Unknown 

Last 166 
residues of 
lamm A 

M A Mancim et al Unknown 
1994, Ozakietal 
1994 

Lloyd et al 2002, Carboxy 
Capanm et al 2005 Terminal 

Domain 

Lloyd et al 2002, Carboxy 
Capanm et al 2005 Terminal 

Domain 

Haque et al 2006 Unknown 

Mislow et al 2002 Unknown 

Zhang et al 2005 Unknown 

Dechat et al 2000 Residues 
319-572 

Zhong et al 2005 Unknown 

Dreuillet et al 2002 Residues 
243-387 
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The lamin A/C proteins have over 30 known binding partners, including proteins of the 

inner nuclear membrane, transcription factors, enzymes and chromatin (Table 1). They can 

interact with other structural proteins, like actin and emerin, while interacting with transcription 

factors, like Srebp, and with chromatin. The function of all the interactions is not well 

understood but some suggest lamin A/C acts as a scaffold for maintaining inner nuclear 

organization (Heessen and Fornerod 2007). In cells lacking A-type lamin expression or 

expressing functional mutations in the LMNA gene many have reported the mislocalization of 

binding partners (Rao et al 1997, Bechert et al 2002, Muchir et al 2003, Hubner et al 2006, 

Ostlund et al 2006, Dreuillet et al 2008). 

1.2 Diseases Associated with LMNA Mutations 

1.2.1 Laminopathies 

Diseases involving mutations in the LMNA gene are termed laminopathies and are 

associated with more than ten distinct phenotypes, affecting striated muscle, nervous tissue, 

white fat distribution, skin and bone tissue, as well as cause premature aging. There is no clear 

genotype-phenotype relationship between the location of the mutation and the associated disease 

phenotype (Figure 1.4). 
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Figure 1.4 Schematic of the LMNA gene with the location of detected mutations and their 
associated disease. No genotype/phenotype correlation is observed. Mutations were added as 
part of literature search throughout period of MSc and are added as they are published. Disorders 
indicated represent the cardiac disorders (Atrial Fibrillation [AF] and Dilated Cardiomyopathy 
[DCM]), the muscular dystrophies (Emery Dreifuss Muscular Dystrophy [EDMD] and Limb 
Girdle Muscular Dystrophy [LGMD]), and the lipodystrophies (Familial Partial Lipodystrophy 
[FPLD]). 
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1.2.1.1 Cardiac Specific 

There are two cardiac-specific diseases associated with mutations in the LMNA gene: 

Dilated Cardiomyopathy (DCM) and lone Atrial Fibrillation (lone AF). Furthermore, the 

majority of LMNA mutation carriers with various forms of muscular dystrophy develop cardiac 

complications, such as conduction defects, arrhythmias, and left ventricular dilatation (reviewed 

in Sylvius and Tesson 2006) indicating a cardiac-specific pathogenicity of LMNA mutations. 

Dilated cardiomyopathy 

DCM is a primary form of heart muscle disease that is characterized by the dilatation of 

one or both ventricles and impaired systolic contraction (Richardson et al 1996). DCM hearts 

weigh 2-3 times normal, sometimes exceeding lOOOg, and thin ventricular walls (Luk et al 

2009). Diagnosis is based on a low left ventricular ejection fraction (<45%) and increased left 

ventricular end diastolic diameter (>117%) (Luk et al 2009). Cardiac tissue samples from 

patients with DCM indicate the presence of myocyte hypertrophy, interstitial fibrosis (Dec et al 

1994). DCM is clinically heterogeneous as patients may appear to be symptomless but also have 

very severe dilatation. In fact, in 75-85% of cases, the initial manifestation of the disease is heart 

failure (Dec et al 1994). This disease usually manifests in middle age and the majority of deaths 

occur within three to five years of the onset of symptoms due to progressive heart failure and 

other complications such as arrhythmias (Dec et al 1994, Luk et al 2009). 

DCM is most commonly caused by ischemic injury such as myocardial infarction or 

coronary artery disease, however it is also a byproduct of severe long-standing hypertension, 

viral myocarditis, toxin abuse, and radiation. Idiopathic DCM (IDC) has a prevalence of 36 cases 

per 100,000 population and accounts for approximately 10,000 deaths annually (Dec et al 1994). 
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IDC has been reported to be associated with viral transmission (Dec et al 1985, Archard et al 

1987, Zhang et al 2004), immune abnormalities (Ronnblom et al 1991, Ueno et al 2007) as well 

as familial transmission. Familial DCM is estimated to account for up to 50% of IDC patients 

(Malhotra and Mason 2009). Familial DCM is genetically heterogeneous; it is generally inherited 

following an autosomal dominant pattern (70%), but autosomal recessive (19%), X-linked (10%) 

and mitochondrial transmission exist (Grunig et al 1998, Mestroni et al 1999). Disease-

associated genes include those encoding sarcomere and sarcomere-associated protein genes, 

cytoskeletal protein genes, nuclear protein genes, and ion channel protein genes or genes 

regulating calcium metabolism. 

Mutations in the LMNA gene are one of the most frequently detected mutations in DCM 

populations, at about 5% (Sylvius and Tesson 2006). This was calculated based on a meta­

analysis of the literature of 649 DCM probands genotyped from 1999 to 2006. Most DCM 

patients with LMNA mutations present with a worse prognosis and higher event-rates (Taylor et 

al 2003, van Berlo et al 2005, Sylvius and Tesson 2006). There are high rates of cardiac 

dysrhythmias, heart failure, and sudden death (van Berlo et al 2005). A large portion of patients 

undergo pacemaker implantation, however it does not appear to protect against sudden death in 

these populations (van Berlo et al 2005). 

Lone Atrial Fibrillation 

Atrial fibrillation (AF) is characterized by the rapid and random contractions of the atria 

causing irregular heartbeat. Since some of the impulses from the atria do not pass through the 

atrioventricular junction, the ventricles cannot contract in response. AF is typically identified by 

the absence of a P wave on an ECG. AF is found in about 1 % of the general population and in 

6% of >65 year old population (Feinberg et al 1995). 
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Usually, AF presents with other cardiac diseases, however it can be present without 

previous cardiac pathology - lone AF. Lone AF is seen in about 15% of all AF cases. A recent 

estimate indicates up to 15% of lone AF is of genetic origin (Darbar et al 2003). AF is commonly 

characterized as an ion channelopathy as mutations have been identified in genes involved in 

potassium and sodium currents {KCNQ1 and SCN5A). However, non-ion channel genes have 

also been identified. Recently, NUP155, a member of the nuclear pore complexes (NPC), was 

identified as an AF-associated gene (Zhang et al 2008a). The identified mutation results in the 

inhibition of heat shock protein 70 (HSP70) mRNA export and import of HSP70 protein. 

1.2.1.2 Skeletal Muscle Specific 

There are two striated-muscle-specific diseases associated with mutations in the LMNA 

gene: Autosomal Dominant Emery Dreifuss Muscular Dystrophy (AD-EDMD), and Limb Girdle 

Muscular Dystrophy Type IB (LGMD1B). The first disease-associated LMNA mutation was 

found in a family of AD-EDMD patients (Bonne et al 1999). Typically these patients present 

with progressive muscle wasting of the head, upper arms, and lower legs and early contractures 

of the elbow, Achilles tendons and spinal extensor muscles. These muscular symptoms usually 

precede cardiac symptoms including cardiomyopathies and atrial conduction defects (Brown et 

al 2008). Autosomal recessive transmission of this disease is associated with mutations in the 

gene encoding Emerin, an inner nuclear membrane lamin A/C binding protein. LGMD1B 

association with LMNA mutations was discovered shortly thereafter (Muchir et al 2000) and is 

associated with muscle wasting of the pelvic and shoulder muscles and presentation of fewer 

cardiac complications than AD-EDMD. 
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1.2.1.3 Lipodystrophies 

Two main lipodystrophies have been found to be associated with LMNA mutations -

Dunnigan type familial partial lipodystrophy (FPLD) and Mandibuloacral dysplasia (MAD). 

FPLD involves a loss of adipose tissue in the trunk and limbs with accumulation of adipose 

tissue in the neck and face. FPLD often leads to type-II diabetes and increased susceptibility to 

atherosclerosis. The most common disease associated mutation falls at residue Arg482 

(Vigouroux and Capeau 2005), however other associated mutations have also been discovered 

(Figure 1.4). MAD is an autosomal recessive disorder that involves partial lipodystrophy as well 

as postnatal growth retardation. 

1.2.1.4 Premature Aging Syndromes 

The premature aging syndromes tend to fall into a separate category since they are 

multisystem disorders. In 90% of cases, Hutchinson Gilford Progeria Syndrome (HGPS) is 

caused by a denovo single base substitution that leads to no change in the amino acid sequence 

(Gly608Gly) but the introduction of a splice site. This leads to the formation of a truncated form 

of lamin A that is permanently farnesylated - progerin (Eriksson et al 2003). 

1.2.2 Complications in Laminopathy Research 

Genotype-phenotype relationship 

When mutations in the LMNA gene were first described, there appeared to be a predictive 

nature in identifying laminopathies as certain mutations and regions of lamin A/C were 

associated with particular phenotypes. Over the last 11 years, over 300 mutations have been 

identified and there does not seem to be any relationship between the location of the mutation 

17 



and the associated phenotype (Figure 1.4). Certain laminopathies, however, are associated with 

hotspots of mutations. Over 90% of HGPS cases are due to a denovo single base substitution 

(Eriksson et al 2003) and FPLD is most commonly associated with mutations at residue Arg482 

(Vigouroux and Capeau 2005). However, other mutations have also been found in patients with 

these disorders (Figure 1.4). 

Overlapping phenotypes 

Not all laminopathies have clear delineations between phenotypes. AD-EDMD patients 

often present with cardiomyopathy and cardiac conduction disorders (Brown et al 2008). FPLD 

patients have been described with skeletal and cardiac muscle involvement (Vantyghem et al 

2004) and HGPS patients often develop coronary artery disease. 

Overlapping mutations 

Furthermore, some mutations are associated with multiple phenotypes in different 

patients. For example, the Arg644Cys mutation has been found in DCM (Genschel et al 2001, 

Rankin et al 2008), atypical HGPS (Csoka et al 2004), lipodystrophy (Rankin et al 2008), various 

skeletal and cardiac muscle complications (Mercuri et al 2005) and in a number of patients with 

motor neuropathies, scoliosis and contractures (Rankin et al 2008). It has also been reported that 

one mutation within a family can cause multiple disorders. Brodsky et al (2000) reported a 

family with a deletion in exon 6 causing a frameshift at codon 320. One member of the family 

presented with classic DCM, while another presented with mild AD-EDMD and another with 

mildLGMDIB. 
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New diseases 

In addition to the most commonly described laminopathies mentioned above, LMNA 

mutations are being found in even more disorders with unique phenotypes. Gambineri et al 

(2008) described the case of two sisters with polycystic ovarian syndrome (PCOS) and partial 

lipodystrophy with a LMNA mutation. Renou et al (2008) described a patient with Heart-Hand 

Syndrome (also known as Holt-Oram Syndrome) with a LMNA mutation. Furthermore, in 2009, 

we and one other group identified LMNA mutations in patients with lone Atrial Fibrillation (AF) 

(Brauch et al 2009, Saj, Dabrouski, Labib et al manuscript submitted Journal of Translational 

Research). 

1.2.3 Models of Laminopathies 

Cardiac Patient histology 

There is large variability in the abnormalities observed in tissue biopsies from DCM 

patients. Some LMNA variants (mutations and deletions) exhibit reduced lamin A/C in myocyte 

nuclei (Arbustini et al 2002, Verga et al 2003, Gupta et al 2010), while others exhibit nuclear 

membrane damage such as focal disruptions and blebs (Arbustini et al 2002, Verga et al 2003, 

Gupta et al 2010), the accumulation of mitochondria and other cytoplasmic organelles within the 

nucleoplasm (Sylvius et al 2005, Bilinska et al 2006, Gupta et al 2010), the accumulation of 

glycogen in the nucleoplasm (Sylvius et al 2005), chromatin disorganization (Verga et al 2003, 

Sylvius et al 2005, Gupta et al 2010), and even a complete loss of the nuclear envelope or lamina 

(Verga et al 2003, Sylvius et al 2005, Bilinska et al 2006, Gupta et al 2010). Patients also exhibit 

clustering of NPCs at the nuclear membrane (Arbustini et al 2002, Verga et al 2003). However, 
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not all myocardial samples with LMNA mutations present with nuclear abnormalities (Gupta et al 

2010). 

Skin Fibroblasts 

Skin fibroblasts isolated from patients with various laminopathies provide a method to 

visualize the pathophysiology of disease-associated mutations. These skin fibroblasts most often 

have abnormalities in nuclear shape, including blebs and herniations (Vigouroux et al 2001, 

Caux et al 2003, Eriksson et al 2003, Muchir et al 2003, Muchir et al 2004, Verstraeten et al 

2009). These areas generally are devoid of B-type lamins, NPCs, lap2p, and chromatin 

(Vigouroux et al 2001, Caux et al 2003, Muchir et al 2003). Lamin A/C distribution is also 

affected in these cells, as they are either present in a honeycomb pattern (Vigouroux et al 2001, 

Novelli et al 2002, Caux et al 2003, Muchir et al 2004) or unevenly distributed along the inner 

nuclear lamina (Favreau et al 2003). Some fibroblasts had lamin A/C aggregates close to the 

lamina which did not interact with emerin, DNA or RNA (Capanni et al 2003, Muchir et al 

2004). 

Animal Models 

A number of mouse models of the laminopathies have been developed over the years. 

Before we begin our discussion of them, it is important to note that the mice with laminopathy 

symptoms are homozygous for mutations while most human laminopathies are autosomal 

dominant. Furthermore, the mouse models present some features directly opposite to that 

observed in humans. For example, fibroblasts from a patient with no LMNA expression shows 

reduced proliferative capacity (Muchir et al 2003), however, fibroblasts from LMNA knockout 

mice show increased proliferative rates (van Berlo et al 2005, Ivorra et al 2006). 
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The LMNA gene knockout mouse model was the first laminopathy mouse model to be 

developed (Sullivan et al 1999). These mice develop normally until birth but present with 

postnatal growth retardation starting at 2 weeks. All the mice are dead by 8 weeks due to 

extensive muscular dystrophy and cardiomyopathy. Embryonic fibroblasts from these mice 

(referred to as MEF/_ from now on) have irregularly shaped nuclei in >80% of cells and present 

with herniations devoid of NPCs, lamin B and lap2 as seen in patient skin fibroblasts (Sullivan et 

al 1999). Mice expressing only one copy of the LMNA gene (LMNA"/+) develop normally and at 

1 year they develop atrioventricular conduction defects with atrial and ventricular arrhythmias 

and impaired contractility (Wolf et al 2008). 

The DCM mouse model has a point mutation at Asnl95Lys originally described in a 

DCM patient. The homozygous mouse develops cardiac conduction defects and death at three 

months due to cardiac arrhythmias (Mounkes et al 2005). The MEFNI95K/N195K cells have 

misshapen nuclei, increased nuclear fragility under mechanical strain, and impaired gene 

transcription. 

The EDMD mouse model has a point mutation at His222Pro which was originally 

identified in an AD-EDMD patient. The homozygous mice do not show any disease phenotypes 

neonatally or until sexual maturity, however they develop muscular dystrophy and DCM in 

adulthood similar to humans with AD-EDMD (Arimura et al 2005). All the mice die by 13 

months age. 

The FPLD mouse model has a point mutation at Arg482Gln driven by the aP2 

enhancer/promoter to ensure adipose tissue specific expression. These mice (heterozygous) 

develop normally until birth but develop FPLD in adulthood (Wojtanik et al 2009). 
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There are two models of progeria syndromes. The first one developed was a fortunate 

introduction of a splice site. Mounkes et al (2003) introduced an EDMD mutation (Leu530Pro) 

which resulted in a splicing defect which left a permanently farnesylated lamin A. The second 

model produces only progerin and develops classic HGPS symptoms (Yang et al 2005). 

However, neither of these models develops arterial plaques that are commonly seen in HGPS. 

Cell Culture 

Since patient tissue samples and skin fibroblasts are not always easily acquired, and since 

the development of mouse models is a lengthy and expensive process, researchers have turned to 

the use of established cellular models in an effort to elucidate the mechanisms leading to 

particular disease phenotypes. In the study of laminopathies, commonly used models are C2C12 

cells and Cos7 cells. 

C2C12 is a mouse myoblast cell line isolated from C3H mouse leg muscle. These cells 

express muscle-specific proteins and have the ability to differentiate rapidly, forming contractile 

myotubes. C2C12 mouse model is used to study striated muscle laminopathies including DCM, 

as there is no reliable cardiac cell line that expresses cardiac-specific proteins. Cos7 cells are 

immortalized CV-1 cells (fibroblast) derived from the kidney cells of the African Green Monkey 

with a version of SV40 monkey virus genome that results in a defect in genomic replication. This 

is a continuous cell line with very fast in vitro growth rates and high transfection rates. 

Different point mutations present with variable phenotypes including a honeycomb 

pattern of lamin A/C protein (Muchir et al 2004, Kandert et al 2007, Kandert et al 2009, 

Verstraeten et al 2009) and the formation of mutant lamin A/C aggregates (e.g. Raharjo et al 

2001, Ostlund et al 2001, Sylvius et al 2005, Sylvius et al 2008), while others appear to have no 

effect on lamin A/C localization and assembly (Sylvius et al 2008). Furthermore, when the 
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mutant of each lamin isoform is expressed individually, it presents with a different phenotype 

compared to the other isoform (Sylvius et al 2008). Since the nuclear lamins play such an 

important role in nuclear stability (see below), the formation of mutant aggregates indicates the 

disruption of normal lamina assembly, and thus reduced ability to cope with mechanical stress. 

1.3 The Role of lamin A/C in Nuclear Organization and 

Cellular Function in Laminopathies 

A-type lamins display a diverse functional role, exemplified by their various binding 

partners. Lamin A/C are important for nuclear architecture, as they provide mechanical strength, 

determine nuclear shape and anchor and space NPCs. They also play an important role in 

transcription and gene regulation, as well as in cellular signaling. 

1.3.1 Nuclear Architecture 

The fact that lamins are crucial in the maintenance of nuclear structure is evident in their 

strong interaction with the inner nuclear membrane, that NPCs are connected by lamins and from 

the structural abnormalities encountered in laminopathy cells (described above). They provide 

mechanical strength (Lammerding et al 2004, Broers et al 2004, Pajerowski et al 2007), 

determine nuclear shape and structure (Sullivan et al 1999, Broers et al 2004, Raharjo et al 

2001), and they anchor and space NPCs (Broers et al 2004). 

Cells isolated from LMNA knockout mice (MEF"/_ cells) subjected to mechanical strain 

were more susceptible to nuclear deformation and cell death compared to normal cells 

(Lammerding et al 2004, Lammerding et al 2006). MEF_/" cells also showed reduced mechanical 
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stiffness which necessitates less force required to compress these cells compared to normal 

(Broers et al 2004). This effect on cellular strength could explain the progression of dystrophic 

laminopathies due to constant mechanical stress. 

Over 80% of MEF"" nuclei presented with elongated or irregularly shaped nuclei 

indicating the importance of lamin A/C in nuclear shape. Nuclear lamina structure is based on 

critical interactions between lamins and inner nuclear membrane proteins and cytoskeletal 

proteins. When these interactions are impaired, either due to loss of lamin A/C expression or 

disease-associated LMNA mutations, nuclear structure and strength are affected (Raharjo et al 

2001, Broers etal 2004). 

The NPC is a 125MDa complex of proteins involved in the nucleo-cytoplasmic transport 

of small proteins (up to 60kDa), mRNA and ions across the nuclear membrane. Lamin A/C plays 

an essential role in the proper spacing of NPCs (Maeshima et al 2006, Furukawa et al 2009). 

1.3.2 Transcription and Gene Regulation 

Lamin A/C plays a large role in the regulation of gene transcription. A dominant negative 

lamin A mutant inhibits RNA polymerase II activity (Spann et al 2002) while overexpression of 

lamin A/C was shown to downregulate RNA polymerase II transcription (Kumaran et al 2002). 

Lamin A was also shown to mediate transcriptional repression of promoters with GAL4 binding 

sites in yeast and in human 293T cells (Lee et al 2009). Furthermore, skin fibroblasts from FPLD 

patients with LMNA mutations showed reduced incorporation of bromouridine indicating that the 

mutant lamin A/C interferes with RNA transcription (Capanni et al 2003). The mechanism of 

this impairment is not clear. Possible explanations could be lamin A/C's interactions with 

chromatin and a variety of transcription factors, as well as through the reported lamin A/C 

regulation of RNA splicing. 
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Lamin A/C have been shown to colocalize with RNA splicing factors in Splicing Factor 

Compartments (SFC) (also known as interchromatin granulated clusters - IGC) (Jagatheesen et 

al 1999) and overexpression of lamin A and C results in the disruption of these SFCs. SFCs are 

clusters where splicing factors are concentrated on newly synthesized transcripts prior to 

assembly. Lamin A/C has also been reported to interact with heterogeneous nuclear riboprotein 

El (hnRNPEl) (Zhong et al 2005), a reported SFC-associated protein (Mintz et al 1999) which 

has been shown to colocalize with these clusters (Chkheidze and Liebhaber 2003). This 

particular localization suggests that hnRNPEl plays a role in pre-mRNA splicing. 

Lamins play an important role in chromatin organization. Firstly, A-type lamins interact 

with chromatin (Burke 1990, Glass and Gerace 1990) via the rod domain (Glass et al 1993) and 

the tail domain (Taniura et al 1995). They bind particular regions of DNA called Matrix 

Attachment Regions (MARs) which are responsible for attaching chromatin to the nuclear matrix 

(Luderus et al 1994). With regards to chromatin organization, MEF"'" cells have a loss of 

peripheral heterochromatin (Sullivan et al 1999, Nikolova et al 2004). Cells from certain 

laminopathies also display a loss of peripheral heterochromatin or a general loss of 

heterochromatin (Vigouroux et al 2001, Sabatelli et al 2001). Epigenetic patterns have been 

shown to be affected in myoblasts from AD-EDMD patients as well as in C2C12 cells 

transfected with AD-EDMD mutations (Hakelien et al 2008). It has also been suggested that 

lamin A relocalizes transcriptional promoters to the heterochromatin-rich nuclear periphery so 

transcription is not permitted (Lee et al 2009). 

The nuclear lamina has been described as a "resting place" for transcription factors 

(Heessen and Fornerod 2007). In fact, lamin A/C has been reported to interact with seven 

transcription factors (Table 1): Retinoblastoma protein 1 (Rbl) (Mancini et al 1994, Ozaki et al 
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1994), MOK2 (Dreuillet et al 2002), Sterol Regulatory Element Binding Proteins 1 and 2 (Lloyd 

et al 2002, Capanni et al 2005), Mel 18 (Zhong et al 2005), Epidermal Growth Factor (Zhong et 

al 2005), c-Fos (Ivorra et al 2006), and Muscle Lamin Interacting Protein (Mlip) (personal 

communications with Patrick Burgon). These interactions appear to have a role in transcriptional 

repression (Dreuillet et al 2002, Ivorra et al 2006) as well as protection from proteasome 

degradation (Johnson et al 2004). 

Srebpl is a member of the basic helix-loop-helix leucine zipper transcription factor 

family that binds the sterol regulatory element 1 and is involved in both the regulation of 

cholesterol biosynthesis (Yokoyama et al 1993) and in adipogenesis (Kim and Spiegelman 

1996). In sterol-depleted cells, the 125kDa precursor Srebpl found in the endoplasmic reticulum 

membrane is translocated to the Golgi where it is cleaved to generate the 68kDa mature form 

(Wang et al 1994, DeBose-Boyd et al 1999). The mature Srebpl translocates to the nucleus 

where it activates genes involved in cholesterol biosynthesis and adipogenesis such as LDL-

receptor, HMG-CoA synthase and peroxisome proliferator-activated receptor-y (PPARy). In cells 

of FPLD patients expressing endogenously high levels of pre-lamin A, Srebpl is retained at the 

nuclear rim, thus reducing the amount of DNA-bound Srebpl (Capanni et al 2005, Maraldi et al 

2007). This sequestration results in the down-regulation of PPARy and therefore reduces 

adipocyte differentiation. 

Muscle lamin interacting protein (Mlip) is a novel lamin A/C binding partner discovered 

by Patrick G Burgon (University of Ottawa Heart Institute). Mlip was identified in a yeast-2-

hybrid screen of a human heart cDNA library with the rodl domain of lamin A as bait. 

Bioinformatic analyses of Mlip revealed it to be a novel single copy gene that encodes proteins 

with no known structural or functional domains. Mlip is localized in the whole cell with diffuse 
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staining in the cytoplasm and punctate staining in the nucleus, colocalizing with promyelocytic 

leukemia (PML) nuclear bodies. Preliminary work from Dr. Burgon's lab indicates it is a 

transcription factor involved in myogenic differentiation. 

1.3.3 Signaling 

Lamin A/C also plays a role in the regulation of signaling cascades. Muchir et al (2007a,b 

and 2009b) demonstrated that the mitogen activated protein kinase (MAPK) signaling cascade is 

activated in His222Pro mouse hearts, specifically identifying activation of ERK pathway in the 

development of cardiomyopathies caused by LMNA mutations (Muchir et al 2009a). 

Furthermore, defective NfK B signaling was observed in MEF/_ cells (Lammerding et al 2005). 

As previously mentioned, PKCa was identified as a lamin A/C binding partner during 

IGF-1 treatment (Martelli et al 2000). IGF-1 and phorbol-ester treatment have been repeatedly 

linked to PKCa translocation to the nucleus, specifically to the nuclear rim and interior, 

excluding the nucleolus (DiVecha et al 1991, Leach et al 1989, Neri et al 1994, Zini et al 1995). 

Characterization of this interaction indicates that PKCa interacts with lamin A/C at the C-

terminal tail, downstream the two PKC phosphorylation sites (Leukel and Jost 1995), thus this 

binding is not relevant to lamin A/C phosphorylation by PKC (Martelli et al 2002). Lamin A/C 

acts as a scaffold bringing PKCa to its downstream nuclear substrates such as C23/nucleolin 

(Martelli et al 2002), PTB-associated splicing factor, p68 RNA helicase, and hnRNP A3 and L 

(Rosenberger et al 2002). 

Ubc9, the E2 conjugating enzyme of the Sumo pathway was identified as a lamin A/C 

binding partner in a yeast-2-hybrid assay (Zhong et al 2005). Sumoylation, like ubiquitination, is 

a post-translational modification involving the physical binding of the Sumo protein to its 

substrates. Sumoylation is associated with several critical cellular processes by regulating the 
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function and activity of its substrates, many of which are transcription factors. Ubc9 is the only 

reported conjugating enzyme in the Sumo process and is crucial for its proper substrate targeting. 

Sumol cellular localization is disrupted in C2C12 and Cos7 cells transfected with DCM and 

EDMD associated LMNA mutations (Sylvius et al 2005, Boudreau, Labib et al manuscript in 

preparation) and substrate conjugation has been shown to be increased (Boudreau, Labib et al 

manuscript in preparation) (Please see below for more information). Furthermore, Lamin A has 

been shown to be covalently modified by Sumo 2 and 3 (Zhang and Sarge 2008). 

1.3.3.1 Sumo 

Post translational modification by a small polypeptide is most often associated with 

ubiquitylation by ubiquitin. Sumo (small ubiquitin-like modifier) is a highly conserved ubiquitin-

like modifier involved in a large variety of critical cellular processes, unlike ubiquitin which is 

most often associated with the targeting of its substrates for proteasome degradation. Sumo and 

Ubiquitin share a similar structure, and contain a C-terminal diglycine motif, yet they share less 

than 20% amino acid sequence identity (Bayer et al 1998). 

Prior to protein targeting, the inactive precursor to Sumo undergoes carboxy-terminal 

cleavage by Sumo-specific isopeptidases (sentrin-specific proteases; SENPs) in order to free the 

C-terminal diglycine motif for conjugation. There are subsequently three steps in the conjugation 

of Sumo to its target protein (Figure 1.5). Sumo is activated in an ATP-dependent step by the 

formation of a thioester link between the C-terminus of Sumo and the Cystein residue of its El 

activation enzyme, Aosl-Uba2. The C-terminal carboxy group of Sumo is then transferred to the 

Cysteine residue of its E2 conjugating enzyme, Ubc9, in a thioester linkage. Ubc9 transfers 

Sumo to its substrate protein. An isopeptide bond is formed between the C-terminal Glycine 

residue of Sumo and the Lysine residue of the target protein, often in the presence of an E3 
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ligase (Figure 1.6a). Since Sumoylation is a transient and reversible process, the Sumo peptide is 

cleaved from its target protein with the help of a member of the SENP family of proteases. 

The critical step in this process is the interaction with Ubc9, a Sumo-specific member of 

the E2 family of conjugating enzymes. These enzymes play a central role in the conjugation 

cascade transporting the ubiquitin or ubiquitin-like protein (Sumo in this case) between the El 

activating enzyme and the substrate. Ubc9 is a single copy gene with ubiquitous expression in all 

human organs and tissues. It is unique in the E2 family in that it directly interacts with a Sumo 

consensus sequence - \j/KxE where \\i is a large hydrophobic residue (Rodriguez et al 2001, 

Bernier-Villamor et al 2002). Although Ubc9 is most often associated with Sumoylation, there is 

increasing evidence of Ubc9 function independent of Sumo as a regulator of nuclear transport 

and co-regulator of transcription (Kurtzman and Schechter 2001, Kaul et al 2002). Ubc9 

expression is upregulated in tumor specimens where it is reported to promote cell invasion and 

metastasis in a Sumo-independent manner (McDoniels-Silvers et al 2002, Mo and Moschos 

2005, Wu et al 2009). Others have shown that single nucleotide polymorphisms (SNP) in Ubc9 

in breast tumors are associated with tumor grade (Dunnebier et al 2009) and with Alzheimer's 

(Ahn et al 2009). Loss of Ubc9 expression results in embryonic lethality in C. elegans (Jones et 

al 2002) and in mice (Nacerddine et al 2005). Cells from these mice show defects in nuclear 

organization, chromosome condensation and segregation and failure of RanGAPl to accumulate 

at the NPCs (Nacerddine et al 2005). 

The classically recognized Sumo consensus sequence is \|/KxE where the central Lysine 

is the site of conjugation. Ubc9 directly recognizes this site and interacts with it and Sumo to 

catalyze conjugation. Recently, additional sites have been identified in close association to the 

classic Sumo motif: Phosphorylation-Dependent Sumoylation Motif (PDSM) and Negatively 
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Maturation with 
Sumo protease 

Desumoylation with 
Sumo protease Activation with E1 

Thioester bond 

Ligation with E3 
ligase Conjugation with E2 

Figure 1.5 Schematic diagram of the Sumo process showing five enzymatic reactions to form 
an isopeptide bond between the Sumol protein and its target protein. The first step in the 
pathway is a Maturation step where a Sumo protease exposes a carboxy-terminal glycine residue. 
The Activation step is an ATP-dependent formation of a thioester conjugate between the Sumo 
C-terminal glycine residue and the cystein of the El activating enzyme Aosl-Uba2. The Sumo is 
then passed from the El complex to the E2 conjugating enzyme, Ubc9, forming a thioester 
intermediate. It is then ligated, with or without the help of an E3 ligating enzyme, to a lysine 
residue on the target protein. The final step is the deconjugation of Sumo from its target with a 
Sumo protease. 
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Figure 1.6 Sumol trapping within mutant lamin C aggregates and location of Sumo 
consensus sequences in lamin A. (a-b) Sumol is normally found homogeneously distributed 
throughout the nucleus and to a small extent in the cytoplasm. Sumol distribution, in the 
presence of DCM-associated LMNA mutation Aspl92Gly is disrupted and found trapped within 
lamin C aggregates, (a) Cos7 (Nicolas Sylvius) and (b) C2C12 (Sarah Labib) cells were 
transiently transfected with wild type or mutant lamin C-dsRed and Sumol-YFP and visualized 
by fluorescent confocal microscopy, (c) Lamin A amino acid sequence indicating the location of 
three Sumol consensus sequences. 
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charged amino acid Dependent Sumoylation Motif (NDSM). The PDSM contains a site for 

phosphorylation three amino acids downstream the classic motif, \|/KxExxS/TP (Hietekangas et 

al 2006) while the NDSM consists of negatively charged amino acids within 10 amino acids 

downstream (Yang et al 2006 EMBO). Sumo is also capable of interacting with other proteins 

(Song et al 2004). However, a consensus sequence is not always necessary for Sumo conjugation 

(see Discussion for more detail). 

Vertebrates have three Sumo genes: Sumol (also known as PIC1, UBL1, Sentrin, GMP1, 

and SMT3C), Sumo2 (also known as SMT3A), and Sumo3 (also known as SMT3B). Sumo2 and 

Sumo3 have 97% sequence identity and are often referred collectively as Sumo2/3, while they 

only share 50% similarity with Sumol. Sumo2/3 are able to form chains due to the presence of 

an internal Sumo consensus sequence within their N-terminal tail (Tatham et al 2001). Sumol 

and Sumo2/3 have distinct target sets (Saitoh and Hinchey 2000, Rosas-Acosta et al 2005, 

Vertegaal et al 2006) indicating distinct functions. 

Of the Sumo paralogues, Sumol is the best characterized as it was the first to be 

discovered and is distinct from Sumo2 and Sumo3. Sumol is primarily found conjugated to 

proteins in vivo compared to Sumo2/3 which are mostly found unconjugated (Saitoh and 

Hinchey 2000) indicating a functional role for Sumol at steady state. Sumol however appears to 

be dispensable for normal mammalian development. Initially, a mouse model was developed 

using the gene trap system which was embryonic lethal (Alkuraya et al 2006). However, in 2008, 

two groups independently generated Sumol knockout mouse models using gene trapping and 

homologous recombination (Evdokimov et al 2008, Zhang et al 2008b, respectively) showing no 
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effect on embryonic or postnatal development most likely due to compensatory action by 

Sumo2/3 on Sumol targets (Evdokimov et al 2008). 

We have previously shown an effect of certain LMNA mutations on Sumol function. In 

wild type cells, Sumol is found distributed evenly throughout the nucleoplasm and cytoplasm, 

however in cells transfected with p.Aspl92Gly lamin C, Sumol is sequestered within the mutant 

aggregates (Figure 1.6a). This altered localization has been confirmed in C2C12 cells (Figure 

1.6b) and with other mutations, some with Sumol sequestration while others have Sumol 

colocalization with the mutant aggregates (Boudreau, Labib et al, manuscript in preparation). In 

myoblasts isolated from the His222Pro mouse there is aberrant localization of Sumol into 

intranuclear foci and outlining the nuclear envelope (Boudreau, Labib et al, manuscript in 

preparation). Lamin A/C localization is not affected in these mouse myoblasts (Arimura et al 

2005). Sumol staining in muscle tissue shows striking nuclear envelope localization in 

approximately 25% of His222Pro nuclei compared to wild type muscle tissue with homogeneous 

punctate Sumol nuclear and cytoplasmic localization (Boudreau, Labib et al, manuscript in 

preparation). Correlated with changes in Sumol localization, we have also shown that certain 

LMNA mutations increase Sumol conjugation profiles in C2C12 cells, as well as the amount of 

non-conjugated Sumol (Boudreau, Labib et al manuscript in preparation). No one has studied 

Sumo2/3 involvement in laminopathies, however since the 2008 article showing lamin A 

sumoylation by Sumo2/3 (Zhang and Sarge), we are currently investigating this path. 
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1.4 Hypotheses and Objectives of Proposed Study 

General Hypothesis: LMNA mutations exert their tissue-specific effects via the 

perturbation of lamin A and C's specific interacting partners. 

Because of the lack of a clear genotype-phenotype correlation in the laminopathies, I 

have set out to determine how LMNA mutations affect their binding partners with functions and 

attributes specific to particular tissues and diseases. I will investigate two lamin A and C binding 

partners, PKCa and Ubc9, signaling molecules involved in several critical cellular processes 

with the aim of developing personalized therapies for any of the associated disorders. 

Aim 1: Identify specific phenotypes associated with three laminopathies: lone AF, DCM, 

and DCM with AF. 

PKCa is a protein kinase implicated in heart failure and cardiac hypertrophy (Braz et al 

2004, Vijayan et al 2004). It is a known lamin A/C binding partner that interacts with its carboxy 

terminal domain. Furthermore, abnormal PKCa function results in irregular iKach activity 

associated with chronic AF (Voigt et al 2007). Therefore, I will be investigating the effect of 

DCM and lone AF associated LMNA mutations in the C-terminal tail on PKCa cellular 

distribution. This will follow an in vitro study on whether or not these previously 

uncharacterized mutations differentially affect the cellular distribution of lamin A/C. 

Objectives: 
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1. To compare the nuclear distribution of lamin A and C induced by LMNA mutations 

associated with lone AF (Thr528Met), DCM (Arg541Gly, Ser431X), and DCM with AF 

(Tyr481X). 

Methods: Mutagenesis, Cloning, Cellular transfection, Fluorescent confocal microscopy, 

Indirect Immunofluorescence. 

2. To determine the effects of these mutations on lamin A/C binding partner PKCa cellular 

distribution. 

Methods: Cellular transfection, Fluorescent confocal microscopy, Indirect 

Immunofluorescence. 

Aim 2: Determine how lamin A and C are implicated in the Sumo process. 

Lamin A/C is a reported binding partner of Ubc9, Sumo's E2 conjugating enzyme. We 

have previously shown that the localization and substrate conjugation of Sumol is disrupted in 

the presence of DCM and EDMD associated LMNA mutations. Therefore, I will investigate how 

lamin A/C plays a role in the Sumol process by examining Ubc9 cellular distribution, 

characterizing the interaction between the two proteins, and by looking at lamin A/C 

sumoylation by Sumo 1. 

Objectives 

1. Is Ubc9 cellular distribution affected by LMNA mutations? 

Methods: Cellular transfection, Fluorescent confocal microscopy. 

2. Is the interaction between Ubc9 and lamin A/C affected by LMNA mutations? 

Methods: Cloning, Cellular transfection, Co-immunoprecipitation, Western blotting. 

3. Determine if lamin A/C is sumoylated by Sumo 1. 
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Methods: Cloning, Cellular transfection, Nuclear protein extraction, Co-

immunoprecipitation, Western blotting, Confocal microscopy, Mass spectrometry. 
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Chapter 2 - Experimental Procedures 
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Cell Culture 

C2C12 embryonic mouse myoblast and Cos7 African green monkey kidney cell lines were 

obtained from ATCC. C2C12 cells are grown and maintained in Dulbecco's Modified Eagle's 

Medium (DMEM) supplemented with 15% FBS and 1:100 L-glutamine at 37°C and 5% C02. 

Cells are kept below 80% confluence and in high FBS concentration to discourage cellular 

differentiation. Cos7 cells are grown and maintained in MEM (Minimum Essential Medium) 

supplemented with 10% FBS and 1:100 L-glutamine at 37°C and 5% C02. 

Cloning and Site-directed Mutagenesis 

Site-directed mutagenesis was performed on previously cloned wild type lamin A-CFP and lamin 

C-YFP to introduce Thr528Met, Arg541Gly, Ser431X, and Ty481X mutations. The mutagenesis 

reaction was performed using Stratagene's site-directed mutagenesis kit. The following primers 

were used: a) Thr528Met Forward 5'- GGG AAC AGC CTG CGT ATG GCT CTC ATC AAC 

TCC-3' and Reverse 5'- GGA GTT GAT GAG AGC CAT ACG CAG GCT GTT CCC-3', b) 

Arg541Gly Forward 5'- GAA GAA GTG GCC ATG G GCA AGC TGG TGC GC-3' and 

Reverse 5'- GC GCA CCA GCT TGC C CAT GGC CAC TTC TTC-3', c) Ser431X Forward 5'-

GAG AGC CGC AGC AGC TTC TAA CAG CAC GCA CGC ACT AGC-3' and Reverse 5'-

GCT AGT GCG TGC GTG CTG TTA GAA GCT GCT GCG GCT CTC-3', d) Tyr481X 

Forward 5'- GAT GAT CCC TTG CTG ACT TAA CGG TTC CCA CCA AAG TTC AC-3' and 

Reverse 5'- GT GAA CTT TGG TGG GAA CCG TTA AGT CAG CAA GGG ATC ATC-3'. 

Briefly, DNA was amplified using High Fidelity PfuUltra Taq Polymerase. PCR products were 

digested with Dpnl restriction enzyme for 1 hour at 37°C to break down the product to facilitate 
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transformation. DNA was transformed into XL 10 Gold E Coli (Stratagene) and grown in LB 

broth supplemented with Kanamycin. Direct sequencing was performed to confirm presence of 

mutations. For general upkeep of all clones used, constructs are cloned into DH5a competent 

cells (Invitrogen). Mini and Maxi preparations of the DNA are performed according to 

manufacturer protocols (Qiagen and Invitrogen, respectively). All constructs are sequenced prior 

to use. 

Transfection 

For protein harvesting, C2C12 cells are transfected with Metafectene Pro (Biontex) and Cos7 

cells with Lipofectamine 2000 (Invitrogen). Cells for microscopy are transfected with 

Lipofectamine 2000 (Invitrogen). Both methods are based on the properties of lipofection which 

uses liposomes to inject genetic material. Cells are transfected between 70 and 80% confluence 

and harvested after 18-22 hours. Briefly, plasmic DNA is incubated with lipofection reagent to 

allow for DNA-liposome complexes to form. These complexes are then incubated with the cells 

for 4-6 hours to allow for efficient transfer. The following clones are used: WT or mutant lamin 

A in pECFP (previously cloned, see Sylvius et al 2005), WT or mutant lamin C in pECFP, 

pEYFP, dsRed2 (see Sylvius et al 2005), Ubc9 in pEGFP (previously cloned) or HA (kind gift 

from Peter Howley (Yasugi and Howley 1996)), Sumol in pEYFP (kind gift from Dr. Heidi E 

McBride) or HA, and Mlip in pcDNA3 (kind gift from Dr. Patrick G Burgon). All vectors 

contain CMV promoter for constitutively active expression. 

Cell Fixation and Staining 
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C2C12 cells grown on coverslips are washed with PBS IX three times and fixed with ice-cold 

methanol for five minutes at -20 C. Methanol is washed off in three washes with PBS for five 

minutes each. For cells to be used in mitochondrial, endoplasmic reticulum or PKCa staining, 

cells are fixed with 4% paraformaldehyde for 20 minutes at room temperature, then washed three 

times in PBS. Following fixation, cells are blocked and permeabilized with 0.1% TritonXlOO in 

5% FBS for 20 minutes at room temperature. Cells are hybridized with primary antibody in 1.5% 

FBS for 1.5 hours at 37°C, washed three times in PBS IX then incubated with fluorescently 

labeled secondary antibodies. Cells are washed with PBS IX three times then coverslips are 

mounted on glass slides with mounting medium (Dakocytomation #S3023). The following 

antibodies from Santa Cruz Biotechnology were used: lamin A/C (sc-6215), Ubc9 (sc-10759), 

Sumol (sc-5308), HA (sc-7392), GFP (sc-69779), RanGAP (sc-1862), TOM20 (sc-11415), and 

PKCa (sc-208), as well as EMD (Novocastra, NCL-EMERIN), Calreticulin (Abeam, ab2907), 

and Mlip (gift from Patrick G Burgon, University of Ottawa Heart Institute). 

Nuclear Protein Extraction 

Nuclear protein is extracted using the Active Motif Nuclear Extract kit (AM40010) as described 

in user manual. Briefly, cells are scraped in PBS with Phosphatase Inhibitors, spun down, 

resuspended in a hypotonic buffer to lyse cell membranes and spun down. The supernatant is the 

cytoplasmic fraction. The nuclear pellet is resuspended with lysis buffer supplemented with DTT 

and protease inhibitors and incubated for 30 minutes. After centrifugation, the supernatant is 

collected. 20mM N-ethylmaleimide (NEM) is added to the lysis buffer to maintain covalent 

Sumo linkages prior to use. 
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Co-lmmunoprecipitation 

500ug nuclear protein is incubated with 25u.l washed Protein G magnetic beads (Dynal -

Invitrogen) for 1 hour at 4°C to reduce nonspecific binding. 2jxg primary antibody is added to 

each sample (anti-GFP sc-9996, anti-HA sc-7392, anti-lamin A/C sc-6215) and incubated 

rotating at room temperature for three hours. The protein/antibody solution is incubated with 

25ul washed Protein G magnetic beads for 1 hour at room temperature. The sample is washed 

three times in IX PBS supplemented with 50mM NaCl and 0.1% Tween, boiled with SDS 

sample buffer with DTT at 95 C for five minutes, cooled, separated by magnet and loaded onto 

gel. 

Western Blot 

Samples are run on 4-20% gradient Tris-Glycine SDS-PAGE gel at constant voltage (180V) for 

1.5 hours in a Tris-Glycine Running Buffer (18.8g glycine, 3.3g Tris, l.Og SDS, 1000ml ddH20). 

The protein is transferred onto nitrocellulose membrane for 2-3 hours at constant current 

(300mA) in transfer buffer (14.2g glycine, 3.0g Tris, 200ml methanol, 800ml ddH20). The 

membrane is stained with Ponceau Red staining to visualize protein loading and blocked with 5-

10% skim milk powder in IX PBS-Tween (PBST-milk), and incubated overnight with primary 

antibody. For co-immunoprecipitations, the membrane is blocked for 3 hours at room 

temperature with Pierce Native IgG Detection Reagent at 1:50 dilution (#21230). The membrane 

is washed three times in PBST-milk for five minutes each, incubated with secondary antibody at 

for 1 hour at room temperature, and washed three times with PBST (2 x 10 min, 1 x 5 min). 

Amersham ECL Western Blotting Detection Reagent is added for 2 minutes (#RPN2109) and the 

protein is visualized using an electrochemiluminescence detecting machine (Alphalnotech). 
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Mass Spectrometry 

Samples are run on 4-20% gradient Tris-Glycine gel, as described above. The gel is stained in 

Coomassie Blue for 1 hour at room temperature and destained overnight. Protein bands of 

interest are cut out and sent to Alphalyse Inc for protein analysis by mass spectrometry. Briefly, 

the protein samples are reduced and alkylated with iodoacetamide (i.e.. they are 

carbamidomethylated) and digested with trypsin that cleaves after lysine and arginine residues. 

The resulting peptides are concentrated and eluted onto an anchorchip for analysis on a Bruker 

Autoflex III MALDI TOF/TOF instrument. The peptide mixture is analyzed and 5-10 of the 

peptides are selected for analysis by MS/MS fragmentation for partial peptide sequencing. The 

combined MS data for each sample is searched against a protein database containing millions of 

protein sequences. Protein identification is based on a probability-scoring algorithm and the 

significant best matching protein is reported. The protein score is a measure of how random the 

match of amino acids is between the predicted sequence and the obtained sequence at a 

significant level (p<0.05). A score of greater than 67 is considered significant. The score is 

calculated as -lOlog of the probability of occuring as a random event. 
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Chapter 3 - The Identification of Specific Phenotypes 

Associated with Three Laminopathies 
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The aim of this chapter is to identify specific phenotypes associated with three 

laminopathies: lone AF, DCM, and DCM with lone AF. 

In order to study this, I had two objectives to meet: 

3.1 Compare the nuclear distribution of lamin A and C induced by LMNA mutations 

associated with lone AF (Thr528Met), DCM (Arg541Gly, Ser431X), and DCM with AF 

(Tyr481X). 

3.2 Determine the effect of the mutations on lamin A/C binding partner PKCa cellular 

distribution. 

3.1 Mutant Lamin A/C Localization 

In order to compare the lamin A/C protein cellular distribution in cell culture, point 

mutations were introduced into wild type (WT) lamin A and lamin C in fluorescent expression 

vectors (pECFP and pEYFP) via site-directed mutagenesis. The presence of mutations was 

confirmed using direct sequencing. Undifferentiated C2C12 mouse myoblast cells were 

transiently transfected with WT or mutant lamin A and lamin C. The following experiments have 

been confirmed in over three independent trials. The percentage of cells of a particular 

phenotype are determined by finding the sum of all the cells in three separate trials. 

The following is a description of the point mutations investigated in this chapter. A point 

mutation, Thr528Met, was found in a 70-year old man with AF and normal left ventricular size 

and function. A point mutation was found in a proband with DCM, severe heart failure and AF 

resulting in the formation of a stop codon, Tyr481X. The patient was 36 years old at the onset of 

symptoms and was given a heart transplant at 40. He has a family history of the disease. A point 
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mutation, Arg541Gly, was discovered in a family with DCM and sudden death with no AF. A 

point mutation was found in a patient with DCM and severe heart failure with no AF resulting in 

the formation of a premature stop codon, Ser431X. 

To more closely emulate physiological stoichiometry, lamins A and C were co-

transfected. Overexpression of wild type lamin A and C colocalize at the inner nuclear 

membrane in undifferentiated C2C12 cells, as is observed with endogenous protein staining 

(Figure 3.1a). 

When Thr528Met (lone AF) mutant lamin A and lamin C are transfected into C2C12 

cells, aggregates are formed in -75% of the cells (Figure 3.1d-f). In 45% of these aggregated 

cells, the aggregates are sickle-shaped as opposed to circular. It appears that the aggregates are 

forming extensions of lamin protein to other aggregates nearby and it is these extensions that 

give off the sickle-shape. Furthermore, approximately 10% of cells exhibit leaking of lamin A/C 

into the cytoplasm. 

When the Tyr481X (DCM/AF) mutant lamin A and lamin C are transfected into C2C12 

cells, aggregates are found in about 85% of the transfected cells (Figure 3.1c). The aggregates 

are relatively large and number between 1 and 10 per cell. The majority of cells with aggregates, 

however, contain between 2 and 4 aggregates per cell. 

When Arg541Gly (DCM) mutant lamin A and lamin C are transfected into C2C12 cells, 

aggregates develop in about 80% of the cells (Figure 3.1g-i). In 60% of these aggregated cells, 

the aggregates form sickle-shaped aggregates as opposed to the common circular aggregates. 

They are similar to the sickles seen in the Thr528Met mutants. Furthermore, approximately 10% 

of the cells exhibit leaking of the lamins into the cytoplasm. 
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Figure 3.1 AF- and DCM-associated mutant lamin A/C is mislocalized in C2C12 cells. 
C2C12 cells were transiently transfected with wild type or mutant lamin A and lamin C 
expressed in fluorescent expression vectors pECFP and pEYFP, respectively. The cells were 
fixed and visualized by fluorescence microscopy, (a) wild type, (b) Ser431X, (c) Tyr481X, (d-f) 
Thr528Met representative aggregates, sickles and cytoplasmic leaking, (g-i) Arg541Gly 
representative aggregates, sickles and cytoplasmic leaking. 
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When Ser431X (DCM) mutant lamin A and lamin C are transfected into C2C12 cells, 

about 75% of the cells contain aggregates (Figure 3.1b). These aggregates are relatively large 

and number between 1 and 10 per cells. 

The mutant aggregates are not due to transfection artifacts: cells transfected with wild 

type and mutant lamins were regulary used in western blotting experiments to control for 

overexpression between wild type and the different mutants. Figure 3.2 is a representative blot. 

3.1.2 Cytoplasmic localization of mutant lamin A/C 

Ten percent of cells expressing Thr528Met and Arg541Gly mutant lamin A/C presented 

with cytoplasmic lamins protruding from the nucleus (Figure 3.1f,i). In order to understand more 

about the nature of these rogue lamins, we wanted to determine their subcellular localization. 

Based on the pattern of lamin distribution, we hypothesized that they localized at either the 

mitochondria or endoplasmic reticulum (ER). We performed indirect immunofluorescence 

staining with mitochondrial marker TOM20 and ER marker calreticulin. TOM20 is part of a 

receptor complex on the surface of the mitochondrial outer membrane and calreticulin is a major 

Ca2+ binding protein in the lumen of the ER. 

In order to prevent mitochondrial fractionation, cells were exposed to dry air for minimal 

amounts of time prior to cell fixation. C2C12 cells transfected with the mutants were fixed and 

stained for TOM20. No colocalization was seen between the lamins and the mitochondria 

(Figure 3.3). 

Calreticulin is seen in the cytoplasm of C2C12 cells. In cells transfected with the mutants, 

there was partial colocalization between the cytoplasmic lamins and the endoplasmic reticulum 

(Figure 3.4). Lamin A and C localization is seen in cyan. Cytoplasmic colocalization of lamin 
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Figure 3.2 Western blot showing equal transfection levels with different lamin C-CFP 
variants using an anti-lamin A/C antibody. B actin was used as a loading control (Sylvius et al 
2008). The mutations used in this blot are those studied in Chapter 4 of this thesis. Western 
blotting was regularly used as a control of over expression. 
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Figure 3.3 Mutant cytoplasmic lamin A/C do not colocalize with mitochondrial marker, 
TOM20. C2C12 cells were transiently transfected with wild type or mutant lamin A and lamin C 
in fluorescent expression vectors pECFP and pEYFP, respectively. Cells were fixed with 4% 
PFA and incubated with primary antibody for TOM20, an outer mitochondrial membrane 
receptor. Cells were visualized under fluorescent confocal microscopy. 
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Lamin A Lamin C Calreticulin Overlay 

Figure 3.4 Mutant cytoplasmic lamin A/C partially colocalizes with endoplasmic reticulum 
marker calreticulin. C2C12 cells were transiently transfected with wild type or mutant lamin A 
and lamin C in fluorescent expression vectors pECFP and pEYFP, respectively. Cells were fixed 
with ice-cold methanol and incubated with primary antibody for calreticulin. Cells were 
visualized under fluorescent confocal microscopy. 
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A/C with calreticulin is seen in purple. 

3.2 PKCa cellular distribution 

C2C12 cells transfected with WT or mutant lamin A and lamin C were fixed and stained 

for PKCa. When C2C12 cells were transfected with WT lamin A and lamin C, PKCa was found 

as expected in the cytoplasm with light staining in the nucleus (Figure 3.5). When Thr528Met 

(lone AF) mutant lamin A and lamin C are transfected, PKCa presence is increased in the 

nucleus, while staining is still evident within the cytoplasm. This same phenotype is observed in 

Arg541Gly (DCM) mutants. However, no change in the cellular distribution of PKCa is 

observed in cells transfected with Ser431X (DCM) and Tyr481X (DCM/AF) mutants. 
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Figure 3.5 PKCa translocates to the nucleus in Thr528Met and Arg541Gly mutant lamin A 
and C cells. C2C12 cells were transiently transfected with wild type and mutant lamin A and 
lamin C in fluorescent expression vectors pECFP and pEYFP, respectively. Cells were fixed 
with 4% PFA and incubated with primary antibody against PKCalpha. Cells were visualized with 
fluorescent confocal microscopy. 
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Summary of Chapter 3 Results 

The lone AF and DCM-associated mutations result in the perturbation of PKCa cellular 

distribution, with increased presence in the nucleus compared to wild type cells. This altered 

localization will affect its overall cellular function as PKCa is involved in many signaling 

cascades. Interestingly, cellular transfection of fluorescent expression vectors with mutant lamin 

A and lamin C in C2C12 cells results in the abberrant cellular distribution of lamin A/C. 

Expression of lone AF-associated p.Thr528Met and the DCM-associated p.Arg541Gly result in 

the formation of intranuclear aggregates and sickles. The stop mutations, DCM/AF-associated 

p.Tyr481X and DCM-associated Ser431X, result in the formation of large intranuclear 

aggregates. Cytoplasmic extrusions of mutant lamin A/C do not colocalize with mitochondrial 

marker, TOM20, however they appear to partially colocalize with the ER marker calreticulin. 
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Chapter 4 - Lamin A/C and the Sumol Process 

54 



In this chapter, I aim to determine how lamin A and C are implicated in the Sumo process. 

In order to determine the validity of this statement, I have three main objectives to meet: 

4.1 Determine the effect of LMNA mutations on Ubc9 cellular distribution. 

4.2 Determine the effect of LMNA mutations on lamin A and C interaction with Ubc9. 

4.3 Determine if lamin A/C is sumoylated by Sumol. 

4.1 Ubc9 Cellular Distribution 

Since our lab previously showed that lamin A/C mutant aggregates sequestered the 

Sumol protein, we were interested in determining the effect of the mutations on its interaction 

with reported binding partner Ubc9, the Sumo E2 conjugating enzyme. First we investigated the 

effect of the mutants on Ubc9 localization. I chose to focus on mutations that are representative 

of three laminopathies (DCM: Leu85Arg, Aspl92Gly, and Gln353Lys; EDMD: Arg386Lys; and 

FPLD: Arg482Trp) and that were already implicated in altered sumoylation profiles (Boudreau, 

Labib et al, manuscript submitted). 

To more closely emulate physiological stoichiometry, lamins A and C were co-

transfected with Ubc9. Overexpressed wild type lamin A and C and Ubc9 colocalize at the inner 

nuclear membrane in undifferentiated C2C12 cells, as is observed with endogenous protein 

staining. DCM-associated Leu85Arg and FPLD-associated Arg482Trp lamin A and C-CFP 

exhibit a phenotype comparable to the wild type (Figure 4.1). DCM-associated Aspl92Gly and 

Gln353Lys lamin A and C-CFP mutants form abnormal aggregates at the periphery of the 

nucleus. EDMD-associated Arg386Lys lamin A and C-CFP results in large intranuclear 

aggregates of lamin A/C while still retaining some diffuse intranuclear staining. These results 

agree with data from our lab and others (Sylvius et al 2005, Raharjo et al 2001, Sylvius et al 
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Leu85Arg Aspl92Gly Gln353Lys Arg386Lys 
(DCM) (DCM) (DCM) (EDMD) 

Figure 4.1 Ubc9 is mislocalized in the presence of mutant lamin A and lamin C in C2C12 
cells. Cells were transiently transfected with wild type or mutant lamin A-CFP, lamin C-dsRed 
and Ubc9-GFP and visualized under fluorescent confocal microscopy. Wild type lamin A and C 
are found homogenously distributed at the inner nuclear envelope. The same phenotype is 
observed in the DCM-associated Leu85Arg mutation. Here, Ubc9 localizes with the two lamins 
at the nuclear rim. The DCM-associated Aspl92Gly and Gln353Lys and EDMD Arg386Lys 
mutations result in the expression of lamins A and C in intranuclear aggregates. Ubc9 
mislocalizes from the nuclear rim to the location of the mutant aggregates. 
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2008, Ostlund et al 2001). In the presence of mutant lamin A/C aggregates, Ubc9 is no longer 

found uniformly expressed at the inner nuclear membrane, rather it appears to co-localize with 

the mutant lamin A/C speckles. Cells were stained with nuclear pore complex (NPC) protein 

RanGAP to see if Ubc9 localization with the NPCs is disrupted in the presence of the mutations. 

As expected, Ubc9 and RanGAP colocalize in wild type cells. However, in Aspl92Gly (DCM) 

and Arg386Lys (AD-EDMD) mutant cells, Ubc9 localization with RanGAP is disrupted, 

suggesting an effect on NPC distribution (Figure 4.2). 

Wild type lamin C alone gives rise to multiple intranuclear aggregates that are evenly 

distributed throughout the nucleus while wild type lamin A alone is expressed as a 

homogeneously distributed veil at the inner nuclear envelope (Sylvius et al 2008). C2C12 cells 

transfected with just lamin A or lamin C (wild type and mutant) yielded similar results to when 

both A and C are co-transfected, Ubc9 colocalizes with the mutant aggregates (Figure 4.3). 
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Figure 4.2 Ubc9 is mislocalized with respect to NPC protein RanGAP in mutant lamin A and 
C expressing cells. C2C12 cells were transiently transfected with wild type and mutant lamin A-
CFP and C-CFP and Ubc9-GFP and stained for RanGAP using an anti-RanGAP antibody and 
fluorescently labeled secondary antibodies. Cells were visualized by fluorescent confocal 
microscopy. RanGAP is found at the nuclear pore complexes and within the cytoplasm. Ubc9 
and WT lamin A/C localize at the nuclear rim with RanGAP. However, in mutant lamin A and C 
cells, Ubc9 is mislocalized with the mutant aggregates and not with RanGAP. 
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Figure 4.3 Ubc9 cellular distribution is affected in cells transfected with mutant lamin A or 
lamin C. C2C12 cells were transiently transfected with wild type and mutant (a) lamin A-CFP or 
(b) lamin C-dsRed and Ubc9-GFP and visualized by fluorescent confocal microscopy, (a) Wild 
type lamin A is expressed as a homogeneous veil at the inner nuclear membrane. The DCM-
associated Leu85Arg and FPLD-associated Arg482Trp mutants do not exhibit any aberrant 
phenotype compared to the wild type. Ubc9 localizes with these mutant lamin A. The DCM-
associated Aspl92Gly and Gln353Lys and EDMD-associated Arg386Lys lamin A mutants form 
intranuclear aggregates that localize close to the nuclear envelope. Ubc9 localizes with the 
mutant aggregates in these mutant cells and are thus mislocalized from the nuclear membrane, 
(b) The same phenotype is observed in cells overexpressing WT or mutant lamin C. 
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4.2 Ubc9 interaction with lamin A/C 

Because lamin A/C appears to have an effect on Ubc9 localization, we wanted to see if 

the mutants have an effect on the physical interaction between the two proteins. In order to do 

this, mutant lamin A/C immunoprecipitations would be compared to wild type lamin A/C 

immunoprecipitation. Endogenous immunoprecipitation of wild type lamin A/C failed to co-

immunoprecipitate Ubc9 using western blotting analysis (Figure 4.4). Cos7 cells were 

transfected with Ubc9-HA and endogenous lamin A/C was immunoprecipitated. As a negative 

control, untransfected lysates were incubated with or without antibody. Emerin, a known lamin 

A/C binding partner, was used as a positive control of co-immunoprecipitation. 

To ensure there is no binding between the proteins in cell models, overexpression of 

lamins A and C and Ubc9 was performed in order to encourage co-immunoprecipitation. 

However, this method also failed to co-immunoprecipitate Ubc9 and lamin A/C. Cos7 cells were 

transfected with wild type lamin A-CFP or lamin C-CFP and Ubc9-HA (Figure 4.5). Lamin A 

and C were immunoprecipitated using anti-GFP tag antibody and Ubc9 was immunoprecipitated 

using an anti-HA tag antibody. In the GFP tag immunoprecipitations cells were transfected with 

empty CFP vectors and Ubc9-HA or just with Ubc9-HA as a negative control. In the HA tag 

immunoprecipitations, RanGAP, a known Ubc9 binding partner, was used as a positive control 

of Ubc9 immunoprecipitation. As a negative control, empty CFP vector was transfected with 

Ubc9-HA or both lamins A and C in CFP vectors with no Ubc9-HA (Figure 4.6). Thus, I was not 

able to confirm the reported interaction between lamin A/C and Ubc9. 
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Figure 4.4 Ubc9 does not interact with endogenous lamin A/C. Cos7 cells were transfected 
with Ubc9-HA or nothing and nuclear lysates were incubated with anti-lamin A/C antibody to 
immunoprecipitate endogenous lamin A/C. Immunoprecipitates were run on 4-20% SDS-PAGE 
and transferred to nitrocellulose membrane. Western blotting for HA tag showed no bands at 
around 22kDa (Ubc9 = 18kDa + HA-tag = 4kDa). Positive control emerin appeared in the IP 
lanes. 
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Figure 4.5 Ubc9 does not interact with exogenously expressed lamin A/C. Cos7 cells were 
transfected with lamin A-CFP, lamin C-CFP or empty CFP vector as well as Ubc9-HA. Nuclear 
protein was incubated with anti-GFP tag antibody and immunoprecipitates were run on 4-20% 
SDS-PAGE gel. Western blotting against GFP tag indicates lamin A and lamin C were 
immunoprecipitated. Western blot for HA tag indicates no Ubc9-HA co-immunoprecipitation. 
Emerin was used as a positive control. 
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Figure 4.6 HA-Ubc9 immunopreeipitation. Cos7 cells were transfected with lamin A-CFP, 
lamin C-CFP, empty CFP or both lamin A and C-CFP as well as Ubc9-HA. Nuclear protein was 
incubated with anti-HA tag antibody and immunoprecipitates were run on 4-20% SDS-PAGE 
gel. Western blotting against HA tag indicates Ubc9 was immunoprecipitated. Western blot for 
lamin A/C indicates no lamin A-CFP or lamin C-CFP co-immunoprecipitation. RanGAP was 
used as a positive control. 
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4.3 Lamin A/C Sumoylation by Sumol 

Based on our previous findings, we were interested in determining if lamin A/C is 

sumoylated by Sumol. We initially looked at endogenous lamin A/C sumoylation. Due to the 

transient nature of sumoylation and the low steady-state levels of sumoylated proteins, C2C12 

cells were transfected with Sumol-HA (Pichler 2008) and protein was extracted in the presence 

of NEM to discourage deconjugation. Endogenous lamin A/C was immunoprecipitated using an 

antibody against both lamins A and C. Western blotting for the HA tag and lamin A/C did not 

show any bands corresponding to lamin-Sumol covalent conjugates (Figure 4.7a). Untransfected 

cells were used as a negative control while emerin, a known lamin A/C binding partner, was used 

as a positive control of immunoprecipitation. 

These results were confirmed in Cos7 cells transfected with wild type lamin A and lamin 

C in CFP expression vectors. These cells were used because they have a significantly higher 

transfection efficiency compared to C2C12 cells (70-80% compared to 30-40%) and because 

Sumol cellular distribution is affected in the presence of LMNA mutations in these cells (Sylvius 

et al 2005). These cells were also transfected with Sumol-HA. The transfected lamins were 

immunoprecipiated using an antibody against the CFP tag. Western blotting for the HA tag and 

GFP tag did not show any bands corresponding to lamin-CFP-Sumol conjugates (Figure 4.7b). 

Empty CFP vector transfection and untransfected cells were used as negative controls. 

Western blotting for Sumol revealed four bands. These did not correspond to lamin A/C-

Sumol conjugates, which should come up to 80kDa and 90kDa, respectively. The molecular 

weight of the observed bands range between 80 and 160kDa and most likely correspond to 

sumoylated lamin A/C binding partners, whose identity is unknown. Controls were used as 

described above. 
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Figure 4.7 Lamin A/C are not sumoylated by Sumol. Western blots of immunoprecipitation 
of endogenous and exogenous lamin A and C. (a) C2C12 cells were transiently transfected with 
Sumo-1-HA and nuclear protein was extracted with NEM. Lysates were incubated with anti-
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lamin A/C antibody and immunoprecipitates were run on a 4-20% SDS-PAGE gel. Western blots 
were probed for lamin A/C and HA tag. Emerin was used as a positive control of lamin A/C 
immunoprecipitation. (b) Cos7 cells were transfected with lamin A-CFP, lamin C-CFP, or empty 
CFP vector with Sumo-1-HA. Nuclear protein was extracted with NEM in lysis buffer and 
lysates were incubated with an antibody against GFP tag. Immunoprecipitates were run on 4-
20% SDS-PAGE gel and western blots were probed for GFP tag, HA tag and emerin as a 
positive control. Lamins A and C did not immunoprecipitate any bands higher than endogenous 
(a) and exogenous (b) levels to indicate sumo conjugation. SUMO-1 western blots revealed four 
bands between 80 and 160 kDa. The identity of these proteins is not known. Untransfected cells 
were treated with transfection reagents to control for chemical effects. 
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4.3.1 Determine identity of sumoylated lamin A/C binding partners 

In order to identify the proteins that would correspond to the observed bands, we looked 

to the literature to find known lamin A/C binding partners that are sumoylated and have a 

molecular weight within the range observed. Of the 30 known lamin A/C binding partners (Table 

1), only four are known to be sumoylated. C-Fos and core histones are not compatible with the 

molecular weights of the immunoprecipitated proteins. Lower bands potentially corresponding to 

these proteins were detected, however, their location often overlapped with the reduced IgG 

bands at 50kDa and 25kDa and were therefore not consistently detected. 

Sterol-Regulatory Element Binding Protein (Srebp) 

The other two binding partners are sterol-regulatory element binding proteins 1 and 2 

(Srebpl and Srebp2) transcription factors involved in adipogenesis and cholesterol biosynthesis. 

Srebp is mislocalized in cells with LMNA mutations (Lloyd et al 2002). Interestingly, the 

sumoylated form of Srebpl and 2 corresponds to the approximate size of one of the four 

unidentified bands (Nuclear sumoylated Srebp -80 kDa or cytoplasmic sumoylated Srebp -135 

kDa). 

The interaction between lamin A/C and Srebp has been disputed in the literature (Lloyd 

et al 2002, Capanni et al 2005) so I started by confirming this interaction in my model. Because 

Srebp expression is extremely low in C2C12 cells and is expressed at high levels in rat liver, 

nuclear and cytoplasmic protein was extracted from rat liver and Srebp was immunoprecipitated 

out using an antibody specific to Srebp 1 and 2. In liver, both lamins A and C were co-

immunoprecipitated from the nuclear fraction and not from the cytoplasmic fraction, as predicted 
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Figure 4.8 SREBP and lamin A/C co-immunoprecipitation. Endogenous SREBP was 
immunoprecipitated from (a) rat liver and (b) C2C12 whole cell, nuclear, and cytoplasmic 
protein lysates. Immunoprecipitates were run on 4-20% SDS-PAGE and transferred to 
nitrocellulose membrane. Western blotting for lamin A/C shows interaction between SREBP and 
(a) lamin A and lamin C and (b) lamin C. 
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(Figure 4.8a). However, immunoprecipitation of Srebp from C2C12 cells, from 5mg protein 

compared to 500ug-lmg, co-immunoprecipitated only lamin C, not lamin A in the nuclear 

extract (Figure 4.8b). Because the lamin A and C immunoprecipitations co-immunoprecipitated 

the same proteins, Srebp 1 and 2 are not the unidentified proteins. 

Mesenchymal Lamin Interacting Partner (MLIP) 

Patrick Burgon of the University of Ottawa Heart Institute discovered a novel lamin A/C 

binding protein, Mlip, mesenchymal lamin interacting protein. Mlip has two Sumo consensus 

sequences and an 88 kDa isoform corresponds to the 105-110 kDa sumoylated band from the 

immunoprecipitations. 

In order to characterize the interaction between Mlip and lamins A and C, respectively, 

C2C12 cells were co-transfected with wild type or mutant lamin A or lamin C in fluorescent 

expression vectors and Mlip. Cells were fluorescently stained for Mlip. Wild type Mlip is 

uniformly expressed throughout the nucleus and cytoplasm (personal communications with Dr. 

Burgon). When co-expressed with wild type lamin A, there is no change in the pattern of Mlip 

expression; additionally, wild type lamin A does not appear to colocalize with Mlip (Figure 

4.9a). This same Mlip phenotype is observed in Leu85Arg (DCM), Aspl92Gly (DCM), 

Gln353Lys (DCM), Arg386Lys (AD-EDMD), and Arg482Trp (FPLD) lamin A mutants. 

However, when WT lamin C and Mlip are co-expressed in C2C12 cells, Mlip appears to be 

concentrated solely within the nucleus at the WT lamin C aggregates (Figure 4.9b). This same 

phenotype is observed in the Leu85Arg mutation. In the Aspl92Gly (DCM), Gln353Lys (DCM) 

and Arg386Lys (AD-EDMD) lamin C mutants, Mlip appears concentrated at the mutant speckles 

but is still expressed in the cytoplasm and nucleoplasm. Furthermore, the lamin A and C 
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Figure 4.9 Mutations in lamin C affect Mlip cellular distribution. In wild type cells, Mlip is 
distributed evenly in the nucleus and cytoplasm in C2C12 cells (personal communication with 
Dr. Burgon). (a) WT lamin A and Mlip do not appear to colocalize at the nuclear rim. The 
presence of LMNA mutations does not appear to have an effect on Mlip localization within the 
nucleus. C2C12 cells were transiently transfected with lamin A-CFP and Mlip-pcDNA3 and 
stained for Mlip with a fluorescently tagged secondary antibody, (b) WT MLIP and lamin C 
colocalize within the nucleus. Mlip appears to localize with the mutant aggregates in the DCM 
and EDMD mutant cells. C2C12 cells were transiently transfected with lamin C-dsRed and Mlip-
pcDNA and were stained for Mlip with a fluorescent secondary antibody. 
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immunoprecipitations co-immunoprecipitated the same proteins to the same extent. Mlip appears 

to have a stronger interaction with lamin C compared to lamin A. 

As mentioned earlier, Mlip's amino acid sequence contains two Sumo consensus 

sequences. In order to determine if Mlip is sumoylated by Sumol, endogenous Mlip was 

immunoprecipitated from the C2C12 cells transfected with Sumol-HA. Western blotting for 

Sumol revealed a band at 55 kDa which may correspond to the sumoylated form of a smaller 

Mlip isoform (Figure 4.10). Thus, the 88kDa isoform is not the one sumoylated. 
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Figure 4.10 Mlip is sumoylated by Sumol in C2C12 cells in endogenous Mlip co-
immunoprecipitation. Mlip-endogenous Sumol conjugate and Mlip-exogenous Sumol 
conjugate indicate small isoform of Mlip, approximately 15kDa in apparent molecular weight, is 
sumoylated by Sumol. C2C12 cells were transiently transfected with empty YFP vector, Sumol-
HA, or Sumol-YFP. Nuclear protein was extracted and lysates were incubated with anti-Mlip 
antibody. Immunoprecipitates were run on 4-20% SDS-PAGE and western blotting was 
performed for Sumo 1. 
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Mass Spectrometry 

Because Mlip and Srebp are not the co-immunoprecipitated protein bands, samples were 

sent out for mass spectrometric analysis. In order to differentiate the Sumol-conjugated lamin 

A/C binding partner bands compared to just the lamin A/C binding partner bands, two groups of 

C2C12 cells were used: One with Sumol transfected and the other untransfected. Endogenous 

lamin A/C was immunoprecipitated using an antibody against lamin A/C. 75% of the 

immunoprecipitates were reduced and run on a 4-20% SDS-PAGE gel. Coomassie staining was 

performed and three bands present only in the lane with Sumol transfection were cut out and 

sent out for mass spectrometric analysis (Figure 4.11). 

One protein was identified with reported molecular weight approximately less than the 

observed molecular weight on the SDS-PAGE gel: heterogeneous nuclear ribonucleoprotein U 

(hnRNPU) with a significant protein score of 95. Coomassie blue staining indicated this protein 

to be approximately 120 kDa. The estimated molecular weight reported for hnRNPU is 88 kDa 

(Figure 4.12). One other band, appearing around 65 kDa was identified as albumin with a 

significant protein score of 72 (Figure 4.13). However, albumin presence in C2C12 cells cannot 

be explained so I discarded this identification as a non-informative result. The last band, 

appearing at about 110 kDa was not identified by mass spectrometry (Figure 4.14) possibly due 

to insufficient protein. 
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Figure 4.11 Coomassie blue staining of lamin A/C co-immunoprecipitates sent out for mass 
spectrometric analysis. C2C12 cells were transfected with or without Sumol. Lamin A and 
lamin C were immunoprecipitated by incubation with an antibody against lamin A/C. 
Immunoprecipitates were eluted and run on 4-20% SDS-PAGE for protein separation and stained 
with Coomassie blue dye to visualize proteins. Bands of interest were cut out and sent for MS 
analysis with Alphalyse Inc. 
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Figure 4.12 MS data identifying hnRNPU as one of the four unidentified sumoylated lamin 
A/C binding partners. The band was cut out of the SDS-PAGE from figure 4.11 was seen at 
approximately 120kDa. The sample was called endollOb because it was from an endogenous 
lamin A/C immunoprecipitation and the band was located slightly above the 110 kDa marker. 
The protein analysis report indicates that the estimated molecular weight of hnRNPU is 88kDa. 
The Mascot score is calculated by -10Log(P) where P is the probability that the observed match 
is random (www.matrixscience.com). A score greater than 67 is considered significant (p<0.05). 
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Figure 4.13 MS data identifying albumin as a protein co-immunoprecipitated with endogenous 
lamin A/C. The band was cut out of the SDS-PAGE from figure 4.11 was seen at approximately 
65kDa. The sample was called endo65 because it was from an endogenous lamin A/C 
immunoprecipitation and the band was located in between the 60 and 70 kDa protein markers. 
The protein analysis report indicates that the estimated molecular weight of albumin is 66kDa. 
The Mascot score is calculated by -10Log(P) where P is the probability that the observed match 
is random (www.matrixscience.com). A score greater than 67 is considered significant (p<0.05). 

fE - "c" 
137 - 113 
1 " - - * 4 

; : ; - : ie 
ziz - : e : 

• 4»& 
927 

_ *-4 
_ : : i 
: : * ? 

£9 
50 
s c 
E C 

Zi 

m ; 
926 

^Z*Z 
iZ'.' 
ZZ-i" 

£1 
49 
zl 
s~ 
~ = 

H i ? 
926 

LZzZ 

ZZZ-. 

LIH 

65 
49 
; : 

- 5 c 

54 

-e 
5 

-c" 
- : 
= I 

I Z 

00 
; ; 
I Z 

- * 

76 

http://www.matrixscience.com


Sample name: endol lOa 
Protein Info mint ton 

Protein names Mo kkraUficatkon 

AlphaJys* nwnber: ALPHA15592 
" IHII I I I I I I l l l l • • • • - I . . — I . . . I — . — ^ ^ — III 

G3-fsufnb*r. 

MW; 

Pi-
Maseee scores 

Sequence coverages 

Figure 4.14 MS unable to identify a protein. The band was cut out of the SDS-PAGE from 
figure 4.11 was seen at approximately llOkDa. The sample was called endollO because it was 
from an endogenous lamin A/C immunoprecipitation and the band was located at the llOkDa 
protein marker. No protein was identified. 
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Summary of Chapter 4 Results 

Ubc9 interaction with lamin A/C has previously been reported (Zhong et al 2005), 

therefore I investigated how LMNA mutations disrupt its cellular distribution. Although I show 

an effect on its cellular distribution, I was not able to confirm the interaction between the two 

proteins. I have shown that lamin A/C is not sumoylated by Sumol and identified a novel 

potentially sumoylated lamin A/C binding partner, hnRNPU. Immunoprecipitation of Srebpl 

from C2C12 cells shown that Srebpl interacts with lamin C more than with lamin A and that 

Mlip localization is affected by the overexpression of lamin C more than by lamin A. 
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Chapter 5 - Discussion 
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One of the greatest challenges researchers in the laminopathy field face is in discovering 

the tissue-specific effects of individual mutations. As previously mentioned, there is no direct 

genotype-phenotype relationship in laminopathies. In this thesis, I set out to determine how 

LMNA mutations exert their tissue-specific effects by investigating perturbations in lamin A/C 

interaction with its binding partners, focusing on PKCa signaling and Sumol post-translational 

modification. 

5.1 Mutation in LMNA gene is associated with novel phenotype: lone 

Atrial Fibrillation 

The identification of two novel mutations in the LMNA gene associated with AF in one 

year is very interesting. This discovery has raised more questions in the laminopathy research 

field as we are now faced with one more associated disorder to differentiate. 

5.1.1 AF- and DCM-associated LMNA mutations can cause abnormal 

intranuclear lamin A/C localization 

I compared the nuclear distribution of lone AF-mutant lamin A and C with AF/DCM-

mutants and DCM-mutants. All four mutations are located in the C-terminal globular tail region 

of the lamin A/C protein. Several in vitro studies conclude it is the N-terminal head domain, and 

not the tail domain, that is mainly responsible for head-to-tail associations (Gieffers and Krohne 

1991, Moir et al 1991, Heitlinger et al 1992, Isobe et al 2007), however none of them can 

conclusively state the C-terminal tail domain's exact biological function (Dhe-Phagnon et al 

2002). The non-helical tail domain is composed entirely of Beta sheets (Dhe Phagnon et al 2002) 
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and is the location of a phosphorylation site necessary for lamin disassembly during mitosis 

(Heald and McKeon 1990). 

The location of the Thr528 and Arg541 residues are of special importance to the C-

terminal tail of lamin A/C. They are among 32 amino acids that form the densely packed 

hydrophobic core of the tail (Dhe-Phagnon et al 2002). The Thr528 and Arg541 are highly 

conserved among intermediate filament proteins (Krimm et al 2002) and among lamins of other 

species (Dhe Phagnon et al 2002). The mutations we analyzed at these sites, Thr528Met and 

Arg541Gly, present a phenotype with multiple aggregates of the mutant proteins, and often the 

formation of sickles connecting these aggregates. Residue 528, Threonine, is a polar neutral 

residue that points towards the core of the P-sandwich. The alcohol group of its side chain forms 

hydrogen bonds with the backbone and other side chain oxygens in order to stabilize the 

configuration of the lamin Ig-domain P-sheets (Krimm et al 2002). Methionine has a non-polar 

neutral side chain which would weaken the interactions and has a low potential for Hydrogen 

bonding. It is also a START codon that signals the initiation of protein translation from mRNA. 

The Arginine at residue 541 contains a buried polar positive side chain that stabilizes the P-

sandwich via hydrogen bonding and contacts with the core of the Ig-domain (Krimm et al 2002). 

Glycine's nonpolar neutral side chain, like Methionine, will interfere with these interactions. The 

altered polarity caused by the mutations appear to be affecting the higher order assembly of 

lamin A/C tails by forming aggregates and sickles. The formation of the sickles, compared to the 

aggregates, indicates a particular level of proper filament formation as it appears the proteins are 

still weakly associating with one another. This may also affect its interaction with its binding 

partners, thus affecting their specific functions. 
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The formation of these "sickles" has not been reported in any other studies of LMNA 

mutations. However, others have identified similarly shaped lamins in vitro. Broers et al (1999) 

identified similar shapes in cells transfected with lamin A with exon 10 deleted. They called 

these shapes "intra- and trans-nuclear tubule-like structures". No studies have investigated the 

effect of the aggregating lamins on nuclear strength, however we and others have shown 

increased mobility of mutant lamins as well as a reduced ability to form contacts with the inner 

nuclear membrane (Broers et al 2005, Sylvius et al 2008). From these studies we can infer that 

the aggregates and sickles are reducing the lamina stability. 

The presence of cytoplasmic lamins in 10% of cells expressing Thr528Met and 

Arg541Gly mutations has never been reported with any other LMNA mutations. A tail-deletion 

model of lamin, truncated at residue 407 before the NLS, results in the formation of tubular 

lamins solely in the cytoplasm similar to what I observed (Loewinger and McKeon 1988, Holtz 

et al 1989). These lamins were localized around the nucleus at the ER based on ER 

colocalization studies (Holtz et al 1989). Although lamins have not been found in the cytoplasm 

in laminopathy mutations, its binding partners Emerin and Nesprin la have been found localized 

to the ER in skin fibroblasts of LGMD patients with a LMNA mutation (Muchir et al 2003), in 

MEFA cells (Sullivan et al 1999) and in RNAi treated HeLa cells (Harborth et al 2001). 

Indirect immunofluorescent staining of transfected C2C12 cells for the endoplasmic 

reticulum protein, calreticulin, indicates a partial colocalization with the cytoplasmic mutant 

lamin A/C. The nuclear shape of the C2C12 cells is still in tact which means that the nuclear 

contents will not leak out into the cytoplasm. However, it is likely that due to the reduced 

integrity of the nuclear envelope due to the LMNA mutations, the mutant lamin A/C proteins 

were able to approach the endoplasmic reticulum membranes by the outer nuclear membrane 
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continuity with the NPC. In the aforementioned articles regarding Emerin and Nesprin 

mislocalization, they attribute this to the function of lamin A/C as a scaffold that anchors the 

proteins at the nuclear envelope. 

The discovery of a lone Thr528Met point mutation is the first time this mutation has been 

found without another mutation. It has been described twice in clinical cases in the presence of 

another mutation. Savage et al (2004) found point mutations Thr528Met and Ser583Leu together 

in a family with FPLD and Verstraeten et al (2006) found Thr528Met and Met540Thr in an 

HGPS patient. The HGPS patient's skin fibroblasts showed a honeycomb pattern of lamins A 

and C. This honeycomb pattern was previously seen in an EDMD patient (Arg545Cys; Kandert 

et al 2009), an FPLD patient (Arg439; Verstraeten et al 2009, Serl43Phe; Kandert et al 2007), 

and in multiple other laminopathies (Muchir et al 2004). Another mutation at residue Thr528 has 

been described in a family with AD-EDMD (Bonne et al 2000), Thr528Lys. Expression of this 

mutation in C2C12 cells has no effect on lamin distribution (Ostlund et al 2001). I hypothesize 

that this substitution probably does not affect lamin assembly since Threonine and Lysine both 

have polar side chains and thus can still face into the centre of the p-sandwich (Krimm et al 

2002). 

We are the first group to identify and characterize the point mutation Arg541Gly (Malek, 

Labib et al Manuscript submitted, Clinical Genetics). Our group previously characterized another 

point mutation found at this site, Arg541Ser, which converted Arginine to Serine, which has a 

polar neutral side chain in a family with DCM (Sylvius et al 2005). Here, lamin C Arg541Ser 

was transfected into Cos7 cells. The cells developed a phenotype with multiple, spherical 

aggregates, however no work was done with co-transfection of mutant lamin A and lamin C. 

Three other groups also found a mutation at this site, Arg541Cys, in a patient with apical left 
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ventricular aneurism (Forissier et al 2003), DCM (Saj et al 2009), and cardiac arrest and left 

ventricular fibrosis (Hookana et al 2008). None of these groups performed experiments on 

cellular models. Skin fibroblasts from a DCM patient with Arg541Cys mutation had blebs in the 

nuclear envelope (Muchir et al 2004). We are currently investigating the expression of lamin 

A/C with p.Arg541Cys. This residue can be considered a hotspot for DCM, however, a family 

with EDMD has also been reported with a mutation at this site, Arg541His (Vytopil et al 2003). 

The formation of a stop codon at Ser431 and Tyr481 results in the truncation of the lamin 

A/C protein at the beginning of the C-terminal tail. The location of the two mutations are past the 

site of phosphorylation (Ser392) necessary for lamin disassembly during mitosis (Heald and 

McKeon 1990) thus allowing for proper lamin assembly and function during the cell cycle. 

However, the Tyr481 locus is the base of the C-terminal tail's larger groove, which is reported to 

serve as a site for intermolecular interactions (Dhe-Phagnon et al 2002). Thus, termination of 

lamin A/C before this groove will affect the formation of Beta sheets. Deletion of the C-terminal 

tail downstream of the NLS eliminates the 3' CAAX motif, responsible for membrane 

localization, which explains the presence of the lamin A/C aggregates within the nucleus and not 

at the inner nuclear membrane. Furthermore, the Ig-fold domain's function is to mediate 

interactions with other proteins (Dhe-Phagnon et al 2002), including inner nuclear membrane 

protein Emerin (Clements et al 2000). Our results indicate that the loss of the C-terminal tail 

affects the secondary assembly of lamin A/C into filaments. Two groups have reported a 

mutation at the Tyr481 locus in patients with LGMD (Kitaguchi et al 2001, Spuler et al 2005). 

No publications have reported a mutation in LMNA at the Ser431 site. 
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5.1.2 AF- and DCM-associated LMNA mutations affect PKCa cellular 

distribution 

The functional consequence of the nuclear translocation of PKCa with respect to 

laminopathies is unknown. Under normal circumstances, PKCa is found throughout the 

cytoplasm and at perinuclear regions, and to a very small extent within the nucleus (Leach et al 

1989, Neri et al 1994). However, upon stimulation by phorbol-12-myristate-13-acetate (PMA) 

and insulin-like growth factor 1 (IGF-1), PKCa translocates to the nucleus (Leach et al 1989, 

Divecha et al 1991, Neri et al 1994, Zini et al 1995, Neri et al 1998). The mode and the function 

of nuclear translocation are not well understood. Zini et al (1995) found that 50% of nuclear 

PKCa are associated with the nuclear matrix compared to only a small percentage with 

cytoplasmic filaments, perhaps implicating them in nuclear structure. Furthermore, PKCa 

translocation to the nucleus appears to be dependent on cytoplasmic integrity (Schmalz et al 

1996). When the cytoskeleton is disrupted, PKCa nuclear translocation cannot be induced. 

This appears to be in opposition to my theory that the disrupted lamina integrity by the 

Thr528Met and Arg541Gly mutations cause a disturbance of the cytoskeletal network, as seen in 

MEF"/_ cells where mechanical compression results in a disorganized cytoskeleton (Broers et al 

2004). Thus, it is possible that non-PMA- and non-IGF-induced PKCa nuclear transport is 

associated with nucleo-cytoskeletal interactions. PKCa nuclear translocation is not associated 

with classical methods of nuclear transport such as the use of NLS and NPC (Schmalz et al 1996, 

1998). It is also possible that the nuclear disruption due to the LMNA mutations prevents the 

nuclear export of PKCa, however there is no work in the literature that supports this theory. 

Interestingly, PKCa has been shown to induce MAPK activation (Braz et al 2002) via 

ERK1/2 phosphorylation in cells induced for PKCa nuclear translocation. His222Pro mouse 
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hearts also show an increase in MAPK activation (Muchir et al 2009a). My work appears to link 

these two studies, suggesting that the destabilization of the nuclear lamina induces PKCa nuclear 

translocation which then activates the MAPK signaling cascade, thus leading to the development 

of the cardiac phenotype in laminopathies. 

PKCa is strongly implicated in cardiac hypertrophy in addition to the MAPK activation. Braz 

et al (2002) and Vijayan et al (2004) also showed that PKCa, and not other PKC isozymes, was 

able to induce hypertrophy via enhanced sarcomeric organization, increased ANF expression, 

•J 

increased cell surface area, and increased H -leucine incorporation. Furthermore, inhibition of 

PKCa expression via dominant-negative adenoviral infection suppressed the induced 

hypertrophy. 

Although myocyte hypertrophy is associated with DCM according to patient histology, the 

cells do not express all the markers of classic hypertrophy (Ahmad et al 2005). Furthermore, lone 

AF by nature does not present with other cardiac abnormalities. At this time, we cannot make a 

further causative link between PKCa and DCM or AF. We are currently determining the effect 

of the LMNA mutations on PKCa cytoplasmic and nuclear activity. In this vein, we are using two 

common methods of determining PKCa activation: PKCa phosphorylation and Histone HI 

activation. PKCa is phosphorylated upon activation and measurement of its phosphorylation has 

become a marker of its activation (Ng et al 1999). We are performing western blotting for 

phosphorylated PKCa in nuclear and cytoplasmic cell fractions to determine how the mutations 

are affecting PKCa function. If we see an effect by this method, we will confirm by performing a 

kinase assay on histone HI, a known PKCa substrate. 
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5.2 Lamin A/C plays an integral role in the Sumol process 

Sumoylation is a post-translational modification which commonly targets proteins 

involved in transcriptional regulation, most often repression. Certain LMNA mutations disrupt 

the Sumol sumoylation process via the impaired nuclear distribution of its major components, 

Sumol and Ubc9 (Sylvius et al 2005, Boudreau, Labib et al manuscript in preparation). This has 

the potential to affect the post-translational regulation of tissue-specific sumoylated proteins, 

which can lead to the tissue-specific symptoms observed in patients with various laminopathies. 

Although lamin A/C contains three Sumo consensus sequences and Sumol colocalizes 

with mutant lamin A/C, I did not identify any interaction between the two proteins. In 2008, 

Zhang and Sarge found that lamin A/C is preferentially modified by Sumo2/3 over Sumol, at 

Lys201 within a Sumo consensus sequence. DCM-associated LMNA mutations within the Sumo 

consensus motif, Glu203Gly and Glu203Lys, decreased sumoylation of lamin A. They state that 

the function of lamin A sumoylation is in correctly localizing the lamin A protein since 

mutations at Lys201 and Glu203 resulted in the formation of intranuclear foci (Zhang and Sarge 

2008). However, this presentation is not unique to these mutations and may not be directly 

associated with altered lamin A sumoylation (see Introduction Models of Laminopathies 

section). The functional significance of Sumo2/3 conjugation compared to Sumol were not 

discussed, however since Sumo2/3 is involved in acute and reversible stress response (Saitoh and 

Hinchey 2000), altered sumoylation of lamin A by Sumo2/3 may result in a defective stress 

response mechanism. This agrees with the data from Zhang and Sarge (2008) which showed 

increased cell death in mutant cells. 
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Given that WT lamin A/C is not sumoylated by Sumol, we hypothesized that the 

disruption of components of this process in our mutants could be occurring due to the 

introduction of novel sites of sumoylation, causing lamin A/C to be sumoylated. The mutations 

we have investigated (Aspl92Gly, Gln353Lys, Arg386Lys) do not introduce new consensus 

sequences, however Gln353Lys and Arg386Lys do introduce new lysine residues that may be 

sumoylated by Sumol. Since Aspl92Gly is one of the two mutations with the most significant 

effects on Sumol conjugation (Boudreau, Labib et al manuscript in preparation), we discarded 

this hypothesis as a potential mechanism of action. 

The presence of Sumo consensus sites however does not necessarily imply a target will 

be sumoylated. There are many examples where this is the case, such as the ubiquitin E3 ligase 

Mdm2 (Miyauchi et al 2002), the Epstein-Barr virus immediate-early gene BZLF1 (Adamson 

and Kenney 2001), the transcription repressor and death-domain-associated-protein Daxx (Jang 

et al 2002), the transcription factor cAMP-response element-binding protein (CREB) (Comerford 

et al 2003), and the intracellular effector protein Smad4 which is sumoylated at 2 lysines - one in 

a consensus motif and the other not (Lin et al 2003). The protein's conformational state has been 

proposed as the determining factor for sumoylation as seen with the ubiquitin E2 enzyme E2-

25K (Pichler et al 2002). The Sumo attachment site is a lysine residue not in a consensus 

sequence whereas neighbouring Sumo consensus lysine residues are not modified. Furthermore, 

certain target proteins depend on other post-translational modifications to be recognized by 

Sumo's E2 conjugating enzyme, Ubc9, such as phosphorylation (see Introduction). No PDSM is 

present in the lamin A/C amino acid sequence, nor is there a NDSM. 
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5.2.1 An apparent paradox - lamin A/C is sumoylated by Sumo2/3 but doesn't 

interact with Ubc9? 

Interestingly, although I show an effect of LMNA mutations on the cellular distribution of 

Ubc9, I could not replicate the interaction between lamin A/C and Ubc9 as seen in Zhong et al 

(2005). Which begs the question, if lamin A/C are sumoylated by Sumo2/3 (Zhang and Sarge 

2008) why do we not see an interaction between lamin A/C and Ubc9? There are two possible 

explanations for this apparent paradox - (i) Tissue-specific sumoylation and (ii) Ubc9-

independent sumoylation. 

Zhang and Sarge (2008) showed lamin A/C sumoylation by Sumo2/3 in HeLa cells, 

human skin fibroblasts, and in mouse heart extracts. They performed endogenous and exogenous 

co-immunoprecipitations in these cell models. The lamin A/C-Ubc9 interaction was confirmed in 

human skin fibroblast cells (Zhong et al 2005). I attempted to replicate the lamin A/C-Ubc9 

interaction in C2C12 mouse myoblast cells and in Cos7 kidney cells. I theorize that there are 

cellular factors inherent to skin fibroblast cells that promote lamin A/C sumoylation and Ubc9 

interaction, thus implying tissue-specific sumoylation. 

The tissue distribution of sumoylated proteins has not been well documented. It is widely 

accepted that Sumol, Sumo2, and Sumo3 are ubiquitously expressed in all tissue types, however 

the determination of their relative abundance has been neglected. Xu and Au (2005) delineated 

the tissue distribution of Sumol, Sumo2 and Sumo3 indicating subtle differences in expression. 

Sumol appears mostly evenly expressed with marginally higher expression in the pancreas, liver 

and testes, while Sumo2 and Sumo3 have a more varied expression pattern with low expression 

in muscle, kidney and lung cells and high expression in spleen, liver, ovaries, and heart. This 

may explain why my co-immunoprecipitations did not identify endogenously sumoylated lamin 
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A/C by Sumol in muscle and kidney cell lines. Interestingly, in plants, sumoylation was recently 

shown to occur in a tissue-specific manner as well (Reed et al 2010). 

Regardless, this tissue-specificity concerning individual proteins has been neglected. 

Hemelaar et al (2004) performed gel electrophoresis on cell lysates incubated with radioactively 

labeled Sumo 1. They identified four bands that were expressed in a tissue-specific manner with 

expression in mouse thymus or spleen or in a mouse lymphoma cell line, EL-4 (Hemelaar et al 

2004) however they did not discover the identity of the proteins. 

In support of this tissue-specific hypothesis, Kagey et al (2003) proposed that a target's 

specific E3 ligase must be present to promote sumoylation. In this study they identified carboxy-

terminus binding protein 2 (CtBP2) as a Sumo conjugate in vitro but not in vivo. In vitro, they 

were able to enhance conjugation with a particular E3 ligase, Pc2 (Kagey et al 2003). Perhaps the 

cellular models I used, Cos7 and C2C12, do not endogenously express the E3 ligase inherent to 

fibroblast cells that facilitate lamin A/C sumoylation and Ubc9 interaction. 

My second explanation for the discrepancies in my data is that lamin A/C is sumoylated 

by Sumo2/3 in a Ubc9-independent manner. It is commonly accepted that Ubc9 is necessary for 

substrate recognition and subsequent ligand binding. However, the assumption that all 

sumoylated proteins interact with Ubc9 has yet to be tested. For example, the study that 

determined CREB sumoylation by Sumol did not determine if Ubc9 interacts with the protein 

(Comerford et al 2003). Interestingly, CREB sumoylation occurs at non consensus motifs. Ubc9 

is reported to undergo substrate recognition at the consensus motifs (Rodriguez et al 2001, 

Bernier-Villamor et al 2002). 

Thus, perhaps the interaction between lamin A/C and Ubc9 reported in 2005 (Zhong et 

al) was not real. There were a number of inconsistencies which beg us to ask if the interaction 
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reported was an artifact. The purpose of the study was to find novel and specific interacting 

partners to progerin, the truncated form of lamin A seen in HGPS patients. To do this, they 

performed a yeast-2-hybrid with progerin as bait, screening a generic Matchmaker library. Of the 

22 clones that were sequenced, two of them matched Ubc9. This interaction between progerin 

and Ubc9 was confirmed using endogenous co-immunoprecipitation from human fibroblast cells. 

No results for this were shown. This interaction was confirmed using an in vitro pull down for 

Ubc9, as well as for the three other novel binding partners they identified. Results were only 

shown for one of the partners, hnRNPEl. This was followed by endogenous co-

immunoprecipitation of lamin A/C and Ubc9 from patient fibroblasts. No positive or negative 

controls were employed. 

Furthermore, the antibody used to immunoprecipitate Ubc9 is a monoclonal anti-E2 

antibody (ProteinTech Group) which recognizes not only Ubc9, but potentially all E2 

conjugating enzymes involved in the conjugation of Ubiquitin and Ubiquitin-like proteins. 

Following dozens of failed attempts on my part to co-immunoprecipitate wild type lamin A/C 

and Ubc9, using various extraction protocols, immunoprecipitation buffers, beads and cell types, 

we purchased the antibody used in this paper and tested its specificity. Figure 5.1 represents the 

non-specific nature of the anti-E2 antibody used in this paper compared to the anti-Ubc9 

antibody used in my experiments. Based on these findings, it is possible that one of the proteins 

that this antibody recognizes interacts with lamin A/C. 
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5.2.2 Significance of Ubc9 mislocalization 

I show that regardless of lamin A/C localization, Ubc9 faithfully colocalizes with it. 

Lamin A/C is proposed to act as a scaffold where different proteins rest (Heessen and Fornerod 

2007). This could explain Ubc9 mislocalization to mutant aggregates, however I could not 

identify any discernable interaction between the two proteins, endogenously or exogenously. I 

then hypothesized that this "shadowing" of Ubc9 with lamin A/C is due to the mislocalization of 

the NPCs, since lamin A/C anchors and spaces them and since Ubc9 is known to localize there. I 

show that RanGAP is mildly mislocalized to the nucleus and not at the nuclear rim in the 

presence of certain lamin A/C mutants. This indicates that Ubc9 may interact with an 

intermediate protein that binds lamin A/C and that when lamin A/C are found in mutant 

aggregates this protein moves Ubc9 and potentially other components of the NPC within the 

nucleus. We are currently investigating this theory by determining the effect of the LMNA 

mutations on the localization of Nupl53, a NPC protein known to interact with lamin A/C and 

components of the sumoylation pathway (Zhang et al 2002). 

5.2.3 The identity of the four unknown sumoylated lamin A/C binding 

partners 

During my attempts to determine if lamin A/C are sumoylated by Sumol, I noticed bands 

in my immunoprecipitation western blots that could correspond to sumoylated lamin A/C 

binding proteins. We were interested in identifying the binding partners in an attempt to identify 

known lamin A/C binding partners that are sumoylated in our cellular system, mouse myoblasts, 

as they relate to muscular dystrophy's sometimes present in DCM patients with LMNA 

mutations. 
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The four bands there were consistently shown were between 80 and 160 kDa, therefore 

the identified proteins would be -15 kDa smaller (since Sumol is ~11 kDa and the HA tag adds 

about 4 kDa). Of the over 30 known lamin A/C binding partners (Table 1), only four are known 

to be sumoylated by Sumol in mammalian cells - c-Fos, core histones and Srebpl and Srebp2. 

C-Fos and core histones are ubiquitously expressed and are not compatible with the molecular 

weights of the identified proteins. Lower bands were detected that may correspond to these 

proteins, however, their location often overlapped with the reduced IgG bands at 50 kDa and 25 

kDa and where therefore not consistently detected. Srebp therefore became the prime candidate 

as the unknown binding partners - its nuclear and cytoplasmic forms being 68 and 125 kDa, 

respectively. 

SREBP 

Although Srebpl is not one of the four unknown sumoylated lamin A/C binding partners, 

it is an interesting candidate for determining the tissue-specific effects of LMNA mutations, 

especially with respect to lipodystrophies. As I mentioned in the introduction, Srebpl is retained 

at the nuclear rim in FPLD skin fibroblasts. Under normal circumstances when cellular demand 

for sterol rises, Srebpl which is anchored in the membranes of the ER travels to the Golgi where 

it is cleaved from its inactive form (125 kDa) to its active form (68 kDa). This transcriptionally 

active Srebp 1 translocates to the nucleus and activates the expression of PPARy by binding to its 

sterol response element promoter sequence. PPARy targets the peroxisome proliferator response 

element (PPRE) to regulate the expression of genes involved n adipogenesis and insulin 

sensitivity. Maraldi et al (2007) proposed a model for Srebpl in adipocytes and pre-adipocytes in 

FPLD cells where Srebpl is retained at the nuclear rim. Here, Srebpl will have lost its DNA-

binding ability thus impairing PPARy-dependent adipogenesis and reducing insulin sensitivity. 
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Srebp sumoylation by Sumol represses its transcriptional activity (Hirano et al 2003). 

Overexpression of constitutively active Sumol reduced the amounts of Srebp effectors HMG-

CoA synthase and LDL receptor mRNA. Furthermore, luciferase reporter assays determined that 

Srebps mutated at Sumo binding sites were transcriptionally inactive. The authors did not 

comment on whether the repression is due to Sumo blocking Srebp's interaction site with co-

factors or if the modification affects Srebp's DNA-binding affinity. 

I propose that in FPLD cells with LMNA mutations, Srebp 1 is retained at the nuclear rim 

because of over-sumoylation by Sumol (Figure 5.2). We have shown an increased nuclear 

retention of Sumol in lamin A/C mutant cells and in the His222Pro mutant EDMD mouse model 

(Boudreau, Labib et al manuscript in preparation). This nuclear Sumol may be constitutively 

modifying Srebp 1 at the nuclear rim, thus preventing it from binding DNA. Srebp trapping at the 

nuclear rim is also preventing it from proteasomal degradation by ubiquitin (Hirano et al 2001). 
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Figure 5.2 Schematic diagram of Srebp function in pre-adipocyte/adipocytes in normal and 
diseased states. Upon detection of increases in sterol levels, the Srebp precursor moves from the 
endoplasmic reticulum to the Golgi apparatus where it is cleaved into its active form. The active 
Srebp translocates to the nucleus where under normal conditions it activates adipogenesis. 
However, in FPLD patients, Srebp is trapped at the nuclear rim. I hypothesize that these trapped 
Srebp are sumoylated by Sumol which has been shown to inhibit its transactivation ability. 
Squares represent Srebp. Ovals represent Sumol. 
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MLIP 

Identifying Mlip as a potentially sumoylated protein has great implications on Mlip's 

function as a myogenic transcription factor, since many of Sumol's target proteins are 

transcription factors. C2C12 cells not expressing Mlip display reduced myotube formation and a 

decreased expression of myogenin, myoD and myosin heavy chain (MHC). Inhibition of 

myogenesis due to transcriptional repression induced by sumoylation may play a role in the 

development of striated muscle laminopathies, especially of the muscular dystrophies. Our lab 

has shown that in the presence of laminopathic mutations there is an increase in the conjugation 

of Sumol to its nuclear targets (Boudreau, Labib et al Manuscript in preparation). Thus if Mlip is 

not being de-sumoylated in striated muscle this can lead to the inhibition of muscle 

differentiation seen in muscular dystrophies associated with LMNA mutations (Figure 5.3). 
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Figure 5.3 Schematic diagram of myocyte nucleus showing effect of Mlip sumoylation in 
normal and diseased states. I hypothesize that under normal circumstances, non-sumoylated 
Mlip is capable of binding DNA and activating myogenesis. Steady-state sumoylation is also 
present. In cells of patients with LMNA mutations, Mlip may be constitutively sumoylated thus 
inhibiting myogenesis and leading to dystrophic conditions seen in laminopathies. Squares 
represent Mlip. Ovals represent Sumol. 
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HNRNPU 

The samples sent out for mass spectrometric analysis yielded one protein that is a 

reported lamin A/C binding partner - hnRNPU. The hnRNPs are a family of over 30 RNA 

binding proteins, termed hnRNP Al through U. They play a major role in the regulation of pre-

mRNA splicing, pre-mRNA 3' end processing and polyadenylation, and mRNA nuclear 

transport. HnRNPs translocate mRNA to the cytoplasm via nuclear pore complexes. HnRNPU 

has an estimate molecular weight of 88kDa, the largest of the hnRNP family, however western 

blotting shows them to be -120 kDa likely due to their multiple phosphorylation sites (Kiledjian 

and Dreyfuss 1992). In 2004, Vassileva and Matunis identified two hnRNPs as Sumo modified 

proteins. As part of their work, they performed an immunoprecipitation of S-Methionine 

labeled hnRNP complexes and ran them on 2D gels. The gels were incubated with Sumo 

enzymes in the presence or absence of ATP. Here they identified strong spots representing 

hnRNP C-Sumo and M-Sumo. On the same gels, there is a faint spot slightly above hnRNPU in 

the presence of ATP, indicating it may be post-translationally modified by Sumo. The writers of 

this paper did not further investigate this. Incidentally, hnRNPU has multiple potential 

sumoylation sites (Figure 5.4). HnRNPEl was shown to interact with lamin A/C in the same 

paper that identified the interaction with Ubc9 (Zhong et al 2005). This was the protein that all 

the results were shown for. 

Since the band identified migrated to 120 kDa, this does not correspond to a Sumol-

shifted hnRNPU. However, it was present only in the lane of the Sumol transfected cells. This 

may imply that the increase in Sumol expression resulted in an upregulation of this protein 

and/or may have stimulated the interaction between lamin A/C and hnRNPU. The function of 

this effect warrants further investigation. 

99 



• mssspvnvkk Ikvselkeel kkrrlsdkgl kadlmdrlqa 
aldneaggrp amepgngsld lggdaagrsg agleqeaaag 
aeddeeeegi aaldgdqmel geengaagaa dagameeeea 
asedengddq gfqegedelg deeegagden ghgeqqsqpp 
aaaaqqqpsq qrgagkeaag kssgptslfa vtvappgarq 
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giktcncete dygekfdend vitcfanfet develsyakn 
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frgrgnnrgy knqsqgynqw qqgqfwgqkp wsqhyhqgyy 

Figure 5.4 hnRNPU amino acid sequence indicating the location of the Sumol consensus 
sequences. 
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I was not able to determine the identity of the four proteins seen on the western blot. This 

could be because the Coomassie blue staining of the weaker bands were washed off during the 

process. On the other hand, not seeing any difference between the immunoprecipitation of lamin 

A/C with and without Sumol transfection implies that the bands I saw on my western blot did 

not belong to sumoylated lamin A/C binding partners. We will continue attempting to identify 

these partners. 

5.3 Differential function of lamin A and lamin C 

As I mentioned in the Introduction to my thesis, there is conflicting data on the nuclear 

distribution of lamin A/C. Nuclear staining of cells indicate lamin A/C localization at the inner 

nuclear membrane, however Hozak et al (1995) hypothesized that there are nucleoplasmic 

lamins but antibodies could not penetrate to the core because of densely packed chromatin. They 

used restriction enzymes to cut through the chromatin fibers and found lamins within the nuclear 

regions. This initiated a series of studies using GFP fused lamins which allows for the 

visualization of the lamins in living cells and without the issue of poor antibody penetration 

(Broers et al 1999, Moir et al 2000b). In my studies, I also used lamins fused to GFP or GFP 

mutants (CFP, YFP). In cells expressing lamin A and lamin C, the lamins can be seen at the 

nuclear rim but also within the nucleoplasm, consistent with previous findings. The function of 

the nucleoplasmic lamins are varying. They have been implicated in cell proliferation and 

inhibition of DNA replication (Kennedy et al 2000, Moir et al 2000a), transcription (Spann et al 

2002) and chromatin organization (Shimi et al 2008, Vaughan et al 2000). 
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The cellular distribution of lamin C is another topic of debate. Cellular studies have 

shown that overexpression of lamin C leads to localization in the nucleus as aggregates (Pugh et 

al 1997, Vaughan et al 2001, Sylvius et al 2005, Sylvius et al 2008). However, other studies 

show lamin C localization to be identical to lamin A localization (Gerace et al 1984, Raharjo et 

al 2001, Fong et al 2006). These studies employed different methods in order to reach their 

conclusions. Gerace et al (1984) found that although lamin A and lamin C incorporated in the 

nuclear envelope, their relative rates of incorporation differed - lamin A incorporates itself 

significantly faster than does lamin C. Pugh et al (1997) microinjected fluorescently labeled 

lamin A and lamin C in quiescent 3T3 cells and saw that lamin A and lamin C follow separate 

assembly pathways but that lamin C depends on lamin A levels for nuclear envelope 

incorporation. Thus, in my studies, I worked with either lamin A and lamin C separately or 

together in 1:1 ratios to restore stoichiometry in order to study both pathways. Consistent with 

Pugh et al (1997) and Gerace et al (1984), I see that lamin C overexpression results in the 

formation of intranuclear lamin aggregates, however, once stoichiometry is restored, lamin C 

localization is at the inner nuclear membrane. In support of this hypothesis, Vaughan et al (2001) 

studied lamin A and lamin C organization in SW13 cells, which express lamin A at minimal 

levels, and they found that here, lamin C is detected as aggregates within the nucleoplasm, 

perhaps within the nucleolus. This indicates that there is some dependence on lamin A for 

nuclear rim localization. 

We and others have also shown that the individual isoforms behave differently when 

mutated (Raharjo et al 2001, Sylvius et al 2008). If the same mutation can affect the individual 

isoforms in different ways, this could implicate each of them in alternate mechanisms that lead to 

laminopathies. In support of this, I have shown that lamins A and C display different affinities 
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for their binding partners. In C2C12 cells, Srebpl appears to interact exclusively with lamin C 

while Mlip appears to colocalize more strongly with lamin C than with lamin A. Furthermore, 

Sumol is seen sequestered within lamin C aggregates to a greater degree than when lamin A and 

C are co-expressed (Sylvius et al 2005, Boudreau, Labib et al manuscript in preparation). In 

order to account for these apparent discrepancies, we must study the individual isoforms 

separately and together. 

5.4 A possible explanation for the lack of genotype-phenotype 

relationship 

I would like to address the biggest issue facing the laminopathy research field - the lack 

of genotype-phenotype relationship, specifically among diseases affecting the striated muscle 

(Figure 1.4). I propose that the LMNA mutations are pathological only in that they cause the 

lamina to be more susceptible to viral infection. 

The nuclear lamina plays an important role as a barrier to most viruses. Upon infection, 

the viral genome is transported to the nucleus via the NPC (Greber et al 2003). The viral DNA 

undergoes replication and packaging within the host's nucleus but the ~120nm nucleocapsid 

cannot be released through the NPC that can accommodate a maximum of 38nm. Viral protein 

kinases have been shown to phosphorylate lamin A/C resulting in the dissolution of the nuclear 

lamina, simulating lamin A/C phosphorylation during mitosis, allowing the viral capsid to exit 

the nucleus (Mou et al 2007, Lee et al 2008). 

For years, researchers have theorized that a proportion of idiopathic DCM is due to a 

previous exposure to a virus (Martino et al 1993), however, it can be very difficult to recognize 
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evidence of a viral infection as time progresses (Dec et al 1985). I hypothesize that the LMNA 

mutations are pathogenic simply because they cause the lamina to be more susceptible to 

successful viral infection. Furthermore, lamin A/C expression was found to be down-regulated in 

cardiac tissue biopsies from patients with DCM (Asakura and Kitakaze 2009), indicating that 

even in the absence of LMNA mutations, muscle weakness is associated with lamin A/C 

expression. 

This theory has not been studied with respect to LMNA mutations and DCM, however, a 

link has been made between DCM associated with the dystrophin gene and virally mediated 

DCM (Badorff et al 1999, Xiong et al 2002) where they found that Coxsackieviral protease 2A 

cleaves dystrophin and that viral replication and release is more efficient in dystrophin deficient 

mice, respectively. As I mentioned in the Introduction, the penetrance of LMNA mutations with a 

disease is not 100% (see Figure 1.4 asymptomatic patients), therefore, an environmental 

explanation for the wide variety of disorders associated with the mutations is an interesting path 

to take in the study of laminopathies. 

5.5 Conclusions 

In my thesis, I have presented evidence for my main hypothesis, that LMNA mutations 

exert their tissue-specific effects via the perturbation of lamin A and C's specific interacting 

partners. 

With the intention of detecting the specific cellular phenotypes associated with three 

cardiac-specific disorders with LMNA mutations, I have shown that a lone AF-associated 

mutation and a DCM-associated mutation result in PKCa misloclaization to the nucleus. The 

deregulation of PKCa signaling may have serious downstream consequences that can attribute to 
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the symptoms observed in cardiac-specific disorders. Although no discernable differences in the 

cellular distribution of lamin A and C were observed, I did identify two previously unreported 

lamin A/C characteristics that may help us in understanding the function of the protein in the cell 

and in the development of cardiac-specific laminopathies: cytoplasmic lamin A/C extrusion and 

sickle-shaped lamin A/C aggregates. Both phenotypes point to the formation of a weakened 

lamina which will make the affected cells more susceptible to damage under constant mechanical 

stress in contractile tissues, such as cardiac and skeletal muscles. 

On the other hand, I have also implicated Sumol post-translational modification in the 

development of laminopathies by identifying a mislocalization of Ubc9, the Sumo E2 

conjugating enzyme, in the presence of LMNA mutations. I have also identified a potentially 

novel sumoylated lamin A/C binding partner, hnRNPU. The indirect disturbance of the Sumol 

process because of LMNA mutations will affect the function of its tissue-specific substrate 

proteins. Identifying these substrates will help determine how LMNA mutations exert their tissue-

specific effects. 

Furthermore, I have furthered our current knowledge about the different functions of 

lamin A and lamin C with respect to their differential interactions with Srebpl and Mlip, 

adipocyte- and muscle-specific binding partners, respectively. Lamin A and C both interact with 

Srebpl in rat liver lysates, however only lamin C interacts with Srebpl in myoblast cells. 

Similary, Mlip localization appears to be affected by lamin C more so than by lamin A. I have 

also provided novel hypothetical mechanisms of how LMNA mutations result in their altered 

activity via disabled Sumoylation which will either trap these transcription factors at the mutant 

aggregates or at the inner nuclear membrane. 
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Put iLhl j -J^nl i tK Mi I LhiLidi** 20JM *v_ Sprr 

file:///einot
file:///bstract


Hisic Hi-, f j i j i j i 

that a Ian:.: etelcti.m in L\!\A a s s . oa t cd with reduced 

leveLs o t the protein in the nuclear envelope supjresiinp a 

haplomsutriciency mechanism can lead to eardiomyoeyte 

nuclear envelops disruption and thus underlie the patho-

penesis A D t ' M . 

k e y w o r d s Lamm A t ' Jhymopoietin Mutation • 

Dilated cardiomyopathy • t 'ardiomyocyte • 

Nuclei:-. Utnstn:,cture 

In t roduc tux i 

Dilated cardiomyopathy iDt 'Mi is characterized by dila­

tation .it cardiac chamber* and impaired contraction. 

Severn;. >t -viiipt iiit- and ape *t in-el are hiphh '. ariabl.'. 

I.i date. niulathms in _?* eene*. nave neen ass»ciatea with 

iU.isomal dominant LX'M | :. • ' - : .. >.. .•'. MIMff ! l *2 ' ( l ) . 

/.WV.4. which encodes lamm A t ' , is one ot the most 

commonl*. implicated ccnes in Dt 'M. Mutations in /_WV4 

are associated with a hicb n-k ot dv-rhvthmia. -udden 

.i-'ath and heart failure | l . " | . I-urthcrn> ire. svmptomati. 

Dt 'M patient- earr. mc I' .V. 'V? mutati m- di-plav j w ir~e 

nrocnosis than Dt 'M patients cjrrvinp J mutation in 

another Dt 'M-issociated rent- \L. '. '. :••'. i \ l-l. «•••. I».|. 

"J he A-tvpe lamm-- A and t . alternatively spliced 

product-. from IAt\A. are type V intermediate hlament 

proteins expressed m terminally differentiated somatic 

cells, lhev ITC components ot a thin filamentous mesb-

w .irk—the nuclear I anuria—underlvinc the nucleoplasmic 

side .it the inner nuclear membrane, and are also present 

in the nucle»iplasm |-.. 2 I. ->.. * i|. Larruns have tradi­

tionally heen considered kev components in p rov idmc 

structural support to the nucleus and ancbonnp chromatin 

and nuclear pore complexes to the nuclear envelope [24. 

H . *<2|. Intranuclear lamias have proposed functions in 

DNA replication |2 ' i . Is". 2V Z->\. transcnntion [ K J and 

chromatin . ircani/ati .m [ '••^. *• i|. In order to carry out 

their functions. lamms interact with a number of nuclear 

envelope proteins, chromatin and transcription factor i. 

Amonp the penes encoding the lamm A/t ' interaetinp 

proteins. TStPO. the pene encoding nucleoplasmie thy­

mopoietin alpha | aKo called lamina-associated polypep­

tide 2 ;LAP2i alphal has been shown to harbour a 

mutation in D t ' M patients |4 :'|. 'J he identified mutation 

occurred in the t ' - terminal domain of thymopoietin alpha, 

a repion known t.i interact with lamin A t * (residues M*.*-

5h.ii (-.'|. "1 hree thymopoietin isotorms. alpha, beta and 

pamma are encoded by TMPO fi\. l b e three isotorms 

share an identical amino terminal sequence but have 

divcrpent carhoxy terminal sequences | : ' | . '1 hymopruetin 

is thoucht to play an important Kile in maintaining 

nLclear architecture throuch its hmdinp with lamms and 

other proteins. 

t 'ardiomyocytes from Dt 'M pa t en t s with L\f\A muta­

tions exhibit the tollnwinp characteristics: iai reduced 

lamm A t ' expression in myocyte nuc la on immuno-

Huoreseencc/immiinobistocnemistry studies and !bi two 

types of ultrastructural chances, minor nuclear envelope 

damape. such as focal disruptions, blehs and nuclear pore 

clusterinc and m a | - r morpholnric alterations. incluJinc a 

complete loss ,if the nuclear envelope and accumulation .it 

mitochondna. r lycoeen a n i ' o r lipotu-cm in the nucleo-

plasm |2 . :'. i i. 44. *H|. Jo date, these ma|or nucJear 

envelope detects were only found in a DCM patient ear-

ryinp the p .D l92 t i UWNA mutation [/. I \ 44] . However. 

in non-pem*yped Dt 'M patienLs as well as in heart failure 

patient-, mm ir nuclear detect- uch x- irrepular nuclear 

envelope. >enlarced and hi/arte shapej nuclei, indentations, 

n a n t and multiple nucle ill and irrep-larlv distributed 

chromatin are commonly found 11. 1. '••{. » ' | . I here is 

considerable haerocenei ty in the abnormalities observed 

fr.im .me cardiac sample t.i the next as well as within .me 

part icular-ample I ' - ' '-

I he aim it the present -.tudv w i- t i a > . ertain whether: ' i 

nu|.irriLclear envelope afin.nTr.alitie^ ir- I . .mini-inteatLre 

inpatients v. ith D t 'M and )2\L\f\A and -Vi r /Wf? mutation*, 

are associated with nuclear enveKipe cfctect-. incar.di. imv> 

cytcs t m m a scnef. of 25 unrelated Dt 'M patients. 

Material*, and methods 

Patient recruitment 

Written informed consent w as obtained t m m all patients in 

accordance with study protocols approved by the hospital 

ethics committees. Diacno^is ot D t ' M was established 

based .m H H O / L S K ' criteria modified hv Mestroni and 

colleacue-. [.:.•'I that included severe 1.V -.y-tolic cf.-stunc-

tion ;LV dilatation exceeding 11"1? ot normal value cor­

rected tor ape and b.xly surface areai and LV e|ectiem 

traction iLVbl-i < 4 5 ' i measured in anpiopraphy. without 

sipniHcanl coronary artery disease I>5SCT lumen diameter 

reduction ot one ot the main coronary artenesi. Exclusion 

cnteria included hypertension, or acquired j r conpemtal 

heart disease. All patients underwent clinical examination, 

evaluation .if functional status accordmp to NYHA clas­

sification, t t ' t i study. tw.T-dimensional ecb.icaidi*ipraphy 

with Doppler and/or coronary anpopraphy to exclude 

coronary artery disease. Lett venlncular enlarpement was 

calculated accolSmp to the method o t Henry. A total ot 25 

index cases recruited in Canada and Poland were enrolled 

in the studv. 
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Cardiac UMLC collection, electron microsc-,ip> 
and immunostaimnp 

Cardiac tissue samples were collected from endomyocar­
dial biopsies pertormed on clinical indication or trom 
explained heart tissue. Samples wcic immediatdy processed 
in I .fi-.V.r cluteraldchyde. Kixed heart ti.vs-ucs were processed 
intotbidc and thin sections accordinpto the standard methods. 
Tissue ,ections were examined with a Hitachi "t'i'i nr JKM 
120<fe\ electron microscope. 

t-or indirect rmmunn fluorescence examinations. S um 
cryostat sections were stained with two monoclonal antisera 
apainst lamb A/C lNCL-LAM-A.Ci iNovocastra Laborato-
nes. Newea.slle. UKi and A4. kindly provided by Dr. 
Hutchison : Department ot Biolocical Science. University ot 
Dundee. I'Ki. At jntrhxiy J^ttvl-. mly lamin A a- it, rec-
.Knition site lies arter amino acid 5/1. NCL-LAM-.V< 
recornivei both lamin A and lamin (.. In brief, antibodies 
diluted l:ld were appbed to tissue sections tor 60 mm. 
Sections were rinsed with PBS and incubated tor another 
Hi mm with the apprnpnate Rodamine Red X con|ucated 
L-ojt jnti-nnbit teti soMnciirv antihodv diluted l^ ' i with 
PBS. After heme wa-rt'J with PBS. the action - were 
mounted m pjlmouvi and '.tewc-d wOh an Upton /.CK-. 
-.tandard LAB 16 microscope with cpirluoreseence optica. 

Screening ,it O f V4 and l'MP(i coding sequence^ 

Cicnomic DNA was isolated trom white blocd cells 
iQiapcn Hcxipcnc kiti. 'lo screen tor somatic mutations. 
DNA m s extracted trom cardiac tissues asing a Qiamp 
Mini DNA extraction kit iQiagcni. 

Intronic oligonucleotide primers Hankinp each ot the 
exons wcic designed based on published sequences Kien-
banfc accession number: l . l^^ 'W. L.i:4'*i and L. 12401 tor 
LW.Wl and UCSC penomc biointormatics database tor 
!'¥F(>\. All DNA samples were suh|cctcd to PCK and 
direct sequencing lABI Pnsm Big Dye. ABt PRISM MOO 
penetie analvveri. It there « a any .suspicion ot genomic 
variation in a given patient, another sample ot DNA col­
lected independently was systematically double-strand 
•i'jLL'nce.J ''I able ' i. Sequence w<r? - impareJ t.> Lwr' 
control -wimples trom individual-. within.! known ^ardio-
va.se Liar disea.>c. tach simple'-, jlcctr.-ipher.tprjm wa^ 
analy7cd by two independent investigators. 

Multiplex-lipation dependant probe amplification 
:MLPA i analvsis waspertormed to screen tor deletions and 
dLphcitions in the !Af\.A irene codmc -*:quencc acc.ndmL-
t.i the manufacturer's instructions SALSA ML PA Kit 
P>Uh LMNA. MR( hMlandi. Jhj pr.ihc- mix entamed 
prober tor 10 ot the 12 codinp exons ot L\!\A. hut not 

I'aillJi: 1 IViiric^ p-im ^%i JOIIK jfan« ItfTnjicrafoircr-, I*«AJ k: -iit.pitK iM.WA .anJ TMftf o j j o i y rei'm*. 

Prcr.cT-.CS|UCIK-C> s ;. \ \ 

It:tiJ!tTjI JT": < 

1M\'A K ' « KH»JTJ 

1 •••. R ' U i t t m U i A l X X U M ; 

j ^ <x; MK; ACVKX- MiUMwi 

? tx-nfAAcrrttTitrttrnt'ttntiAi' 

i « ; < ruxx-A<;<;AArt A A r t c t r , 

s tx - [ i n AXiCA<.;tx;At a t x x v u 

*• v t tx ' i t ;< iAt ; ,« i« r t « x x - v ; 

«XX \ « TKil i 'U "R't x t r t u 

CiAXKXX "IfAATKJl ACXft'AXitX' 

tx ;Aa.u<."u; tx ; t : i ^ A t n x n i 

'. CiT A,AXit'A<iM;c;tXXK^C'AAA<.; 

1A tKi'RACi'ItXX'ACM'ttXiC' 

m 47t4-A4-tcx;4%«;x-tAcxx;t' 

: r tunrTCACircxxAeiAruJXiAt . ; 

mm 1 c ; r tT.v i \< ;xx; t ;A«Kix;Kxi«; 

i i x ' A A T n t i t r i A t r r e ; A t ; r r t c f A 

> •KiAtK"tt;t"MX-nAAA"IC;AAAt' 

j vt.'rvKni'i AXXA<:;<;;x;«\AA'tf 

s A A A c x ' A t x x J T r c w t i ^ r i A 

* tX'Atrt A'KKKXXn'I ATtAAACJI A 

AA^MiAUXTKXiAAU'AI tn i J 

!i rXACXKiAAlCi lCXTICXJAAl 

u c c o c u • \ o r c r r u t 
Ci.'l AVtLVV MX.VV \.\V,l VI Ul L 

ntXX7t i tX-AtX - Alf t{X -

tX'^AMitX\"It ;AtHACnt;AMJ 

t< "t \ t n C \ .«; t ;xx- « r r u r < , 

t x x " u ; vic;t \ ( .K ' i tn M<X - <X 

tiAAA AtKiATAtTI AtXXX.MiC 

(."IlXill'f^.ifAACK'ACKX'AXi 

tlAICiCXAIXKiAAtAlTCX'tti'tC; 

AtX'AtlATHntXtX'tlAAC; 

CXAtXTtX;itX'tACXXXT 

A(XR;AAAAUti.\ACi(.X;A(X.;^(i^AA't 

t Ati«XX AVMXnt'A.\Ai; \NL' 

I AA'mtiCXJti 'UXTtit 'Ttt 'A 

"KiAt;t"IU"VriX*IAAA"UL«i\A«. 

CitX'AtXX'Altmt 'AC'IfAXr 

K x i A T i A c n c m n f A c x i A i x n i 

ritXXTCXX « 'Kt 'AAA<iA 

ACXATICi'tAtXIXKit'ttXA.^ 

Gt'ACntTnA'rtfAtX'MJAXiAA 
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tor cxons 5 and •> because ot the clove proximity ot exons 

4 and 5 . and exons S and sA 1 he probe mi x also contained 

l.s probes t o r other human ce re s . 'J wo ot these probes 

rccocni7e Irenes localized on chromosome I. One ot these 

probes was located M kb upstream ot L\tA'.4 exon I and 

another I'l'i kh downstream nt l.\t\A exon 12. MLPA 

amphhcat ion products were analyzed on an ABI model 

.H.VlXL (ienctic Ana ly / e r (Applied Biosystemsi with the 

f ieneMapper s . t tware V.s.~, Lsinc G e n e v a n S ' r i i . l / 

internal s i /e -tandaid : Applied Biosvstemsi. fcacb 

patient'• electrophencraTn was .-impared to three con­

trols. We Lsed the Cot ta lvzer MLPA DA'l IMRC-Hol-

landi software to analvze MLPA data. Resultinp 

normalijicd ratios were - I.il t o r every wild-type peak. 

' ' 5 tor betero/yeoLs deletions and 1.5 tor heter\i/.yCOLS 

dLpli. j l i m . 

yi_intitativ.j r e a l - t i n t H.K u j i Lsed to ainlirni the 

deletion t.iund in M / V l .Roche LichtCvclcr : . U | ".J. 

Pnmers were desicned tor L\1\'A exon ; ' i torwaid. 

5 '-ccacecctcccptJiartptc-V. reverse. 5-ctcctceapcaa_cca 

L-cccai;- s' i. PCR w a- -c-t Lp in capillaries in a total volume 

•t ^ I ul ea .h Pt H mixture - mtairted - *• n.M Met I-

- *> niNti. 1 ul it -,vbr ere en mix I."I uM it mixture 

• •I t . i rwarj and r e v e r e primers and I I n c it UNA 

Standard »LTW-V t.ir both the boLsckecpine cone 

. ,"--microcLibLlmi and tarcet cene were ccncratcd. 

lw*i ditterent types o t sample DNA ii.e . one sample 

from the LK'M patient carrvinc the deletion and one 

sample t r i m a LK'M patient without the deletion I were 

Ui l i / e J to ensure thai the cene Jo^ace ratio .it the 

target t i the boLseLecpinc cene was disrupted nnlv 

when a deletion was preient . I'-»inp the -.lope and 

•.-intercept ot the -tandard curve, the LiphtCycler system 

calculated the concentrations I M I «it sample and control 

DNA tor both the reference cene :,f2 microglobulin i and 

the tarcet cene iLamin A.'('i. t hese concentrations were 

then Lsed to calculate the cene dosacc ratio usinc the tol-

lowinr equation: 

^ . , « i patient: ' M d t t ^ g i patient; 

Vf.JvHi control ; ' W e ] a £ . . j i c o n t r o l ; 

where ft = Cl.5 lil.4-il.7i indicates dele t ioa R = 1 IU.S-

l.Zi indicates normal copy number and R = 1.5 ) l . 3 - l . 7 i 

indicate* duplication 

Statistical analysis 

LVLh and LVfcDU in perccntace values were compared 

between patients with rra|or cardiomyocyte nuclear 

abnormality and patients with non-specific cirdiomyocytc 

nuclear ahnormalitv usmc a two-tailed Student ' s / tes t I level 

ot sicniheance 5 'r P. 

*£_ SpnrEe* 

Result!. 

Ultra-structural character!-.tics .it endomyocardial 

samples 

11 Itra structural analysis .it endomyocardial samples 

enabled us to chstincuisb two croups nt LX'M patients. One 

croup consisted ot a p h t individuals exhibitinp ma |or 

nuclear envelope abn irmalirie- m eleztrm micFiCTaph* 

!l-ic. I i and the second consisted ot I " patients w ith minor 

a n d n m - L X ' M specific ahnormalitre ' . 

Amonp the patients with nuclear envelope detects , the 

p rona t ion ot detective cells ranped from a small percent-

ape to as much as otJ't Ipatients 2 and 6i. 'Ihe most 

.ibvious ahniirmality. . t c L m n c in tour ot eipht pat ienK 

•.".a- iritn.-i in and a.-.tmLlah .r, '1 n.it c h • r i±u and 'ther 

.'.l.ipla-.niii. .irpanelL's inio the nuclear niatri\ patients i. 

^ 5 and ''i : l i c . . a . di 1 be membrane-, it these ircanelle-

appeared discontinuous from the nuclear envelope '. hip la. 

d i . ' l h e nuclear envelope was LSUUIIV irrerular llrip !a-ci 

and partiallv disrupted . T t.itallv missinc in s i t .it eicht 

patunts patient- 1. L. 1. s . '< arid i l i e . a. ... di. 

Chr.imatm di-ninrani/ati m wa- aUi i b s j v j d patients ; 

and -w In c mtrast. samples trnm Ihe '. patients in the 

scemd croup displaved modest and mn-spec ihc nuclear 

membrane alterati.ms. sLch as nuclear irrect-laritv. that are 

commonly round in IX'M patients repardless ot the pres­

ence ot L\f\A mutations ]t-ic. '.••. fi. 

Clinical characteristics .it the patient cohort 

Clinical characteristics nt the 25 IX'M patients : l'i males 

and fi tcmalesI included m our studv are show n in 1 able i. 

'Jhere H I S considerable heteroceneity in terms ot the 

clinical charaetensties and seventy ot LK'M across the 

cohort ot 25 patients. 

In the croup ot 2lent patients who exhibited nuclear 

envelope abnormalities, ifc at disease onset ranced trom 

14 to 6 3 years, tour patients had a tamily history ot LX'M 

l iab le _. t-ic. 2, [ H J i . while none had a sUspicron ot 

muscular dystrophy. Disea.se seventy ranced t rom mild 

DCM to priipressive heart tailure and L V t h values ranped 

trom --"ilO to 5iJ't Various arrhythmias were present in all 

eicht patients: two patients required 1CD ! patienti I and 7i 

and one required pacemaker ipatient 51. '1 hree patients h i i 

received a heart transplant ipatients 4. 5 and 61 and two 

patients had died ot heart tailure 'patients 2 and M. In 

addition, patient 5 presented with hypothyroidism and 

patient ? with mild mental retard at ion. No other pbenoty pic 

abnormality was identihed within this population. 

A similar decree ot heteroceneity was also observed 

amonp the 17 patients with no ma|or nuclear envelope 
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Hi. ] 11 « ---»i ' - 1 * \i. 1 hi J _J> 
* - i - j i . \ i i * M-i a. j . ' * \ * J „ J I j . b, L _ kJ if 

* t_| r u ! — I E i t i i itc S h _ fc i 1 „ i j 
_. *l I J I I " x J i j , f ^ J J t j » i t 1_ ill 

i i ir il •* ^ .eiJ S i j j -i i J ' f \ J IL * / W ' » t d o . u i a J- j t J L I i t 
I li h l i i , ^ X l l J K LI l ^ j J v. 1 If l> "i t1" Ll <! 2lv 

U I - J - I V T - 1 r j n j ^TlaT--Jl SI I Kit PBItf* .a.1 J I t j f c * t l J c l c .1* 

abnormalities ace at disease inset ranred from 12 t i 

i l v ^ a r s I I p a t e n t - had a t a m i h hist~>rv 't 1 X M 

I able _ l-ic _ 11 l |i patient had J, i _tmen L.d -.k^letal 

mv ipathv pa tun t 1 n and I had .levated ( P k value-, [up 

11 *i <i I I r a t u n t I S | | LA t i - .a lua, raneed t r i m i i t > 

*K'r v nd ix t i >n detects were present in all hut twn 

patients data wen. not available tor tour patientsi tour 

p a t i e n t required K U and two had pacemaLers Jwelve 

patients had received heart transplants and two patients hjd 

J i c i it heart failure patients Is and 21 i 

V>; . impar.-d mean L \ t r- and L \ t D D in percentace 

value* between patients e^hibmnc ma|«r nuclear envelope 

abnormalities and patients with minor and n m l X M sne 

cihe abnormalities No sienihcant eont la t ion between the 

seventv of the pbenotvpe and the presence ot nuclear 

envelope detect was detected l/i *U i^i 

S t i t en inc if / J f \ 4 and f\fP(» codinc seqten^es 

We s^revned tht t implete - d m c sequence a> w d l as the 

intr m - e \ m boundaries i t / - . U \ 4 12 ex msi and T\1P<) |K 

e x m s i tor mutations Lsinc direct sequencinc ot DNA 

extracted from white hlxid cells ot all 2^ patients We 

ldcntihed three patients with L\i\\ mut&ions one in the 

croup with ma|or nueleor e m d o p e detects jpahent 2. 

p D N 2 G I and tw.t in th t croup with non-spceih^ n u J e a r 

& ~i ^ - J J ti u I t L " ' i i ^ J t t \ 
u.I a LI . i . i L v ll .^ ar jl-> i vLs. i ^ ~i It 

U fc- I J J *41 i t i I j ^ l l 1 1 k x, I k ^ S TI II ib i 1 
I <t - J - l l I k I " A J J . b L l l T s , ! 1 

-ht^o-i il n J iLt J , j j i xi \ x!hs p t T t U 1-JsJt _ v,t i a ikl 
t <. i.s'%-1 _|J 7V/* - I . T I J _» i i l ^ ! im i J • b 
Is'^-* l 1J -* d. I» '*'• ^ ^ -«! ^n j r 4 -»t 

envelope ahniirmalities ipatitnt ' p R 5 4 1 S and patient In 

p Q s ' s s K i Patient 2 and > and their LMW mutations have 

rt<.n djs^nbed pr^ T ius|v | l l | All thesv anati ms wer^ 

absent in UN \ from more than L HI control •> No mutati vn 

was t»K.nd m IMPO PRVIIUSIV K-p^d^d polvmorphisnis 

in both L\f\\ svnonv-rrious txilv-morphisms rs5-.|scisv 

rsSJ5 )5S rs46411 and l\tP<) rMn-svnonvmoas polvmor 

phism rsl 4 V ) s M i were detected V\e also found a 

t ( 1 S 4 1 A svnonvm»«-s polvrnvirphism m LMW e i o n "•< 

whi^h has ru t hwt'n previouslv reported in two L, mtrol 

individuals Mutations in the ^ iricsp mdmc ^-xi-n have 

been picvioush reported in patients with limb-cirdle 

m u ^ u l a r d>str.phv I B pJ<s~~H | | ( i R . r [ [_ \, 

Sequt rv inc J ia lvs is ^annot detect larre hcte io /vcous 

deletions or duplications In an attempt to ascertain whe 

ther the detects resulted trom deletions o r duplications in 

L\}\A we p t r to rmeJ mult iples lication-dependant pr~>be 

amp litis, ation MLPAI on the Z J / \ 4 d d i n c sequence in all 

25 Dt M patients O r t LX M patient 1 able 2 patient 11 

with ma|or nuclear abn.irmalitv displaved a MLPA nor 

mali /ed ratio p tak area it - I S tor exons s _ i ; i [- l c ^ 

Inis indicated tht preser».e ot a heterojv cous de l emn 

envompassinc exons s to 12 ~1 4 bpl 1 he remaininr 

probes msludinc thost tor ^ \ons I and 2. displa>-ed a 

normalized ratio ot •>• I 0 indi^atinc normal ^opv number 

'hie M V>e eontirmed the presence ot the deletion u s m r 

^_ SpnrEe* 
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_(Pt R ,rt value ot ' 1.5 t.ir the patient with the delcti.m and , 
tor the patient w itbout the deletion l ! He. ti. 

Lastly, to as,ess whether the nudear envelope detects in 
the remaining patient- could re-.uJt trom ^imatie mutation.", 
w c icreencd tor Z.W Y4 and r\fft) mutations in the he art 
from sporadic caseswitb nudear envdope detect tor which 
cardiac tissue was availahle Ipatients 5. fii a- well a.«. in 
heart from patients without detective nudear envelope 
'patents '••), 2'!, 2!, 22. 2 \ 24 and 2s-i. 'I his analv,i- .4.1 
not reveal am -.omatic mutjti.m*. 

tn summarv. a larce decree it clinical heteroeeneitv wa-
evident in the cohort of IX M patients studied recardless ot 
the presence ot nuclear envelope abnormalities. /_WY4 
imitation or family history ot LX'M 

Inimi-iii Uinine re-Ut 

J.i fain further m-.icht int i me tuicti mal -lL-ruh^in;.' 't 
the heter.vvcous deletion ot e\on> s-12 ot IA}\.\ 
.ibsened ra patient 1. we performed indirect immunorluo-
re-cencc anjlv-.ii .it end.imvocardial -ample- from tni-
patient a- well x-, x : intnl pati-'nt with iLtjLUV 1 mutati m. 
u-inr jntirkidi.1- iirjct.'J aejin-t h rth lannn \ aru { All 
-arji.irnv.i.vtj nuclei were lniniun stained with antih l iu 
direvted jcam-l lamin A and t epitope- , He "> 1 he 
immun.istainine wa- reduced m patient I as compared t.i 
the control patient tndieatine Mcmfieant attenuation of 
lamm cxpreMiun He. *i. 

DLveavjon 

Amone heart -ample* from 25 unrelated UC'M patients, we 
identihed major cardiomyocyte nuclear abnormalities in H 
individuals and run-specrjic nuclear abnormalities m the 
remaminc patient-,. 1 he p«-ence ot nLcleur abnormalities, 
alone with the tact that all patient- pre-ented with dy--
rbythmias and\T -.evcre heart failure leudine to cardiac 
transplantation, prompted us to analyse the sequence .it 
/-U.V4 and ,'MPO. two LX'M-cau.-,ine eene-. involved in 
maintaininc nuclear envelope architecture. 

Direct sequencinc allowed the identification ot three 
hetcro/yeous i-V/V.4 eenornic vanations !p.Dl*'2(i. 
p.R54tS and p.Q.*53Ki in three patient-. Sinee sequenemp 
analy-i- cannot detect laree hetero/v coils deletions or 
duplications, we performed multiplex I ication-deperidant 
probe amplification 'MI-FA t on the IA1W cndine 
sequence m all .25 LX'M patient-.. We found ahetemzycou-
deletion encompassing exons .s-12 ot the JLW V4 cene. "1 his 
deletion was confirmed usinc quantitative real-time PCK. 
All vanations were absent in DNA from more than 1>'I>*I 
eontrol.s. Ihe occurrence ot Llf\A mutation in our popu­
lation is hieh probably due tn tact that the studied 
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JI^TI <v*iHrJ ^ s irtlK-'irtit*. nt l lM'^l j i ] a Deferl]-*l -d tfvsi* > 12 tl 

populati.m presented with ^ardiac condition roauinnp 
undergoing aidomyocardial biopsies, or cardiac transplan­
tation. Moreover, various arrbythmlas were present in all 
but two patients. Since mutations in /.MM arc usually 
a-ssociatcd with a wor.se prognosis than any other DCM-
associatcd gene mutation \2. I '. i \ 1\ U. lo. 1KJ as well 
as with dysrhythmia [-1. >5J. our population was probably 
biased toward LMNA mutations carriers. None ot the 
patients .arncd a mutation in the f'MP<> renc. 

While rare findings ot small dclctioas m the lamin A/t' 
gene in patients with lammopathies have been reported 
previously, to our knowledge, this study is the first to 
document a large deletion encompassing mosl exons ot the 
lamin A/C gtue in a IX'M patient. W alterct al. |.S/J tound 
a I5 amino acid ddetH* i .* to I I nucleotidesi in the 5' 
.•nd * ihii I.\fW gvrc; in J patent with Lmcry-DnMtL-
muscular dystropns ib.UMDi thai resulted in Uiss .it the 
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PaLlrnE 1 »lli driel»D 
•if/ V,\-ilium J-12 

< atttrol p^tl£*C with 

HJJ. 5 hi-Jo*.-" n sr IBI d'u."ir c%nc¥ jiiulvsis '1 rtivk'ir wicapjBj 
!i j * . \ b II fjitrnl I ^ m i m ' *'t i'.W\-s liefciwi IMUS CA*. n s 12 
adclj. u ill J Ir 'i J o Tip 1 rulleTit svilli » 1M\'\ mii^xni 
haiJ it _YU-JPJI**] t1! 5*\V ^ ^ Likcai \pxr lilt ndil ientr*Je Imjnimi 
sî jip l i ' ^^ jfcrl .x-i cJ Usl'tt' ji*i Lei EI Vt! I*.I»L1 :U>1 jltllj. Ulc 
V t ^iiJ jMih J\ ** vihuh aVkc's I.mun ^ mil sm ~M i-i !-• 
iJ ? > L i^J aii i1 a! jiiti •'jl'SiI li'< i >CSA nJarv -rtitj-'Js 
fflL'CI^J 'i-l-'Ill - j t l l̂ 1 ' s> 

m n s l i t i m initiator cod-m van Jmtclen et al 11JI reported 

a *»~4 hp J^ktirm _•!*. 'mpassinr jxon I and the a d v e n t 

n i n - . d im: 2% in in a p a t u n t with irn icardial fibr* is I he 

pr^'^-Tt-j ^ the _'T m p y i S t ip /_U\ I mutati m rest In nc 

in rjdu.v'J levels it lamin \ i. pr>iteins ha-. alv.i been 

rep^nled in a tamilv w ith t- D M D | ' | 

Most IAf\A mutations that cause IX M are hetero/v-

pous point mutations onlv some ot which have been 

assstiated withcardiomvocvie nuclear envelope detects [2 

•• \\ "• I) It has been succested that mutations causinc 

such ahn urnalities have a dominant-net: alive c f t ed .m the 

fundi ,m it normal lamin pr He in unpaired lamm intc-

cratism into the nuclear lamina due to the dominam-nena­

tive effects .it a mutation mav cause disruption ot the 

lamina and ultimatclv csunpromise nuclear envelope 

intccntv Ourresul t ss i icces t that, apart trom the dominant-

nepativc effects ot mutant lamin V ( protein lamin haplo-

iRsutrucncV can also -ausc nuclear envelope detects and 

underlie the patboccncsis ,>t LX M Since the deletion 

encompasses i .Vv.4 exon v to 12 it is likelv that the 

observed nuclear abnormalities are not due to the expres­

sion ot a putative truncated orce in composed ot exoas 1-2 

onlv ft was shown that the potential truncated protein 

lesultmc trom the >• 2fW\ noasensc mutation lexon 4i wa?, 

run detectable in patient fibroblasts [ • i] Similarlv in the 

mouse model with the / . M \ 4 exon K— 11 deletion, the ^4-

U>a truncated protein icsultinp trom this deletion was not 

detected |1M turthermorc* immunostairune revealed 

reduced lamm \ t in the patient s cardiomvocvtc nuclei 

lhat lamin baplomsutficierjc> can cause such detects is 

further corroborated bv the tact that a hctcro/vpous 

LM\A mouse model tn which cardiac lamin VC' levels 

were diminished bv HH compared to wild-type, demon­

strated carlv-onset ^^mdu^tion svstem ckscasc and latc-

, « s e t L K M ['-l| I urthermore miishapen ^jjdKim>ocvte 

n u d a and betcKvhromatm clumpinc were also observed 

I ' l l 
J be L\f\A deletion ot exoas * - l2 was ,ibser»ed in a 

patient presentinc with major nuclear envelope abnorma­

lities^—notablv broken nuclear envelope and accumulation 

ot mitocbiindna within and aritund the nuclei J his suc-

cests that haplo-insuthcicncv is the mechanism underlvinc 

the ibscrv-'J nuwljar ahn irmaliti.' tame their man*. 

h.nLtioas. lamins plav an intecral Kile in maintainmL- trc 

mechanical 'tahilitv i t the nucleus hence we . an speculate 

that the nuclear envelope detects observed in the patient 

cany ine this IJW\'A deletion results from the reduced 

levels ot lamin A'C protein 

•\part t rom the observed deletion me -,<t iur patients 

'vith n u . L a r .Ti' 1̂ ipe J^ t J . t . J I T U J a p PI C(t p iint 

mutation in the i-V7\4 cene rtben .'\prcfrsed in I U S -

. d U thi-, mutation resulted in a di-^.intmuuu.- n u j i i r 

lamina due to the formation ot multiple lamin arprecatc^ 

| l t Vs I J besc results therefore corroborated the patno-

U*iv.aJ hndincs ( p r o the patient with the mutation 

In iur 4udv rut all U f M mutati ms i i ; r ; t mi J t • 

_ause n u J - u r J I V J I ipe abn irnialilio- in pa tunN .ardi v 

iuv,«.vte-. indeed, two patient with L\f\ \ p nnl mi.tati m-. 

i ;monstrated no spcvihc nuclearenvel Tp.- abn^irrnalitie^ in 

the sample^ taken trom explanted heart tissue »ine patient 

d r i e d a pQ^'iAK m u t a h o a while the second earned the 

p R 5 4 l S mutathm It is niissible that the number ot 

abnormal nuclei was ->o low in these two patients that it 

resulted in a talse-necativ _• hnd in r Patient ace at the l ime 

it tissue collection and the protein domain attected bv the 

mutation were cimsidered as ptissible expl anatioas t^ir the 

.vbsened i s c r e p a i v v in nuclear envelope phenonpe Aue 

at the time ot tissue collection was vK and 12 vears tor the 

patients carrvinc mutations p Q * M K and pJ t541S 

icspevtivelv both of which wen: associated with normal 

nuclear envelope ultra structure 1 he patients with l-\}\ 1 

deletion and p D l ! ' 2 G mutati»m, both it whom demon­

strated nuclear envelope abnormalities were l-j and 

2ft v e j s ot ace respe-ctivelv Hence, there was no apparent 

relatioaship between ace and observed nuclear envelope 

phenotvpe It was a h o coasidered possible that the pres­

ence nt nuclear envelope abnormalities mav depend upon 

the protein domain attected bv each mutation | ! _ ' - | 1 he 

P.D192G muut ion which was a_ssitiated with ma|or 

n u J e a r envelope abniirmalities is located in the central 

i-helical rod domain at the dislal end ot coil IB J his 

hichlv cnaserved rccum ot the lamin A»C pmtein is critical 

tor the tiirmatuffi ot the i-helical coiled-coil dimer. the 

basic buildinc bUxik tor the construction ot lamin fila­

ments Incontrast the p (Jv5 AKmutation in exon oa t t ee t eda 

hichlv conseived residue localized in the central rod domain 

coil 2B tracrnent Based on the coil 2B fracment ervstal 
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structure, mutations in thi.s domain arc unlikely to alter the 
dimer structure hut may interfere with es.sential molecular 
inter action s occ urn nc in later stapes ot filament Assembly, 
lamina formation and>'or chromatin interaction | I .J . Simi­
larly, the p.R54lS mutation is located in highly conserved 
residues in a rcpion of pene shared by lamm A and C 
isotorms within the carboxy I -terminal end. 1 he buried side 
chain at R541 participates in the stabilijatian of the car-
tvnv-terminal ,V-sanJwich thnur-h hvdrophohic :ontacts 
w ith the core nt the domain \ii\. Mutations in this domain 
jnuld therefore JcstabiliK: the three-dimensional structure 
ft the ('terminal domain ot lamm A.K . lhis domain also 
carries sites tor many lamm AAJ interacting prolans, 
lheretarc. both p.QA53K and p.R541S mutations could 
theoretically disrupt multiple functions ot lamin A and ( . 
inclLJinj: (he main tenant c 't nuclear ar:hiiectLr.:. fnjx-
pcctedlv. the ultrastructural pbenotvpe assitiated with 
these mulati.m-, n i i lndishm-Lisbable from c mtroK. 
Hence. i«r results do not support the presence ot a rela­
tionship between the position ot the mutation and the 
rcsultinc dtras-tructural phen.if.-pe. 

I he -JV patients Jem mstratinr nuclear ultrastruaurjl 
detects with.iLi IA!\A ir !\!F(> niLlahins -h.iwed thai 
cerm-line mutati.ins in trust cent's are n.rt a prerequisite 
t.T nuclear envelope detects. However, we could rut dis­
count the possibility that some ot these individuals pos­
sessed somatic LM\'A or TMPO mutations restneted to 
diseased cardiac tissue. 1 he tact that only a percentage ot 
.ihserved eardiomyocvtes from th<?.e pJicnts displaved an 
abnormal nucleus lends support to this hvpotbesis. Indeed, 
somatic mutation occurnnr in a selective suhpopulation <it 
pr.iecnit.ir cell lincape is one of the molecular mechanisms 
leadine to such tissue mosaicism, t-urthcrmorc. in other 
cardiovascular diseases such as idiopathic ventricular 
taebveardiaor idmpathic atrial hrmllatioa both cerm-line 
and somatic missense mutations have been linked to the 
disease | [ I. 1 • \. Vi e therefore screened tor the presence ot 
1M\A and 7 W O mutations in DNA extracted from heart 
tissues ot patients who did not have familial Dt'M. but 
were unable to identity any s.imatic mutations. Another 
possibility is that mutation in penes encodinc lamin A/C-
bindmsr proteins are responsible tor the ma|or cardiornyo-
cytc nuclear abnormalities observed in these patients 115. 

l l . v j . 5 « ^ « . : | . 

^ e showed here that there is no clear correlation 
between the presence or position ot the IMNA mutation 
and eitherclimcal phenotype w ith respect to LX'M onset .ir 
seventy >ir cardiomyocyte ultrastructural phenotype. We 
also found no apparent correlation between genotype and 
either seventy ot the ultrastructural aberration I i.e.. the 
decree ot nuclear em dope disruption i. or the proportion ot 
observed ceJK displaying abnormal nuclei, t-urthcrmore. 
there was no significant correlation between the seventy sit 

the disease and the presence .it ultra-structural nuclear 
envelope detects. Although a quantitative analysts was not 
possible due to the small sample size, overall, we found no 
evidence of a relationship between the onset and the 
sevents ot Dt'M. the presence ot nuclear abnormalities and 
the presence or ahsence ot IM\A mutations. 

J aken together, our results suggest that lamin A/t' 
haplo-insuthcicncy. documented by reduced protein level 
in the patient's cardiomvncvte nuclear envelope caused bv 
a large deletion in the L¥\'A gene, can lead to nudear 
envelope di sruption and underlie the pathooeneMs ot LX M. 
However, the finding thi two patients without catdiomv-
ocytc nuclear abnormalities had/_WA'.4 mutations indicates 
that LMWA mutations may not necessarily lead to ma|or 
tardiomyocytc nuclear envelope detects. 1-Lrthermore. 
patient- with ma| ir nuclear .'nvel ipe ahn.irmalities ma'-
r«.H have L\tS A or / Mf-u mutatk>n. 1 his demonstrates that 
patient^ with a clinical suspicion ot I arm no path;, and 
marked abnormality ot cardiomyocyte nuclei can be tree ot 
both 7J./V.4 and I'WPO mutations and may carry a muta­
tion in another cene encodinc a protein involved in the 
maintenance it the nuclear architecture. 

VckmiwIrdgirenLs !V. -s x\ \\^ -si--j>--,._.| ;-^ - : IJ .1L- ' ! l-i^i!jfc-

l.» I t J i l l Ke.ejixh i-irrjlmy tTjiib i>t SJ is s i s ; ^ i j """MS J I I J h 

UC.IT! i i J Sfc.-U h.-miJaSi n ( i a K . NA M ' I J J I J f-hH - » j : J e . J L 

h te-..\ii -snJ In jai mfcnsaJ ITJJII IT..:IT. fite li i^riuk i.'l C^JKI1 ' . , L , S 

ttjrsatt. IViiaiiJi Hi.';„S7.'VM.*M Al Ihe- bine; file stud} K ^ . J I 

Juttc-d. N S\ Kius VXJLI l l r res.-i]»tf:i! -4 file lell-.n* ^ t l j * J«A.uUed ]'_\ lllc 

l t - r t J I I J Stroke h. J U I J I C H I <htsv.' I V i r j - n UTJII\ S ; ^ S JJ»J 

V>;t^ / c i t v j . t "u:La^.in V*. t l> i \ls j i t - t n * * ' ^ 'IHK nkl P J I J M 

I fcir-U * J > ISK ic^i]'*rti! 1 ̂ l '<jn- fir>Jualc V.ti brsiiir i'i S-IC-IK-C 

J I I J t o . lii'.il^'i'v <ICiSS[i Vvc j^kni-w lejtic tile nrif'-jlaji! i-'/Titn 

isulfc-il A die i j i t iJ i j i i < J I J I ' % ^ - . t j l j i Siriltflk.-. <.V:itrt < ^ i j ^ ^ 

Oinf l i i i At « lv r t s . t sLut«iKKnt t he jUlk'TS Jesl^Ie Itljl fil^S ll^\e 

:K c--nllii.1 .-I l^(eTe^I. 

Rtfercrrccs 

I sji>uJnH h . ljJ^J/JU A, \\ u.\ K- vir^v.-. M PIA-I-I SV i ' j n ip jau 

V, (.iro/ijii- <.i. Mjrtine'fli M. C ' l tvu Mr S^ I \ J3 !C-* . ] I 1 . M-arlj 

n^lli L, M^iiiernurtiin t". Vicing M NK^i 'Hi; Ul^Bpll•.ll^!a^. 

-4ie>.-lruiTi .'I Jil^lesJ cutjh.:m)<.i|ijl]i^ ^ILJ it-. ivrl^iKiii ki urunune 

irsjKiit.^ I'tftie-s siir. i 4'jrJxtl W Ŵ I ^^S 
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.l-tllt ;C^t! IILJ!Ij_l_tiLil .iiitii«_Cy I ^ J i i U t j u ^ l a i t - t h - . - ^ • n - -

Aty iiitiTj_>J.i-_ » M ; ( J K i j A i d l , — l i n k s - j l i t J - ^ j j t 111- J l l t l -
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Results 
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Lamin A 
L85R 0192G 

N195K R386K R482W 

B 
L85R D192G N195K R386K 

rig. 1 - A, Nuclei expressing wild typeorthe various lamfa A nmtantcojiatMrtstiaasienflyeapteffled as ECFP fusion pioteinin 
COS? cells. Cells were visualized by wide-field fluorescence microscopy with an excitation wavelength of 433 nm. Wild type 
lamin A, as well as L8SR and R48ZW 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, N19SK and R3S6K 
lamin A, was eonflaned in nxclel of rat cardlomyobla3tH9C2 cells as opposed to cells expiesslng wild type or LB5R lamin 
A (not shown). 
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Fig 2 - Canfocal microscopy picture of H9C2 cell nuclei n&as^ntly expressing D1S2G lamia A as ECFP f u s * a protein. 
M utated lamia Aorgaaiies as abet rant aggteg&tes However, the spherical orgaaiaatioaof these aggregates eeveal that they are 
likely embedded in the nudear envelope 
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u iuua i i f l u - l - - l i - - nu_ij_.—'pv J i i D 1 SL J i j t l ti_ti_n _f t le-

jrJl JU. . J . A l u u u i j i *ts Juki 11 j t M t J u i * t h - p i - ^ i c - j f 

l i u . t j p l i . l l i L j ^ i - . J i t - j It » j JLIKUIJ.- t l l j t t i l* i . l - i p t - -

A 53 - 1II.*. -IV -fy p i " ^*ilt j t t l l - p - l l p l i a V ftl l- l lLL-ku-, -1IL_ K - t j 

A L u l L t j I - 1 ^ I i t i l - l l j i - * J i il^isll I , 1U 

p ill "Lit- -fc \** t A* > ^t *llut illlUII P 1 1 III it Jilt. I - t j l l l *"ll~ 

jLilify t 1 a t - x' t l i - I I J J-iii -ai^-J p~ jL*-t* IL t r'i tt-alv 

Abnormal Iircm L ijgregatian is 1 rsr^nEn/«iture of seueral 
LMNA mutations 

\Kx til—11 -xj ini l i -C t l i - - f f - 1 if t l i - ^ lilutjQ H I , .11 Uli i l i i 
1 Jv P prtu u.lv _ - Ji'1- -, w i t typ^ Ilium rr . j v - i i -

t iiiiiltipl- ji!ill uitiJIIU l̂ ni J»»i-v jb* L n . A i i j »̂- IJe 

D192G 

N195K R386K R482W 

Fig 3 - Nuclei expressing wild type or the various mutated lamia C constructs transiently expressed as BCFF fusion protein in 
COS? cells. Prior to visualisation by wide-field fluorescence microscopy, Hoechst 33258 dye was used to locate the nuclei 
(in blue) Exciftson wavelengms were 433 a m for lamia C-ECFP and 3E5 a m for Hoechst 33258. Note that the aberrant 
aggiegatjoa of the lamia C (in red) within m e nudeus visualked by Hoechst 33258 dye is common to several IMNA mutations. 
Only R4B2W lamia C mutants responsible for lipodystrophy gave rise to a phenotype similar to the wild type 
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t l i i t jt = m i i l y i i i t i i b u t r i tlul^u^hjut tlit iai-l=ui fli], 
F.452W ljiiuii C-rp i h i * = d i plisiiitvpe iiinBai t-j the wild 
typt- '^lislyj- B I " j > lallltll 1-HP J.~ ulliuljtr:: 111 _'Ilr Jl tVh"„• 
niti j n u . . t J I , .MIII r,p-_U=L. ;i i. : | , wlndi Jf,tee=, c^tli 
p n t y u u J y publiJiad i f u i i i . ueifjjiiKd jn £05? M Uela 
.ill:, )::.:=) Int=i-stingy, USE. D132L,, N135K. J l i i R3*eK 
l i l i m i l - r F nlut Jiltr. j U j i l u u ' a d j d l j n u t j . ir,£J!!r~jtj:jli ill the 
vj_-,t nuMuty jf traiuJV-t-:: . J U ;ri,-, 3] In CDS? js lk , tli* 

JsapsJD^C lllsjil ipe-lkls £ldlllt4^3i. Writ 4.?*" 2 Jill ! ' - ? ! 
f i j LasRlainiii c-rp, 5 it.' i j in ;r,—111 fat DIS:JE lamm c-rp, 

i 3 t ' 2 .5 jn i ; f -3 i f „ . iN iXKUi i i i i i r - rp , . - i * ' 4 j j n ; r _ i : i f J t 

RJ4tt:liliiiIiL-IT', j l K i i j i,' l i JIII ',' —Ill fjj witj typ=]jiiuii 
C:-rP.Tli»lli-jniiLld;il diillistsl 1*10 l i jni j t / L i jlill fbl JB 
tariff*, t - i ODS/ -«lt..Iiitiif,Lniir<ly,L>iRUiiiui L-rP =jjlibit-i 
JII a b s m t i t p l e i u t y p s . j i npa i s s t_i wild typ* lamin L-rP, J-. 
D pp a>td t i i t ™JUI itei pai t laniin A-PP w h t l i Dili JIH s i i i n ul jjly 

0.5pg 0.3pg 0 1 M 9 

WT 

L85R 

D192G 

R386K 

B 
.»* 

/ 

# v &J*AfAf 2 ^ 

c ^ ^ ^ <^ Cf 

Lamm C-ECFP <1»tkDe) 
Endps*nous iwnin A(74fcEb). 

Endogenous Larniu C ;85kDa) 

Bate »cbr 

Fig. 4 - A. Ttansient transfections of COS7 cells with varying quantity of either wild type ot najtated lamtn C-FF constructs. 
Cells wetevkualked by wide-field fluorescence microscopy wbhan excitation wavelength of 433 m i . I h e phenotype observed 
with nutated lamin C-FF is not due te a too elevated quaatky of vectors used to trans feci the cells. B. Representative Western 
blot analysis of COS 7 e e l s tiansfected with the dtfferer* lamin C-FP variants and using anti lamin A/C antibody. Results 
show equal over-expeession fat all construct. 
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t-r the Wild tvpt lilluii A-FP Tliii *afj,t±.h> that b_>th pljtellls. 
w^ft diflfej siitiallv affeteai**, the niuUtt.ii AbsnaMafgrefp 
ticni .if IIUJ=JI ldiimi Z rr wis. jl>i!3viijii le^itluli JO** .if 
CDS"1 _=Us £A.uKf=.uli£ *llJ typeUmin L-rP Tim fjiopcjja_ui 
*'A=, --niulil t j that * = pJildiUily reujrtedfn]. 

Tj ens ul eth.it t]ib.ibii.jniia]laiiiiii::a£gej^tioii wi=.rt>tan 
aitrfastduetsthsovei-sxprsssuri rjfthe pritem ws ti ans-feted 
tX5S"' sella u&iiip.luwei _jii.»Mitratiiit. jf ^jiiatjuct:, |: 3 Jr.Jii-
_ 1 JJTJ Lamm C-IT muuiuti f_imi*j iyaiit a£jsejjit=i i t u i 
tesfed -sumsntidtion rndmliny, that the f-innauim of l a i ^ 

Lamin C W T 

LaminC L85R 

LaminC D192G 

LaminC R386K 

B 

% of cells 

HI H 

"i I 
Jl-5? Is-im . (.• Kt. en"-> .. 

rig. 5 - A. Etectronmicrographs of C0S7 cells transiently txansfected with lamin C-FF constructs. In 60% of eels, wild type lamin 
C nuclear aggregates wens localized in dose contact with the nudear envelope (a-d. Notably, wild type aggregates wen able to 
establish dose contact with the nuclear envelope fcfcde) (d. Similarly, LS5R lamin C aggregates organized In contact wim the 
nudear envelope (d-e). Conversely, in 88% and 873% of cells respectively, D192G and KJ86K lamin C aggregates were found 
within the nudeoplasm without any contact with the nudear envelope (f-4). In 30% of cells expressing R386K lamin C, 
auded presented wkh lamin C aggregates localized outside the nudear envelope (j-fe). B. Percentage of txansfected cells 
displaying lamin C nudear aggregates in direct contact with the nuclear envelope, jf* test showed that me number of eels 
displaying lamin C aggregates in close contact wim the nudear envelope is significantly different in transfer ted cells 
expressing D192GorK386K laminC mutants compared to the wild type (p<:04>l). 
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J^,,I=.,J1A W ^ I I j t JII ijtafjjt _J= t j in =.vjkj,=idt=i Li-,* jf Mutitedlxnan L fcses its ability t i inarpsr iEint i th«ni£lair 
DKA l i , - ftl J mtlisnii.'i- 'AV tain iJ-.ttlii. . mnafi^itijii J enuebpe 
l-iiuis Hi jLint. 11. n <t i -v^^l - n r ^iff-i*ai ~ in Oi- t i j i i - fs- t l -n 
r f f i j d i . ^ _jni(jiJ£_ t.. tli= ' i l l - tv|J=, . i ' l l f iniui i* t l u t tllr-.r W i fu i t he i i - .^s .^ j «ii?tl i=i I j i iun •_ i,,,t^^ts, ISLUII tlieu 
,71.1111 j .>^ = ,,it»t hi ii_it i r^ul t f u i i i t i j n ' f s r t i j i i i i t t f i ^ t /iiDity t_< i-'in t h n u J = J I s i ivs i jp : At, s m^ i i i i t j &-tt»i •,--
,1 u b{ -lUsl^pte •Ju^t 4U-p^tsutiAl I I I L J u ^ i i ii=x=Wi, «,= . l i ^^ - t_ 

Lamin A Lamin C Merge 

WT 

L85R 

D192G 

R386K 

B 

WT lamp A 
+ 

WT lamin C 

DT92G lamin A 
+ 

D192G lamin C 

rig. 6 - A. COST cell nuclei ttansently co-expreaaing wild type or mutated lamin A and lamin C constructs. Lamms A and C 
were inserted into pECFF-Q and pDeRed2-a fluoiesoent expression vectors respectively, eels were visualized by wide-field 
fluorescence microscopy with eseifetien wavelengths of 433 rim for lamin A-FP and 558 nm for DsRed2-lamln C Compared to 
the wild type, the complex lamin A/C forms aggregates and the membrane appears granular and discontinued. 
B. Laser-seaming coafecal microscopy of COS7 eels nudei transiently eo-txanafected with either wild type or mutated lamin A 
andlaminC Lamin A fln red) and lamin Cfln green) were inserted! into pEGFP-O. and pEYTP-Ci fluorescent expression vectors; 
respectively. Escjtanon wavelengths were 433 nm for lamin A-FP and 558 am for DsRed2-lamb C. 
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aflif.fcplfcnjtype N.uiu-Wii :3sfjniiatijii w i i jic«d v-sd many 
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A-l- ll *lli . .-ll- y ly A t l u ' j t - - till >̂ »rll u* ti l- I I J J-al 
•ai.-l . 'p- i . tri l in, t h - ILJ J - - Willi J .-al 111.- l u p ^ i i . n ^ 
1 i. ^ ' In j l i t t t t, DIsfc^- H I - r_"*2ct~ luu t in t j i - ult^-- HI 
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La nun A LamnC RanGapl Merge 

l/Vild Type 
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D192G 

R388K 

Fig 7 - CoafocalinimLUMfluoisacencemiaosoapy pictures efCOS7cels nuclei transiently co-eapieaskig wild type or mutated 
lanun A-FF and hmin C-FF and Immnnoatamed with the anti RanGaPl pdydonal antibody (N-19). RanGap appears noenally 
disttibuted in the nudear envelope Arrows indicate nuclei with R386K lamfci C aggregates localised outride the nudear 
envelope 
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i iui i i ta i t with pisviiui f*5lilts [11,1SJ. Csili SJipIsSiilif.LSR 
lamin A-rP m i L55RDiJ>.sd2-lamhi Z inhibited a phaiitype 
riiiuiljj t i flir '*-ild t>ps, wlii.ll -lUf.r.tt.L-i that :~i-sipis-.i,iin if 
both Lmiii:, i-si,iLBi tli = wild type piisuit>pe. AltliiUf'.li LSR 
DiRsdZ-lamin C foimsd ipeddss within the nudsus |rt..,s. 3 
and -i|, ws Lhiwsdtliaultsssip&iklsi istaiiisdtfc iipadty t i 
mats i onmt with ths iiudsai srnslips iii.,. 5A). Miit 
impoitiiitly, «osn whsn mutated, lamiui A and lamin C 
jl'oiv-. ;-brilL;rr; and Wrir •.ifuatrd in f.to** Ainta;t with 
tlis tluilsai snvslips a:, Iliads svidtnit by :.infiial iili;jiiip> 
II l», ."&!. HiWsfcsl, ill i i i i ls .~lti s^pl*r;:*ilir. R33£K lauiiii:. A. 
and Z, * = ilfislVsd i i s m n t kcaleatiiii-:; if larnin A/C 
af,£isf,atss iutiids if the nudeai snvsbpe visualized by ajiti 
Rail^api lAniw-; in ri.-,. .'i, iimilaity t j 2=lb =.iipt=\Siin£PJS£K 
larnin r:-rp iiilte !T'i.. 'A/i|. Furthermore, tlis -ucpissairi if 
lamin A mutant* did nit disturb tlis dktiEjutjiii if siidi^en-
_>Lb I'Lnivsapi a:* Isvsalsi. iv iiiilliunistaiuuir, Willi an anil 

I-.anl-apI 3»4-r*j poHdiiial antibody ;I i»:. •*'!.NitabK.Eaii;,apl 
•x~±i, iL.<t sniLlis^ in laiiiin A-'L ar,r,lsP,ats-;. ;ii»,- - | ^in-^ 
RanSAFI is a Ran S'TFass-aaivatinf piitein prevail in tlis 
^vtiplasnii; side if nudsar pi le implex duiinf, interpliase. 

tllk 1 siult i.u££s£ti: tliat tils iiudsai pils ^iiiipleiteS vVsie 
:9ir*:lj> li^alisd in tlis mclaai rim iftransfetsd •sails. 

Mutated lamin C molecules present in giant aggregates exhibit 
increased mcbifiry 

lt lias been shiwn tliat iiiife LMNA mutatiiiii ai= ass-idaied 
with an ina eased ntatuity if lamin A within the rardsai en-
vslipe ['V wliidi iiidiati^ tliat iim--I.MMAm!jUtiai-- affet 
t i t inibiliry if lamin Ait: mile odes. ',Ve livV-'1iii«d tliat tlis 
inability if lailiill C mutants t j plipeily iiliiipijats iiiti tlis 
nudsai srnelips wiuld isflstS. a diffeieiit rigidity if tlis IIE> 
learlai sDuaure inamin Z a^e^i tes iiinpared t i tlis wild 
type.This Wiuld lead t i ciefe:±iys ^jwisttia) with tlis nudaai 
•a n v-aJ ip&. To musj s tte nobilirv if tli s 1 ami n t: ricbruls; in si d* 
tlis a^V-?,3^^- ws pfeifiiliisd rlia^'isiisii^s Rs-ivsly Aftsi 
ili„it-'iliam]iin?r 3 i'iAJ ; „'ii living. ^ J i / ^sll^ sj.piss.^iiir, Liij.. 
DlX£L-,E384Kii wild tvpslaiiiin L-fF'. A dsfiiissi ai =u if >slit*l 
jf,f,ls^itsi. wi:. ifejdls^. iy a .>sji=t. ..iflii.dl-pi'A'sIs^ ip..it laSsi 

puls*j iJi... 3A). Tlis isi-ivsiv if fluii*iasiia in tliir. ai =a wa.-. 
then niinitiisd as a nean t i ai&sii tlis miSilif, if larnin Z, 

Prebteach Bleach 75 s 150 s 210 s 

8. 

rig. £ - A. FRAP experiments on wild type and LS5R, D192G and/ or R3S6K lamin C nuclear aggregates of COS7 eels. The boaed 
regions were bleached and the fluorescence recovery was momitoredovera 210 s period. B. Quanntafive experiments showing 
normalized fluorescence recovery after photobleaching of a targeted region of the lamin C nuclear aggregates in COS7 cells, 
(a) The fluotessenee 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 reo, uked for fluorescence to recover the 
median value between me prebleach and j ust after the bleach (tw) as a mean to reflect the dynamics of molecule. 
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Wamrf IHi|Bt| 

Fig S^e-jnnnuCTU 

U J J J J ± within - a J i a*s.-i=. j t - I t= t -ufirtji=s-tlutth- titii-
jftsi Lilii„]uii* i^-UU^J t j i - _.*-* isu o -ftlie plattsau \ half 
tuil-IE J*EfV| A .C -J.JllfLalltly -̂ UE;fcEE_ ill D.3A; tf-" ~ i *' 
P ' a t r j.' - „7< | lanun w IT aLuiant ^ p - i l - ....'iiipalE- t-j wll-
tvpt Lmiiii », r r i^ - ik . , 1u »E! thu. iE^=alirif. t ru t tli- -y 
Iiailll.^ f llljtat:*.- LilliUl v IIl-j}—_ Ltl - L i*iufi antlv l i v h a 
*ltluil D- C - -III- T fet> LtlllUl Jr,i} A i t " than Althui Wll-
tvps- aK.jE.-2.tE 111 'jlltlXt Ul LSP lailUll ^ i t ^ e . p t - j tllE 
~iff-l-li ~i ii-it-J, lufl^iiit TliEiEl.,t>- IH nipaii^iiL. tliEWll-
tvV=. HIE DLs_^ in - FJSii. LiiiiiH >. Ultra a.j'jE.ptE., iiijla-iilsi, 
appeals] t j tu t IIUIE n u l l ] * whiJi l„ flidl„itn>s j fa l ss . , tails 
tru TijiE.jfthEiiiiatiiit_ Thi f in^n . *a-, _ui_itoiit^-Liy thiE*-

ininutEfiliii l u * u i . t h a t K i 4 : K l i i i u i i r rF^psUdE » a c i i u i = 
p u n * t_< IILAE aiiJ fia-e t-i *a_h j t h a . i a t a i u t JumiK N J 
Jlff-ixn^ *i„ jlj^elV*^ ulthLSST J i . A i l i^E , i l i_ r4e21A -
_j t i n_it Ji-.i«Ti| A ^ - . - p t i , OIllJAll^C t- lti- wll_ty(jE 

Mutated! l a r a n s A organize as nudear inuefcjH aggregates 

Jul i~ ult. l u * * ^ t ] i l t -^ii i-lnutatE-laiiun fi BL11.~ hi^h}. 
R^fi-I I f_llil a-«Il-tlllia] l»rJS,>tE ^ I I E I I -xpiE ^- al-'llE 
<*lll J l I Jll U t^ilt Wltll pi-^lJU^ _.tu_lE_. * ^ ,_ | HjViSYSl 

us *ntia t L. pi-vt-Mj ta_i- i~p Jtui. lanim a^i-^atT* - s -
^-Ji^iE- a nit} alii hit ,- -_ A- f >Jll_ t lu t Lillllli £ 
^ . i ^ ^ t e . mainly ]_i_iuVs- at tlis nu-kaj uejiphiay -if thE 
I 1 J J - U U.,»- till , t h i t a l t h >U.ll UlatiUt i pi [Kljy Jl.alllZ-

ui tli* u u ^ a i inili au-f j i int l iElaini lQ laliilliA mutant., KEEP 
t i n .apaijllity j f a i j J a t i l i , mltli tliE i l u j s i i -iivEl-jp; 
Albmatjgslv jth=t mu tan t , L£$r MeiTVI tehai-- ill a i» ay 
that n j j uii.jtili.ufc h a l t fi In tllE mill t>pe 

larran (. reutants form aberrCTit mtranudacplasiric 

aggregates and lose their ability ts Kin the nuclear enuelcpe 

Discussion 

In j u s i t_iLirtt?i ^iffiiEiitiite anc jsfiiKlaiiiui A a i u l a n u n ' 
t u i i a i j i b v»a UMfd 1 ~xl\ )lua=l t i E x p i s ^ the liniui.. 111-
ilvJCiaalH all_th=il t j , - t h=J In ifeu. _>f flls jilfllAiJik iE^iJt 
m p i - v i j u t j ^K is^ i i -u i . tliEtff- t _<fLMf\JA uiutatLjiij * -
JLIJJIL a t s i j j l i e 'f Of t x ^ n n i ' i i t m C j ; " ' dl a l i ^ l l JL i i a t 

ai_i„inv^t'la t- Ts .ult^ aj E jainniailiir-j in "a lr 

\\- al^„ -Apis^^*. LtinUi ^ aiili- a n - lLt**^ tliat absiraut 
liuiiiiLiiJ.lKf.atljlm.ltliUitlieniiJsjplajiil^a j;f«.t^-'iiuii jli 
U ' t a i l LMNA m y t a t u i t fL=5F DIsZL N13S> P J - » n 
IntsiK tuuly -<nly tlii niutati.ui^is.puiiJtpfe ijx ^kffttj] aiii 
-a i i i i^ i^Ea^ijVkitJsfjuli J t J I « ultlli till, a typi^l afjTsfptun 
wtna^jt niutatunP4a!\1i inyjli>a:iiiliuiiiaiili|.ij2y Qjphy ixi 
ii.it i - ult in iij>ti^ar.iiW al ' tu i l i ia l t l^ ul tli- ]_» j l u n -I - 1 -
tni-'uti-.n .if-ltll-ilainiliA ti limui w. "lil^Cli-llH ^u .^a . t j t l ia t 
tilt patlupliv d-'l-ifi -ll HIE JiaiiLin ii liiiiiiijpatlilE *1tli 
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Tahiti - Suimmrf rf the phenowp«« obaerved tor tJM IJHNA mi**flpn» Mjected in the »tudy 

Vauants Diseases Phenotypa 

Lamm A abne Lamm C alone L a m m A+S 

W M type 

LSiA DCtt 

L' 1<C*, I t tJ* 

Homogenous djstributiar.. 

throughout the nuclear envelope 

Homogenous dsstributaan 

throughout ther .uc iea ier .wdap* 

simibriv ta the wild type 

Aggregates located at the 

penpherv of the mr le i i s 

1>_J* Aggregates located at the 

periphery of the nucleus 

liiUi: Aggregates located at t he 

periphery of the m r l e u s 

HamogenaiE i su lbu t i a r . 

throughout 

the nucleus similar lv to the Witt type 

Numerous small intra nuclear aggregates 

mainly 

in close contact with the nuclear envelope 
Rare intranuclear giant aggregates which may 

m a k e ran ta r t with the nuclear envelope 

Rare intranuclear giar.t aggregation w i t h a i i 

contact with the nuclear envelope Lamir u 

molecules display increased mobility 

Hare intranuclear giant aggregates 

Homogenous dis t r ibuter , 

throughout the nuclear 

envelope 

Homogenous distriau-nor. 

similarly to the wild type 

Aberrant aggregation sTlamm 

A.•-complexes ronnected 

to the nudea r envelope 

Rare intranuclear giant aggregates without Aberrant aggregation of lamir. 

contact with the nuclear envelope iagr-ificar.t A. -complexes rnnnected 
praparbor. of these aggregates l a c a h z e o u t a d e tc the nuclear envelope 
the nuclear membrane Lamir L. molecules 
d a t l a v i n c r e a s e d mobilitv 
JKhcno type ^ndistir.gu^sh able 
from the wild type 

AL>L_L*iL' A u t o s ^ n a 1 d o n i n i r ^ T i u s n i i a r ivs t rophv 1X-M Uilated ^ardicrnvapafi-v ardi-W.L'-L'unrjr.pir. tvF'efcmiaLipajtiallif^dvstToi:'1-!,' 

a t ; : u J f l v . j l v i i i - i i l i . _L,tili.tfL<lii Lpc*_y^t3_"pliv i i i - * i i f P » -

I j i n u j -. i<if it 'I laliti i J* A I I L I J S -M_*slit *JV *h- -ii> -Hi J- -jf 

4.DH 'lllLll pl l- lUtypIS 111 sJ t «ApI«iaJl l r Lillllll A With t h -

.Li la t s - - i i i i j i n v - ' p j t l i v m u t a t i o n l e 5 R 3 t h - i t u i i t a f i j i c 

I - ^ J I I ^ L * ! - f ^ i . J J . U I I I V *pathy --i m u - ^ u L u ~y . t i - rphy have-

A\JJ S.»̂ -ai irp-„o t-.lt..* i ^ d t ui dl*ai"di i t laint i iA JI t j>Ej$rt£it3„<ii 

u h A niijU.ti. 'ii I **aK, rVLHS.. - J u I-Mi^A -^ J L ? * - v = i , 

i l l i l luUt l '11^ 1EJ(J1_ L*r t i t s - t J .tu_iJjL,|-3tr- till J - . J I I JLL. IJ I I 

JM ists-illlltlr: if tlifc IdJMlll £ l»,f,l^^j.ti>.'ll 111 1 - - til— l l u J ^ < -

pli-JII _'_"uil L»=liSdI JK_ i : J put-1 I'D al hdJhl ld iL j f l i l l lUIJpJ -

t l l l*- With 4 i£ ld - -'I IIILtr._ullJ U1VjH«niti l t i j f u , JILJI- thdfl 

tt*_. l i u l i i i ^ i u i u t i t l j l i l i i V s &MJII i - s p u i t s - j f w l i l d l m j - t 

d i r l f - . t - - III UlS Z^LlLiij- I t t t p . (•.'A'"* -J li — til Hlli^lJF U1--X J/llf!^ 

• d - 1 -L«~LKttiA 

Jllip il-H.. t ' JIME pIS'/l^U t̂SfA-'l L ~~— i, ], * S ^JIII=till!J± 

j l ' t j i l i - - iivsi f,siit phsautypfc-j _>f _"=1L sA.pjs^..inF, th= laiiim 
mutants f a example, Rahaip-et al Ji-JW*dthatL£5RiiJiimA 

-jjl lbiti a puil-t l te -Ur-tJlJUtiJU J-J_'ir, tils l t u J = Jj iUlfjJ-
bh^,litl> Jiff«!j*:iitfi_i|iith=*fli.tVp^ vfttu J i jppj^-r, JUiTifcUlt;. 

a j m t h a i t u i i s - fZ.*] Al^.Nl^SK jndR3a£Klauun AinuUnta 

h i ^ ^ b * n UUUTI tu I - - 1 ^ J 2 1 I ^ tj tli« nud-i ipl i i i i i flt^: 'riA] 

TIISM* -L ^sp4i iJs^inj .y L»* Explains- by pi jt_»„ J1 2lffsi«ii. st. 

u;li i^ K tli* intE>jJy a.*2 ^ u d i s in £>s dii*^t*2 afauiat 

l i n u n A, Ij-iniii L, JJ b„<tli l i im ih u| tlis ^jqjj-^^^n v*Jt_iir. 

u^ei fjj t h * tTiiiafe-tua wlu.h i ^ u u ^ ^itliet iB^^t _»t 

nt i i t = „t iinmuH.'flujJ^v_-i.L,- Jiiily^i-., m! t i i - %llliii& Lt-tl 

! L 2 C I A I 1 - L 4 , L J ^ * SWl^.IltfCZI an ^^aJue l l t ypeexp l " : . - , - , 

Jiflfeisitt lAsla Df inajg*njtia A-typf lanun and diffei«ntly 

lianil=ji tli± •fipi-jsuii jf «i.j;*it.»LLs lalitii A'L 

It t . iiitae^tiiif U note tfut jL*-rraut Uinui C a ^ « f a t i a n 

nuy aU_»l»spjTt.*iit 111 i janallpisp-trt tJi i j f i iu_la »xpiss=.inp, 

Wil3 type Ixniiii I Tin- au^pp-ili, t l i i t tii- p r * ^ ^ * _jf th^^s 

J L ^ ^ l t a t . -i«l-j,puiLli t J d. tl dlinlellt it j . ^ s * j f t l ie „sil _yJs 

W - inhypf t l t e - t t ^ t l a t ^ 1 - -xpi--^iiu tli*j>s niutant&w-»uk3 

1*- Lmv-si fix-I id tlu -.t^^e K-„-ntly, it l i i , Lean .IEJWII t l u t 

t i l - IliUtlllt ljllIUI A IllVjlvr-, Ml 1 i Lit Jill L _•!!—-̂ -ilf.'l - Fl J»rll4 
- yiiCi tin- 411- 11 JJ L*„*iil 1 * l *>" Jiniii J l ,-J=ti <n Jilt-i tli-

=-D „ y J - pi_tr,J-i.-J_iii \ -j 

ru i th - iTiu i - ^e^Kntl -.tuils 1IJ.V* ^u^s^tfit: tha t I1I1UI1 h 

pUy- J V^y i-'Win taj^*tiru lu iun *. J I L I m ^ m t., tlir- NU.I^J I 

snVsl'»p£ [-."-- ' IK'WiKVSi, if ^iit vi^'iLin siul'i yjin. flL'U 

I.<li L f]„un iin^- nxpj^^iiir l.iiifiii ^iily J _>' li ' v*- - t l t j t 

ljliini 1 J l i - siiteiiti AIT t u m u l i y 1-J-jli.a:- 11 it J tlis nu^l-ui 

-nv- l jpe •**-ti ul t i l - J L ' = I L S _-f l^iiiui / ~ T ill tlisilii„'ir t 

Liuild."" fiLnjplj-iti fijut til A - mi.*; _i-.pljy im-fejJ =nv-l-

jpe iAitli .inly ^2*y iniiunul a l t ^ u t u n ^ Til* **AUJp jLrijJ>I 1 A 

tliA$is-.ult-.t_iliuiiiaiii^hjLi±ii>iu ..IIIJS IIL-'U- sin_*J-l _tft=n 

fjJllLiJt ^iflfertflUfr- ^JinpJlfe- t_.]iuliaill21llUIJpltllJS f' r '] 

TJJ - x i i n p K tWj muUts-a H2aiF j l t t l t^ JI s n»j&-.a^l> t j 

J^v-L'p IIIU^„IJJI iy ti.'pliy 111 1111.*: * 1 K I aji_tli= pjtfciiL JI*» 

li=tsij*.v^,Ju . \ ~\ - i i inl j j ly , tli= „lnn JL! p]i = t u t y p - A 

Liiili4l33":T,''LiJ3: uu_s; haJtui inf jit Di txy^ i i s i fy^ . inuta-

tj^n,ia..^iui-kt^it wi thhmiuJ i p t j ^ - i u ^wti^\\\t\ ^| In t in. 

i-tndy >*4! u^ei J >J1 in^ai=l •stA.pj&jiiUî  ld.inui L JiOy, AIIC 

brought <sMd&ii2K t in t uald type Ijjtun C lia- tl"i- ^ipa^ty to 

*aUbliJl dD5e _Jillfc>Cl_*il, *ltli tin- llU-1-.iJ Stiveljpt JJl it-

OATiJIu* -A jii^BI Tlu- -t l^ii^y i U f ^ i t a t lutUii t ln L . J U 

LJ iav* m^ptni iMit ly i n ; t lu t ld inui A XT. i u t H ^ . « ^ J J V f_>i 

l i m i n e t^Depi^ad i t in ths l iu Jsai eiiv^l^pe Tliinfiniilif, J L . J 

jjf,Li*,ii!fdVji jfdp^t-nta^iLiLtititxmjii jfUntiii Aij\ UmmL. 

in t h * nu^lsij ei ivsLps Vklti Ji î  _ <n a-*t—nt <*ltli t h * -tu^y L<y 

fjiin, -t al HjtfeVtt*. it l^impuiLiiit t^> i*jt± Hut ju i fu i^m* 

i j f r^nj t ^jntra^iJt tlieu-Jt tliat Ltinni CiiintraiiLi-kij * l i t n 

KSpi«s^s-dbifc andfct^ in^5ipwra.tsdiiitjHi*iiiiileiilaniihj 

fehbii fcA.piSii.s; Mtli lainiii A, AU pj^vuLbly i^putt^i: [!*.,*'--

IS] Th*. likely i-fl«-zta tii a t His pj-jeujsr jf Unun L m tli^ 

n u S u i t lanuii i jaquue^ a p t«3 ie lamm O'linuii A ^.tji.h»> 

m « t i j t_< Lt* i^^p-^ t r - Tilt: nij.y dl̂ „> -xpldiii Vklty tli*-

lii-^upjmtJuin jf Iambi C n i t j the i»j_kai U n u t u pi j_«*-i 

yia i i i t ia i iu-ki i f j 3 [* *] 
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lur t le l l l i j le , ju l ieiul t i illJW-i- that the laililli ^ m u t a n t . 
t i t - i l i e ! * wen i-lcbm part if menu-feat lamina (Ti,J..5Aj.Aia 
_ jH-_L.uelije, an alteied ability jflainiii r to eitabliih -_ j i i i e . -
tbii:, with the iiud-at eiivel-:pedLetoniuUtbii_iiiliV[NAtr,eiii? 
.h ju ld dijlHL.nvudaJs.3t: ' a tplai j i themij jt aleiat i j i i i if the 
nudeai membrane- ib3.rv.-d in -a idbniy j .y te ; fijin patieiit:. 
[ 1 1 4 , 1 4 ~'-> fmthsa analy-e the pat l i iphyibl i£y if lamiiti-
pathiei and p rap i i* 1 potential -jcplaiiatbn ai f:u why the 

mutjlll Ulllill '. JIUlr.-tiinF- with the Imdeat envelope i--
alt-fed, * e p a f j r m - d rRAP expa i i i i en t . JII the n u . e a i 
a»>7W.ate-. f i lmed by lamin L mu tan t - Jul ie.->ult leveuled 
tliat lamin r_ mile rules W-Jeiipiifi-antly n i j i en i ib i le within 
D i s a s and R3 s&: 1 amin C-JT inn an udei i i y j a g i t s s j-jmpai *d 
t i t h e wild type, th~i*by ini__.tiii/,tiiat these abesrantlamin C 
a .-/.legate--, wet* JKinfi-anflv l s s stable. lnteiS5thif;lv, the 
lli_l3i_ed]ai>nn C veli-ity Wi_- jbielVed jlily with the mutan t . 
that e.xliiiite_i an altele-. aullity EJ uiteia.t with iiu-leai 
-nv-J.tp— and that led t i in abnjiuial a^Jei.albii 111 the 
uu -l__<pli.m jDiaZCs, KJKcKj. Jn t e w jf Uie-« Jesuit:,, we jail 
pistillate t i n t the lamin L i iu l -Culs . inyilyed in the i* 
if,fti»;,ilaa piefaably i n t e n d witheazh i th- j to the de t i inent 
j f t l e uu .ka i eineljpe JJjWevei.il w j u l d b e inten;;,tinf, t'_< 
iliv-±,ti-.ate .'the! lnut-int-.t... ...ll jb i la te a p.-ienu-l -illeLi-l.'ll 
-H-tween t i e -L.e ..'f int-ill-l-leil a.yieV.-te.--, the ve9i-]t\ _.f 
ll'., J*-l lamui , al-1 it-- , apa ity to a-..-..', ute with the llu.leui 
eiiu-ijpe. AJti».ethei, these K>_-.ult, pl-jvii- nivel ili-,i,.Ut in t j 
t i e path.'phy-.liLij,ijal tlie-hillblll if lalllilljpathe:,. 

LMNA mutations alter lamin A and C interactions urith their 

partners but not JfanGap 2 distribution 

W e i,luwed that LSiF. lamin ~ ar,r,!s»^trt e,\Jijbltei lieltlkfl 
Jtr-I=i -.LibSity iLil lltele£ . jpj ' . i ly t . ' b r . . . |Ul t . le i t j Ole 
nuJed l nirlitbj jlie, a^ jpp*^:.eC Lj Di?2tj, N'LJjSH, j n i RiacK 
inuUliti. T1I-M! filiiili t> likelv iudi-.lts tlkit t i e uaiutahJir- 'e 
-•f tlleie pi j p t l t i s . i i ll Jt i : . n * l i t - i t j tltf i ize jf l l l i . l i i l 
i;,,,i ^ .J t* . 11 j * ' * e i , *'e ^un- j t iJtLlui; that the fii niatijn jf 
.-.Ltli abenai i t ih t ia i iu .kai a.-;uinulattjli;, did l o t affect j t f e l 
Ian 1 Hi A''L pi jpeitieS.Mjih lj, tile ilitel^;tij|i=. witll Ulniii A.;L 
piltlieft.. Nu.leai lailillia J^ luuwli t j paltldpati- ill the 
Jlf.alliiltijll j f l i u j s l l Jjul-I. li'itlull tile iiLthill lllelnblalle 
\V1] Sinuewidic ru t find any niE.bialEiti-.ni uifRanGapl with 
any .if t i e mutants t=it»d, *n .all liypLith-ike tliat the 
k ta l iza t i j i i .if nudeaf p j l e ..uiipleJi uifliin til* nu.leai 
t nys l i pe ii. nut aflfe-aed. TTetefDie, in nui : d l m-jdJ , tlie 
nudea i -^ lap la i i i i traff£b.i£ Lifmaa jm;ilet:u]^thiiiiuf;h tlis 

nuJej.1 i l ive l jpe i i nostliksihj uriaffis.'tsi by t i e pte5eli:~ jf 
muta te i lamin A.''L" jTi;, *L l t i w s t s i , futthei expirinierit:. 
Lave Ll. be pejfbnilei tli ^illflllll tllis hyp-j t lei t . Ii«3e«3, it 
l iail>esn^iawnthateiiibry"jnkfibjjblaitifijmnik:sla:ldii^A-
typslailiiii -jdubitei a l : t ; jf t i e nudeai p.fi- pi-.'teill Nup!53 
fî .1111 j i i ep jk - j f the l iuck i Jla£i^tiiif,skrIuU3n yfnudeai p j i* 
:Dmpfex fhim this aiea fso]. Siniilaily, Mudiii et aL found that 
Nup lH A-iaabienti i ipjE jfffci jblai.un-jnipati*iiti*ilji type 
lBli inl i -Srik niuiiulai dystophy and iiiryiiif.tlie naiseiia* 
Y35X rnutatbn [21]. Rs-seiitly. ths pisiainin A Y M t r mutant 
h a i been fjuna to i-.i-ljj-alct w th nudeaj pj i* »jmpl-x in 

elllbryjlli. ldailey 3lCK-2a3| - J U [41]. Dul dineljellt reaulti 
maylw -xpii inaiby tl i-faatViattl ieniutatbnsweinv^itip.at-d 

al-?n A le=pyltsEilefoi e l t l i i l lE l i l l lb- i j I - ie m u ^ u l a l 2yr.tJ.nphy 

_.i piigejia and that t i l : -^B type u*tz in :<ui in^jel has 
sni>f.=itiui laniin A/C Atikh i i liksly iufH3eiit t i anehoi 

nudeai p-.le . jmplexe:.ill tile lludeil enydypt 
Ulr.tly, ill a pl=vt'LL-, lep.nt, vf* ih_i*'=i Out lamin L 

nudsaj af>7qp,arJLin 1 esulti in t l ieabetj i i i t ti appinjr, if 5UM01, 
a p i i t tiaiiilati-Uial nlidifiel if nullieJiui. pliteilii. [ l l ] . 
Ai i i i i i j the ie pi i t- i i i i , these ais Mjyeiil o a i i i a i p t b n f a a i i ^ 
induditif.tjie ^13iac ipe-iifi. t raniir ipt i i r i fa^tii GATA4 fsi]. 
siniilaily, lTubn*i i-t al. df 111 :..n;-tratei that the iyei-expis:-

ii_'ll _.fl JIII1II A llluLillt lr-l totlle r,r.Ui;,U i t i j l l _'f OlS l i l llil I A.' 

Z. llllel a.tjllr, paltaiel^. pPJj Jletniibla^tollla pliteilll a m 
SREBPla l^teiil jeLpoi t iys skms l i t binding pitjteiii la] i n t i 
laniin A nu-.leaj af,(?i=r7itst, |3->). i u J i abeiiant intejaLtiiiii 
AitJi laniin A'TpaitJieis may a l i i be ^jiiii^ese-^ A-, aputeiitia] 
p a O i j p h y i b b a s i l me^haniiiii fit laminipat lnei . 

LMNA gen€ mutations and the uariety zf hun:an phenatypes 

Lefe. t i in r ,eie le^ulatiili j iu . ' j i abn.'inulitiei. in nu.leul 
aJihiteLtuie jau-.in;, ;eHulai fiability ale the main t w i 
hypiflieies t l iathayebeeii pj i p u i e i t i explain t l i - vaJiabiliry 
i f p l e i l i t y p i i d u e L..1MNA lliutatl..|i:. ['. j . tlul p l s t J j u i >tu£y 
*.j--. Ul f i ^ i l .'f IIM JVJI flj^jlit^ -.ill.*- WT . ' i - elVeJ. -IJIII^ti. 

nu.leai envel..-pt* ili:..-.'iituiuity in .'al iiiiiiy„..,Vtei. flilii LMN'A 
ni^LtteC patent-- I 1 . l i n e , -A e bettri lii-.-.e-. t t i e p i i ^ i t e . - . ..f 
ea.h jf laiinic, A alii 1 -,pcjfi.-ally air- -Ji.iw thatthey ran be 
ilffel^ntial'^ affert-i by a »,iyen mutati.-li. TTie^e le iu l t , *"itli 
i t h s s i : : , i S^ ,1 , .bal ly J u t f e d tliat tlie .iiiaffL,uen~i if 
LMNA mutatiifi -m tlie i-ll phyiblif^y i.=, iiff-isiit fjiin i i ie 
niutatbn to ani thel Tleletoie, we .-an . jivJu-ie t l u t i| tlie 
type if liiutatjili alid li! i t , .-ilt.eLUeli.e ill t i le ulliLtie 
piipKitiee, i f ea .h lan i in r-ps. if». ally, aletw..k=y f a ^ i f t t h a t 
lia-, t i Lie .-ili^i^eted ill pie^L.tini; tlie potential ^iiliel,uelL.e^ 
i l inu Jea l fuli^tiili T i e ilubiliatlin ifthes-e tw-.i fa.-tiis .ini 
le^ultin multiple . i l i ^ u u - n i - : , ill t i e jell phy^-bli^y whi-h 
likely .ilitjiliutes to explain the vaiiibility and ^illlpl-iity if 
phefKjtypes in h u m a n di>ea^e al i i may be le r ,a idei ai an 
additi-iiial Wiitinf, hy^potleiii t i explain l o w rnutatiiit , in 
UANA ,-,elie lead to i i many pheli i typei ill humail i . 

Limins A and C support cargoint and alsc separate junctions 

Llitly. we ill iwe-j that - j l l l e^ t i ina betWe^ll tile llU.leil 
eii^-lipe and i i n e mutated lamin C-rP j t m i i , R38EK) ale 
abiet i twli idi is i i - i t t le ja^a with thee^uiyalai tmutated laniin 
A. Cimv - K ely, a t h a in ul ant . ,s ud-i a i l aSRb d to abejrant lamin 
Z a^risf;atiai b j t did n i t altei laniui A JI {^maatiin witl-iin tlie 
nudeai eiiv^lipe. The fa-jttliata mutauon has djffeiant e f f -a i 
•in lamin A aiidlamin C.ihiWathat lllinlt . A and Chaye t i b e 
investigated u l inly tof.etliet but a l i i ieparatd> in i id*i to 
bettej dii!iet.ttheii funrtbn and ^peifi-.i ile in ttie_ij.-uileij.eif 
dktsaie. A.ki, ttifc. likely iuf.f.eiti.tliateatli pi-itejnmay iupptHt 
dkt i ic t funetjjiii. Thii i i in ap>»«ni-iit with a pjeviiu. =.tudy 
ill swing; that lamina A and Z d i rut play tlie i ame 1 ile in tlie 
nu-lssi lamina jbieiiiily d-iaraJteiBtt. [1.]. In paiti-ulai, tlie 
em_till-lamin A and eiiierin-lamin Z interarti JUS appeal to be 

[fun.tijiially diffeisiit and aie differently affected by i i i i e 
4-nery^ilttifus- 1MWA mutatbii.-, \i-\. Aa a _ j r t lu- i i i i , a _b=rf 
look at tlie furirtiiii-, if lamin^ A AUZ. ',. ipetifkally may i l b w 
i^^ilutbli jf jiliflktlliJ, let-ult. mYj may a L i help define 

http://dijlHL.nvudaJs.3t:'
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r;siiatvps-phaiijtvya - jnel i tui i in lanuis-ipatliiai, » h i i l i s 

b«sn difficult thuifai. 
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Abstract 

Mutations in the lamin A/C gene (LMNA) are established causes of familial dilated 

cardiomyopathy (DCM) with atrio-ventricular block although relatively little is known about 

genotype-phenotype correlations. We describe a 23-year-old patient who presented with infero-

lateral wall thinning and hypokinesis with evidence of mid-myocardial fibrosis on cardiac 

magnetic resonance. Molecular analysis driven by clinical similarities with a previously 

described case harboring the p.R541C LMNA mutation revealed a novel p.R541G substitution 

whose pathogenenicity was confirmed by transfection of mouse myoblasts. Our results 

emphasize the role of LMNA mutations at position R541 in DCM cases with segmental LV wall 

motion abnormalities. 

Keywords: mutation/lamin/dilated cardiomyopathy/cardiac magnetic resonance/delayed 

enhancement 

Introduction 

Mutations in the lamin A/C gene (LMNA, Genbank accession number: L123399, L12400, 

and LI 2401) are responsible for a significant proportion of cases with familial dilated 

cardiomyopathy (DCM)1"3. In these cases, DCM is usually preceded by arrhythmias and atrio­

ventricular block, and often leads to severe heart failure4'5 although reliable genotype-phenotype 

correlations are difficult to delineate. Cardiac magnetic resonance (CMR) can help elucidate 

discrete dysfunctional areas of the left ventricule (LV) and demonstrate a characteristic pattern of 

non-ischaemic delayed enhancement signifying fibrosis6"8. We describe a patient from a 

previously investigated family9 with ventricular arrhythmias preceding DCM and evidence of 
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apical aneurysm in his aunt. The patient presented with regional wall motion abnormalities on 

CMR and was found to have a novel functional LMNA mutation. Interestingly, the molecular 

diagnosis was driven by phenotypic similarities with a previosuly described unrelated case of 

DCM harboring the p.R541C LMNA mutation5. 

Case Report 

A 23-year old man with a family history of DCM was referred to us for the evaluation of 

asymptomatic LV dilation diagnosed 3 years earlier. The patient's father (proband) had an 

angiographically proven DCM [%left ventricular enlargement (%LVE) =162, LVEF=23%] and 

died while on the waiting list for heart transplantation at the age of 30 years (Figure 1). The 

father's sister was diagnosed with DCM at the age of 31 years and had global hypokinesis of the 

LV with mildly reduced LVEF and akinetic apex. She died suddenly at the age of 39 years. 

Our patient was free from heart failure symptoms (NYHA class I), but underwent 

radiofrequency ablation (RFA) for paroxysmal atrio-ventricular nodal re-entrant tachycardia 

(AVNRT) 6 years before the current presentation. ECG demonstrated sinus rhythm with 

nonspecific intraventricular block and QRS of 124 ms (Figure 2A). Transthoracic 

echocardiography revealed dilation of the left ventricle (%LVE=121) and the presence of mild 

global hypokinesis (LVEF=50%). The presence of Q waves in lateral wall leads in the patient 

and regional LV dysfunction in the father's sister led to suspicion of LMNA mutation. To further 

characterize the LV morphology and function, the patient was referred for CMR. The study 

confirmed markedly increased LV end-diastolic volume with decreased LVEF=44% and 

demonstrated discrete regional areas of hypokinesis with muscle thinning (5mm) located in the 

mid-ventricular and periapical infero-lateral segments of the LV (Figure 2BC). A marked 
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hypertrabeculation in dysfunctional regions was also seen. Scans performed 10-15 minutes after 

gadolinium contrast injection revealed mid-myocardial almost transmural areas of delayed 

enhancement in the dysfunctional segment (Figure 2DE). To exclude the ischaemic origin of the 

LV dysfunction, the patient was subjected to coronary CT angiography which did not disclose 

any changes in coronary arteries (not shown). 

Because of the family history, ECG pattern and CMR evidence of regional wall motion 

abnormalites very similar to observations in patients with p.R541C LMNA mutation initially 

described by Forrisier et al.4 and later by Hookana et al.7 and by our group5, we decided to 

screen the patient for LMNA mutations as described previously5. Analysis excluded presence of 

p.R541C but, interestingly revealed a previously undescribed mutation at the same position, with 

Arginine to Glycine substitution (p.R541G) (Figure 3A). Introduction of the p.R541G mutant 

lamin A/C into C2C12 mouse myoblast cells led to the development of aggregates in about 80% 

of the cells (Figure 3B). In 60% of these aggregated cells, the aggregates formed sickle-shaped 

aggregates (Figure 3C) as opposed to the common circular aggregates1 . 

Laboratory findings included mildly increased troponin levels, with NT-proBNP 

concentrations within reference range. Cardiopulmonary treadmill test showed generally 

preserved physical capacity (V02max=29.6 ml/kg/min, 62% predicted at RER 1.08, 8.5 METs) 

without complex ventricular extrasystole at peak exercise. Ambulatory ECG monitoring 

demonstrated 196 premature ventricular beats without complex forms of arrhythmia. Patient was 

scheduled to undergo ambulatory ECG monitoring every 3 months with subsequent 

restratification for ICD implantation at 6-12 months time. 

The same mutation was found in the sister of the patient, age 28, who had a sinus 

bradycardia on ECG with the presence of Q waves in leads II and V4-V6. Holter monitoring 
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revelad supraventricular and ventricular arrhythmias (pairs, periods of bigeminia). She had a 

mildly elevated troponin levels, but normal echocardiographic (%LVE=100) and CMR picture. 

Discussion 

We present a patient belonging to a second generation of the family with confirmed DCM 

who was found to have a novel functional p.R541G LMNA mutation. 

The R541 site is located in the C-terminal tail region of the lamin A/C protein. The tail is 

essential in the secondary structural organization of lamin dimers forming longitudinal polar 

head-to-tail polymers . The novel point mutation results in the change of the Arginine into a 

Glycine, which contrary to Arginine has a non-polar neutral side chain. Experiments in cellular 

models demonstrated that p.R541G mutation presents a phenotype with multiple small 

aggregates of the mutant proteins, and frequent formation of sickles connecting the mutant 

aggregates. This indicates aberrant formation of the inner nuclear lamina, most likely due to 

misassembled lamin dimers caused by polarity change. 

The phenotype of the novel mutation includes electrocardiographic abnormalities (left 

anterior hemiblock, pathological Q waves), local LV dysfunction (found in patient and his aunt) 

and ventricular arrhythmias (found in patient's father, aunt and sister). These manifestations are 

very similar to those observed in patients harboring another substitution at the same position 

which replaces Arginine with Cysteine ' ' . However, in addition to the exact location of the 

mutation, expression of this phenotype clearly depends on the specific amino acid change as 

evidenced by reports of p.R541S mutation10 and p.R541H mutation1', both of which had no 

evidence of regional wall motion anomalies. In this context, it is relevant to note that Glycine 
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and Cysteine (but not Serine and Histidine) both have non-polar side chains and thus may have a 

similar functional effect. 

CMR is a sensitive tool in the diagnosis of discrete segmental LV dysfunction, which 

may be easily overlooked in routine transthoracic echocardiography. CMR examination can 

demonstrate the characteristic mid-wall pattern of delayed enhancement (fibrosis) in the 

dysfunctional regions6'7 and the presence of hypertrabeculation1 which is also associated with 

LMNA mutations. Nevertheless it should be mentioned that CMR may not be able to demonstrate 

early signs of DCM even in patients with abnormal ECG pattern, ventricular arrhythmia and 

elevated troponin levels as demonstrated in patient's sister. The lack of visible abnormalities on 

CMR examination in this case may be at least partially related to later onset of the disease in 

women in comparison to men ' ", as observed in patient's aunt. 
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II 

IV 

Figure 1. Family pedigrees. The arrow shows the proband (father of the presented patients). 

Blackened squares (male) and circles (female) indicate confirmed cases of DCM. Open symbols 

represent subjects not examined. N indicates phenotypically normal subjects. Shaded symbol 

indicates a likely obligate carrier. Stars indicate genotyped patients. Roman numerals indicate 

generations. Numbers above symbols indicate consecutive examined carriers. Numbers below 

symbols indicate age at diagnosis or last screening and in case of crossed subjects - at death. 



Figure 2. Clinical findings in the studied patient: A) 12-lead electrocardiogram; 

B-E) Cardiac magnetic resonance: B, C - marked thinning of the mid-ventricular infero-lateral 

segment in cine SSFP images in end-diastole (arrow); D,E - the presence of mid-myocardial 

almost transmural fibrosis in the same segments in PSIR images with visible deleyed 

enhancement (arrows). RV - right ventricle, LV - left ventricle. 
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Figure 3. A) Result of direct sequencing demonstrating Arginine to Glycine (p.R541G) 

substitution in exon 10 of LMNA. (wt - normal variant, mut - variant with mutation). B-D) 

C2C12 mouse myoblasts transiently transfected with p.R541G mutant lamin A and lamin C in 

fluorescent expression vectors as described previously10: A - example of a cell with aggregates, 

B - example of a cell with sicle-shaped aggregates - see text for details. For comparison C - the 

wild type of lamins A and C transfected together with homogeneous distribution of the protein 

throughout the nucleus. 
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Abstract 

Background LMNA gene mutations can in rare cases cause lone atrial fibrillation 

whereas the role of LMNA polymorphisms in predisposing lo this disease has not been 

addressed Our goal was to study the incidence of LMNA mutations/polymorphisms in the 

population of patients with non-valvular atrial fibrillation in a Polish population. 

Methods We screened by sequencing the exons and intron/exon boundaries of LMNA 

m 103 patients with non-valvular alTial fibrillation. 

Results In one sublet a single missense Thr52SMel mutation was found. Since 

Thr52SMet was previously reported only in lipodystrophy or progeria and always together 

with other LMNA defects, we showed its pathogenicity by in vum expression studk-s Another 

itiieresisng novel variant was Ifc26[le found in a patient with family history of heart disease, 

but absent in 246 healthy individuals. We also performed a preliminary study on the 

distribution of common variants of LMNA in atrial fibrillation. Based on the studied patients' 

findings and HapMap data, we noted the existence of a block of linkage disequilibrium 

comprising SNPs from exon 5 to exon 8. Analysis of a tagging SNP (rs5O5058i showed a 

statistically significant increase among patients vs. controls, which could not be reproduced in 

a second group of patients <n - 377} and controls in= 467* 

Conclusions In conclusion, in rare cases missense mutations such as Thr528N'fct and 

possiblv mutations occurring in exonic splicing enhancer such as lle26He may play a 

pathogenic role in atrial fibrillation. 
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Introduction 

Lamin A/C are type V intermediate filament proteins bound to the inner nuclear 

membrane and encoded by the LMNA gene located in chromosome lq21 Lamins are mainly 

responsible for the mechanical integrity of the nucleus, but also play important roles in 

chromatin orcanizati'Dn, cell cycle regulation, DMA replication. RNA transcription and 

apoptosis []]. 

More than 300 mutations have been identified in LMNA gene leading to many 

pathogenic phenolypes such aa dilated cardiomyopathy iDCMl. autosomal dominant trnery-

Dresfuss musculaT dvstrophy. Dunnigan-type familial partial lipodystrophy. Charcot-Maric-

Tooth disease and Hutchmson-GiSford progeria syndrome. Heterogeneity of LMNA mutations 

is further complicated by the lack of clear genotype-phenotype correlation, when different 

mutations in the same codon. or even the same mutation, produce a variety of clinical 

symptoms [2-4]. 

Mutations in live LMNA gene are one of the most frequently detected mutation genes in 

DCM with conduction system disease |5] and atrial fibrillation (AF) is often present in these 

populations [6, ?}. Recently Brauchel al. performed a screening for LMNA mutations in 268 

patients with lone AF [8) In 2008 we planned and since then have performed a similar study 

in patients with non-valvular AF looking for incidence oi LMNA mutations in the AF patient 

population 

Methods 

The subjects were recruited at the 2nd Ischemic Heart Disease Department of the 

Institute of Cardiology, Warsaw. During each subjects first visit, after the research protocol 

was accepted, an informed written consent was obtained and a detailed questionnaire of their 

medical history and ECG taken. Conventional M-mode, two-dimensional and Doppler 
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echocardiography examinations were performed using Sonos 5000 (Philips Medical Systems. 

Andover. USA). Ijeft ventricular ejection fraction was estimated using Simpson biplane 

method. The inclusion criteria were: patient's age between 18 and 70 years, history of 

paroxysmal, persistent (episodes exceeding 7 days, reverting to sinus rhythm) and chronic 

forms of AF I'ECG-confirmed AF episodes*. The exclusion criteria w'ere: significant valvular 

dysfunctions, prosthetic valves, inflammatory and systemic diseases. Blood samples w'ere 

taken for DNA studies. 

The study croup comprised 103 Caucasian subjects, aged 59.7±U.4 years including 

S3 men (aged 58.7±1 ].7> and 20 women laged 63.7±9.6i. Mean duration of arrhythmia was 5 

12.0 - 7 0) years The demographic and clinical characteristics of the patients are presented in 

Table I The second group of subjects with AF comprised of 377 consecutive patients that 

underwent catheter ablation within pulmonary veins in the years 2007-2009 at the 1st 

Department of Cardiology, Medical University of Warsaw, Poland There were 253 men 

i67,l'"if and 124 women (32,9'X). Mean age of the patients was 53,1 years (21 - 69 years 

range), while mean arrhythmia duration time was 6,4 years This group w'as used only to 

verify the distribution of polymorphisms in the identified linkage disequilibrium. 

To obtain the incidence of this conserved block among healthy subjects two control 

groups with no history of AF were introduced. Firstly, a group comprising of 95 sublets was 

studied Comparison between this and the primary study group of 103 non-vu]vular AF 

patients led to extending the research to include another healthy population sample 'n = 372). 

Subjects of both control groups were matched for age. sex and the presence of hypertension 

with the primary study group and derived from WOBASZ cohort [9]. 

DNA was obtained from the peripheral blood by the method of phenol isolation. 

Twelve exons of the LMh'A gene were then amplified by the polymerase chain reaction using 

primer pairs described in earlier studies (list available at 
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httpjr/wwrw.dmdnl']mna_primers.htm]> or designed with the Pnmer3 program iv 0.4 Oi 

(sequences readily available upon request) The amplified regions were screened by direct 

sequencing wjih an ABI BigDye Terminator sequencing kit using ABI 3130 Genetic Analyzer 

i Applied Biosystems. Foster City. USA >. The results were analyzed with Variant Reporter 1 0 

Software (Applied Biosystems). 

Mutation identified in the study was confirmed with Rsal enzyme iFermentas. Vilnus. 

Lithuania), which was selected by PIRA-PCR software (available at 

httpJ/oedar genetics.soton.ac uk/ptiblii'_html/pnmer2 html). In mutation carrier samples, 

digestion of the PCR product yielded two bands of 248bp and 12Sbp in length, which were 

visualized by 2'« agarose gel electrophoresis and ethidium bromide staining 

To characterize the consequence of the LMS'A mutation at Lhe cellular level, transient 

cell transfections were perfomed on C2C12 mouse myoblast ceils with wild type or mutated 

lamin A and lamin C mRNA expressed as fusions to the C-ternunus of cyan fluorescent 

protein (pECFP-Cl i and yellow fluorescoenl protein ipEYFP-MI. respectively (Clonctech 

laboratories i. Mutations were introduced via site-directed mutagenesis (Stratagene i with 

forward primer 5'- GGG AAC AGC CTG CGT ATG GCT CTC ATC AAC TCC -3' and 

reverse primer 5'- GGA GTT GAT GAG AGC CAT ACG CAG GCT GTT CCC -3' All the 

inserts were systematically verified by sequencing. C2C12 cells were cultured in Dulbccco's 

Modified Eagle Medium ilnvitrogen) supplemented with 15'£ FBS and 1100 L-glutamine, 

and incubated at 37"C with 5% C02. Cells were transiently transfected using lipofeclamine-

2000 according to manufacturer's protocol ilnvitrogen) After transfection. cells were fixed 

and visualized bv fluorescent oonfocal microscopy (Olympus Fluoview FV1000 confocal 

microscope using the Olympus FV-1G acquisition software). Vector cloning, cellular 

transfection and cell fixation were described by Sylvius et al. f 10]. 



One of the variants identified during the study was analyzed further to rule out its 

polymorphic character in a control croup of 246 subjects with no history of AF. They derived 

from WOBASZ cohort [9\ and were matched with the primary group of 103 non-vulvular AF 

patients for age. sex and presence of hypertension. The analysis was performed with Wave 

DHPLC instrument (Transgenomic, Omaha, USA). 

In silko analysis was performed with Human Splicing Finder web too! I available at 

http://www.umd.be.iHSF/HSF.html). The genotyping of polymorphism of linkage 

disequilibrium was examined usmc Custom TaqMan® Assay i Applied Biosystems. Foster 

City. USA'i and by 75G0 Real-Time PCR System (Applied Biosystemsi. 

Linkage disequilibrium study was performed with Haploview software version 4 2 

iBroad Institute. Cambridge. USAs 

The approval for this work was granted by local bioethics committee ''registration 

number 1067. date: March 13th. 2O08). 

The investigation conforms with the principles outlined in the Declaration of Helsinki. 

Results 

Screening of the LMNA g.ene in AF patients revealed only one variant leading to 

ammo acid change - Thr528Met mutation. The proband was a seventy-two-year-old 

Caucasian male with seven-year history of AF and a family history of sudden cardiac death. 

His father died of arrhythmia at the age of 66. His broLher died suddenly, probably due to 

ventricular fibrillation at the age of 70. fifteen years earlier he had a cardiac arrest episode 

followed by prolonged hospitalization. The proband's AF recently converted into a chronic 

form. Since 2003 he had more than 30 episodes of arrhythmia, 14 hospitalizations due to AF 

and 3 electrical cardioversions. 
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In 2009. the patient had W I pacemaker implanted due to an advanced atrioventricular 

block. MR and echocardiography examinations revealed enlargement of the left and right atria 

and small to moderate mitral and tricuspid regurgitations. The left ventricle ejection fraction 

and pulmonary artery systolic pressure were within normal limits (61 % and 15 mmHg, 

respectively l. 

The same mutation was also found in two daughters of the proband 139 and 45 years 

old) (Fie. 1A,I. They had no significant abnormalities in ECG. echocardiography and ECG-

exercise test 

In order to evaluate the pathogenicity of Thr528Met mutation further, in rixro 

expression studies were conducted. C2C12 cells were used due to their widespread use in 

laminopathv research and their transfection efficiency. Wild type lamin A and C were 

distributed homogeneously at the inner nuclear lamina. After Thr52SMet mutant lamin ,VC 

was introduced into C2C12 cells, characteristic aggregates were formed indicating an uneven 

distribution of lamin protein. Additionally, in 35*?I of cells with mutant lamin A/C, the 

aggregates were not circular, but sickle-shaped (Fig. 2). 

Apart from Thr528Met mutation, six synonymous variants were identified, of which 

four were already present in NCB1 database. One interesting non-described variant was 

Ue2C'lle iExon 1 - 279. c.7S. (2>T). This variant occurred in a NYHA class til heart failure 

patient with depressed LVEF (30%), normal coronary angiography and positive family 

history of heart disease (Fig. IB I. In silico analysis indicated that this nucleotide substitution 

disrupts an exonic splicing enhancer (ESE). which constitutes a binding site of SR protein 

SF2/ASF. The variant was not present in the control group of 246 healthy individuals. 

In addition, five intronic variants were detected. Three of them were not described 

previously: IV S 4 - 1 3 , NT:6595320 fT>A). 1VS 5 + 12, NT:6595470 CC>Ti and IVS 6 - 44. 

NT:6596316 iC>T). In silico analysis showed that these variants did not disrupt known ESE 
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The dsitnbjLJon of these and other \ananth is presented in Tab'e 2 V\e noted that in the 

patients stuciec tour SSP* [ro^SiH*s» A l ^ ^ A l a K o n * - <i1, L h<A GCT<XT> 

r o ^ ' J 7 iTVS '•> - If, \ T 659628^ C r - U rs50SD5S i \ sp44Msp H o r 7 - 4^ . l ^ S 

GAT-GMT* ar„d rsSSVIIb i l \ S S + 44 \ T 6 W 2 1 t s C>T ] m the LMV4 cere: were in 

«'mnc ^rkase i sequ 1 *mam i[ D -tore = 1<1h and that the rare al'c es ut the SNPs appearec 

together n ail pat erst* *ut one \n anaissis ot HapMap data confirmed that the *dentified 

cluster ot sananb wa.s a part ot a major block ot slrone linkaee disequilibrium comprismc 

SNP- In rn*.vn ^ u <.v n K and thu* spannir-i! a sicniKaJit part >t ih«. LV/% -V An*. 

T.' .ompare the frequents o) this. ..omened nlo.k dmorc patients and u<ntrv>l_. we 

Urtrd r^flS t̂ S n i. L 'ntM on up nt -^ •>abic."'* with no hjst. r\ ot \l Int.restirsh .k 

hsen _<_ tha ttK suhi.i. * L-.mir. th. -ar. _ lei. >t r->>US i>s were -.ion tiiantK rtn n. 

nuTien as amurc the patients than controls 2 , ,IH' ' IT 22 V, \ s S'q* cr K 4 , trr patscru 

__id .nnuvss respective, odds ratio = 2 6 /" = 4^2, p = li M2"1 • To serih Jie obbeneo 

uS"» iiiaticn we stuSieG _r. independent \ v^lie.ted -ohert ot V1"1 4^ patents uT.d iicditional 

?~2 healths suhiects ba' we were cnab'e to replisatc the original ohscnatnTi ipresence < t rare 

-Jele in 4U4SII er Is V, \ s "TS4f,? or 16 l ' i , tor patients and -octrois respectisels >QCs 

ratio = [ 2116 / : = I H , p = 0 2""M 

Discussion 

Our results confirm the findings ot a recent report show ana that LMNA mutations are 

not a irequcnt cause of XI1 h i \ potentialls interesting novel finding concerns 'he 

Thr52^Met mutation It had been presiousls described twice, but alwjss n a hetero/sgous 

vomrxiand stite A ith other mutations, <ind never .n the context ol \b wsth pacemaker 

requirement hirsi Savage et al [11] reported a Thr52S\fct together with SerSS^Ijcu 

mdtaijcn which presented phenotvpieallv as. tamihal partial lipodv strophv Then Verstraeten 

y 
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et al. [12] reported a heterozygous combination of Thr528Mel and Met540Thr mutations in a 

proband w;th a Hutehinson-Gillbrd progeria syndrome. Since m both cases the heterozygous 

earner parents wen? healthy, our report is the first to suggest a pathogenic effect of a single 

Thr52SMet mutation. 

The pathogenicity of Thr52*Met mutation was further supported hv in vtiro studies. In 

mutant transfccted cells, lamin X'C appeared in the form of aggregates clearly distinct from 

control cells. We also observed characteristic sickle-shape patterns, which might have resulted 

trom mutant lamin tormina extensions to other aggregates nearhv. Io our Knowledge, this i> 

the first case et such siekle-lskc aggregates in disease-associated lamin A/C mutant expression 

stueiev Currently we are studying the functional effects .if the Thr52*iMet mutation fur.her. 

We anc others have shown ir.creasec mobility ''i matant lamins as we.l as t reducec 

abilit% to form contacts with the inner nuclear membrane [111. 13|. h'rom these studies, we can 

infer thai the aggregates and sickles are reducing the lamina stability, thus increasing the 

mjtatvn-carrier's susceptibility to cellular disfunction. 

Another interesting observation concerned the Me2Mle variant which mav. as 

suggested by m siliio analysis, affect an exonic splicing enhancer site of SR protein SFl'ASK 

Such inactivatson ^i KSh could, in tum. cause the splicing mechanism to mistakenly skip an 

exon earning the variant and produce abnormal protein [14]. The variant occurred in an 

NYHA III individual with a positive family history- of heart disease, depressed LVKF >'30''i i 

and normal coronary angiography, thus meeting the criteria for DCM diagnosis. 

Unfortunately, no material suitable for expression studies was avaiiabie from the patient or his 

family. 

Regarding frequent variants of the LA/A'4 gene, we noted, both in the patient cohort 

studied and in HapMap data, the existence of a major l.D block comprising SNPs from exon 5 

to exon &. Some variant's! included in this biock could influence the expression of the LMSA 

H'J 



gene and'or the stability of its rrtRNA. As evidenced by the pathogenicity of single copy 

deletions. LMNA is a dose sensitive gene J15J. Thus, it could be speculated that variants 

which even slightly decrease its expression, as can be expected from SNP. may predispose to 

conduction system disorders and arrhythmia including AF. In order to investigate this 

possibility, we performed an association study and found that a rare allele of an SNP marking 

the LD block was significantly more common in patients than in controls. However, this 

observation was not reproduced when larger groups of AF patients and controls were studied, 

suggesting that the original finding was caused by chance. These results emphasise the role of 

replication for validity of association studies. 

In conclusion, we confirm that mutations in LMNA are not frequent causes of AF 

Tagged SNP within the LD block in LMNA gene is not associated with AF. However, our 

results suggest that m rare cases missense mutations such as Thr52SMet and perhaps 

mutations occurring in exonie splicing enhancer such as Ile26lle may play a role in disease 

development. 
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Abstract 

A-type lamins 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 (p.Aspl92Gly) resulted in nuclear aggregation of lamin C and the 

sequestration of a protein modifier, sumol, within the aggregates. Sumoylation is a post-

translational protein modification that regulates a wide range of cell processes through the 

attachment of sumol to various substrates. In C2C12 myoblast cells we overexpressed sumol 

with wild-type and myopathic p.Leu85Arg, p.Aspl92Gly, p.Glu353Lys, and p.Arg386Lys 

mutant lamin A and lamin C. We observed a trapping of sumol in p.Aspl92Gly, p.Glu353Lys, 

and p.Arg386Lys aggregates of lamin A/C. This correlated with an increased steady-state level 

of sumoylation. However we could not detect the sumoylation of lamin A or C by sumol. In 

myoblasts and myopathic muscle tissue from the LmnaH222p/H222p laminopathy knock-in mouse 

model, we also observed a mislocalization of sumol. Our results suggest that mutant lamin A/C 

alters the dynamics of sumol and thus misregulation of sumoylation may be contributing to 

disease progression in laminopathies. 
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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 restricted to dilated 

cardiomyopathy (DCM), Emery-Dreifuss muscular dystrophy (EDMD), restrictive dermopathy, 

familial partial lipodystrophy (FPLD) and premature ageing (OMIM # 150330). However, there 

is no definitive genotype-phenotype relationship for over 300 mutations reported in this gene (for 

the full list of mutations, see UMD-LMNA database at www.umb.be:2000). 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 

terminally 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 [11,12]. Furthermore, mutations in LMNA can differentially affect the lamin A or C 

isoforms [10]. The absence of the lamin A/C protein has been shown to cause mislocahzation 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 

mislocahzation 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 [11]. 

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 ubiquitin-conjugating enzyme E2I (Ubc9), which conjugates sumol to 

target proteins, interacts with lamin A/C [16]. Furthermore, 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 results using myoblasts isolated from the 
H222P/H222P 

Lmna knock-in mouse, which develops adult-onset muscle dystrophy and DCM 
comparable to the human phenotype [20]. We also validated sumol mislocalization results in 

H292P/H729P 

vivo in soleus muscle tissue biopsies from the Lmna " mouse. Although there is still 

much to be elucidated, our results highlight the involvement of the sumo 1 sumoylation pathway 

in the pathophysiology of laminopathies especially those involving myopathic tissue. 

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 pEYFP-Nl from Clonetech laboratories) as 

described in [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 in 

[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'-TCTCCACCAGTCGGGTCTC 

AGGA CGGCGCTTGGTCTCACGC-3' and reverse primer 5'-GCGTGAGACCAAGCGC 

CGTCCTGAGACCCGACTGGTGGAGA-3'. The p.Gln353Lys point mutation was introduced 
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using the forward primer 5'-CCGAGATGCGGGCAAGGATGAAGCAGCAGCTG 

GACGAGTAC-3' and reverse primer 5'-GTACTCGTCCAGCTGCTGCTTCATCCTTGCC 

CGCATCTCGG-3'. All the inserts were systematically verified by sequencing. 

Cell culture and transfection 

C2C12 mouse myoblasts and COS7 monkey kidney cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM) and transiently transfected using Metafectene Pro (Biontex). 

Primary mouse myoblasts were harvested from wild-type and LmnaH222P/H222P mutant mice as 

described in [22], cultured in Myo-1 medium, and transfected using electroporation (Amaxa). 

Co-immunoprecipitation 

Nuclear protein was incubated with M280 sheep anti-mouse magnetic beads (Dynal -

In vitro gen) for 1 hour at 4°C. Each sample was incubated with 2u.g primary antibody (anti-GFP 

sc-9996, anti-lamin A/C sc-6215) 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 95°C for 5 minutes then cooled. 

Immunoblotting 

Cells were harvested 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 anti-

SP3, mouse anti-sumo 1, mouse anti-p-Actin, mouse anti-GFP (Santa Cruz Biotechnology 6215, 

644, 5308, 47778, and 69779), mouse anti-GAPDH (ABM G041), mouse anti-vinculin (Sigma-

Aldrich 4505), and mouse anti-emerin (Novocastra NCL-EMEREN). Secondary HRP-conjugated 

antibodies used included goat anti-mouse, rabbit anti-goat, or goat anti rabbit (Santa Cruz 2005, 

2768, 2004). Visualization was performed using ECL detection reagent (Amersham) in the 

Fluorochem chemiluminescent imager (Alpha Innotech). Blots were analyzed for densitometry 

using the AlphaEase program. GAPDH, P-actin, or vinculin were used as protein loading 

controls. 
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Densitometry and statistical analysis 

Samples were normalized to GAPDH or (3-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. 

Immunostaining 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 6\im thick 

were obtained from C57 Black 6 mice Lmna+/+ and Lmnam22PIH222p. Prior to staining, slides were 

treated with 0.01M 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 primary antibody overnight at 

4°C and then 1:200 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 sumo 1 localization in the presence of wild-type lamin 

A and C as well as p.Leu85Arg, p.Aspl92Gly, and p.Gln353Lys lamin A and C mutants 

associated with dilated cardiomyopathy and p.Arg386Lys and p.His222Pro lamin A and C 

mutants associated with Emery-Dreifuss muscular dystrophy. 

Lamin A and C are not sumoylated 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 
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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 nor 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 COS7 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 bands 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. In C2C12 cells 

transfected with tagged sumol, immunoprecipitation of endogenous lamin A/C did not reveal 

lamin-sumo 1 -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). In agreement with previously published 

results in 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 in nuclear aggregation of 

co-localized lamin A and C. As shown previously with only p.Aspl92Gly lamin C [11], 

expression of p.Aspl92Gly lamin A and C aggregates disturb the localization of sumol by 

sequestering it within the aggregates. The p.Gln353Lys substitution results in variable sizes and 

distributions of aggregated lamins A and C within the nucleus as well as at the nuclear periphery. 
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This mutant also sequesters sumol within some of the aggregates. As previously reported, the 

p.Arg386Lys mutation also results in the formation of lamin A/C aggregates and we demonstrate 

here the trapping 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 sumoylation in C2C12 cells 

Given that mutant lamin A/C affected sumol localization, we next investigated the effect 

of p.Leu85Arg, p.Aspl92Gly, p.Arg353Lys, and p.Arg386Lys lamin A/C mutations on the 

steady-state level of sumoylation. Western blot was performed 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 performed on the bands corresponding 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.Arg353Lys, and p.Arg386Lys mutant lamin A/C however 

the values varied from 1.3-fold to 4-fold increases thus estimating a true mean of increased 

sumoylation is difficult. Also, as transfection efficiency was approximately 30-40% in the 

C2C12 cells, the effect of mutant lamins may be diluted by non-transfected cells. There was also 

an increase in the levels of non-conjugated sumol-YFP in the cells expressing the p.Aspl92Gly, 

p.Arg353Lys, and p.Arg386Lys mutant lamin A/C though trend was less pronounced and fell 

slightly below statistical significance. 

Sumol localization and sumoylation are perturbed in LmnaU222P/m22v mouse myoblasts 

In order to confirm our results in a more physiologically relevant model, we cultured 

primary skeletal muscle myoblasts harvested from Lmna and Lmna mice and stained 

for sumol (Figure 5 left panel). In Lmna+/+ myoblasts, sumol shows homogenous nuclear and 

cytoplasmic distribution (Figure 5A). Approximately 75% of myoblasts of Lmnam22P/H222P mice 
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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 LmnaH222P/m22P 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 Lmnam22vm222v mouse muscle tissue 

As endogenous sumol was found mislocalized in myoblasts cultured from 

Lmna mice, we wanted to determine if this occurred in vivo in dystrophic 

LmnaH222P/m22p 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 6 left panel). In the p.His222Pro mutant myoblasts, 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 
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agreement with the study that found lamin A/C to be preferentially modified by sumo2/3 [18]. 

The mutations included in this study were located in the a-helical coiled coil rod domains of 

lamin 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 [11], 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.Arg386Lys mutant lamin A/C formed intranuclear 

aggregates of lamin A/C as expected [10] however we further demonstrated sequestration of 

sumol within the aggregates. We report here for the first time, the in vitro over-expression of 

p.Gln353Lys (DCM) and p.His222Pro (EDMD) mutant lamin A/C. The p.Gln353Lys mutant 

lamin A/C shows intranuclear aggregations that sequester sumol. We observed that p.His222Pro 

mutant lamin 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 Lmnam22P/u222p mouse [20]. This discrepancy may be due to the 

lack of a compensatory mechanism in C2C12 cells that may exist in mice or conversely to the 

over-expression of lamins and the exaggeration of normally undetectable changes in lamin 

filament formation. In myoblasts solely expressing p.His222Pro mutated lamin 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 (NPCs) [36] 

and the proper assembly and positioning of NPCs is dependent on lamin A/C [37]. In 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 lamin A/C. SENP1 and SENP2 are sumo-specific proteases that de-sumoylate modified 

proteins and are found in the nucleus and at the nucleoplasmic face of the NPCs, respectively 

[38-39]. Also, RanBP2, a protein with sumoylation E3 ligase function also localizes to the 
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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 C2C12 cell model, the sequestration of sumol within mutant lamin aggregates 

paralleled with an increase in the steady-state levels of sumoylated 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 sumoylated proteins from 

normal regulation of de-conjugation and/or sumol degradation. Furthermore, although 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 mislocalization 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 TGF(3i signalling cascade 

correlating with increased fibrosis in the mice [20, 28]. Both the TGFP receptor type I (TpRI) 

which activates the Smad proteins as well as Smad4 are sumoylated [29-30]. T(3RI is sumoylated 

in response to TGFP 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 TpRI 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.H222P myoblasts 

transfected with sumol and not in wild-type nor heterozygous myoblasts. This band would 

correspond to a small (10-20kDa) sumoylated 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 mislocalization of sumol, ubc9, and 

likely sumoylated proteins in a mutation-dependent manner. There is consequently deficient 
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deconjugation and/or degradation of sumol indicating a misregulation of the sumoylation 

process. In 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) Immunoprecipitation of endogenous and exogenous lamin A and C. (D) Nuclear extracts of 

sumol-HA transfected C2C12 cells were immunoprecipitated using anti-lamin A/C antibody and 

western blotting was performed for lamin A/C. (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 
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presence of NEM. Emerin, a known lamin A/C binding partner, was included as a positive 

control for immunoprecipitation. 

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 lamin A/C. 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 4: Mutant lamin A/C expression correlates with an increase in levels of sumoylated 

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 (3-actin as a loading control. Blot is representative of increased sumoylation 

observed in both lamin C, ubc9 and sumol transfections (n=2) as well as lamin A, lamin C, and 

sumol transfections (n=6). 

Figure 5: Sumol localization and sumoylation of an unknown protein is disturbed by 

endogenous p.His222Pro mutant lamin A/C in primary mouse myoblasts. (A-B) Fluorescent 

microscopy images of non-transfected and sumol-YFP transfected Lmna+/+ (WT) and 

Lmnam22P/H222P 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 counterstained 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+/+ and LmnaH222p/H222p myoblasts transfected with wild-type 

sumol-YFP harvested with NEM. Bottom Blot was reprobed for vinculin as a loading control. 
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The asterisk (*) marks an unknown sumoylated protein whose sumoylation is increased in the 

Lmna H222P/H222P myoblasts. The blot is representative of two independent experiments. 

Figure 6: Sumol localization disrupted in soleus muscle sections from Lmna mice. 

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

from Lmna+I+ and LmnaH22mH222P 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). Each 

picture presented is representative of the most commonly observed phenotype. 
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