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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 LM/NA 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 Ixach 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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Sumeol 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



1.1 The Structure and Organization of lamin 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 B1 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 1q21.2-
g21.3 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



Head Coilla

N-Terminal a-Helical Rod Domain

C-Terminal
Globular Head Globular Tail
Domain

Domain

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.



contiguous DNA after amino acid 566.

The lamin AAI10 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 B1 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 — CSIM (reviewed in Rusinol and Sinensky
2006) (Figure 1.2). First, a farnesyl group is added to the cysteine of the 74kDa prelamin A
CSIM motif by farnesyl transferase. The three C-terminal amino acids are cleaved by either the
zinc metallopeptidase ZMPSTE24 or Ras-converting enzyme 1 (Rcel). 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 (lcmt). Finally, Zmptste24 cleaves an additional 15 amino acids
upstream of the CSIM motif to yield mature lamin A.



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 nucleoplasmic 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



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.



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.



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.



Table 1 Table of lamin A/C interacting proteins including characteristics, domain of interaction

and reference

Protein

Actin

Arachidonate 12-

lipoxygenase (12R
LOX, ALOX12B)

Barrier-To-

Automntegration Factor

1 (BAF)
C-Fos

H2B, H3, H4

Cyclin D3 (CCND3)

E1B 19K

Emerin (EMD)

Epidermal Growth

Factor (EGF)

|
|

hnRNP El

Lamin B1

Lamin Companion 1

(Lcol)

Lamina-associated
polypeptides 1A and 1B

(LAP1A, 1B)

Lem domain-containing
3 (LEMD3, MAN1)

LEM2

LUMA

Mell8

Core histones H2A,

Characteristics

Major constituent of microfilaments and plays an important role
1n cell shape, movement and structure

Oxyreductase that converts arachidonic acid to 12R-
hydroperoxyeicosatetraenoic acid

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

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

Histones play important roles 1n the maintenance of chromosome ]
wntegrity, DNA recombination, and DNA replication Core

" histones are responsible for creating a protemn core around which

146bp of DNA are wrapped in approximately 2 left handed
superhelical turns grving rise to the nucleosome core particle

Forms a complex with CDK4 or CDK6 which are involved 1n the
G1/S transition of the cell cycle

Inhibitor of apoptosis both during viral infection and
transformation \

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

Promotes growth and differentiation Has profound effect on
differentiation of specific cells 1n vivo and 1s a potent mitogenic
factor for a vaniety of cultured cells of both ectodermal and
mesodermal origin

Involved 1n several RNA-related biological processes
(transcription, pre-mRNA processing, mature mRNA transport to
the cytoplasm and translation) Regulates initiatton of RNA
replication and translation

Intermediate filament protein Component of the nuclear lamina

|
[

Involved 1n orgamizing internal lamin network

Integral membrane proteins of the nuclear envelope May be \

mvolved 1n the orgamization of synaptic cell cell contact

Bind directly to BAF Has 2 transmembrane domatns

MANI related protein Potential function 1n structural
organization of a subset of NE components

A novel ER protein enriched at the nuclear envelope It 1s highly
conserved with wide tissue distribution

Zwc finger protein localized in the nucleus A sequence-specific
DNA-binding protein and 1s a negative transcriptional regulator

S?lS}eVllle and
Langelier 1998
Tang et al 2000

Holaska et al 2003

Ivorra et al 2006

Taniura et al 1595

Mariappan et al
2007

[Rao et al 1997

Clements et al
2000

Zhong et al 2005

Zhong et al 2005

Ye and Worman
1995

Reference Domain of
Interaction

Carboxy
Terminal
Domain

Unknown

Unknown

Unknown

Unknown

Residues
383-474

| Residues
I 252-390

Residues
384-566

* Unknown

- _

Unknown

i Unknown

Vicek et al Aug
2004

Foisner et al 1993

Mansharaman et
al 2005

Brachner et al
2005

Bengtsson and
Otto 2008

Zhong et al 2005

Unknown

Unknown

Globular
Tail Domain

Globular
Tail Domain

Unknown

Unknown
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Mesenchymal Lim
Interacting Protein
(MLIP)

Nuclear Prelamin A
Recognition Factor
(NARF, 10P2)

Nuclear Titin (TTN,
Connectin)

PCNA (Prohferating
Cell Nuclear Antigen)

Protein Kinase C Alpha
(PKCA, PRKCA)

Retinoblastoma I (Rbl,
Rb)

Sterol Regulatory
Element Binding
Transcription Factor 1
(SREBF1, SREBP1) a
and ¢

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

SUNI

Synaptic Nuclear
Envelope Protein |
(SYNE!, Nuclear
Envelope Spectrin
Repeat Protein 1,
Nesprin-1, MYNE-1)

SYNE-2, Nesprin-2,
NUANCE

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

Ubiquitin Conjugating
Enzyme E21 (Ubc9,
UBEI)

Zinc Finger Protemn 239
(ZNF239, MOK2)

Novel lamin interacting partner Expressed primarily 1n cardiac
muscle, skeletal muscle and brain Essential for muscle
differentiation

Component of the endoprotease complex likely involved n the
postranslational maturation of prelamin A to lamimn A

In non-muscle cells, nuclear 1soforms are essential for
chromosome condensation and chromosome segragation 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 mvolved
1n signal transduction and cell communication Normally
expressed 1 cytosol but lots of evidence points to 1ts locahzation
1n the nucleus (Buchner 1995 Eur J Biochem) Reports on
1solated nucler say that PKCA can be found constitutively in the
nucleus Confocal microscopy experiments show that 1t 1s found
1n cytoplasm and nucleus 1n resting cells PKCs have been
known to phosphorylate nuclear proteins (Buchner 1995 Eur J
Biochem)

Regulator of cell proliteration and differentiation Tumor
suppression factor

Involved n both cholesterol biosynthesis and adipogenesis,
mcluding the expression of genes involved 1n fatty acid
metabolism

Acts mainly to stimulate cholesterol biosynthesis

Role 1n nuclear positioning by connecting nuclear envelope to
cytoplasm NTD positions 1t at INM and CTD with Nesprin
1soforms 1n NE

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

Localizes more to the outer nuclear membrane than Nesprin-1
and 1s more abundant m cardiac and skeletal muscle than 1ts
cousin

Non-membrane 1soform of LAP family Identified as part of
nucleoskeleton and 1s imphcated m nuclear structure
organization during cell cycle

E2 conjugating enzyme of SUMO pathway Functions 1n transfer
of ubiquitin or SUMO to an active cystine residue of a substrate
protein

Transcription factors able to recogmze DNA and RNA and
nuclear ribonucleoproteins

Personal
communication
with Patrick G
Burgon

Barton et al 1999

Zastrow et al 2006
Shumaker et al

2008

Martell: et al 2000

M A Mancim et al
1994, QOzaki et al
1994

Lloyd et al 2002,
Capanmn et al 2005

Lloyd et al 2002,
Capanni et al 2005

Haque et al 2006

Mislow et al 2002

Zhang et al 2005

Dechat et al 2000

Zhong et al 2005

Dreuillet et al 2002

Rod 1
Domain

Carboxy
Terminal
Domain of
prelamin A

Unknown

Unknown

Last 166
residues of
lamin A

Unknown

Carboxy
Terminal
Domain

Carboxy
Terminal
Domain

Unknown

Unknown

Unknown

Residues
319-572

Unknown

Residues
243-387



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 LMINA 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
[FPLDY}).
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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 1000g, 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 (KCNQI 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 1B (LGMDI1B). 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. LGMDIB
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-1I 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
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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

mild LGMD1B.
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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 lJaminopathy 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 MEF"'**KN3 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 expresston. 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 et al 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 (hnRNPE1) (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 hnRNPE1 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), MOK?2 (Dreuillet et al 2002), Sterol Regulatory Element Binding Proteins 1 and 2 (Lloyd
et al 2002, Capanni et al 2005), Mel18 (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 Nfi 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 PKCe 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 PKCoa 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).

UbcY, 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 E1
activation enzyme, Aos1-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 - WKXE where y 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 RanGAP1 to accumulate
at the NPCs (Nacerddine et al 2005).

The classically recognized Sumo consensus sequence is WKxE 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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Sumo-GGxxX...

Maturation with
Sumo protease

Desumoylation with
Sumo protease

Activation with Ei

Ligation with E3

ligase Conjugation with E2

Thioester bond

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 Aos1-Uba2. The Sumo is
then passed from the E1 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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1 METPSQRRAT RSGAQASSTP LSPTRITRLQ EKEDLOELND RLAVYIDRVR

51 SLETENAGLR LRITESEEVV SREVSGIKAA YEAELGDARK TLDSVAKERA
101 RIQLELSKVR EEFKELKARN TKKEGDLIAA QARLKDLEAL LNSKEAALST
151 ALSEKRTLEG ELHDLRGOVIGMAN.GEAK KQLODEMLRR VDAENRLOMM
201 [EEEIDFOKNI YSERLRETKR RHETRLVEID NGKOREFESR LADALOELRA
251 QHEDQVEQYK KELEKTYSER.LONARQSAER NSNLVGAAHE ELQQSRIRID
301 SLSAQLSQLQ KQLAAKEAKL RDLEDSLARE RDTSRRLLAE KEREMAEMRA
351 RMQQQLDEYQ ELLDIKLALD METHAYRKLL EGEEERLRLS PSPTSQRSRG
401 RASSHSSQTQ GGGSVTKKRK LESTESRSSF SQHARTSGRV AVERVDEEGK
451 FVRLRNKSNE DQSMGNRQIK RONGDDFLLT YRFPPKETLK AGQVVTIWAA
501 GAGATHSPPT DLVWKAQNTW GCGNSLRTAL INSTGREVAM RKLVRSVIVV
551 EDDEDEDGDD LLHHEHGSHC SSSGDPAEYN LRSRTVLCGT CGQPADKASA
601 SGSGAQVGGP ISSGSSASSV TVIRSYRSVG GSGGGSFGDN LVTRSYLLGN
651 SSPRTQSPON CSIM

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 Asp192Gly 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. (¢) Lamin A amino acid sequence indicating the location of
three Sumo1 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, yKxExxS/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 Sumo1 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.Asp192Gly 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 Ix,h 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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l.

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.

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 Sumol.

Objectives

L.

Is Ubc9 cellular distribution affected by LMNA mutations?

Methods: Cellular transfection, Fluorescent confocal microscopy.

Is the interaction between Ubc9 and lamin A/C affected by LMNA mutations?
Methods: Cloning, Cellular transfection, Co-immunoprecipitation, Western blotting.

Determine if lamin A/C is sumoylated by Sumol.
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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% CO,.
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% CO,.

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’, ¢) 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 Dpn1 restriction enzyme for 1 hour at 37°C to break down the product to facilitate
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transformation. DNA was transformed into XL10 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 1X 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% TritonX100 in
5% FBS for 20 minutes at room temperature. Cells are hybridized with primary antibody in 1.5%
FBS for 1.5 hours at 370C, washed three times in PBS 1X then incubated with fluorescently
labeled secondary antibodies. Cells are washed with PBS 1X 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
PKCoa (sc-208), as well as EMD (Novocastra, NCL-EMERIN), Calreticulin (Abcam, ab29(7),

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-Immunoprecipitation

500pg nuclear protein is incubated with 25ul washed Protein G magnetic beads (Dynal —
Invitrogen) for 1 hour at 4°C to reduce nonspecific binding. 2ug 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 1X 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, 1.0g SDS, 1000ml ddH,O).
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 ddH,O). The
membrane is stained with Ponceau Red staining to visualize protein loading and blocked with 5-
10% skim milk powder in 1X 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 -10log 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-1) Arg541Gly
representative aggregates, sickles and cytoplasmic leaking.
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When Serd431X (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 3.11,1). 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
Ca”* 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 TOM?20. 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.

48



Lamin A Lamin C TOM20 Overlay

Figure 3.3 Mutant cytoplasmic lamin A/C do not colocalize with mitochondrial marker,
TOM?20. 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 TOMZ20, an outer mitochondrial membrane
receptor. Cells were visualized under fluorescent confocal microscopy.
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Arg541Gly
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Lamin A LaminC Calreticulin Overlay

Thr528Met
(lone AF)

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.

Arg541Gly
(DCM)
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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 C2CI12 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
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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, Aspl192Gly, 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 Asp192Gly and
GIn353Lys 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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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 Asp192Gly and GIn353Lys 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.

Ubc9
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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 Asp192Gly (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 Asp192Gly and GIn353Lys 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 UbcY 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 immunoprecipitation. 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 Sumo1 revealed four bands. These did not correspond to lamin A/C-
Sumo! 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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Srebp IP from rat liver
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68 kDa
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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

Srebp IP from C2C12
cells

WB: Srebp1

WB: lamin A/C

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-1mg, 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, Srebp1 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),
GIn353Lys (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 Asp192Gly (DCM), GIn353Lys (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.



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 C2CI12 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 Sumol.
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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 endo110b 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).
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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 110kDa. The sample was called endo110 because it was
from an endogenous lamin A/C immunoprecipitation and the band was located at the 110kDa
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 LMINA 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 B-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 B-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 B-
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 1a have been found localized
to the ER in skin fibroblasts of LGMD patients with a LMNA mutation (Muchir et al 2003), in
MEF” 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, Ser143Phe; 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 B-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 PKCo 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-I), 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 PKCoa nuclear
translocation which then activates the MAPK signaling cascade, thus leading to the development
of the cardiac phenotype in laminopathies.

PKCua 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,
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 H1, 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.

87



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 (Asp192Gly, GIn353Lys, Arg386Lys) do not introduce new consensus
sequences, however GIn353Lys and Arg386Lys do introduce new lysine residues that may be
sumoylated by Sumol. Since Asp192Gly 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
Mdm?2 (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 Sumol. 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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Figure 5.1 Western blots of Ubc? indicating specificity of various amtibodies. (a) monoclonal
anti-E2 (Protein Tech Group, IL) and (b) polyclonal anti-Ubc9 (H-81 Santa Cruz Biotech). Both
blots were stripped to be reprobed. * in (b) represents unstripped protein from anti-lamin A/C
western blot. Arrow points to endogenous Ubc9 level.
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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. 1
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 Nup153, 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 Srebpl1 translocates to the nucleus and activates the expression of PPARY by binding to its
sterol response element promoter sequence. PPARYy 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 Srebp1 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, Srebpl 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 Srebpl 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). HnRNPE1 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.
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 mssspvnvkk lkvselkeel Kkkrrisdkgl kadlmdrlga
aldneaggrp amepgngsld lggdaagrsg agleqeaaag
aeddeeeegi aaldgdgmel geengaagaa dagameeeea
asedengddq gfqegedelg deeegagden ghgeqqsqpp
aaaaqqqpsq qrgagkeaag kssgptslfa vtvappgarq
gqqqaggdgk tegkggdkkr gvkrpredhg rgyfeyieen
kysrakspqp pveeedehfd dtvvcldtyn cdlhfkisrd
rlsassltme  sfaflwaggr asygvskgkv cfemkvteki
pvrhlytkdi  dihevrigws  lttsgmllge eefsygyslk
giktcncete  dygekfdend  vitcfanfet develsyakn
gqdlgvatki skevladrpl fphvichnca vefnfggkek
pyfpipedct fignvpledr vrgpkgpeek kdcevvmmig
Ipgagkttwv tkhaaenpgk ynilgintim dkmmvagfkk
gmadtgkint  llgrapqclg  kfieiaarkk  rnfildgtnv
saaaqrrkme  Ifagfgrkav  vvepkdedyk qgrtgkkaeve
gkdlpehavl kmkgnftlpe vaecfdeity velgkeeagk
llegykeesk kalppekkqn tgskksnknk sgknqgfnrgg

ghrgrggfnm rggnfrggap gnrggynrrg nmpqrggggg
sggigypypr gpvipgrggy snrgnynrgg mpnrgnyngn
frgrgnnrgy kngsqgynqw 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, 1 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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that & larp: feletnm n LW asocnated aisth redocad
lewely vt the pratein in the noclear envelope sugpesing a
haplonsathciency mechanism can lead o crdwmyocte
neclaar envelope disruphon and thus enderhie the patho-
penests b DM

heywords  Lamin A'C ‘Thymopoien - Motation -
Dhlated cardiwmvopathy - Cardiomvocste -
Npslog- nitmatnzotire

Intmduction

Dhlated camhomyapathy DM s charactenzed by dila-
tation ot candiae chumber and mpared contractom
Sroomt o cmapt e and e b mest e taghl anable.
Lo dare, mubainms i 2o 5ends nave meen waidied with
Abbursomal Jomimant DOM [ 500=0 00t U MIMELEZ 0]
LMNA. which encodes lamin ASCD 15 ome ot the most
commondt imphicated cenes i DOM. Motatons in LWNA
e assciatad with o hich nsk ot esrbvthmia, -cddoen
Aeath and heart tabre [ 0oL barthermers, svmiptoniat,
DM patient. Zareome DASY mtan s Japlay aonoree
ProcThosls thin LDROA pgients camang o mutathon o
anvther DR - daootatad cene {20070 D0 2o BB Is]

The A-tvpe lamim- & and . alternatvely ~pliced
products trom LYNA are tvpe Vontermediate hlament
proteins expressed i termimal iy ditterentiated somantc
salls, Thew are compements b 4 thin nlamentocs me-h-
W orh—the nuclhear lamima—Lnderbane the nucleaplasne
w132 ot the inner nockear membrane. and are alvo present
10 the nucleoplasm |~ 2L 2= 400 Lamuins have tradi-
tomally heen conspdered ke components o prowvidinge
stroctral suppaort o the nucless and anchonng chromann
and nuclear pore complexes to the noclear envelope |24
oSl Intranuclesr famims have proposed tunchons 1n
DONA rephicaton [ 27, 25, 2w 2 ransenpion (41] and
chromatin eanisation [R5 S In onder toocarry ot
their tunctivms, lamms meract with a number of puclear
anvelupe pRvtens. chromatn and ramenphion tactor.,
Among the penes encoding the lamm ASC nterachimg
proteins, FMP(), the pene encodine nicleoplasmic thy-
mapaoietin alpha {abse called lamima-asocated polypep-
nide 2 (LAPZy alpha} has been ~hown to harbowr a
mutaton i DOM patients |4 7) T he denthed muatation
accurred in the ¢C-termunal domam at thyvmopenn alpha.
Amrwn knoan toonteract arth lamin ASC readuoes AL
Shf |4, 'lhree thymapoietin sotorms, alpha. beta and
mamma ame encoasked hy FTMPO 5], ‘The three isotorms
sham an dentical amuno terminal seguence bt have
diverpent carbaty terminal sequences |9 Thymopoiehn
iv thought 0 play an impontant mle 1n muntaning
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nuchiar architecture throweh it binding anth laimins and
other proteins,

Candiomyneytes trom UM patients with LW %4 muta-
tions exhibit the tolloamg chumctensncs: a1 redoosd
lamin A expression I myasete nivla on mmmong-
Horsenca immonohistochemi <ty studies and 1br tan
types o gltrastoehoral chanpes, munor noclear envelope
damare. such s tocal disruptions. blebs nd noclear pore
Zlestzrine, md mapw mombelaers alteratone, incledne 3
complete kvas ot the noclear anvelope and accumulition ot
mitachandna, clvwacen andot hpotuin o the necleos
plasm [Z. ¢ D8, kL SEL To date. these mapr noddear
envelope detects were only thund in a DOM patient car-
mring the p.DHY G LMNA mutanon |1 D5 ) However
in nonegenotvped DOM patients as aedl as im heart talure
naenl-, manor neslaar doteote woh ae wrerLbar nodar
cnvlope, 2plamad apd burarne shape s noclzn indatatio fie,
mant and mulhple necle b ound mesclay dambetad
chromatn are commaonly boend | Lb V6 470 There 1+
comsderable haterorveneity n the aboormalites obeavad
from one cardtae ~ample to the next as aell a- anthim o
parnzelar .ample |, < L

The am ot the present -teds wa- o asoertan whether: o
nujor nbdair 2onchope dhmonmaliie s are & coannent 2atre
inpanentsa ith DOM and ) 20 LA andor DYFO mutation -
AR dnstnclated with noclear envelope Jetact- incandtamy -
ortes trom 2 wenes of 25 onrel gted DO'M patients.

Materialy and methods
Pitient rarotment

Written intormed oonsent w as obtamed trm all patents in
axcardance with study prytoacols approvad by the hospital
cthics commutices. Diagmo-s ot DOM am 2-tablishad
hased on WHOCISEC cntena madihed by Mestronn and
colleagies {271 that incloded severe LV svstolic Jvstumne-
tion (LY dilataton exceeding LIT% ot normal valxe cor-
moted tor ape and body srtace amm oamd LV ejecnion
fraction ;LY ER) < 45 messured in angwemaphy. without
sipmiticam coronary artery disease {50k lomen diameter
redpchion of ope of the main coromary artenzsi. Exclowon
cnteria incduded hyvpertenswn, o seguimed or congemital
heart diea-e. All patients enderaent chruol exammaton,
evialmtion of hunctional staes according o NYHA clas-
shcatiemn, BOCG spdy, ta ~dimen<onal echocardiorraphy
with Doppler andior coronany anmorraphy o exclude
coronary artery diseawe. Left ventnoclar enlagement was
calaulated :a;m‘f_:n; to the method ot Henrv, A total ot 258
index cases mcTluted in Canada and Poland wer enrol led
n the study.
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Cardiac trasue collection, ¢lecinam micmis gy
and immumostaming

Cardiae tisspe samples were coflected tromm endvmyocar-
dial opsies patormed on chimcal indicaion or trom
erplamed heart e, Samples were immediately processed
in 1 6-3% pluteraldevde. Fixed heart tiasnes were processed
imtvthick and thin sections acoorling 1o the standard methods.
Tivspe sechions ware zwaminad with 1 Hitach TG T JEM
LAKEN electmn micrywone.

For indimct mmmunnHikwescence svaminations, N um
CISLIE secions were stanasd with two monaclonal mtivera
arainst lamin AN TNCL-LAM-ANC) i Novacastra Laborato-
nes. Newcastle, UK and A4 landly prowvded by Dr
Hutchisen | Department of Biological Science, Universan of
Dundse, TR G AL it ady detact. nly lmin A g~ ree-
ATt site hes afte amuno sad 5020 NCOL-LAM-AQ
Roornses oth limun A and Lain C. o briet, antibosdie -
Jilated 110 wer apphed to hospe sections tor A0 mimn.
Soctions were ninsed with PBY and icubated for another
Hmun with the appropnate Rodamime Red M comjueated
st anhi-rabhi (07 socondary antthady diloted 1240 wth
PHS. After heine washed waith PBN. the
mented o pelmelnt and vewed agh oan Upton Aoiss
standurd LAB A micrscope with eprioorescence optics.

~act~ AL

Screening ot MM and SHP codine sequences

Genomic DNA was solated trom white bload  cells
hagen Flexigene kit ‘1o screen tor somatic mutations,
DNA way extracted trom carhiac tissopes uaing a3 {hamp
twhini DNA extraction kit 1Qiagens.

[ntromic oliponocleotide primers Hankdne cach ot the
exims wer desipned based on published sequences 1Gen-
hank accession number: LEZAWEL L2400 and L1240 tor
TMNA and LSO pepome hionntormatics database tor
PP, Al DNA amples aem sshjected t0 PR and
direct sequencing tABL Privm Big Drve, ABL PRISM 310
penetic analvzer. [t there was any sspicion of genomic
vanaton in a myen patient. anather sample of DNA col-
lected indepenckently syatematically  Jdouhle-strand
ageenced UTable Tl Negquenom aers Coampared te tane
ool ~aamples trom indraduals aathaet known cardie
vawLlar divease. Each sample’s clectrapherseram was
analyzed by two independent investipator,

Multiplex-hgation  dependamt probe amphhcaton
MLPA) analy s, was pertammed to screen tor deletions and
duphcations inthe L% rene codine sequene: aacordinge
to the muanLtacturer’ s nstrcton- - SALSA MLPA KT
Pras LAMNA MRO Hodlande, the probe mox contanad
probes tor 190t the 12 coding sxons ot LA bt mot

LY

Table 1 Priner par amd e shng temmpera ity ined b ool y LNA and THAY Codmy neoare,

Prerer soguenver 5 L 3T R amesbhmy
fetipeTaldre €
AINA Foun [ % 9| Besere
14 ILTEATTE &TTIR G AL LG A GTAGACU GO VAGUGATE =1
2y LR ACUTOL AL AGLT LTI ATV L N,
i CCTTIUAAGTIUTTUTGTTLTLTL A CCTALC U ALKCUAAGTOT G 5%
i CHUCUTTOUU AGUAAUT ANTICIG CHUCCTGUCALUATUTRS o]
& CETTUTAGICAGTUATGUCU AL COAAAGUUC TUALIA AGTLAAG &2
- ATUCTGUALIAG AT ALK AL TETALTO AALK K U AUTTIR &'
N LCCACTTUL TV OINE CUCTOATOL AVOUTTUT AT '
4 GAGOGUUTUAATINE AGHUALR GAAAAGUAUACUTT ACUUUAGE &2
Rl CRIAGK Gt T UK TAAGTER CHUGIUCAGU A ALK ALCUAG [.IH
1 GTAALGC AL AUGUUGLATUAAAG GATGUCATUGAATATTICCTAT LY ]
114 CLTTUAGTOOCAGALIUGL AVCAGATIGTOUUUGAAG sS
118 SITCACTOGUAGTT ACUGL CCACCTCGTOUT ACCLYLTT 52
12 CTTTUTLACOCUUAG AT GGAC AUGOAAAAGLGAAGUGALGI AGAAAT th
T 1 CTUT AAGKKIGA MGG GUAG CAGATTC AUACGTUAAAL A AL M
2 COCAATTIUGTAGTUGAGTTICA TAATTIGUGUTUCTWRTIOA &,
" TOAMA T ATUCUTAAAT G A AAL TOAGUTTLA STOCT AAATOAAAL AN
i LTI T AL AGGC AA AT COECAGCCATOTTUACTOARTTSS ]
& AMSACCAKGGTTIOUUGATEA TUGATTAGTGTIGTCAUGALKTT suh
& CUAGTATGOUCUCUTTATIAAAGT A CTLOUTUCC ACTTUCAAA QA s}
- AAGAL ALK CTTGUUA AL ATLTIG ACCATIOGTALCTOUOGUTUU A AA ait
] TUACKIGAATGTUTTOLAAT GUAGTTTTTATTOAGD AGALA S H
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for 2vens 5 amd 4 becdu~e of the close proamity of exons
4and 5, and evons b and ), ] be probe mx alvo contaimed
13 prabes tor other heman cenes. Twao ot these probes
roagmze cenes havalired onchromosyme L. One ot thewe
prabes was lncated 44 kb upstream ot LMNA exon | and
anather Ui kb doanstream ot D884 exon 120 MLPA
amplincaton provfucts were anubyzed on an ABL made!
ALMIXL Genetie Anabvrer {Applicd Biosystems with the
fimpeMapper ~ottaar: VA5 Lanre Genescan STRLLY
ntzmal tandard  tApphed  Brewstemsn kach
pattent’ - zlzotrophzromam was Jomparad g three oo
trols, Ve Lwed the Cottalvzer MLPA DAl {MRC-Hol-
land) sottware o amlvze MLPA dati Resulting
mormalized ranes were ~ L tor every wild-type peak
5 tor heterosyeon s Jeletions and T3 tor heterosygons

R P

Juplioati o,

antiat e reaf-nme PUR was Laed B ooonhrme e
Llenon tond i LN Bache LichtCs cler 2o | os)
Pnmers aem desrned tor LHWNA son 9 forward.
Sopearcoctooortuagtetc- ¥, myvene, S <oioptocagcaarca
procde- 4, PUR w4~ -2t Lp im capillanies in a total volume

b Ztul ik PEBR mushore Comtaned 2 S mM OMeCl-
SSmMe 2wl o4 b ogreen noy o LMoo mostore
o traara and rovere: promers and Jino of DINA

Sundard  cumes tor hath the  ou~cekespmg peme
SAmiroclobhnt and tareet seme owere senenmted
Traw ditterent types ot sample DNA e . one sample
from the XM patient carmane the Jdeletton and ome
~ample trom o2 DOM patient anhoot the Jdeletion) were
whlieed te smaere that the com ot the
tarcet to the boewseheepne cene wasy disrupted onls
wher 4 Keletion was preaznt. Vang the <lope and
sAamercept ot the -tandard curve, the LightCveler svstem
calculated the comcentrattons (M ot sample and contml
DMA tor both the reterence ceme N2 micraciobzhng and
the tamret pone (Lamim A5, These concentratens were
then L-ad B Caleilate the cene doaee e Laine the tol-
Lo e & g atrom:

Jumare rana

8 ., tpanent! 8 40, opahent]
M, ool DM e ot contol)

where B = 0.5 10307 mdicates delenon. £ = 1 (.86
.21 indwcates mommal copy nomber and £ = L5 {110
indicates Juphcaton

Statistical analy <1

LVEE and LVEDD o percentare valwes were compared
hetyeen patients with mapy carliomyocyte  nodear
abpormahty and panents with non-specihe ardiomyocyte
nudzar shovmaity sune 2 tao-taled Stodent’ s rtest level
ot sighcance S

-
€ Sprrge

Renultsy

UHmstroctzral chamcteriatics of endomsocardial
~dmiples

Urastrocteral anabvais ot endomvocarhial samples
enabled s to distinpuish two groeps of DOM patients, One
croup comsisted of arh mndsvaduds exhibiine major
neclzar cnvedoape abn wmainizs nozlesiron micmeraph-
thie, D and the second conuisted of 7 patiants w ith mumeor
and non-DOM specihe aboormalifies,

Among the pabents with noclear anselope detects. the
propariion of Jetective cells ranred trom 3 small percent-
dape to s moch as X% jpatents 2 and 61 ‘the most
ooy abmormidlits, occuming 1 b T ot 2ight paiants,
ettt oand acaamielan e of nut ohomdro and dher
cwtoplasnaie organciles mbe the nucledr nodrin patiants L
ZEand kel cady The membrane s ot thewe weanzlie.
appeared discontinuous from the nucler emelope ' kg Lo,
dr. The nuclear envelope was Lasallv amepelar thig la—c)
and partialiv Jdsropted o taalls mussme mose ot acht
mtent- panent- L b s voumd 0 hieeoao o
Chromutine Dsorcameat wm aa- alao sheaaosd patient- 2
and o ln Sontrasb sameples tromn the L
secomnd croop dsplaved naedkest and mon-speaihe oo zr
membrame afteratones, ~Loh as nuslear rregubants that ae
commonly tound in DOM patients regandless ot the pres-
ence ot LWV mutatons T, Lol 1.

matient in the

Chocal characteriatics of the patiand cobaon

Chnical charctenstics ot the 2% DCM patient- 12 males
and & temales) icluded inowr sudy are showan i Jable 2
‘There was conwderable hetempenenty im ferms ot the
chmeal charactenstes and sevents o DOM acroes the
cobart ot 25 pabents,

In the eroup ot wicht pabents abee cchubied nodear
amvelope abnormabities, age it Jiwawe onest mneed from
L4 10 6.3 years, tour patients had 4 tamels history ot DOM
fhable J. kgl 20 {Hh while none had o sospraon ot
mescolar destrophy, Disease seventy ranged from muld
DM to progressive heart tallure and LVEFE values ranced
from <1l to S Vanoes arrhythmids were present i all
2icht pabents: two patient s requred KD fpaents | and T
and one reaquared pacemaker ipatient 500 hree patients had
recennved 2 heart transplant fpatients 4 5 and 41 and tao
pattents had died ot heart talere ‘patients 2 oand A In
addition. patient & presented with hypoths roidism and
panent 7 with muld mental retardation. No her phenots oo
abpormabty was dentihed within this popul gen,

A simlar Jegree ot heteraceneits was also abserved
amone the 17 panents with mo myor nuclear envelope
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e wd oo tr be M et b Lk 1 ad ok bl darok 1o geal pakas dkvbwoag a1
- oo b o=xd 1 o3 lbam L 1. 1l fosd Rl 8 1 k1?3 3 L oree
de B 5 4l S aad AN - TP tuLa e as atabaim Beaaw o bhied ol cnthy paemw 14 Te o owrowald
1w owakin Lowed e wlha wly b ovkb w4 e o 1 AN ] T aattl e ndelim o oa X e Iy
mla o reld o) et m ] Be rEet sl e dkc nacieass Intns 0 12 ae gl Dres g o4 4 FUNE SRR |

abpormalitie.  are at diease st mneed trom 12t
Alwoar- LV opatemt- had a4 tamads histwe of DOM
Pible e - PHH0 panznt had Joamentod -heletal
meoopaths patient T 0oand | had Jesated (PR salues | op
toA T L pattent D] LAVEER alies mneed trym L0 1)
imie o omdoetin detocts were preeent n o all but tan
paticnts data wem nat valable tor towr paints four
mtents requred KD oand tao had pacemikers ITuadse
patients hud recemed hean transplants and twa pationts had
Aed ot beart tadure patients L4 and 20
W oompared mean LVEE and LY EDNDY an perentaee
salues batweon paents exhihiine major oo lear enselope
abpormalitie s and paients with mupor and nown DOM spe
e abmarmahities No aismtieant oot laton between the
severite ot the phenotype and the presemce ot nucear
cmvelope datect was Jeteded (0 -0 15

Soemenime o LAMMY and PMPO Godine sagienees

W wrned the complete o adine segqoence as wll as the
mir m—et o0 houndaries o LWNY 12 cx ms and TP Th
evms b mutatons wwane dired segquencie of DNA
axtracted trm white blwod oells ot all 25 patents Ve
wkenthed three patients with £4/ %1 mutaons one 1n the
eroap with major moclesar emdope Jdetects {patient 2.
p D920 and taoon the mmoup wath pon-specihe nudear

smvelope sbnarmahties (patent ¢ p RS3LS and panent D1
p{J+53k Patent 2 and 4 and their LN mutatons have
teen dasenbad pre 1 asbh ] Y all thaw  anatin- ware
abwent m DN trom meore than § stcontrol~ N motatt n
was bond i SWEO Proyvisdy mported polvmorphisngs
it both LMAA snonsvmous polvmarphisms S Shiby
S B rAadrand VPO non-apomymois pobvmor
phism 15l 481334 were dtected We alwo toamd 4
O DAL A svnom mae s pobymarphism o m LWAV A exon 4
which has mot been previonsbs reponted 1 tao © mtml
indmaduals Mutattons i the cwrespndine cdon hase
been previoushy reponed in pabents with limb-cirdle
mu . tlar amphy 1B pRATH | | pRATTL |2 h
Segquenaine analvals cannat detect laree hetemsyoons
Jeletons or Jduphaations [noan attemnpt to asertan whe
ther the detects resulted trom Jeletions or duphic stions i
EMAY we pertormed multplex heaton-dependunt probe
amphticatton MLPA) on the LM codine ~equence inall
28 XM patents Ome DCM patient lable 2 patent I
with mapr nuclear sboommahty displased 3 MLPA nor
malized ratio peah area ot ~ 15 tor evoms 12 thic v
Ihis mndated the presence ot 4 haterory rows Jdelenn
EILIMPAsNNe exons 4 o 12~ W hpr [ remunine
probes mncladine those tor oxons | oand 2 displayed 3
nomalized rano ot ~ | o indicatne normal wopy pumber
fkie +) Ve conhrmed the presence ot the deletton Lane
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H 23 JPCR K walue ot 05 tor the patient wath the Jelenon and
2pg tor the patient withonnt the deletiont g, 4.
3 AT E Lastlv, t asess whether the nod sar envelope detects in
3 =B 2 - P
= < - - - 2w 8 the Pmanne patiants Cotld re -t TRm o muatie metati o o,
5 STzt zZz 5%z g L
3 1= % =2 [ Z == 19 we saeened tor £ %A and FHPO metatons o the heant
= - e m e o s ow = Y
= = F = F oF = F : E = fram sporadie caseswith nedear emoddape detect forahich
2= 4 cardiac tissue was avarlable ‘patients S0 oas well asn
. ""E heart tmm patents without detective nodear envelo
i 433 L e
z =z j & patients T 02 220 24 24 and 25T hes analvaas B3
z 1E ot reveal am somatic mutatiens,
: . = - - L I :: In semmare. 4 larre degree ot climical hetereenaity woas
= 2 = 7 2ED wwdent 1n the cobortot DUM pationts studied reeardless ot
5E
= - =23 the presence of meclear epvelope abnormabibes. LWNA
I - o4 E mutation of tamuly history of DUM.
<o - - - =L -
2% I - = SE%
- :_: Z_. :’: : . % N TUTLT o Lamane T2L0
= = - 4 433
207 - N = b .: 1o can trtha imsicht ot the tonct mal aematoanze o
aF 2 the heterasvoons deletion ot cvons 02 ot LMN
z _ B Lk Jhsenved i parnt Lowe pertormed indmct mmonotue-
Iy = . T P i mwehee andlvas o endomvaocandidl ~amples trom this
e + R N T e patent d- w2l b 2ontrsl patent soath a2 YN L mtan i
. = 2 5 - -3z eeanp antiboediee directed scanet bodh inon 4 sne d Al
5 = PR - Lo cardronee vt nclal wer inunean etanzd aih anth adie
- ;‘ % Airected arpanat lamin & and O epitopes Jbis 0 The
- =3 A
e Tz 5 immen,stanng wa- raduesd mopatent ©oas companed to
z3 1= s z el Rag the contml panent indicatine wpmbcant attenmpation oot
o 4 & & “ = 4 3 P > *
. A lamin expression ‘g, <),
- R
= - o G-
=7 - 4=z
- o = c T a=a Discussion
M I - - - oo g
FopSE
x 1 f _f Among heart ~ample from 25 corelated DOM patients. we
A ;_' & = rdentihed myar candomyocvte noclear abnormahities in &
z 255 indmidials and pap-specrtiic nuclear abmarmalihes m the
% % 2 - 'LE RMJAnng patients. The pw~aee ot nuclaar sboormalitic..
® - alone wath the tact that afl papent- prescnted with due-
x B pr b
z 5 454 rhythmids andeor sovere heart talere leadine te cardae
A = =
n S k2 A transplantation, prompted os to amalvze the segoence of
‘j . . . N P i E LA and TMPO. two DOM-Cac-ne cene- anvelved an
< - - . - ¢ <5k
z z z z z 2‘ R mamtannge neclear envelope architectume.
5 2 2 5 Em Direct sequencing dlowed the identhcanon ot thre
= F o=, ’ -t
R - - - E 25 o heterowyeocs LWYA repomic sanahons  (p.DEW2G.
x|l 2 2 2 Thgz ¥ r
- i} gz ,E-: -3 P.R&ALS amd p Q53K in three patients. Smoe segquencing
E H z 2 anilvars canmt detect larpe heteran pos Jeletions or
Ez : !
'% :Zf 2 Jepheatons, we performad meltiple heaton-depend.nt
B "

M TE probz amphiicatton "MLFAY on the LMAY cading
= = z z2 seguence moall 25 DOM patients, We tound 1 betemeyrons
< ) £ ! = Pl ¥E
g z g i < Jeletion epcampassing exons 12 ot the LM VA pene This
13313 F F 3 T E=z . Jeletion was wonhrmed uyng guantitanve mal-time PCR.
3 =
L —,'-" A E % All vananons were absent m DNA trom more than U6t
£|E = 2 A= cumitreds, The occomrence of LA mutabion o our popu-
% |5 [ - -y o E ek i
=1 b b A 5 LA = latbon 15 hich pmhably due to tact that the todhed

"t"; Sprrpe
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a 0, populaton presented with cardiac condiin reguinnge
R ”M_L»_ L undergoing andomyacardial hiopues or cardiac ransplan-

s ‘[—J—_]_‘, tanon. Moreover, vanous arhythmias were present in all

~ < hut tas patients. Since mutatons mo LANA are pamally

- i
jj asoctated with a worse progmosts than any other DOCM-
) L aseaciated pene mutation (2. L7 I 290 HL KL 18] asaell
L

as with dysrhythmia [, 5] our populabon was probably

: tiased toward LMNA mutahons carniers. Neme of the
patients zirmed 3 muotatton 1o the FALPYY cene.

L] L n » - . W hile rare hndings of small delenons o the lamin AC

rene In patients with lamimspathies have been reponed

| - mreviomsly, to our knowledoe, this stody v the fint o

document a large deletion encompassing mast exons ot the

g 2 fedimes ol the bantles with LWNA mudadwma Ares lamin ASC pene in 2 DOM panent. Walteret al, |53 tound

Gdkales gretsatnd. stk el nomissndibled codigg pathy pabent 415 amine acid dddetion 1 A o 12 nocleotides tm the 8
- “y Y 19y 1 N v N T 2

pem aymbe) avyrgtetmnats adivdesl 2 Dekebon o evms 312 b ad o the LMMT o n 3 patient aith bmer-De -

miuw ular o stroptn  ELMDY that resudted i b ot the

PEIEEET

Fig. 3 MDA analyaas prapn
A the ey v
LML et ey o 12 m
matiwie 1 Lo v 12 dipls o
wentadieed Taly, b b s
mlnatimy Lfra ) et
faxterizl Fosomn 33 and tue

Teman e el ot g

Baplay wonEnabecd ratim £

- mdicsimp memre] oy
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topeind wiilen Bie ane

poanntyosne sl Lo okHerent

S RD Ty Kb o rBoatnd iy

et sy

T2 3 & eE & - X% %2 g 2w 2 EIOE
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f il 2 L2 FE®vonEREDTFTEECE
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Felzten cdevms 412 m JAINA

mopaten! | uame yXR R

value, were waloulated o

dewmbed 1 the “S ik el Ll

aaln 17 Palent 14 sathaut
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Haxa. Hes L ali A

T'atient 1 w1tk dedebon
of ! HAA cuim 312

wWF ad

Hg. 5 bale 2 v @ ' aew cenve atalyes 1 endor vaeandwl
mogms b palenl | oarome e JMAL hekneypas cun b 12
Eleten ald trr s o vr ) paten! with m AN mataluen
End wr yeoandial b1 ey wan taben Inar the mht ventra e hinmun
Aty da perbarcd aaw ad Laim e e aa] ml ahodx
AMOELwd aih s da whech Beois fatan A mly s B oo b
b d and e e o) oanb varin bty sewomlary Lnideeh
rwo.d roeml i vl

¢ onirol patiest with
20 L5 4 mulzteen

translatt moanmator ovdon van Nintelen et al 1] reported
14574 bp delztion one vmpasane 2von Doand the adpaeent
reon-o odine 2t oron 2 patent wath neccard g hbrveas The
praseme2 ot the 2vom p AN R LN metat o meaLine
N radbesd fesels b Lamin A4 proteins bas abwe bea
reparted moa tamils wath FDOMD ||
Mot L3N A muotations that ainse DOM are hetemzs-
coms pomt mLtatons only some of which have heen
s Litesd with wardomeacyte noclear ems elope Jetects |2
1 -1 It has been surcested that mintations Cinsne
o b abrormalities base 1 dvmunant-ner atine ettect on the
tunction o pormul lamin prsein Impared lamin inte-
eration inbe the noclear limuins due to the domimant-nesa-
e sftects o 4 metaton mus camse Jivrupton of the
laminy md  glomotels compromise nilear emselope
irgernts Ourresolts suceest tha, apart trom the dominant-
merative ettects vt mutant lamin AC protemn lamun haplo-
instthaency can dlw Cause nucdear enselope detects and
mderhe the pathocenesis ot UM amee the Jelenon
encampas s LANL exon 3 ota 12 1t as hihely that the
obaemed ndear absormalities are pot due te the expres-
shon At 3 patate rundated protem composed of exons (-2
by Bowas shown that the potential tnmcated protan
resuline trom the Y 2589% nonsens~e mutation texon 41 was
mat Jetectable in patient hbroblasts | 8] Simolarls o the
moae model with the LM% exon 11 deletion, the S4-
A tnencated potein esulting trom this deletion was ot
Jetected |14 Fonhemmore o immenostunine s ealod
redoced [amn A ¢ 0 the pattent « cachivmyocvie niler
That lamm haploamsptholency can cause sach Jdefects 18
turther wamabowrated by the tact that a4 hetemzspous
M4 mause madel m which carhac lamin A4C fevels
were dimumished by S#y compared to wildtvpe, demon-
srated cafds-onset conducton sstern disease and late-

t;_ Sprrge”

wnset DM [SH Furthermore nusshapen cardiomyode e
muda and heterochromatn clummng were also o ad
*H

The LMNY deletion ot exons 3=12 was ohserved moa
pahent presenting with mgor nocledr emelpe abnorma-
hties—nsably brohen noclear ems elope and axcwmulanon
ot muitowhondnia within and anund the nuder  This sog-
rests that haplo-imsothoiency 1s the mechamsm underhving
the beerved nodar abnowmubii: Amonc thair nune
e tions, lamims plo an ntecral mie i muntanne the
mechantoal stahilits of the nuclens hence we Lan ~pecilite
that the mucleaxr emdope Jdetects whwened n the pahent
cErne this WV &eletion reselts trom the reduced
levels ot lamn A pratein

Spant trom the whaemed Jdeletton e vt wr patients
roth meolegr ome lpe dotent Larned o p D20 poant
mutation 1in the LM reme Wwhen ssprssed in 4 Uh-
-4l this mutation resthted o3 A ontinuons nud
lamuna Jue to the tormation ot mulhple lamin icprecates
He 5] Ihese resshts theretore comoborated the patho-
Ll indines trom the patent with the metaton

In ooy -t md Al WY mtat s w2re tand s
cdlse nedar mselpe sbnownubities in patieni~ Cardi -
s s cndesd o patient woith LN 1P oant metan &
Jemeonatrged no specthe nuclear el e abnormalitics im
the sample~ tahen toom explanted heart tssLe e fuatant
vamied a p Q35K mutaton. while the seoond Camed the
pRSALS mutation It 18 posable that the number of
dbmormal necler was w bwon these o paents that 1t
mstied moatalw-pecatn 2 indine Pahent aee at the e
it tissoe Dollection and the pridein doman attected by the
mutatnm were oonstdered as possible expl matons bor the
vhwen ed dsempancy in nilear enselope phenabs e Ame
at the time af tisspe collection was 3% and 12 vears tor the
patents  camane motatons pQASIK and pRMIN
mspectivels  bath ot which wer sssaaated with nomal
nualear emv dope Litmstrocture The patients with L3N
Xeletton md p D120 mutanon, bvth v whom demon-
sraed noledr emvdope  abpormahities W and
26 sears ot ace mapeativels Hencoo there W no apparent
rlatonshup between are and observed noclear ensvelope
phenotvpe It was alvo considered posuble that the pres-
ence of nuclear emelope abnormalities muy depend wpon
the pratemn Jomain attected by cach mutatvon [ T2 2 The
PG mutdin which was aswkiated with mapr
nodear emvelope abnormalities s located inothe central
2-helical mod Jomain at the distal end ot wal [B This
hghly consened recion of the Limun AC protemn 15 wnitical
tor the tormatin ot the x-helical colded-conl dimer. the
basie buihdine hlch tor the vonstroction of lamim nla-
mentsy [noontrast. the p Q353K mutation i exon Hattecteda
hughly conswenved readoe localized m the central rod dmam
catl 2B trmement Based on the coil 2B tracment crvstal

waore
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striscture, motations 1o ihs Jomaim are mbibkely to alter the
dimer strocture it may mtertere with essemmal molecular
mteractions occurnnge 0 liter stages ot hlament assembly,
lamina tomaton andfor chvmatin interacton [12). Simi-
lardy, the p.RS4LS mutation 15 lcated 10 highly oonserved
radoes m 4 repm ot gene shared by Jamin A and O
1sttamms within the carboxyl-terminal end. 1 he buried sike
chan ot RS540 patcipates in the stabilization of the car-
bevvemminal Xesandwich thrmach bvdrophobie contacts
with the core ot the doman |2 2] Metasons m this Jomaimn
sl theretore destabilize the three-dimenskwnal stmacture
ot the C4eamungd domam of lamim A0, This domam also
cETes sites tor many lamim AN mtercting proteins,
Iheretare. bath pQAS3K and p.R&ES mutatons could
theametically diarupt multiple tmctons ot famm A and €
iclLding the muantenance o nwcledr architecture, Uree
pacteds, the Litrastroctural phemsts e associated wath
these motdtions R4, mdistunruishable tom Contrels,
Hence, oor mselts 9o not suppont the presance ot a rela-
nonshup betwern the poswton of the muotaton and the
rsulone grastroctord phemtope.

the s pgwents demonstratng nuclear Lirastructoral
Jete e anthoct LHANY or SR mutatins showed that
wermeline mulitios 11 thew Semkty 4R Dol 4 pPreragllsie
tor noclear em elope Jeteds. Homever, we coeld wat dis-
count the pessibihty that wme of these mdividuals pon-
sesved womate £AMNA or TMPO) mumanons restnaed o
dasased candiac tisspe. ‘The tact that only 3 peroentage o
srerced cadiomaacytes tom these paiants displaved .
abnarmal necleus lands seppaort o this hvpathears, Indeed.
MRS Mt n aocunng g selective subpopubation of
progentor cell hineage 15 ane ot the molesular mechanisms
leadine to spoh tissoe mosacism. Furthermore. i oother
cadionv ascnlar disesses such as diopathic ventncular
tachveandia or shopathie amal hbnllanen, both perm-ine
and wimatic mssense mutations have been hinked 1o the
Gdiseare {11 28] Woe theretome surened tor the presence of
LMNA and TMP motatnons in DINA extracted trom beart
tivsges of pattents who did nat have tamilial DCM. bat
wae gnable o dentity myv womatc mutatons. Apother
pasathibity 1+ that mutabon in genes encoding lamin ASC-
binding proteins are responsble tor the mujor cardiomyo-
ovte puclear shpormalities ohserved 1n these patients |15,
h, R, S8

Ve showed here that there 18 no clear comelaton
between the prwence or position of the LANA mutation
and either climical phepataype wath respect o DCM onset o
sverity or candlomyacyte ultrastrctural phenotype. We
alwr tound no apparent comelation between penotype and
either seventy ot the ultragrxctural abermtion (e, the
degree of nudear emv dope disruption 1 oor the proporhion ot
ohwerved cdls displaymg abnommal nucler. Furthermore,
there »as no signshcant comelation betwcen the wventy of

the Jisease and the presence ot wlirestoctoral nodear
emvelope detects. Although a quantitative analyas was not
possible due to the small vample wze. averall, we tound no
evidence ot a reationstup betacen the onset and the
sevents of DOM, the presenoe ot nuclear abnarmalities and
the presence or abwence ot ZANA mutatons,

‘laken topether. our results suggest that lamin ASC
haplo-insutheiency, documented by reduced protein level
In the patient’ s cardinmynevie naclear envelope caused by
4 Lape deletion in the LMMA pene, wan lead o nodear
snvelope dismoption and onderhe the pathasenesis of D M.
Hemever, the tinding that two patients withoot cardioms-
wvte nuclear abnormahiiies had LM NA mutatons indicates
that LAINA mutatons may not necessanly kead to majpor
candnamyocyte nwcledr anselope Jdetects. Puerthermaore.,
natient- wath may o naclaar svelopz abnormalitize mar
mot have LHNS A or S YR mutatea. | his dennnstrates that
patients with 1 chmcal szpoon ot Liminopathys and
marked abnommality of cardiomyocyte nocler can be tree of
hoth LAMNA and PMP( mutanons and may camy 1 mita-
tion 0 ansather cene envodine 3 poten imvolved 0 the
mantemange o the nuclear architectone.
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Specific contribution of lamin A and lamin C in the
development of laminopathies
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A Lamin A

L85R
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D192G

N195K R386K

Fig. 1 - A Nuclel expreasing wild typeorthe variouslami A nutant congtimicts trangiently expressed 29 ECFP fusion proteinin
COS7 cells. Cells were visuslized by wide-field fuorescence microacopy with an exdtation wavelength of 433 nm. Wild type
lzmin A, 23 well a3 LESR and R4BZW lamin A sritants hemogeneoudy organize throughout the nudeus In contrast, D192G,
N195K and RIBEK lamin 4 mutants accumulate in abnormal aggregsted. The hudear membra ne appeara granular and
discentinued B. The abaormal lamin A aggregation previously found in COS7 cells expreesing D192G, N195K and RI86K
lamin A, wase confimmed in micle) of mt cardiomyoblast HOC2 cells as eppoeed to cells expreasing wild type of LBSR lamin

A ot shown)
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Fig 2 - Cemfeeal ructoscopy pireture 6f HOC2 cell nudes ransently expeeating DI92G landn A 83 ECFP fuson protean
Mutated lamin A organizes as abermnat aggregates However, the spherical erganizetonof theoe sggregates reveal that they are

lhkely embedded 1n the nudear envelepe
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wWT L35R D192G
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Fig 3 - Nuiclei expressing wild type or the various nuitated lamin C eonistriets translently expreased s ECFF fusion protein 1
CO57 cella Pdor to visualization by wide-field flunrescence micreacopy, Hoechat 33258 dye was used to locate the nixlei

{in blue) Excitation wavelengtha were 433 nm for lamin C-ECFP and 365 nm for Hoechst 33258. Note that the abermnt
aggregaton of the lamin C fin red) within the nudeus visualized by Hoechst 33258 dye I8 cammon to several IMNA mutationa
Only R4BZW larrun € mutants regponaible fer hpodystrophy gave fise to a phenotype sumilar to the wild type
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Fig. 4 - A Transient wansfections of COS7 cells with varying quantty of either wild type or nmuitated lamin C-FP constructs.
Cells wetevisualized by wide-fSeld fuorescence microacopy with an excitaion wavelength of 433 nm. The phenotype observed
with puitated lamin C-FPis not due to 2 too elevated quantity of vecto s used to tmnafect the cells. B. Repeegenta tive Western
blot analyais of COS7 cells tmnafected with the different l1amin C-FPvarants and using ant lamin A/C antdbody. Results

show equal over-expreasion fot all constmct

TFF, &2+ 1afmje—11 for DL32G lanm S-TF,
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to the wild type laniun A-TP Thus suggests that both pisteins Toenswethatthe abnonnallan Cag@e=gataoh Was ot an

ware Affer a1 illy affectad by the nutaton Abenant apgregm artifast duetathe sver-expresuion of the protem we tansfertsd

bstr of uJ=ar Tanne O TF was slestved o lew than 0% of 57 rells ety ower Cobtrations of Sietiocts (23 0y and

205 Jdls sapreaatg wila type Lanun 5-TP This propottion -1 oag) Lamm Z-TF mutants fameed Qant apgegites at =ah

was aftular tothat we previously tep ated [11] tested xnentdon indg dmp that the fonnabon of lag
A

Lamin C WT

Lamin C L85R
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Fig. 5 - A Hectonmicrographa of COS7 cella randently tranafected with Ia pdn C-FP constructs In 60% of cella, wild type lnmin
Crudlesr aggregates were locilized In dese conmet with the nudear envelope {(a-). Notably, wild type aggregates wese able to
estzb¥ah cdose contact with the miclesr emwelope cirde) (9. Similarly, LBSR lamin C aggregates organized in contact with the
nudesr envelope {d-e). Conversely, in 88% and 87 5% of celk respectively, D192G and R3B6K lamin C aggregates were foumd
within the nudeoplasm withoin any contact with the nudear envelepe (f-i} In 30% of cells expresaing R3BEK lamin C

nuded presented with lamin C aggregates Iocalized outaide the nudesr envelope (J-k). B. Percentage of tramsfected cells
displaying lamin C nudear aggregates in direct contact with the miclear envelope. x* test showed that the number of cells
displayinglamin C eggregates in close contact with the nudear envelope is significamtly difierent in tranafected cells
expressing D192G or R3IBEK lamin C mutants compared to the wild 1ype §»<0.01)
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Lamin C Merge

Fig. 6 - A. CO57 cell mxlei nanaently co-expressing wild type ot mutated lamin A and lamin C consouets. Lasmns Aand C
were insered into pECTP-CI and pDeRed2-C3 fluorescent exp ‘easion veetors respectively. Cells were visualized by wade-field

fluoreae ence microscopy with excitstien wavelengths of 433

for lamin A-FP and 558 nm for DsRed2-lamn C Compared to

the wild type, the complex lamin A/C forms aggregstes and the membrane appears gramular and discontinued.

B. Laser-scarsung ¢onfoesl microacepy of COS7 cells nudei transiently co-trandfected with erthet wild type ot mutated lasmn A
and lamm C Lamin A fin red) andlamin C in green) were inserted into pECFP-CI and pEYFP-C1 flucrescent expressionvectors,
tegpectively . Excitaton wavelengthas were 433 nm for lamin A-FP gad 558 nm for DaRed2-lemin C.
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Fig 7 - Confocalimmunefluo rescence microsoopy plenires of COS7 cells airlel ransiently co-expresaing wild type or mutated
larmun A-FP and lapun C-FP and imrmincatained with the antg RanGaP1 palyclonal antbody (N-19). RanGep appears nomally
distdbuted in the nudesr envelope Arrows indicate aucle with R3B6K lamin C aggregates localized cutside the audenr

envelope
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welope P whidh ndivates that soans LMK mutatinG affect
the niobility of Lunin 270 ok oules, We hypotheizeS that the
nabiity oF anin U ingtants 15 paoperly s posats ints the
nuder 2nwelnpe ol eflet 3 diffsant ngidiy of the nes-
leadar apusture of Tanin &y geptes mpaed 1 the Wikl
type. The woadd lead to defative sonnection with the nusdsn
2nve ope. Toaases 5 the mobility »f thelamin O meokodes haide
the agyre;ate:, wa pafinnsd Tlusis2inie Paiovay Afts
Fhiotuiliaa Jaue, YRAE; i lviy, 3o dla sapasacing,, LEI,

ER

DIFE FEEY 0 wild typelamin L-TF. A Sefined arsa of 5
apgteipte wis Deahiz iUy g eda hiph-posaiss opot laa

pulzzs (1, 88). Ths i this a1 was
then monitmsd 5 3 rean 1o 32635 the mobility of Jamin O

Fig. 8 - A. FRAF expedmenis en wild type and LESR, D192G and/ or R3B6K lamin C nuclear sggregates of COS7 cells. The boxed

regions were bleached and the fluerescence recovery was menltored overa 210 8 period. B. Quantitative expeiments showing

nonnalized fucrescence recovery after photobleaching of a targeted region of the lamin C nuclear aggregates in COS7 cell.
{8) The flucrescence tensity in the blaached area b expressed a9 a relatdve recovery. Errot bars indicates SEM, n= 7.1 B8 the
level of flusrescence befere bleaching. (b) We sweesgsed the time after photobleaching required for fuoresoence to recover the
median valiie between the prebleach and just after the bleach (1) 83 8 mean w reflect the dynamics of molecule.
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mid=s J2 wtlincs i sere, 27 t2 ¢t ofinne that th- inge

after tless Tutn tz.un3dtire swed 5 o fthe platea ¢ half
tuit= 1= wezrpl as aufeatly cogep e i Dosde =" m
Frick oo I laun o IF slesgant Lp=kle anparsl toowale

types L  TF pa ki, T 5Bt thu reveahing that the 2y
natg.x Fonatat= Linm o pedsods 0 pofl ol hehe
stlun Do - anu T sk lanm 4,00 st than satlan will
type gp¥=ipts I oot o LR labdh o av@=date. the
LAferstr s nofiong Thast e i mposont thewal
type the DI o ang Fddch Linyi .oty gy sdutes ol dle,
appeat =3 taby e nwile wlodoi, DS ative of 31w, tatds
tu tute fthemutsnt, Th finiie was 201 008 at=o ey three
minat= ikl bow e thatEA&erlangn U IPop= = wa=nioe
prans to N and fue toegd othe otz vat Jhowat No
Ifferenoe ads Sbeetvel wth LESE T £ ano B, ahie F A2\
wald it howt| s gemta canpatsC L. the wil.type

Discussion

10 5wt b gt Lifferenbate ans sefive lanm & analanun ©
tunstine we weed 3wl meods] to eaprea, the lunu e
covuwdlly ancthen towsthet invizw of the afliztas reaalt
s edag tase sedu o, thesffe tFIMNA otston, we
Jupla ates i fthes wopeimiant ind 35 d] ano3iErat
atetenteoils L FeuB s sumintaiteesns s =

Mutated lanmuns A zrgamze as nudesr envelope aggragates

Jutr= Wt howeothatwan-nutat=lsnun & Dol Ro<ih

Bia~b i fotm saononud aev1s0ate whei sxpre <2 alins

ahrdis g tent wath previcas Stuas, b o | However
womtra P prevkss toade gep Jtune Jaoews af rste o
sdre. 4 mians kb w = om= foane thut Linoge &

sptefates, nuunly 1oosbesn st the nuwleanr petipheay of the
tedeu wepe By that alth wiele snatds top peily oo stize
wi the e kear o anz fonnthelanma boged matant . kes

the Lapatility of 4 s200atin with the nud=ar snvslops
Alt=miatieely sthzimutant, LEST FRedWibehay<_ i 3w ay
that w s 2,00, we Jable fi g the wilz type

Lamun L wutants farm aberrant mranudesplasme
agqregates and lase their anhty o win the muclear envelape

Woe gl waprease L o sl aiie lewosw that aberraat
L & agy re i ot wathan the nod=oplaanin g sefe tcnanan
ts eyeral LMNS motataoe LESF DIsZD MIEEE  Rdeel
Wit=iw tunly only the mutation, v ponadide far Lkedetal anc
atte Qedosswerefoundtore dtin the abypmsal agriemton
whse e nuat e PEEOW iy less inhwnanlpozy oophy 22
it re ot o noti = stk aluoamralite w th= 1o gem o ot
mitutim Afether lamng o i o "o fiie i, Loy y et that
e pathophy adoes 2l e hano f Limnopathys sth
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Tahie1 - Summary of the phenotypes abserved for the LMNA mutations selected in the sty

Vvarants Diseases Phenotypes
Lamn A abne Lamn € albne tamm A+ C
wid type Homogerow Sstrdutan Numerous smisl miranucksr aggreg ates Hamogeraus dstrinutor
thmughout the rucle ar ervelope manly throughaut the nuclear
it clase cantact with the cuckar enwlope ervelope
LuLH J T} Hamogerows dstriutan Rarertranuclear giant aggregates whk may  Hamagenaus dstriutar
thmoughaut the nuclear snwdope make rortact wik fie ruclear enwlope smilarlyta the wiid type
sumilariy o the wild type
£194X, Lo Aggreg stes located at the Rareintranuciear gunt aggregeton withaut Aderrant aggregshaor of lamm
rerphery af the ricleus cortact with the ruclearenvelope Lamir A, L oomplexes tonrnected
melecules dispgay moeased mabihty ta the nudear ervelape
NISK Lot Aggregates located at the HareintRnuclear parnt ag gregates
perphery af the nucieus
LEC 2 Ll Aggregates located at the Rare intranuclear gant ag gregates withaut Aberrant aggregapar. of lamm
perphery af the ricleus cortact wilh the nuclearenweiope Wmpgrificant A L camplexes sonnected
prapastion: of these aggregaies bicabze autade to the rudear envelipe
the nucksr membrane Lamr . moleaties
durlavircreaed momhy
HALW PPLL Hamogerais Bsrimbon Frerawpe.rdsurpud ale

throughaout
the rucleus simelarly 1o the weid type

fram the wid type

AL LMY Autasama’ dormmarnussular dvstropby oM LDisted rardemvops &y ard S0 Durningar tvpe Erelniparndl ipodvtrpty

artu aivalesnemnte ontw Efan bpoo s tn aphiy ans =g -
) PYTTTTIRNERTI RT 2 WY PV R
100 gl phistotepe m Ak sxprensuy L & wath the
Slat=l Lndimnypathe mutation YR 3ther mutstiote
tepunattls for _upany gathy o omas.uly Zyobophy loee
alos bediiepma te St dt w sl rantldmn g w2 o fyemtian
whoa nwtabon oS MasZ, O g F§
All batafn ws Tewde fe te el b mpatiorats tl
e ssteninne of the lanm I aepeimtaon i 1a= the nud=-
Pl bl e rardel 30 g putrntad haBowd of lunwsp s
thiz- with oS o nouseddar o desnizit o farn, s than
two Iunfrs mutatian have Seenorepoit=2 of whizh et
arslit=nanthe zatabu e Wit &atw atiead noetrnie=s php”
E N QU R %4373
Agrare ot e pravaasrepar b

tiar =iuzhil Oy th- a6 A= of

Jlow =),
o diion

= ] we sanstitne
Abtatie . Stveny =nt plisistypes of o1k sapresang, the lanun
tnutaets £t eaginipds, Raliappzest ol Jhowed that LESR L A
exhitots & puntats seBiloton 2o e the nudear sufas
2y htly sifferentfiamthzw lotype windi opp aees sul Tt s
ang tha stusie. (2] Alan, NIFEK and F2E8K lainm A 1nutdnts
have been diowm to e-localize to the budeoplaan flae ' 24)
Theae I Ixpanid=_may D2 explunel oy prots, d affaren s,
wxhoan 0 the antBoJy wes whiuzh 2an o: diectad z5amst
lanun &, Lanw 2, ot both lanun: o) the wxpres o esst s
el fai the tanaofa b which réq s, el 3pest ot
e 2 innuinflusig o 2l 2 allyae, ) the w11l =
(LI TANSLY L= AW HEIE un 2ea h =lItypeeapiva- =,
afferent Isvely of sugsgenots A-type linun ang diffeiently
handles the sapr=aaon of samsiww laun A
It teesty to ot that abermnt Lann £ a77isation
may alsa b praent w1 3 s00ll propoaton fuu s sapresung
wuld type Lanin & Thi- suppeats that the piea=nizz of thes
Apfrate wrrespuiis tog Danstent staee o the _dl Jp de
We mhypihe- testhat G wapizastine es nutantwould
o Lol fixeZanthy -taee Fe_aith, itla, Deen lown that

thie inutant Lanun & wnesbes o Hut T cn—eslfoa o P =i
Ll e atbe Narteatiey 257 gttt 4 de oAzt altzr th-
)| R T I PR I TR

Turthismote, aversl Stulie have suigestes that boun &
Plak- 3 by ke notar atane Jainy o ae Dindantothe nuslen
siveal e L= 1 Tlowewsn, e it woh i snfeyon fitas
Sle L Do se s maprsasan lanan oy ) of Tiowsn thiat
Lot 5 anl snenay g oofnally Loodlies o oote the nw ey
“nv=lope =0 n the ap zoee flane &4 - Twthennoae,
Limae ™ fiaolaste o thes nne gaplay nu ey sk
spe owath only vty inmimoal 3ltsa stione The witrapodation of
tha,ste-ultihweanihadasan ane i sinel-l ft=n
aadnoet afferznee L anparel tohonan lammopatlee -, 7
Tor zxainple, two mutated HZIF alkle. as ueosazdy ta
Sevabopo el Sy tiophy wi e wlersa the patent as
heterooweou o § 5y <ndaly, the duy o) pliznstyps of
Linhial337PTEAF ud.x harvating abe Dinssy-Disfus, eota-
tiotn, ta - obist-t=int wWith human pros=is swnZiotue | o nthe
study we uwel g oAl wooe]l expressing, lanm O ootdy, anz
brought svidenne that wils type lainn © ha. the 2pasty ta
5tablizh Aoze Cotne o, sl the o kear 2tvslope it
aWT T A anS Bl The. cBongly sudieats thatlanm Oo.an
behiave ingdependently ans that langs A 1x ot e sasacy for
lanun & to g pres =it thz nude s =e=lops This findug, ak o
arges s favod of apoterbal s atetitution oflanun & oy Bnun L
v the i e stvsbops who Ioe Lo aotent wath the -tuly by
Tatty, ¢t 2l Toweter ot L tportant T note that our Tuizm,
doganot mntrazict the fat that binun s ntrans k) wlen
eXpieneel 30t and etz e poratedantathe nud=arlanung
whet eapreas el With Jamih A, ax praviswsly repurtes 1L .5~
13} The bkely reflets that the presnx of lawn 2 o the
nuduar lanmuni 1sgune, 3 predse lanm Whnot A stok ho-
ety 1o be s2ape tel The niay alss saplun why the
inipaation o lamin © ot the nu ko anuna pross 2
eiaanttanu ar f23 09
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Tutlennoes sur tesdts zhow sl that the Lo ©muotants
tetedhere wers seldom part of the nozleat laming iy 54 A5 3
Lot ustioe, an dteted abdity of Tonin It «stablizh © e -
tivhz withthe iwdex sivelops dus Lomutations in LMNA ez
2Toul o be L sk e ped to wcplain the 1y ot 3kt atisee ofthe
frudsar nEmbrane sbsemved i Ardiomyoytss o pati=nt.
j11,& 23] Tu furtha analyze the pathophwblogy of laming-
pathie:s 3nd propose 3 potantid sxplatation 3: fo why the
meatatd me © Laeectiong owith the nudear shvslope i
AltdeZ w2 pafimed TRAF wapsimznts o the nuika
aepedate fobned e Minin I mwtants Jui readt 1eveded
that landn T ke uls watz signifiantly rusie mobllz wathin
DIS35 and FIEA Tamin T-0F ity anoch= 20 358 a7 ates unpalsg
tuthe wils type, thatsly indicating that thess aba rantlunin &
Asgrepatss were sgnfimantly lexs stable, ntsmestngly, the
A=z T e oo ity woas observ=E only wath the matants
that salnmt=3 an sltere Oulity to atarat with ool
epedope anl that I=2 to an dwaennl g pred ation i the
nu Jeoplicn (D525, RECE) Jn vew o iese imnults, we can
postulats that the lamin 2 molesulss ineskhesd in the:s
a5 pey ate proTaably intarast with «ath other tothie detiment
Al the nodesr sovelops Jowsest, it wonls Te ntemsstiin, to
e tte ats otint tiutand- oL o sborats o ptentis] nslaliiag
tetin it the ~ns o b anudsar a3 pesaten, the vdaaty
e Jear Lanswe ool ole L oaps 30 Lo e aate w3t e nwlea
=hind e, Aty =th, thee feaults provide noeel dga, it et o
thes patliogpdiy ok bad e diankan of Landnopathie:.

LMNA mutations alter laniin & and £ interactions with their
parmers but not RanGap 1 distribution

Woe nluowe that LEXR lans T aigredite adubat=Z netle:
Altet=Z Atbility e alt2rsd _apacity tober Cameited 1o the
nudzar sty ane, gn oppone b DUSES, MISEE, ani RIZEK
mutaits These fitiding s lkaly indic ate that the uaintstigim
of these propertis, is bt ZonelateS to the size of nu ey
i) ates Howemel, we mannut sxe huds that the fornation of
st abet antintg anukar aswnolations S not affert sthe
Tamn AL properti=s, sush 2. the int=ra o with lainin &72
pilthier,, Mod=u lavani o= koown te pabdpste i the
arpaniaation of nudear pores witlun the nozlaa m=mbrass
117] Binneaws 3id nat find any melsaliatisn Sf RmSGapl wath
any af the mutants testsd, we an hypothaice that the
lucalization of nudzat pae complex within the nu leq
ehvalope i not affets=d. Therefore, in 2ur cdd]l modd, the
1udza-ytoplasis traffcky, of mady smole ues theough the
nudzat stedope is neost likely unaffesteS by tle prassoss of
mutated amun AT e, 7L Toweysr, futher sxpariments
hiave to b pafonn=S 1o =ofinm this hypetlese inded, it
has e shownthatembryonic At sblasts fommicelacking A-
typelanin exbibited s T s ofthe nudess pors protein Nop 1532
Trong siepode of the sucked iioating, e luzion fnusdsar pon
sompks from this ares B0 Sirmdlaly, Muchi «t al found that
Nuplid wits 305t pole 2B oblasts fron patiets with type
1B limnk- girdle muusswat S tophy and caving the nasense
YIN mutation [21]. Reossntly, the prebhmin A Y8467 mutant
has been foung to sodosalize with nudear purs >inplex an
=mbry i Mdney NEK-353 _db [81] Ow divergant reaults
iy b woplained by the fat that the mutatons we investipated
At bt reap e de for e tleat 16 linib- girdk nwe ulat Systophy

o progeia and that the =D type w22 in swr ueds has
widogzuous lamin ASC which is lkely suffinsnt to ancho
et pois canpleass i the nudey snvdope

Lastly, 1 2 previous rsport, we showed that lmin O
hodear agytep stion ) s ats in the abstcant gapping, of SUMD1L,
1 post trenudational insdifist of Donerous protems {1
Arnong thes s protsns, thee are several gansaiption fast.
nduding the cardiac sperifie transciption faztor GATAS 2]
Sitnilatly, Nubnsr ot gl demonsdiate S that the wesr <xpne-
donaflaminAmutantlsd tothz secu=sbation o e Lmin A
Loshiter g tin,, pai=ie pEL jrebhoblistoana proteing anl
SFLBPLa |atero] teapasive skiment binding proteion 13t into
Lumin A muclear agptegats [44]. Hud abamrant intsra: s
with Tanin AT partsis nuy also be monaiSwed as 1 potential
pathophysksls@oal mechanizm for lamibopathes.

LMNA gene mutations and the variety af human phenatypes

Defaty in poie repulabion anl o sbuanalifie i nedeat
achiteture =wuzing, Z«dlular fraglity se the main two
Iryp stheses thatluges Deenr poaposed to explain the varability
AFplenatypas Soe to LMNA mutatione 1w plevious study
aas w1 Favor o ia Tear faadlily iy woe S 2rval Jramatic
iy e o IMRA
oo Tt it of

tde g Al Skocntuiuty i a3

iesbal el patients 10 Tl we bettn
s h fYamie & s T o-pe afialle and e thatthey can e
Sfferentiadly affeted Ty o ige=n nrutatioge Theoe 12sult with
others {10824, arly hows=D that the onseiusnnes of
IMNA mratation s the ]l physiodogy i Jifferent ffom one
sutation L anothe Thetefar= we un . ondude that i the
tepe of tiutabon gnd il cdediusnes sh the ulisos
propmr e oF e i Tanin e i ally, sre two ey Taltons that

Ta- to Le abaddet el i peed e ting, the poteste] 2oteesusn e
cnnudzar function The stobinaton A thess two fart s an
reault i maltiple Consegu=noes onthe =1 phyaidogy whit
tik=dy Lonb Butss to explain the variability and manplexity of
phefotypes i humedn Slesdon and fray De ey ardss 48 an
aldtivndd working, hypotlesi= tu saplain Tew mutatons in
IMNA fene lead to soomany phenstypesin humans,

Lamins A and C suppert comjeint and alsc separate functions

Lantly, we =howsd tha _onnefizns betwsen the nulau
Sivdope 30 ome nutated lamin SIF DISEE, RIBEK] A
sentwhic Enottle mSmss with theequivalent mata el min
A Converedy, sthe tnutant =z udh .LE3RES t aterrant lamin
Capprepatian hut 3id potalter kinm A o gpinzati on wathin the
nwclant envelope The fast thata mutaten has dfErent offects
onlamm A andlamin 2, showsthat Janim & o Shavw tobe
mveastipatsd ut only topeths ot also separatdy in oids o
ettt S tthed funtion and spesificr ols in the oomyen s of
i emne. Ak, thi likey sugpets that sach prot Sutnay support
detitet functeons, This is it aglesnent with a paioe =tud
shawing that laming A ans T30 ot play the sane sole inthe
nudsar linia Ssenddy charesteretios [1z] In partedar, the
anmratirrlamin & and smerin-lanin Cint=rastons appear to be
un-tionally different and are differently #F=ct=3 by zome

nefy-Dieifus IMNA ot 22] As o onclusiong o Liset
bk at the funstions sflamins A and % o pe ifically tiay albw
pesclution of snflihiy) redte and niay abo hdp Sefine
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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: 1123399, 1.12400,
and 1.12401) are responsible for a significant proportion of cases with familial dilated
cardiomyopathy (DCM)'. In these cases, DCM is usually preceded by arrhythmias and atrio-
ventricular block, and often leads to severe heart failure®” 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 fibrosis®®. We describe a patient from a

previously investigated family’ 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 mutation’.

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 (Smm) 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. * and later by Hookana et al.” and by our group’, we decided to
screen the patient for LMNA mutations as described previously’. 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 aggregateslo.

Laboratory findings included mildly increased troponin levels, with NT-proBNP
concentrations within reference range. Cardiopulmonary treadmill test showed generally
preserved physical capacity (VO,max=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-Vg. 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 mutation'® and p.R541H mutation'', 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 regions®’ and the presence of hypertrabeculation' 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

. . 2 . .
women in comparison to men9’l', as observed in patient‘s aunt.
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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.
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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 previously'’: 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 gere mutations can in rare cases cause lone atrial fibrillation
whemas the rok of LMVYA polvmorphisms in predisposing to this discass has not been
addressed. Our poal was to study the incidence of LMMA mutations’polymorphisms in the
population of patienis with noa-valvular atrial fibrillation in a Polish population.

Methods We screened by sequencing the exons and intron‘exon boundaries of LMVA
in 103 patients with non-vahvular atrial fibrillation.

Results In one subpct a single missense Thri2tMel mutaion was found Since
Thr328Met was previously reported only in lipodystrophv or progena and always topether
with other LMVA defects, we showed its pathogenicity by in virro cxpression studxs Another
IneTesung novel varmant was lie 260l found i a patient with family story of heart discasc.
but absent m 246 healthv individuals, We also performed a preliminary stodv on the
distribution of common vanaats of LMNA in atrial fibrillatien. Based on the studied patients’
findings and HapMap dala. we noded the oxistence of a block of linkage diseguilibrium
comprising SNPs from oxon 5 1o exen 8 Analysis of a tagging SNP (rs5030381 showed a
statistically sigmficant increase among patients vs. controls. which could not be reproduced in
a second group of patients m = 377} and controls tn= 46T)

Conclusions In conclusion. in rare cascs mussense mutations such as Thr328Met and
posstbly mulations occurring 0 exonic sphicing enhancer such as lel6le mav play a

pathogenic role in atnal fibrillaton.
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Intreduction

Lamin A/C are tvpe ¥ imtermediate filament proteins bound 10 the nper nuclear
membrane and encoded by the LMNA gene located in chromosome 1921 Lamins are manly
responsible for the mechanical integrity of the nucleus, b also play imporant roks in
chromatin orcandzation, cell cvcle mepulation, DNA replication. RNA tanscription and
apoptosis [1].

Mor than 300 mutations have been identified in LMNA gene leading to many
pathogensc phenolvpes such as dilated cardiomyopathy | DCMIL autosomal dominant Emery-
Dreifuss muscular dvstropby. Dunnigan-tvpe familial partial lipodystrophy. Charcot-Marie-
Tooth disease and Hutchinson-Gitford progena syndrome. Heterogeneity of LMAA mutations
ts funther complicaed by ihe lack of clear aenotvpe-phenotyvpe correlation. when different
nnatons in the same codon. or even the same mutation. produce a vanety of clinical
symploms [1-4]

Mutations in the LMNA pene are one of the most frequently detected mutation genes in
DCM with conduction system disease [S] and atrial fibriliation (AF) is often present in these
populations [6, 7}, Recently Brauch €1 al. performed a screening for LMNVA mulations m 268
patients with lone AF [8] In 2008 we planncd and since then have performed a similar study
in pabients with non-valvular AF fooking for incidence of LMNVA mutstions in the AF patient

population

Methods

The subjects were recruited at the 2nd lschemic Heart Disease Depanment of the
Institute of Cardiciogy, Warsaw, During each subject’s first visit, after the research protocel
was accepled. 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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echocardicgraphy examinalions were performed using Sonos 5000 (Philips Medical Systems.
Andover. USAY Beft ventricular ejection fraction was estimated using Simpson biplane
method. The inclusion cntenia wem: patient’s age between 18 and 70 wears. history of
parovysmal. persistent tepisodes exceeding 7 days, mverting to sinus thythm) and chronic
forms of AF (ECG-confirmed AF episodes). The exclusion criteria were: significant valvular
dvsfunctions, prosthetic valves. inflammatory and systemic diseases. Blood samples were
taken for DNA studies.

The study group comprised 103 Caucasian subjects. aped 3.7+11.4 wears including

I men faged 38.7+11.7) and 20 women taged 63.720.61. Mean duration of arthyihimaa was 5
12,0 - 701 vears The demographic and clinical characteristics of the patknts are presented in
Table | The second group of subjects with AF comprised of 377 consccutive patients thal
urderwent catheter ablaton within pulmonary wemns in the wears 2007-2009 at the Ist
Department of Cardiology, Medical University of Warsaw, Poland Them were 233 men
167.1% 1y and 124 women 1329% . Mean age of the patients was 33,1 vears (21 - 69 vears
rangel. while mean arrhvthmia duration time was 6.4 vears This group was used only 1o
veTify the distribution of polymoerphisms in the idenufied linkage disequslibrium.

To obtan the incidence of this conserved block among healthy subcts two control
oroups with no tustory of AF wer introduced. Firstly, a group comprising of 95 subgcts was
studied. Comparison between this and the primary study group of 103 non-vulvular AF
patients led to extending the research 1o include another healthy population sample (n = 3720,
Subkcis of both control groups were matched for age. sex and the presence of hypertension
with the primary study group and dertived from WOBASZ cohont [9].

DNA was obtained from the peripheral blood by the method of phenol isolation.
Twelve exons of the LMNA gene were then amplified by the polymerase chain reaction using

pAMET Ppairs described in carlier studies ilist avatlabie a

LA
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httpfweww . dmd nl'lmna_primers.himl} or designed with the Primer} program /v (G401
fsequences readily avalable upen rquestt The amplified regions were screened by direct
seguencing with an ABI BigDve Terminator sequencing kit using ABI 3130 Geneuc Analvzer
tApplied Biosystemns. Foster City. USA Y. The results were analyzed with Vanant Reponier 1 0
Software 1A pplied Biosvstems ).

Mutation identified in the study was confirmed with Rsal enzvme 1Fermentas. Vilnus.
Lithuanial, which  was  selected by  PIRA-PCR  sofiware  (avalabk  al
hutpr/foedar geneties. soton.ac uks/public_htmi‘premer? htmly. ln mutabon  cafTier  samples.
digestion of the PCR product viclded two bands of 248bp and 128bp 1n length, which were
visualized by 2% aparose pel electrophorsis and ethidium bromide staimng

To charackerize the conrsequence of the LMMA mutation at the cellular level. transient
cell transfections were perfomed on C2C12 mouse myoblast cells with wild tvpe or mutated
lamin & and famun C mRNA expressed as fusions to the C-erminus of cvan fluomscem
protein ipECFP-C11 and vellow fluoresceent prowin IpEYFP-N1L respectively (Clometech
Laboratoriest. Mutations were introduced via sile-dirccied mutagenests (Stratagene s with
forward pnmer 5'- GGG AAC AGC CTG CGT ATG GCT CTC ATC AAC TCC -3 and
reverse pnmeT - GGA GTT GAT GAG AGC CATACG CAG GCT GTT CCC -3 Alt the
imsens wore svsiemabscally venfied by sequencing. C2C12 cells were cultured in Dulbecco's
Modified Eagle Medium 1Invitrogen) supplemented with 154 FBS and 1-100 L-plutamine,
and incubated st 37°C with 5% CO2. Cells were transiently transfected using lipofeciamine-
20 according to manufacturer’s protocol tInvitrogen) After transfection. cells were fixed
and visualized by fuorescent confocal microscopy (Olympus Fluoview FVY 1000 confocal
microscope using the Otvmpus FV-10 acguisition softwar). Vector cloning. cellular

transfection and cell fixanon were described by Svlvius et al. [10].
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Ome of the vanants identificd during the siudy was analyzed funher to rule out its
potvmorphic character in a control group of 246 subjects with no history of AF. Thev denived
from WOBASZ cohort [9] and were matched with the primary group of 103 non-vulvular AF
patients for age. sex and presence of hyvpenension. The analysis was performed with Wave
DHPLC instrument | Transpenomic, Omaha, USAY

In siffco analysis was performed with Human Splicsng Finder web too! favailable at
httpfwww umd. be/HSFHSF himl).  The genotyping of polymorphism  of  linkage
disequilibnum was examined using Custom TagMan® Assay 1 Applied Biosystems. Foster
Cuty. USA v and by 7300 Real-Time PCR System (A pplied Biosvstems).

Linkage disequibibnum study was performed with Haploview software version 42
iBroad Institute. Cambrnidge. USA:

The approval for this work was granted by local bioethics commiliee Vregistration
number. 1067, date: March 1 3th. 2008).

The investipation conforms with the principles outlined in the Declaration of Helsinki.

Results

Screeming of the LMNVA pene in AF patients revealed only one variamt leading 1o
amine acd change — Thra28Met mutation. The proband was a scventv-two-vear-cld
Caucasian male with seven-vear history of AF and a familv history of sudden cardiac death,
His father died of arrhvthmia at the age of 66. His brother died suddenly. probably due to
ventncular fibrllation at the age of 70, fificen vears earlier he had a cardiac amest episode
followed by protonged hospitalization. The proband’s AF recently convened into a chronic
form. Since 2003 be had more than 30 episodes of arrhythmia, 14 hospitalizations due to AF

and 3 electrical cardioversions.
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Im 2009, the patient had VV1 pacemaker implanted due to an advanced atnoventncular
block. MR and echocardiography examinations revealed enlargement of the left and neht atria
and small 1o moderate mitral and tricuspid regurgitations. The left ventnicle ejection fraction
and pulmonary artery systolic pressure were within nommal limits (61% and 15 mmHg,
respectivelv.

The same mutation was alse found in two danghters of the proband (39 and 45 vears
oid) (Fig. 1A) Thev had no significant abnormalities in ECG. echocardiography and ECG-
exercise sl

In order 1o evaluate the pathopenicity of Thr328Met mutstion furnther. in viro
expression studies were conducled. C2C12 cells weme used due to their widespread use in
lamimopathy research and their transfection efficiency. Wild wvpe lamin A and € were
distribated homogeneously at the inper nuclear Jamina. After Thr328Met mutant tamin A/C
was intreduced into C2C12 cells. charactenistic aggregates were formed indicating an uneven
distribation of lamin protemn. Additienally. ia 33% of cells with mutant lamin ASC, the
agpregales were not circufar. but sickle-shaped (Fig. 23,

Aparl from Thed28Met mutation, six synonymous variants were identified. of which
four were almeady present in NCBI database. One inresting non-described vanant was
le26lie ‘Exon 1 - 379 ¢.78. C-Ty. This vanant occurred in a NYHA class [l hean failure
patient with depressed LVEF i30% ), normal coronary angiography and posttive family
historv of heart disease (Fig. 1By In silico analysis indicated that this nuckotide substitution
disrupts an exonic splicing enhancer {ESE). which constitutes a binding site of SK protein
SF2/ASF. The vaniant was not present in the control group of 246 healthy individuals,

In addition, five intronic variants were detecied. Three of them were not described
previously: TWS 4 - 13, NT:6593320 (T>Ax IVS 5+ [2, NT:6393470 (C>Th and IVS 6 - 44,

NT:6306316 1C>T). In sifico analysis showed that these variants did not disrupt known ESE
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The distnbatzon of thewe and other vanants 1> prescited m Tab'e 2 We noted that 1o the
paients sk tour SNPe [ SIS0 AlalsTAlz Baon 5o~ 31 ot GOT-GOC
33T T S A= 16, NT ASDAZES G4 rsSUS0SE 1 Aspddednp Bxor 7 - 43 (1338
GAT-GAC and oS536 11V S 8 + 1 NT 6218 CoT ] i the LMVA peme were 1o
seome irkdoe 4 sequ l anam 11 weore = WHcand thet the rare altc o8 of the SNPS sppearce
topether nog'l pat ents nat one An anaivsts of HapMap dala confirmed that the -dentficd
Sluster of vanants was 3 pant ot a mapor block of strone linkase disequilsbrium comprisine
SAPSIn micwdn S0 ov b and Lhds spaiiby o sonidaoant part 4 the LMY 3 xonc
T compare the trequenay of this conwened nlock cmorp paticnis and wontnols we
bped %05 S5 nooowmtedl group ot 45 sabecs wath o et i of AR Inkeresticaly aa
Promocn thet the subiee ~ comare the mam Slele o b esSHS S were siom fraants o
LMD ds amur s the paticonts than contrads 23003 07 2230 v NS o v s deT patrerts
and contros espective v, odds ratin = 26 = 492, p= 0027 Tuosendv e ohsencg
WSOUEIET W sLace o indcpendent v ccliecied wohert ot 377 AR patents wnd seditional
372 healthy subjects ba we wem gnabie (0 plicdle the engine] obsematnn presciue s trare
whele tn SR er T8 st vy TRIAT or 14 19, tor patients and woantroly rospectively waes

raun= 1 216 ;’2: LI p=1275)

Discussion

Our resulis confirm the findinps of a recent report show sng that LMNVA mutations are
not a dequent cause ot AF [%] A potenuallv interesting neael finding conoerns the
ThriZeVet mutsuen It had boen proswushy desenbed twice, bul alwavs n a helerosspous
wompoand siate aith other mutations, and neser .n the context ol AF waih pacemaher
requicnknl Bt Savage ot & [11] mported a Thr328Met topether with SerS83Leu

matatten which presemted phenotvprcally as tamihial partsal hpody strophy Then Verstracten
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ctal. [12] mpoted & heterogy pous combimation of Thri2iMet and MetS4UThr mutations in a
probang wth a Hutchinson-Gilferd progena syndrome. Since @ both cases the heerogy gous
vamier parenis were bealthy. our repert is the first o suggest a pathopenic offect of a sinple
Thri2sMet mutation.

The pathogenican of Thri28Met mutation was further supported by i v studies. In
mutant traesfocted wolis, lamin A'C appeared in the form of apprepates clearly distinet from
control oclis. We also observed characieristic sickle-shape patterns, which might have resulted
16T MUIENT 1AM Iormen s exicnsivis bt el aypregates nearby, Toevur koesledse, thas o
the fimst case of such aickle-bke apgrepates in discase-wssoviated lamin AfC mutant eaprossion
stuciow, Cumenty. we are swdsing the fanctienad offects o the TheA28Me: mutaien fursher.

W ane eibers have shownonorcasce mobility o matant laminy g well g & reducce
shility o form centacts with the inner nuckear membrane [0 120 From these stugics, we can
infor thaw the agprepales and sckkes are reducing the lumuna stabilitv. thus increasing the
MLEMLN-cATICT s susacptibility o cellular disfunctinn,

Anmxr cnteresting ubsenation concemed the [le26lle vanant which may.
suggested by 1 S analy sis. sffect an exonwe splicing enhancer site of SR protein SFXYASE.
Such inactisatsen o ESE could. in tum. cause the splicing mechanism to mistakenly skip an
Sl Cemmving the variant and produce abnormal peotein [14]. The vanant secumed in an
NYHA I indivadual with a positive famiiy history of heant discase. depressed LVEFR #3001
and normal coropary  angiopraphy, thus mccting the criena for DCM  diagnoss.
Unfortunately. no matenal suitabke for expression studics was availabie from the patient or hss
family.

Regurding frequent vaniants of the LMYA gene. we noked, both in the patient cohon
studicd and in HapMap data. the existenoe of a major LD block comprising SNPs from exen 5

ter eXon 8. Some variant st included in thes biock could influcnee the expression of the LY NA

111
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oepe andor the stability of its mRNA. As evidenced by the pathogenicity of single copy
delenons. LMNYA is a dose sensitive gene [15] Thus, 1t could be specalated that vanants
which even sfightly decrease ils expression, as can be expected from SNP. mav predispose 1o
conduction system disorders and arrhythmia including AF. In order to investigate this
possibility, we performed an association study and found thal 2 rare alkeke of an SNP marking
the LD block was signtficantly more commeon in patients than in controls. However. this
observation was not repreduced when larger groups of AF patients and controls were studied,
supgesting that the orownasl finding was caused by chance. These results emphasiZze the role of
replication for validity of association studies.

In conclusion, we confirm that mulations in LMNVA are not frequent causes of AF
Tagoed SNP within the LD block in LM VA gene s not associated with AF. However, our
results sugpesl that 1o rare cases missense mutations such as Thr328Met and perhaps
mulations OCCUrnng in exonic splicing enhancer such as He26lle may play a role in disease

dewe lopiment
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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
COST7 cells, we previously showed that the over-expression of a lamin C mutant associated with
dilated cardiomyopathy (p.Aspl192Gly) 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.Aspl192Gly, p.Glu353Lys, and p.Arg386Lys
mutant lamin A and lamin C. We observed a trapping of sumol in p.Asp192Gly, 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 Lmnq"#2PH222 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 mislocalization of
other nuclear proteins such as emerin [13]. Previously, we demonstrated that in vitro over-
expression of lamin C containing the p.Aspl192Gly DCM-linked mutation resulted in the
mislocalization 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]. Tt
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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 sumo1l 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

. ) o -
vivo in soleus muscle tissue biopsies from the Lmna"?22PH222P

mouse. Although there is still
much to be elucidated, our results highlight the involvement of the sumol sumoylation pathway

in the pathophysiology of laminopathies especially those involving 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-C1, pDsRed2-C1, and pEYFP-N1 from Clonetech laboratories) as
described in [11]. The p.Leu85Arg, p.Asp192Gly, 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.GIn353Lys 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).

H222P/H222P

Primary mouse myoblasts were harvested from wild-type and Lmna 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 —
Invitrogen) for 1 hour at 4°C. Each sample was incubated with 2pg primary antibody (anti-GFP
$¢-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-sumol, mouse anti-B-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-EMERIN). 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, B-actin, or vinculin were used as protein loading

controls.
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Densitometry and statistical analysis

Samples were normalized to GAPDH or B-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 6um thick
were obtained from C57 Black 6 mice Lmna™* and Lmna"****"*2?* 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 Z1 Imager fluorescent microscopes.

Results

To investigate the impact of LMNA mutations on the sumol sumoylation pathway, we
examined sumoylation of lamin A/C and sumol localization in the presence of wild-type lamin
A and C as well as p.Leu85Arg, p.Aspl92Gly, and p.GIn353Lys 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 sumo1
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 C2CI12 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 1B). 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 C2CI12 cells
transfected with tagged sumol, immunoprecipitation of endogenous lamin A/C did not reveal
lamin-sumol-conjugates (Figure 1D). These results were confirmed in COS7 cells transfected
with tagged wild-type lamin A, lamin C and with sumol (Figure 1E). 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 sumo!l 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.Asp192Gly mutant lamin A/C results in nuclear aggregation of
co-localized lamin A and C. As shown previously with only p.Asp192Gly 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.GIn353Lys 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.Asp192Gly, 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.Asp192Gly,
p-Arg353Lys, and p.Arg386Lys mutant lamin A/C though trend was less pronounced and fell
slightly below statistical significance.

H222P/H222P

Sumol localization and sumoylation are perturbed in Lmna mouse myoblasts

In order to confirm our results in a more physiologically relevant model, we cultured

H222P/H222P

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

H222P/H222P

cytoplasmic distribution (Figure SA). Approximately 75% of myoblasts of Lmna 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).

H222P/H222P

To determine if the sumoylation profile is disturbed in Lmna myoblasts, we

performed western blotting for sumol in total protein from sumol-YFP transfected Lmna™ and

H222P/H222P
Lmna 2

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 sumo1-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.

H222P/H222P

Altered localization of endogenous sumol in Lmna mouse muscle tissue

As endogenous sumol was found mislocalized in myoblasts cultured from

H222P/H222P

Lmna mice, we wanted to determine if this occurred in vivo in dystrophic

Lmna™"M22P muscle tissue [20]. Therefore we examined its localization directly by

immunostaining for sumol in cross-sections of soleus muscle from Lmna®™* and Lmna"?2*"">>*"
mice (Figure 6). Wild-type muscle tissue sumo1 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.Asp192Gly and p.Arg386Lys mutant lamin A/C formed intranuclear
aggregates of lamin A/C as expected [10] however we further demonstrated sequestration of
sumo! 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 1s in contrast to the reported normal localization in both cardiac

and skeletal muscle from the Lmng2?2"H222P

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

H222P/H222P . .
mouse demonstrated an increase in the nuclear

and skeletal muscles of the Lmna
accumulation of Smad proteins, which are potent effectors of the TGFp, signalling cascade
correlating with increased fibrosis in the mice [20, 28]. Both the TGFp receptor type 1 (TBRI)
which activates the Smad proteins as well as Smad4 are sumoylated [29-30]. TBRI is sumoylated
in response to TGFf 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 TPBRI 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 sumo1-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 sumo1-YFP harvested with NEM. Blot
was re-probed for B-actin as a loading control. Blot is representative of increased sumoylation
observed in both lamin C, ubc9 and sumo1 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

H222P/H222P

Lmna 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

/+ H222P/H222P

whole cell extracts from Lmna™ and Lmna myoblasts transfected with wild-type

sumo1-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"??"M222% yoblasts. The blot is representative of two independent experiments.

H222P

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™* and Lmna™*""*** mice. Top row sections were stained for sumol (green).
Bottom row sections were stained with only secondary antibody to show background signal of
anti-mouse-568nm antibody (green). All sections were counterstained for DAPI (blue). Each

picture presented is representative of the most commonly observed phenotype.
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