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ABSTRACT

Dilated cardiomyopathy (DCM) is a cardiac muscle disorder characterized by
ventricular dilatation and impaired systolic function. LMNA, one of fifteen autosomal
genes implicated in this disease, encodes for two alternatively spliced nuclear
intermediate filaments proteins, lamins A and C.

Two novel missense mutations, D192G and R541S, were identified in highly
conserved regions of the LMNA gene. Electron micrographs of cardiac tissue containing
the D192G mutation demonstrated dramatic morphologic alterations of the nucleus. By
contrast, cardiac samples from the R541S carrier were almost indistinguishable from
those of transplanted DCM patients without LMNA mutations. Expression levels of total
LMNA mRNA in this individual were comparable to those found in end-stage DCM
patients without LMNA mutations. Moreover, the mutated allele was expressed in the
heart tissue of this patient. Functional studies to determine the impact of these mutations

on cellular models are ongoing.
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1 INTRODUCTION L,
1.1  Dilated Cardiomyopathy

The term “cardiomyopathy” represents a diverse group of heart-muscle disorders.
In response to cardiovascular disease, the morphology of the heart is remodeled as a
compensatory mechanism to preserve pump function (1). More than 80% of
cardiomyopathies are classified as dilated or congestive (2). Population surveys estimate
that approximately 36.5 in 100,000 people are affected by dilated cardiomyopathy
(DCM) (3). DCM is characterized by the progressive dilation of the left, or both,
ventricles and impaired systolic function (4). Ventricular dilation is almost always
accompanied by modest increases in ventricular wall thickness, which reflects myocyte
hypertrophy as well as variable increases in interstitial fibrosis. However, the maximal
left ventricular free-wall thickness and septal thickness are typically normal because of
the abnormally dilated chambers (5). Pathologic manifestations are often nonspecific (1).
Although microscopic examination of the myocardium may reveal no evidence of
abnormal histopathology (1), the ratio of collagen I (Col I) to collagen III (Col III)
appears to be increased in DCM patients (6). This may account for the augmented
amount of fibrosis and may contribute to the systolic dysfunction in DCM (6).
Diminished contractile function is the critical hemodynamic feature of DCM, an
abnormality that triggers complex neurohumoral responses, which increase circulatory
volume so as to maintain cardiac output (2).

While compensatory mechanisms are initially beneficial to heart function, they

may ultimately become maladaptive. Hypertrophic and dilated cardiac morphologies



increase myocardial strain, raise metabolic demands and, by impeding ventricular
relaxation, may compromise coronary artery blood flow (1). Cardiac remodeling can
therefore accelerate functional deterioration and the onset of heart failure, serious
arrhythmias and thromboembolic events, all of which account for the substantial
morbidity and premature mortality of this disease (1). Indeed, only 50% of patients with
DCM survive more than 5 years after their diagnosis (2). This disease is a significant
health problem, as it is often associated with high rates of sudden death and accounts for
greater than 50% of all heart transplantation indications (7).

There has been significant progress in delineating the causes of primary
cardiomyopathies. Ischemic, alcoholic/toxic, metabolic, or infectious causes of DCM
have all been recognized (8-10). However, in many instances, an underlying pathology is
not discovered, and the diagnosis of “idiopathic” DCM ensues (2). Over the past two
decades, there has been an increased recognition that many of these idiopathic DCM
cases are actually familial. Michels and colleagues reported in 1992 that over 20% of
individuals with DCM had an affected first-degree relative (3). Since then, the estimated
incidence of familial DCM has ranged from 20% to as high as 35-48% (9;11;12).
However, the true frequency is probably still underestimated due to the absence of early
disease markers and reduced penetrance (10). Several large population-based studies
have confirmed these data and have delineated that DCM can be transmitted as autosomal
dominant, autosomal recessive, X-linked, or mitochondrial traits (see Appendix I) (2).
However, the mode of inheritance is autosomal dominant in the vast majority (>70%) of

DCM families (11).



1.2 Clinical and Genetic Heterogeneity of Dilated Cardiomyopathy

Studies demonstrate that there is a vast clinical and genetic heterogeneity among
DCM cases (10). Attempts have been made in the past to place the multiple phenotypes
of DCM into various categories (10). However, as the body of knowledge surrounding
this disease accumulates over time, it becomes more apparent that the complexity of
DCM cannot be reduced into simple generalizations. Age at disease onset ranges from
early childhood to late in senescence, although most cases of genetic or acquired DCM
become apparent during the fourth or fifth decade of life (2). The severity of symptoms
and survival can also vary considerably, even in affected members of the same family
with the same mutation (2). In addition, some cases may present with auxiliary cardiac
phenotypes and extracardiac findings. This clinical heterogeneity is mirrored by the
genetic diversity of DCM. Since 1993, mutations in genes encoding cytoskeletal,
contractile, nuclear membrane, and other proteins have been identified in patients with
familial and sporadic DCM (13) (see Appendix I). Despite this seemingly expansive
inventory of candidate genes, the identities of the disease genes associated with many

DCM loci still remain obscure.

1.3  Familial DCM Genes

The candidate genes that have been implicated thus far in the pathogenesis of this
disease can be roughly divided into three broad groups, based on the location of the
encoded protein within the cardiac myocyte. The first group includes components of the
sarcomere, which is the fundamental unit of contraction in all muscle cells. Cytoskeletal

proteins comprise the second group, whereas the last category consists of genes that



encode for a variety of other proteins, which are considered to be distinct entities from
the constituents of the cardiac cytoarchitecture.
1.3.1 Sarcomeric Proteins

This category of genes includes actin, myosin, cardiac troponin T, alpha-
tropomyosin, titin, titin-cap, cysteine-and glycine-rich protein 3 (MLP), and cardiac
myosin-binding protein C (MYBPC).

The first gene to be identified for pure DCM was cardiac alpha-actin in 1998 (14).
Two mutations were discovered by Olson et al. in the immobilized end of the actin
filament (14). Both of these substitutions altered amino acids involved in actin-
cytoskeletal, rather than actin-myosin, interactions. The consequences of these mutations
were thus believed to consist of a diminution of force transmission from the sarcomere to
the cytoskeleton, rather than a deficit in force generation (2;5;15). These novel findings
initiated a screening frenzy in various laboratories, but to no avail. Despite multiple
attempts to demonstrate otherwise, the cardiac actin gene seemed to be rarely implicated
(7;16). Indeed, no mutations were found in subsequent studies of 44 American probands
(17), 136 Japanese DCM patients (18), or 57 individuals with DCM of mostly black
African origin (19).

However, the discovery that cardiac actin mutations could be linked to the
pathology of DCM prompted researchers to search for answers among other sarcomeric
proteins, which had previously been implicated in hypertrophic cardiomyopathy.
Kamisago et al. discovered two substitutions in myosin that caused early-onset
ventricular dilation, diminished contractile function, and heart failure (8). One of the

mutations disrupted a highly conserved structure that contributes to the tight binding of



actin, an interaction that is critical for initiating the power stroke of contraction (8).
Another mutation was located in the center of the “converter region”, one of several
flexible joints in myosin that undergo conformational changes during the contractile
cycle (8). This region transmits movement and directionality from the head of myosin to
the neck, which assists in propelling the thick filament (8). Substitution of an amino acid
at this position may alter the magnitude or polarity of the transmitted movement, and
consequently diminish the efficiency of contraction (8). Recently, Dachmlow et al.
expanded the list of DCM mutations in this gene by identifying two more substitutions,
one of which is expected to alter the binding of myosin to actin (20). Once again, this
would lead to a deficit in force production by the sarcomere. Daehmlow et al. also
discovered the presence of a missense mutation in the cardiac myosin-binding protein C
(MYBPC3) gene, but the functional consequences of this substitution have not been
ascertained to date (20).

As a supplement to his earlier work, Kamisago et al. also identified a deletion in
the cardiac troponin T gene, which produced the same DCM phenotype as the beta-
myosin heavy chain mutations (8). This exact mutation was rediscovered by Hanson et
al. two years later in a different study population (21). Essentially, the affected residue is
located in a domain containing three conserved lysines (K208-210) that form a tight
binary complex with troponin C (8). Loss of K210 would reduce these ionic interactions
and diminish the activation of Ca**-stimulated actomyosin ATPase (8). This would
subsequently decrease the power stroke of contraction (8). In 2001, Li et al. reported
another mutation within the tropomyosin-binding domain of cardiac troponin T, which

was also postulated to impair cardiac contractility (22). This hypothesis was supported



by an experiment in which progressive truncation of the troponin tail correlated with an
increasing to virtually complete elimination of troponin-tropomyosin binding to actin
(23).

To further test the hypothesis that dysfunction of the sarcomere could lead to
either familial hypertrophic or dilated cardiomyopathy, Olson et al. focussed on finding
mutations within the alpha-tropomyosin gene. Their search yielded two substitutions,
which induced charge reversals of the fifth residue found in highly conserved heptad
repetitive sequences (24). Consequently, electrostatic interactions between actin and
tropomyosin may have been altered, precipitating local changes in tropomyosin
conformation or lability (24). Alternatively, the observed mutations may have
compromised the structural integrity of the protein and subsequently impeded the
generation of force by the sarcomere (2;24). However, a mouse model created by
Blanchard et al., using gene targeting in embryonic stem cells and blastocyst-mediated
transgenesis, demonstrated that haploinsufficiency of the alpha-tropomyosin gene
produced little or no change in cardiac function or structure; only a complete deficiency
was incompatible with life (25). These findings imply the existence of a regulatory
mechanism in heterozygotes that maintains the level of myofibrillar tropomyosin despite
decreased mRNA levels (25).

Recently, mutations in the titin gene were shown by Gerull et al. to cause
autosomal dominant DCM (26). A segregating 2-bp insertion mutation resulted in a
frameshift and the subsequent production of a truncated protein. In addition, a missense
mutation was identified and predicted to disrupt a highly conserved hydrophobic core

sequence of an immunoglobulin fold in the Z-disc-I-band transition zone (26). Although



the consequences of these mutations have not been elucidated to date, the truncated titin
fragment is postulated to severely affect sarcomere structure and function. Another study
performed by Itoh-Satoh et al. revealed the presence of two other titin mutations at the
titin-cap and alpha-actinin binding domains in Japanese DCM patients (27). These
mutations caused a weaker interaction between titin and titin-cap/alpha-actinin.

In the wake of these findings, it was only a matter of time before titin-cap, the
substrate of titin, became the subsequent target for further investigation. Indeed, analysis
of this gene in a population of 380 DCM patients yielded a missense mutation, which led
to a decreased affinity for the cysteine-and glycine-rich protein 3 (MLP) via allosteric
effects on the MLP-interacting domain (28).

The same study also revealed the presence of an MLP mutation, which led to the
complete loss of interaction with and subsequent mislocalization of titin-cap (28). These
results support the concept that titin-cap binding to MLP is critical for maintenance of the
cardiac Z disc. Mice that harbored an MLP deficiency were found to exhibit chamber
dilation and contractile dysfunction (28;29). However, a detailed analysis of MLP™"
papillary muscle reveals the presence of a normal recoil response, which implies that the
chamber dilation is not secondary to a structural disturbance, but related to an inability to
sense the mechanical stretch stimulus and to generate a primary effect on muscle tension
(28). Titin has been shown to generate tension by increasing the passive stretch of
cardiac muscle (28;30). All of these findings led Knéll et al. to identify the MLP/titin-
cap/titin complex as a key component of the cardiomyocyte stretch sensor machinery
(28). In this alternate model of DCM pathogenesis, loss of MLP would destabilize the

anchoring of the Z disc to the proximal end of the titin-cap/titin complex, thereby leading



to a conformational alteration of the titin molecular spring elements. This loss of
elasticity would result in the overstretching of individual myocytes and precipitate the
activation of cell death pathways, through the diminished survival cues generated by the
defective stretch-sensing machinery. Ultimately, progressive heart failure and DCM
would ensue (28).

1.3.2 Cytoskeletal Proteins

This category of candidate DCM genes includes desmin, dystrophin, delta-
sarcoglycan, and metavinculin.

Until August 1999, the cardiac actin gene was the only putative disease gene
known to be responsible for the autosomal dominant form of the disease (7). However,
targeted disruption of murine desmin genes had been previously shown to perturb the
normal architecture of myocytes, precipitating myocyte degeneration and death (1;31).
These events led to a phenotype that resembled DCM (1). Such findings prompted Li et
al. to analyze desmin as a potential candidate gene for this disease. Subsequently, a
missense mutation was identified as the genetic cause of DCM 1in a four-generation
American family recruited by this team (17). However, further studies revealed that the
role of desmin in the pathogenesis of DCM could only be marginal at best (7;32).

The importance of dystrophin for cardiac function was highlighted by the finding
that the development of chronic DCM in Coxsackievirus B3 myocarditis resulted from
the cleavage of this cytoskeletal protein via enteroviral protease 2A (12). Variants of the
dystrophin gene have since been associated with an uncommon X-linked form of DCM
(33). Dystrophin mutations reported to date fall into two classes: (i) those located in the

promoter region or exon 1, which correlate with an absence of both dystrophin transcripts



and protein in the cardiac muscle of affected DCM patients or (ii) those found elsewhere
in the gene (12;34-36).

The delta-sarcoglycan gene (SGCD) also seemed like a strong candidate for a
morbid role in DCM due to a variety of reasons. First of all, it encodes a protein that is
involved in the cytoarchitecture of the cardiac cell, as it is a component of the dystrophin-
associated sarcoglycan complex (37). Second of all, SGCD is highly expressed in both
cardiac and skeletal muscle (37). Finally, the Bio TO-2 strain of Syrian hamsters, which
is one of the animal models used to represent DCM, presents with a deletion of the
SGCD gene (38). The screening of this gene in a population of DCM patients revealed
two mutations, which affected the secondary structure of the delta-sarcoglycan protein
(9). However, further studies once again shed doubt on the significance of this gene in
the pathogenesis of DCM. The prevalence of the SGCD mutations was estimated by
Sylvius et al. to account for less than 1.5% of all the cases considered by both their study
and the one previously conducted by Tsubata et al. (37).

Vinculin and its isoform metavinculin are protein components of intercalated
discs (13). The smaller isoform, vinculin, is ubiquitously expressed. However,
metavinculin is expressed exclusively in cardiac and smooth muscle. Vinculin
expression has been found to be upregulated in response to mechanical loading, and
targeted disruption of the gene in mice has resulted in a loss of cardiac contractility
during embryonic development (39). In addition, human studies have suggested a
potential relationship between metavinculin and vinculin expression, intercalated disc
abnormalities and DCM (13;40). Olson et al. identified one missense mutation and one

3-bp deletion within the vinculin gene among a study population of 350 unrelated
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patients with DCM (13). The mutations are each located in a different region of the
vinculin tail domain and are predicted to disrupt the intricate helical organization through
varying mechanisms (13). In vitro assays confirm that the metavinculin-mediated
crosslinking of actin filaments is significantly altered (13). In addition, ultrastructural
examination of the explanted heart tissue from one of the heterozygote patients revealed
the presence of grossly abnormal intercalated discs.

1.3.3 Other Proteins Implicated in DCM

The remaining category constitutes a heterogeneous group of proteins, which are
considered to be distinct from the sarcomere and cytoskeleton of the cardiac myocyte.
They include tafazzin, phospholamban, and lamin A/C.

Tafazzin, also known as G4.5, is a protein of unknown function (2). A study by
D’Adamo et al. linked together what were formerly considered different conditions by
demonstrating that taffazin is responsible for Barth Syndrome (OMIM 302060), X-linked
endocardial fibroelastosis (OMIM 305300), and severe X-linked cardiomyopathy (OMIM
300069) (41). Barth Syndrome is a neonatal form of DCM, which is often accompanied
by arrhythmias and heart failure (2).

Phospholamban (PLN) is a transmembrane phosphoprotein that inhibits the
cardiac sarcoplasmic reticular Ca**-adenosine triphosphatase (SERCA2a) pump in its
unphosphorylated state (42). This inhibition is relieved upon phosphorylation of the
protein. This year, Schmitt et al. identified a missense mutation in the cytosolic domain
of the phospholamban gene, which segregated with the affected status in a four-
generation DCM family (42). Cellular and biochemical studies revealed that the mutated

PLN trapped protein kinase A (PKA), which consequently blocked PKA-mediated
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phosphorylation of wild-type PLN and delayed the decay of calcium transients in
myocytes (42). In this way, SERCA2a was indirectly inhibited by the mutated PLN.
These results indicate that myocellular calcium dysregulation can also initiate human
heart failure.

Finally, the lamin A/C (LMNA) gene has also been implicated in the pathogenesis
of DCM. LMNA maps to chromosome 1g21.2-1g21.3 and is 24 kbp in size (43). It
comprises 12 exons, and encodes four alternatively spliced gene products: lamins A, C,
Adeltal0, and C2. Lamin Adeltal0, a variant of lamin A in which 90 nucleotides are
deleted from the 5’ part of exon 10, was discovered by Machiels et al. (1996) during the
RT-PCR and sequencing of cDNA from nuclear inclusions in GLC-A1 cells, a lung
adenocarcinoma cell line (44). Lamin C2 is specific to the testis (45). Analysis of cDNA
sequences that encode nuclear lamins reveals that they are closely related to the
cytoplasmic intermediate filament protein family (46). Lamins are classified as being
either A-type or B-type depending on their primary sequence, behaviour at mitosis, and
tissue-specific expression patterns (47). A-type lamins are expressed exclusively in
differentiated cells and tissues, whereas B-type lamins are constitutively expressed in all
embryonic and somatic tissues studied to date (43;47-49). B-type lamins are also
encoded by two separate genes, LMNB1 and LMNB2 (50).

Lamins are major components of the nuclear lamina. The lamina is a fibrous
nucleoskeletal structure associated with the inner nuclear membrane. This inner
membrane faces the chromosomes and is home to a unique set of integral proteins, such
as lamin B receptor, lamina-associated peptide-1 (LAP-1), LAP-2, emerin, MANI,

otefin, Young Arrest, and nurim (49;51). Nuclear lamins interact with integral proteins



12

via binding sites located in their rod domains and carboxy-terminal tails (43;47;52-54).
For example, an immunoglobulin-like domain extending between residues 319 and 572
of lamin A/C binds to the alpha-specific region of LAP2alpha, which is a soluble protein
that mediates the expansion of reforming nuclei during the cell cycle (49;55).
Furthermore, the region spanning residues 384-566 has been shown to interact with
emerin, which is a type II integral nuclear protein that extends into the nucleoplasm from
a transmembrane domain (54;56). Studies have shown that emerin and lamin A are
colocalized in various heart and kidney cell types (56). In addition, Clements et al. was
able to demonstrate a direct interaction between recombinant emerin and lamin A using
biomolecular interaction analysis and monoclonal antibodies (56).

However, lamins are not restricted to the nuclear periphery (57;58). Studies have
shown that A-type and B-type lamins may be found within the nucleus as distinct
nucleoplasmic foci (58;61). In addition, A-type lamins may form part of a diffuse
intranuclear network (57). A-type lamin foci have been observed during lamina
assembly (59), are most prominent during the G1 phase of the cell cycle, and are closely
associated with condensed chromatin (48). These lamin speckles were also shown to
colocalize with RNA splicing factors compartments (141). On the other hand, B-type
lamin foci are predominantly found during S-phase in association with DNA replication
centres and do not colocalize with lamin A spots (58). The exact function of these
various types of intranuclear speckles, and whether they are general or cell type-specific
phenomena, remains to be established (48). However, it has been suggested that A-type

lamin speckles may form part of a dynamic structure that can be rapidly modulated by



13

specific signaling events to spatially organize mRNA splicing and pol II transcription

(141).

1.4 Lamin Function

Nuclear lamins are extremely versatile proteins. In addition to playing key
structural roles, such as maintaining the integrity of the nuclear architecture and
providing anchorage sites for chromatin, nuclear lamins are also involved in DNA
replication, RNA pol II transcription and signal transduction.
1.4.1 Nuclear Organization

Functional studies confirm the importance of A-type lamins in maintaining the
integrity of the nuclear architecture. Partial deletion of the LMNA gene in mouse
embryonic fibroblasts (MEFs) produced nuclei that were often highly elongated or
irregular (62). Although the nuclei remained intact, the overall impression is of large-
scale herniation of the nuclear membranes (62). At the ultrastructural level, cells derived
from LMNA™ mice exhibited striking abnormalities, such as the withdrawal of B-type
lamins, LAPs and nuclear pore complexes (NPCs) from one pole of the nucleus (52). In
addition, emerin is inefficiently retained at the nuclear periphery and partially
mislocalized to the peripheral endoplasmic reticulum (52). This evidence strongly
supports a role for A-type lamins in the correct localization of emerin. However, emerin
is not uniformly lost in tissues from LMNA null mice, which may suggest the
involvement of additional factors (62). Nuclei assembled in vitro under lamin-depleted

conditions are also rather fragile and easily broken (49). Taken together, these results
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clearly indicate that A-type lamins play an essential role in the nuclear organization of
differentiated cells.
1.4.2 Anchorage Sites for Chromatin

Recent work from several labs has demonstrated that the lamina is of fundamental
importance, not only in maintaining the structural integrity of the nuclear envelope, but
also in organizing chromatin within the nucleus. Cytological studies show that a large
proportion of condensed chromatin borders the inner nuclear membrane, and that
proximity to this membrane helps to repress partially silenced genes (55). Ultrastructural
examination of LMNA™ MEFs and hepatocytes revealed a thinning or loss of
heterochromatin at discrete regions of the inner nuclear membrane (62). These segments
of the nuclear envelope, which also lack morphologically identifiable NPCs, likely
correspond to the herniations observed in the light microscope (62).

Although their functions in nondividing cells such as cardiac myocytes are largely
unknown, lamins A and C contain a chromatin-binding site and may participate in
ordering the higher structure of the genome (55). A number of biochemical studies have
suggested that lamin tail and rod domains can bind directly to DNA, chromatin, and core
histones (63-66). More recent work has suggested that lamin A might make indirect
interactions with the chromatin through a chain of interactions involving the LEM family
proteins, such as emerin and LAP2 (63). The LEM domain consists of a helical turn,
followed by two helices separated by a 12-residue loop (50). LAP2 is unique among
known LEM proteins in possessing both a DNA-binding LEM-like domain and a BAF-
binding LEM domain (50). BAF (barrier to autointegration factor) is a highly conserved,

small dimeric DNA-binding protein (49). In vitro, BAF crossbridges DNA molecules
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and colocalizes with chromatin throughout interphase and mitosis (49). Although BAF is
postulated to play a fundamental role in the chromosome architecture of complex
eukaryotes, its function in vivo remains obscure (49). However, it was demonstrated by
Zheng et al. (2000) that elimination of BAF by RNAI in C. elegans gives rise to
chromosomal segregation defects (67). The interaction of lamins with these LEM family
proteins, as well as BAF-1 and HP1 chromodomain proteins, may provide anchorage
sites for chromatin fibers at the nuclear periphery (68). Lamins may also bind to “soluble
proteins” that associate with the chromatin, such as Young Arrest (YA) and the tumour-
suppressor Rb (49). YA is found in Drosophila embryos, where it mediates the transition
from meiosis to mitosis and has affinity for decondensed chromatin (49). Rb is a central
regulator of the cell cycle and inhibits genes required for S phase by recruiting histone
deacetylases that generate repressive chromatin structures (69). It binds specifically to
both A-type lamins and is concentrated at the lamina of the nuclear envelope (49). These
findings indicate that not only do A-type lamins provide anchorage sites for chromatin,
either directly or indirectly, but that they may also play a role in the regulation of gene
expression (70).
1.4.3 DNA Replication

The most dramatic alterations in lamin organization take place during mitosis in
more complex cells, when disassembly of the nuclear envelope must occur in order for
the condensed chromosomes to access the mitotic spindle (57;71). Disassembly of the
nuclear lamina is initiated by phosphorylation of the serine and threonine residues at
either end of the coiled-coil domain (71-73). During this process, lamins A and C are

rapidly released throughout the nucleoplasm in early prophase while lamin B remains at
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the nuclear periphery until prometaphase (57). Another study performed by Moir et al.
also emphasized the importance of lamin organization in facilitating DNA replication
(74). Dominant negative lamin mutants lacking their N-terminal domains were added to
assembled nuclei in Xenopus extracts (74). Disruption of lamin organization in this
manner prevented the resumption of DNA replication after the release of AraC, a
reversible inhibitor that blocks near the onset of the elongation phase (74). Additionally,
intranucleoplasmic lamin structures have been reported in association with DNA
replication centres in S phase cells (58;60). These foci could be detected by antibodies
against lamin B; however, the nuclear staining patterns obtained with antibodies directed
against A-type lamins in mid-late S phase cells did not coalign with these lamin B-
containing structures (58). This implies a role for lamin B also exists in the organization
of replicating chromatin during S phase.
1.4.4 RNA Polymerase II Transcription

In a twist on the study conducted by Moir et al., Spann and colleagues performed
another experiment in which dominant negative lamin mutants lacking the N-terminal
domain were used to disrupt the normal organization of the nuclear lamina (75).
Consequently, RNA pol II activity in both mammalian cells and transcriptionally active
embryonic nuclei from Xenopus laevi was inhibited in a highly specific manner (75).
Immunofluorescence observations indicate that this selective inhibition of pol II-
dependent transcription involves the TATA binding protein, a component of basal
transcription factor, TFIID (75). The fact that activities of certain other transcription
factors, such as Rb, Octl, Pdx1, and GCL, include interactions with the lamina also

suggests that lamins play an active role in transcriptional repression (45;55).
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1.4.5 Signal Transduction

In non-dividing cells such as cardiac myocytes, lamins may participate in signal
transduction by mediating molecular movement between the cytoplasm and the nucleus
(76). Martelli et al. demonstrated that lamin A binds to the CalB domain of protein
kinase C (PKC) at a site downstream of residue 499 in its carboxy-terminus (77). PKC is
a serine/threonine protein kinase and is part of a family of enzymes that occupies critical
nodes in the complex signal transduction networks, which regulate diverse cellular
processes such as gene expression, proliferation, apoptosis, and hypertrophy (77). Lamin
phosphorylation by PKC has been linked with both cell proliferation and apoptosis (77-
79). Aberrations in signaling pathways regulating cell proliferation and apoptosis are
strongly connected with developmental abnormalities as well as a variety of chronic
disorders, and may prove to be a mechanism by which lamin mutations mediate the

pathogenesis of DCM, among other diseases (77).

1.5 Lamin Mutations and Disease

Not only are lamins known to posses many different roles within a cell, they are
also postulated to be a causative factor in numerous diseases. To date, seven different
disorders have been linked to mutations in the lamin A/C gene. Despite marked
differences in the predominant clinical phenotypes of these diseases, cardiac disease is
often a common manifestation of these allelic disorders.
1.5.1 Emery-Dreifuss Muscular Dystrophy (EDMD)

EDMD was first described in 1966 by Alan Emery and can typically be defined

by three main clinical features (49;80;81). First, there are early contractures of the
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Achilles tendons, elbows, and posterior cervical muscles, with initial limitation of neck
flexion progressing to restricted forward flexion of the entire spine (81). Second, slowly
progressive muscle wasting and weakness with a humeroperoneal distribution occurs
early in the course of the disease (81). Wasting is usually more severe in specific
muscles of the lower leg, upper arm and shoulders, but other muscles may show
myopathic features histologically (80). Smooth muscle function is unaffected (80).
Third, cardiac involvement becomes more evident as muscle weakness progresses, and is
usually present by 30 years of age (80). The initial manifestation consists of conduction
defects, although ventricular dysrhythmias and dilated cardiomyopathy may also arise
(54). By the third or fourth decade of life, affected individuals invariably develop heart
block or severe dysrhythmias that may require a pacemaker or an implantable
defibrillator (43;53;54). However, EDMD is characterized by variable expressivity of the
phenotype. In other words, individuals within the same family may be affected to
varying degrees, and some members may display no symptoms at all (80).

EDMD was initially described as an X-linked disorder, although autosomal
dominant and recessive forms were also later reported (82). The X-linked form is caused
by mutations of the STA gene at Xq28. This gene was later found by Bione et al. to
encode a transmembrane protein expressed in virtually all somatic cells that was
subsequently named “emerin” (70). Four years later, Bonne et al. mapped the locus for
autosomal EDMD to the LMNA gene, and identified the first four mutations associated
with this form of the disease (53). In 2000, Felice et al. described two other mutations
that were located within the rod domain of lamin A/C (83). That same year, Bonne et al.

expanded upon their previous work by discovering twelve novel mutations in another
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EDMD population scattered throughout exons 1 to 9 of the LMNA gene (54). This study
highlighted the fact that substantial interfamilial variability exists between carriers of the
same mutation and revealed the possibility that modifier genes may play a significant role
in determining the course of this disease (54). Di Barletta et al. further extended the
mutation analysis with the description of a 1 bp-deletion and five additional missense
mutations (82). Unlike all the other substitutions that had been reported up to that time,
H222Y occurred as a homozygous mutation, and was found in a patient who presented
with a severe form of muscular dystrophy without any cardiac symptoms (82). This was
later believed to represent the first case of an autosomal recessive form of EDMD.

The functional consequences of these lamin A/C mutations were elucidated to
some degree by various studies. Markiewicz et al. analyzed fibroblasts from X-linked
EDMD patients and noted that all lamin subtypes appeared to possess increased solubility
properties compared to normal individuals (84). In addition, lamin C and LAP2alpha
were mislocalized in these fibroblasts (84). Electron microscopy of cells and tissues from
EDMD patients has revealed the presence of disruptions at the nuclear rim and changes in
heterochromatin distribution (80;85), similar to the nuclear alterations that were observed
in over 80% of the embryonic fibroblasts from LMNA™ mice (62). Thus, it appears that,
at the very least, the structural integrity of the nucleus is compromised by LMNA
mutations found in EDMD patients.

1.5.2 Limb Girdle Muscular Dystrophy (LGMD)

As can be inferred by its name, LGMD encompasses another clinically and

genetically heterogeneous group of myogenic disorders with a limb-girdle distribution of

muscle weakness (86). To date, four dominant and eight recessive forms have been
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identified. The majority of LGMD cases are characterized by the autosomal recessive
transmission of mutations found mainly in the sarcoglycan gene, and elevated
phosphocreatine kinase levels (9). LGMD was first described as an autosomal dominant
trait (LGMD1B) by van der Kooi et al. (9). Like EDMD, the disorder is slowly
progressive with age-related atrioventricular cardiac conduction disturbances and DCM,;
however, there is an absence of early contractures (86).

Muchir et al. described three novel LMNA mutations within a population of
LGMD1B patients (86). Two of these mutations were found within the central rod
domain that is implicated in the dimerization of lamins, while the third resulted in the
production of a truncated protein, which lacks half the C-terminal globular tail domain
(86). Ki et al. also reported a substitution at codon 377, but to leucine instead of histidine
(87). This particular residue is located within a region of 32 amino acids that is highly
conserved in all intermediate filaments at the end of the rod domain (86). By a
systematic mutagenesis of this region, Heald et al. demonstrated that the R377H mutation
abolishes the assembly of normal nuclear lamina (86). In addition, transfection of lamins
with C-terminal truncations into CHO cells produced structural alterations of both the
nuclear envelope and the nucleus. This finding suggests that the pathogenic mechanism
of the splice donor site mutation may also involve perturbation of the nuclear architecture
(86).

1.5.3 Dunnigan-Type Familial Partial Lipodystrophy

Lipodystrophies are rare disorders characterized by the selective but variable loss

of adipose tissue (88). There are two major types of lipodystrophies: familial or acquired

(88). Dunnigan-type familial partial lipodystrophy is an autosomal dominant disorder
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(88). Affected patients are born with normal fat distribution, but develop muscular
hypertrophy and begin to lose subcutaneous adipose tissue from the extremities, trunk
and gluteal region with the onset of puberty (89). Excess fat may also be deposited in the
face, neck, back, labia majora, and intraabdominal region (89-91). However,
intermuscular, intraabdominal, intrathoracic, and bone marrow adipocyte stores remain
normal (89). In young adulthood, patients develop hyperlipidemia and insulin-resistant
diabetes. Most will characteristically die of cardiovascular complications by 40-60 years.
The morphotype in men is less typical and usually appears late (92).

In 1998, the genetic locus for this disease was mapped to chromosome 1q21-q22
(70;93). Two years later, Cao and Hegele proposed that LMNA might be a candidate for
Dunnigan-type partial lipodystrophy because the regional muscle wasting observed in
EDMD could be analogous to the regional adipocyte degeneration that occurs in this
condition (89). DNA sequencing of LMNA in five Canadian familial partial
lipodystrophy (FPLD) probands indicated that each had a novel missense mutation,
which co-segregated with the disease phenotype and was absent in 2000 normal alleles
(89). Heterozygotes were observed to possess significantly higher levels of triglycerides,
insulin and C-peptide, but significantly lower levels of HDL cholesterol (94).
Functionally, this mutation was found by Hegele et al. to reduce plasma leptin levels
(95). However, it did not have an effect on the interaction of lamin A with emerin or its
targeting to the nucleus (96). Two other substitutions were identified in FPLD patients at
this codon (43;90;97;98). Further studies extended the mutation analysis to two more
codons within exon 8 (43;91). Then, Speckman et al. reported a mutation within exon 11

in a patient with lipoatrophic diabetes (90). Although two copies of this mutant allele
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must be inherited in order for the disease to occur, this was the first indication that a
mutation solely within lamin A could also be capable of causing FPLD (70). Shortly
after, both Hegele and Vigouroux et al. discovered yet another missense mutation within
exon 11 (97;98). Together, these findings indicate that a spectrum of LMNA mutations
underlies FPLD and that aberrant lamin A is more likely than lamin C to play a role in the
pathogenesis of this disease.

1.5.4 Charcot-Marie-Tooth Disorder Type 2 (CMT2)

CMT constitutes a genetically heterogeneous group of inherited motor and
sensory peripheral neuropathies, which are mainly characterized by muscle weakness and
wasting, foot deformities, and electrophysiological, as well as histological, changes
(99;100). The most frequent mode of inheritance appears to be autosomal dominant,
reported in both the demyelinating and axonal forms of CMT, but in some areas (ex.
Algeria, where consanguineous marriages are found in 23% of the population), it seems
that the recessive forms are more frequent (99). CMT?2 is characterized by axonal
degeneration of peripheral nerves (70). Homozygosity mapping in consanguineous
families with autosomal recessive CMT2 provided evidence of linkage to chromosome
1921.2-921.3 in two families (100;101). A specific LMNA missense mutation, located in
the lamin A/C rod domain, was subsequently found in all affected members of these
families and in other unrelated CMT?2 patients (100).

1.5.5 Mandibuloacral Dysplasia (MAD)
MAD is a rare autosomal recessive disorder, characterized by postnatal growth
retardation, craniofacial anomalies, skeletal malformations, and mottled cutaneous

pigmentation (102). Patients display loss of subcutaneous fat in the extremities and the
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accumulation of adipose tissue in the trunk, face, submental region (underneath the chin),
and occiput (back of the head or skull) (102). Since patients with MAD frequently have
partial lipodystrophy and insulin resistance (45), Novelli et al. hypothesized that the
disease may be caused by mutations in the LMNA gene (102). Screening of five
consanguineous families with MAD identified the presence of a LMNA missense
mutation in affected individuals (102). Patient fibroblasts contained nuclei that presented
an abnormal “honeycomb” distribution of lamin A/C and a dysmorphic nuclear envelope
(102). Interestingly, a binding site for the adipocyte-differentiation factor sterol-response
element-binding protein 1 (SREBP1) was identified on lamin A between residues 227
and 487 (102). This argues for the possibility that the fat loss observed in FPLD and
MAD may be caused by reduced binding of SREBP1 to lamin A (102).

1.5.6 Hutchinson-Gilford Progeria Syndrome (HGPS)

HGPS is a rare genetic disorder resulting in phenotypes that are suggestive of
accelerated aging (45). Children affected with HGPS typically appear normal at birth,
but within one year, the characteristic features of failure to thrive, delayed dentition,
alopecia, and sclerodermatous skin changes begin to appear (103). Death occurs on
average at around 13 years of age, and at least 90% of these patients succumb to
progressive atherosclerosis of the coronary and cerebrovascular arteries (103). The
HGPS gene was recently localized to chromosome 1q (103). Three LMNA coding
sequence variants were identified in seven unrelated HGPS probands earlier this year by
Cao and Hegele (104). Soon after, De Sandre-Giovannoli reported the discovery of a de
novo LMNA substitution in two unrelated HGPS patients (105). Although this mutation

had no effect on the translated amino acid, it was found to activate a cryptic splice site
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within exon 11, which resulted in the production of a truncated lamin A protein (105).
Western blotting showed that the carriers of this mutation expressed only 25% of normal
lamin A levels, whereas no truncated form was detected (105). This same mutation was
rediscovered by Eriksson et al. shortly thereafter in 18 out of 20 classical cases of HGPS
(103). One additional subject was identified with a different substitution at the same
codon, which also activated a cryptic splice site within exon 11 and produced a truncated
protein (103). The deleted region at the C-terminus was predicted to contain sites
required for endoproteolytic cleavage of prelamin A and phosphorylation during certain
phases of the cell cycle (103).

1.5.7 Dilated Cardiomyopathy (DCM)

Last, but certainly not least, lamin A/C mutations have also been implicated in the
pathogenesis of DCM — in fact, more so than any other gene by research teams across the
world. However, the findings that have been accumulated to date must be interpreted in
light of the limitations that are an inherent part of this research. This includes the fact
that most of the genes associated with DCM have been found using a candidate gene
strategy rather than positional cloning. Other complications include the incomplete
penetrance of this disease, which renders it extremely difficult to ascertain the causality
of reported mutations. In addition, ail of the putative DCM-causing genes have also been
implicated in at least one other disease, with the exception of metavinculin.

This study focuses on the role of the lamin A/C gene in DCM for several reasons.
First of all, three of the Polish families recruited for our study had DCM with conduction
system disease and high phosphocreatine kinase levels. In addition, one of the Canadian

families had a history of muscular dystrophy with severe cases of early onset DCM.
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These observations seemed to point directly at LMNA as the putative disease-causing
gene in a significant proportion of our patient population.

Despite the series of novel missense LMNA mutations that have been discovered
in DCM patients since 1999, surprisingly few studies have focussed on the functional
consequences of these genetic variants. It is evident that further research must be
performed in order to elucidate the etiology of this disease. Therefore, one of the aims of
this study is to determine the existence or degree of potential ultrastructural and lamin
A/C mRNA abnormalities in the cardiac tissue of DCM patients. This will be
accomplished by screening DCM patients for LMNA mutations through the analysis of
DNA extracted from blood samples via single strand conformation polymorphism
(SSCP) and/or denaturing high performance liquid chromatography (DHPLC), followed
by the automated sequencing of abnormal profiles. The functional consequences of these
mutations will subsequently be assessed through the examination of cardiac tissue
samples from end-stage DCM patients via electron microscopy. In addition, the
expression levels of wild-type and mutated LMNA mRNA will be analyzed using

quantitative RT-PCR and restriction fragment length polymorphism (RFLP) assays.

1.6  Statement of Objectives

The main objectives of this study are two-fold:

1. To identify novel mutations in the LMNA gene that may predispose individuals to
DCM

2. To determine the relative expression levels of wild-type vs. mutated LMNA mRNA

in the cardiac tissue of end-stage DCM patients.
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2 MATERIALS AND METHODS

2.1 Patient Population

All patients were recruited as part of the study population, or as controls, with
their informed and written consent. The assessment of idiopathic dilated cardiomyopathy
was based on strict diagnostic criteria, delineated by the WHO/ISFC and modified
according to Mestroni et al. (106). Major criteria included the presence of: i) depressed
left ventricular systolic function, as indicated by an echocardiographic, radionuclide
scanning, or angiographic ejection fraction <45%; ii) left ventricular dilatation, as
determined by the presence of an end-diastolic diameter >117% of the predicted value,
corrected for age and body surface area as described by Henry et al. (107). Minor criteria
consisted of: 1) unexplained supraventricular or ventricular arrhythmias (frequent,
>1000/day, or repetitive, >120/min.) before the age of 50; ii) left ventricular dilatation
>112% of the predicted value; iii) left ventricular dysfunction, as defined by an ejection
fraction <50%; iv) unexplained conduction disease, including type II or III
atrioventricular conduction defects, complete left bundle branch block, and sinus nodal
dysfunction; v) family history of an unexplained sudden death or stroke before 50 years
of age.

Exclusion criteria were based on those described by Michels et al (108) and
include: non-Caucasian origin, sustained systemic arterial hypertension (defined by
documented and confirmed blood pressure readings >160/110 mmHg at repeated
intervals and/or evidence of target-organ disease), coronary heart disease (obstruction

>50% of the luminal diameter in a major branch), myocardial infarction, history of
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chronic excess of alcohol consumption (>40 g/day for females and >80 g/day for males
over a period of more than 5 years, according to WHO criteria (109)) with remission of
dilated cardiomyopathy after 6 months of abstinence, persistent high rate supraventricular
arrhythmias, pericardial or congenital heart disease, cor pulmonale, hyperthyroidism,
insulin-dependent diabetes, hemochromatosis, and systemic diseases.

All patients and first-degree relatives were evaluated by history, physical
examination, and electrocardiography, as well as by M-mode and cross-sectional
echocardiography. The clinical status of the relatives of each index case was
subsequently determined according to the following strategy:

1. Affected, in the presence of the major criteria, isolated left ventricular dilation and
another minor criterion, or 3 minor criteria
2. Uncertain, in the presence of 1 or 2 minor criteria

3. Unaffected, in all other cases.

2.2 Tissue Collection

In the event that any of the patients from our study population were placed on the
University of Ottawa Heart Institute transplant list, written and informed consent was
obtained to collect tissue from the explanted heart. Samples measuring 2 cm by 2 cm
were excised from all four chambers of the heart, i.e. the left and right ventricles and
atria, and immediately frozen in liquid nitrogen. The explanted heart tissue samples were

then stored at -80°C.
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2.3  DNA Extraction

After receiving informed and written consent, three 7 mL blood samples were
collected in sterile vacutainer tubes containing EDTA from patients and their first-degree
relatives. DNA was extracted from the buffy coat of the whole blood using standard

procedures described by Miller et al. (110).

24  Genomic DNA Amplification

The entire LMNA coding region was amplified by polymerase chain reaction
(PCR). For the most part, oligonucleotide primers were derived from the published
sequences of introns flanking each of the twelve LMNA exons (Genbank accession
number: 123399 [exon 1], L12400 [exon 2], and 112401 [exon 3-12]). However, exons
1 and 11 were amplified in sets of two overlapping fragments, consisting of 209 bp and
352 bp for exon 1, and 276 bp and 178 bp for exon 11 (Appendix II). Primers for exons
1, 5, and 11 were designed using Oligo software. All other primer sequences were
obtained from http://genetics.med.harvard.edu/~seidman/primersequence.html (Appendix
II). PCR was performed in a 25 pl reaction volume containing 50-96 ng of genomic
DNA, 0.25 U taq polymerase (Qiagen), 0.8 uM of each primer, 200 uM dNTPs
(Invitrogen), 1.5 mM MgCl,, 20 mM Tris-HCI (pH 8.4), 50 mM KCI, and 5 ul of
solution Q (Qiagen). The PCR program consisted of an initial denaturation step at 94°C
for 5 min., followed by 30 cycles of amplification (denaturation at 94°C, annealing at 50-

65°C [see Appendix II], and extension at 72°C for 1 min. each) and a final elongation

period at 72°C for 10 min.
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2.5  Single Strand Conformation Polymorphism (SSCP)

SSCP was used to screen for mutations in the resulting PCR products according to
the protocol described in Tesson et al. (7). Briefly, 2 ul of the PCR product was
denatured at 95°C for 5 minutes and then separated on a 10 % polyacrylamide (40%
acrylamide/bis acrylamide solution, 37.5 :1) mini-gel at 10°C and 20°C. Electrophoresis
was performed at 8-12 mA using an OWL Penguin apparatus. The resultant DNA bands
were visualized with a DNA silver staining kit (Amersham Pharmacia Biotech AB).
Polyacrylamide gels were subsequently laminated using a GelAir dryer (Bio-Rad) for

photodocumentation and long-term storage.

2.6  Denaturing High Performance Liquid Chromatography (DHPLC)

PCR amplicons from the LMNA gene were also screened for mutations via
DHPLC (Varian). Both buffer A (0.1% triethylammonium acetate [TEAA], 0.025%
acetronitrile [ACN], pH 7), and buffer B (0.1% TEAA, 25% ACN, pH7) were used at a
flow rate of 0.45 ml/min. Half of each PCR product was mixed with an equal amount of
a previously sequenced and confirmed wild-type DNA. Mixed and unmixed samples
were then denatured at 95°C for 3 min. and gradually cooled to 65°C at a rate of 1°C/min.
to allow for the formation of heteroduplexes. The optimal partial denaturing column
temperature was predicted by entering the sequence in the Stanford Melt Program found
at http://insertion.stanford.edu/meltdoc.html. These temperatures were further optimized

by determining the retention time (¢,) of each fragment. The chosen temperatures
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correspond to the point at which the retention time was 75% of (tmax - t;min) (see

Appendix III).

2.7  DNA Sequencing

All PCR samples displaying aberrant SSCP and/or DHPLC profiles compared to
wild-type controls were sequenced using the ABI Prism 310 Genetic Analyzer (Applied
Biosystems). An initial PCR reaction was performed with the Big Dye™ Terminator
Cycle Sequencing Ready Reaction (Applied Biosystems) to incorporate fluorescent
dideoxynucleotides into the DNA. Prior to sequencing, DNA samples were purified
using the DyeEx ™ SpinKit (Qiagen), dried on a heating block at 95°C for 10 minutes,
resuspended in 25 ul deionized formamide, and denatured at 95°C for 5 minutes. DNA
sequencing was then performed in both directions, initiated separately by the forward and

the reverse primers described in Appendix L.

2.8 Electron Microscopy
Tissue samples from the explanted hearts were fixed in 1.6 % gluteraldehyde and
processed into thick and thin sections, according to standard methods. Tissue sections

were examined with a Hitachi 7100 electron microscope.

2.9 RNA Extraction

Flash-frozen, explanted heart tissue samples were disrupted with a mortar and
pestle under liquid nitrogen and homogenized using QIAshredder columns (Qiagen). The

RNeasy Mini Kit (Qiagen) was used in conjunction with the RNase-Free DNase Set
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(Qiagen) to extract total RNA. Extracted RNA was quantified by total absorbance at

260/280 nm and sample quality was confirmed by agarose gel electrophoresis.

2.10 Quantitative RT-PCR

First-strand cDNA was synthesized by incubating 1 pg total RNA with 50 ng
oligo(dT)2-13 primer (Invitrogen) at 65°C for 10 min. After a brief cooling step on ice,
1X Expand reverse transcriptase buffer (50 mM Tris-HCL, 40 mM KCI1, 5 mM MgCl,,
0.5% Tween 20 (v/v), pH 8.3) (Roche), 10 mM DTT (Roche), 1 mM of each ANTP
(Invitrogen), and 50 U Expand Reverse Transcriptase (Roche) were added to each sample
for a final volume of 20 pul and incubated at 42°C for 1 hour.

Quantitative RT-PCR of the resultant cDNA was performed on the LightCycler
instrument (Roche) using SYBR Green I dye (Roche). Standard curves, consisting of six
different dilutions (100, 50, 10, 1, 0.1, and 0.01 pg/ul), were generated in duplicate for
both LMNA and the housekeeping gene, GAPDH. The pEYFP-CI vector (Clontech
Laboratories) containing a LMNA mRNA insert between EcoRI and BamHI restriction
sites and the pCR® 2.1-TOPO® vector (Invitrogen) containing a GAPDH insert (provided
by A. Gauthier), produced through the amplification of the GAPDH gene using the
primers described below and constructed according to the TOPO TA cloning kit
(Invitrogen), were used to create these standard dilution curves.

For each sample, the amounts of LMNA ¢cDNA and GAPDH were determined.
The primers for LMNA were 5’-GTGTGGAAGGCACAGAACACCT-3’ (forward) and
5’-GCGGATCCTCAGCGGCGGCTACCACTCA -3’ (reverse). Primer sequences for

GAPDH were 5’-GTCGGAGTCAACGGAT-3’ (forward) and 5°-
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CCACGACGTACTCAGC-3’ (reverse). The ratio of LMNA-to-GAPDH was
calculated as the normalized value. The PCR mixture for both LMNA and GAPDH
consisted of 11.7 pl water, 0.8 ul (2 mM) MgCl,, 0.5 pl (0.5 uM) primers, 2 ul
LightCycler Fast Start DNA Master SYBR Green I and 5 pl of a 1:5 dilution of cDNA.
Cycling conditions consisted of an initial denaturation step at 95°C for 10 minutes,
subsequently followed by 50 cycles of denaturation at 95°C, annealing at 58°C, and
extension at 72°C for 15 seconds each. The temperature transition rate was set at 20°C/s.
RT-PCR products were then analyzed by electrophoresis on a 1% agarose gel stained

with 0.2 M ethidium bromide.

2.11 Restriction Fragment Length Polymorphism (RFLP) Analysis

RFLP analysis was accomplished by digesting 5 ul of PCR products from the
amplication of LMNA cDNA with 1 U HinP11 (New England Biolabs) for 1 hour at 37°C
in a final volume of 50 pl. Digested fragments were visualized on a 4% agarose gel
stained with 0.2 M ethidium bromide. Band intensities were quantified using Quantity

One software.
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3 RESULTS

31 Identification of Novel LMNA Mutations in DCM Patients

To date, 233 DCM patients have been recruited with 119 Caucasian non-affected
individuals as wild-type controls for the verification of mutations. From this study
population, 108 subjects, comprising 11 familial and 81 sporadic cases, were thoroughly
analyzed for mutations within the LMNA gene through an initial screening process with
SSCP and/or DHPLC, followed by automated DNA sequencing in the presence of an
aberrant profile. In all, four LMNA mutations were identified in four unrelated patients
through this procedure. Heart tissue was obtained from two of these individuals. As a

result, the following experiments and findings are focused mainly on these two subjects.

3.1.1 Patient1
3.1.1.1 Family History

The family of Patient 1 was recruited from Poland and consisted of 3 living
generations. A partial pedigree depicting the affected individuals is shown in Fig. 1.
Both the proband’s father (II-1) and paternal grandfather (I-1) died of heart failure at
relatively early ages (37 and 42 years, respectively) which suggests that the DCM may
have been transmitted in an autosomal dominant manner. The proband was a 27-year-old
patient with a one year history of progressive heart failure and mild conduction system
disease (first degree atrioventricular block [PR = 0.22s] and intraventricular conduction
delay [QRS complex duration of 124 ms]). Clinical evaluation with a Doppler two-

dimensional echocardiogram revealed the presence of a mildly dilated left ventricle (left



Fig. 1. Partial Pedigree of Patient 1.

Squares indicate males; circles indicate females. Symbols with diagonal slashes
represent deceased subjects. The proband is indicated by an arrow. Individuals affected
with DCM are shaded in black. Blue circles represent the individuals from which DNA
samples were obtained. Symbols with red squares correspond to individuals who have
undergone heart failure. (+) and (-) indicates the presence or absence of the LMNA
D192G mutation in the DNA samples of family members who were screened by PCR/
DHPLC/sequencing.
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ventricular end-diastolic dimension of 3.4 cm/m?) with profound diffuse hypokinesis,
moderate mitral and tricuspid regurgitation, as well as severe pulmonary hypertension.
However, results from a coronary angiography and creatine phosphokinase (CPK) levels
were normal. There were also no indications of skeletal muscle disease. One year after
his diagnosis, the proband died of refractory heart failure. Biopsies of his heart were
assessed by electron microscopy and immunohistochemistry. DNA samples were also
obtained from the proband (III-2), as well as his mother (II-2) and 25-year-old brother
(ITI-1). Each exon of the LMNA gene was amplified using PCR and subsequently

screened for mutations via DHPLC.

3.1.1.2 Mutation Analysis

An abnormal DHPLC elution profile was observed for Patient 1 (III-2) during the
analysis of LMNA exon 3 (Fig. 2). DNA sequencing revealed heterozygosity for a single
nucleotide transition from A—G in codon 192, resulting in an aspartic acid to glycine
substitution (Fig. 3). This mutation was not present in 200 control chromosomes
obtained from a random sample of healthy individuals or other non-affected members of
the family, as assessed through screening by DHPLC (data not shown; Fig.1). The
affected amino acid is located in coil 1b of the central alpha-helical rod domain, which is

highly conserved among various species (Fig. 4).



Fig. 2. DHPLC Analysis of LMNA exon 3 in Patient 1 and Control Samples.

DNA extracted from Patient 1 and 108 other individuals from the study population was
screened for LMNA mutations through amplification with PCR followed by DHPLC. An
abnormal elution profile was obtained for Patient 1 during the screening of LMNA exon
3, as compared to the control subjects.
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Fig. 3. DNA Sequencing Electropherograms of LMNA exon 3 from Patient 1 and
Control DNA

Highlighted area indicates the position of the A—G transition, which leads to a
substitution of the wild-type aspartic acid (GAT) by glycine (GGT) at codon 192
(D192G). Patient 1 is heterozygous for the D192G mutation.
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Fig. 4. Location of the D192G Mutation Within the Secondary Structure of Human
LMNA.

The affected amino acid is located in coil 1b of the central alpha-helical rod domain,
which is highly conserved among various species. The position of the mutated residue is
highlighted in yellow.
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3.1.2 Patient 2
3.1.2.1 Family History

The family of Patient 2 was recruited from Halifax and consisted of five
generations in total. A partial pedigree, which includes all of the affected individuals, is
shown in Fig. 5. Five different members of this family were fully screened (III-2, IV-1,
V-1, V-2, V-3). In all, three individuals across three generations (III-8, IV-2, V-1) were
affected with DCM; of these, two (III-8, V-1) are still surviving. The proband’s mother
(IV-2) died from DCM at 27 years of age, which suggests that the transmission of this
disease was in an autosomal dominant manner. Subject I1I-8 also presented with
muscular dystrophy, along with one other relative (II-1) who died from this disease. Six
other members of this family died of an unknown heart condition; of these, three
individuals (I-1, III-4, I1I-10) are depicted in the pedigree. The proband (V-1) was
diagnosed with DCM without conduction system defects. His CPK levels were found to
be normal. At 13 years of age, the proband received a heart transplant after a three-week
history of malaise. Tissue sections were obtained from his explanted heart. The
histology of these samples demonstrated epicardial fibrosis that was typical of muscular
dystrophy. Tissue from his mother’s skeletal muscle also exhibited pathology that was

suggestive of dystrophy (data not shown).

3.1.2.2 Mutation Analysis

An abnormal SSCP profile was observed for Patient 2 (III-2) during the analysis
of LMNA exon 10 at both 10°C and 20°C (Fig. 6). DNA sequencing revealed

heterozygosity for a single nucleotide transversion from C—A in codon 541, resulting in



Fig. 5. Partial Pedigree for Patient 2.

Squares indicate males; circles indicate females. Symbols with diagonal slashes
represent deceased subjects. The proband is indicated by an arrow. Blue circles
represent the individuals from which DNA samples were obtained. Individuals affected
with DCM are shaded in black; those with an unknown heart condition are shaded in
grey. Symbols with green squares correspond to individuals affected with muscular
dystrophy. (+) and (-) indicates the presence or absence of the LMNA R541S mutation in
the DNA samples of family members who were screened by SSCP/DHPLC/sequencing.
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Fig. 6. SSCP Analysis of LMNA exon 10 from Patient 2 and a Control DNA Sample
at 10°C and 20°C

Abnormal SSCP profiles obtained from Patient 2 during the screening of LMNA exon 10
at both a) 10°C and b) 20°C, as compared to control DNA samples. Red arrows indicate
the mobility shift of ssDNA fragments due to a single base substitution.
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a substitution of the wild-type arginine to serine (Fig. 7). This mutation was not observed
in 200 control chromosomes (data not shown). However, both of the non-affected
proband’s siblings (V-2, V-3, aged 10 and 9 respectively) were found to be carriers of the
R541S mutation (Fig. 5). The mutation is located in the intermediate filament tail, which
forms part of the C-terminal globular head domain and is highly conserved among

various species (Fig. 8).

3.2  Determination of the Expression of the Novel LMNA Mutations in Cardiac

Tissue from DCM Patients

3.2.1 Electron Microscopy

In order to assess whether these two novel LMNA mutations, D192G and R5418S,
would result in signs of nuclear membrane damage, tissue sections from the explanted
hearts of DCM Patients 1 and 2 were examined under the electron microscope in
collaboration with Dr. Veinot (Department of Pathology and Laboratory Medicine,
University of Ottawa). Despite the fact that both patients presented with end-stage DCM
at the time of their respective heart transplants, and both possessed LMNA mutations,
there were huge discrepancies in the degree of pathological changes exhibited by the
ultrastructural architecture of their cardiomyocytes (Fig. 9). Electron micrographs of the
heart tissue sections from Patient 1 demonstrated dramatic morphologic alterations,
including a complete loss of the nuclear membrane, the accumulation of mitochondria,

glycogen and/or lipofuscin in the nucleoplasm, and chromatin disorganization in



Fig. 7. DNA Sequencing Electropherograms of LMNA exon 10 from Patient 2 and
Control DNA

The reverse strand of LMNA exon 10 is depicted in this electropherogram. Highlighted
area indicates the position of the G—T transition (i.e. the C—A transition in the forward
strand), which leads to a substitution of the wild-type arginine (CGC) by serine (AGC) at
codon 541 (R541S). Patient 2 is heterozygous for the R541S mutation.
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Fig. 8. Location of the R541S Mutation Within the Secondary Structure of Human
LMNA

The mutation is located in the intermediate filament tail, which forms part of the carboxy-
terminal globular head domain and is highly conserved among various species. The
position of the affected amino acid is highlighted in yellow.
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approximately 30% of nuclei (Fig. 9a, 9b). By contrast, examination of the heart tissue
sections from Patient 2 revealed only modest and non-specific nuclear membrane
alterations, comparable to those found in transplanted DCM patients without LMNA

mutations (Fig. 9¢, 9d).

3.2.2 Comparison of LMNA Expression in the Left Ventricle of End-Stage DCM
Patients With or Without LMNA Mutations

In order to compare LMNA c¢DNA expression levels in explanted tissue samples
from the left ventricle of end-stage DCM patients, quantitative RT-PCR was performed
using the LightCycler and SYBR green technology. RNA from Patient 2, as well as two
other end-stage DCM patients without LMNA mutations, was extracted from the flash-
frozen heart tissue samples and reverse transcribed. The resulting cDNA was amplified
for both LMNA exon 10 and GAPDH, a housekeeping gene, using real-time PCR with
SYBR green dye as the means of detecting the amount of product obtained at the end of
each amplification cycle. Prior to these experiments, standard curves consisting of six
different dilutions, ranging from 100 pg/ul to 0.01 pg/ul were generated for both LMNA
and GAPDH (Fig. 10). Subsequent cDNA yields were quantified relative to the 10 pg/ul
dilution imported from these standard curves. The expression levels of the LMNA exon
10 cDNA were reported as the normalized ratio of LMNA-to-GAPDH. It is evident from

these experiments that the heart tissue from Patient 2 was expressing LMNA ¢DNA at

levels comparable to the two control samples (Fig. 11).



Fig. 9. Electron Micrographs of the Nuclear Membrane in LMNA Mutant and
Wild-Type Cardiomyocytes

Tissue samples from the explanted hearts were fixed in 1.6 % gluteraldehyde, processed
into thick and thin sections, and examined under a Hitachi 7100 electron microscope.
Electron micrographs of the heart tissue sections from Patient 1 demonstrate a complete
loss of the nuclear membrane (a) and the accumulation of mitochondria in the nuclear
matrix (b). Patient 2 revealed only modest and non-specific nuclear membrane
alterations (c), comparable to those found in transplanted DCM patients without LMNA
mutations (d).
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Fig. 10. Standard Dilution Curves for LightCycler Analysis of GAPDH and LMNA
exon 10

Standard dilution curves were generated in duplicate for (a) GAPDH, a housekeeping
gene, which was inserted into the pCR® 2.1-TOPO® vector according to the TOPO TA
cloning kit, as well as (b) LMNA, which was inserted between the EcoR1 and BamH]1
restriction sites on the pEYFP-C1 vector. The following dilutions were employed for
both standard curves (shown from left to right): 100 pg/ul, 50 pg/ul, 10 pg/ul, 1 pg/ul.

0.1 pg/ul, 0.01 pg/ul.
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Fig. 11. SYBR Green RT-PCR Quantification of LMNA mRNA in the
Heart Tissue Samples from Patient 2 and Two Wild-Type LMNA End-Stage
DCM Patients

In this figure, both LMNA and GAPDH fragments were amplified from the cDNA of
Patient 2 (R5418) as well as two other control subjects (WT 1, WT 2). The data was then
analyzed in relation to the 10 pg/ul dilution from both the GAPDH (not shown) and
LMNA standard curves. The expression of cDNA from Patient 2 is highlighted in red.
Wild-type controls, WT 1 and WT 2 are shown in blue and green, respectively.
Normalized LMNA-to-GAPDH ratios indicate that Patient 2 is expressing LMNA ¢DNA,
and hence mRNA, at levels comparable to both controls.
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3.2.3 Determination of the Relative Expression of the Wild-type vs the Mutated
LMNA Allele in the Cardiac Tissue from Patient 2 and a LMNA Wild-type, End-
Stage DCM Patient

In order to determine whether the relative absence of pathology in the cardiac
myocytes of Patient 2 was due to the lack of expression of the LMNA R541S mRNA, a
RFLP assay with HinP1 was performed on the cDNA obtained from the heart tissue of
this individual. HinP1 was chosen because it had a restriction site at the precise location
of the R541S mutation. The single nucleotide substitution from C—A would cause the
restriction site to disappear, preventing the cleavage of the cDNA at this position.
Therefore, the R541S ¢cDNA would be cleaved by HinP1 into fragments of 97 bp and 17
bp in length, whereas the digestion of the wild-type LMNA ¢cDNA would yield three
fragments of 85 bp, 12 bp, and 17 bp in length (Fig. 12). In this assay, the LMNA exon
10 cDNA from the left ventricle and right atria of Patient 2, as well as an end-stage DCM
patient with wild-type LMNA, were incubated with or without HinP1. As a result, a 97-
bp fragment was produced in the case of the R541S mutation (Fig. 13). An 85-bp
fragment was obtained by digesting wild-type LMNA exon 10 cDNA with HinP1. This
band was also present in the cDNA of Patient 2, confirming the heterozygous nature of
the R541S mutation. The 17 bp and 12 bp bands could not be visualized on the gel due to
their diminutive dimensions. The same digestion performed on genomic DNA yielded a
fragment of 506 bp. The results of this assay from the cDNA of the left ventricle were
analogous to those obtained from that of the right atria. Therefore, it is possible to
conclude with this experiment that the mutated LMNA exon 10 cDNA was expressed in

the heart tissue of Patient 2.



Fig. 12. Cleavage of R541S and Wild-type LMNA ¢cDNA by HinP1

HinP1 has a restriction site at the precise location of the R541S mutation, which is
highlighted in red. The single nucleotide substitution from C—A would cause this
restriction site to disappear, preventing the cleavage of the cDNA at this position.
Consequently, the R541S cDNA would be cleaved by HinP1 into fragments of 97 bp and
17 bp in length, whereas the digestion of the wild-type LMNA ¢cDNA would yield three
fragments of 85 bp, 12 bp, and 17 bp in length.
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Fig. 13. R541S Allele Expression in Heart Tissue from Patient 2 Determined by
HinP1 RFLP

LMNA exon 10 cDNA from the (a) left ventricle and (b) right atria of Patient 2, as well
as one end-stage DCM patient with wild-type LMNA, was incubated in the presence or
absence of HinP1.

a) A 97-bp fragment was produced in the case of the R541S mutation (lane 1). An 85-
bp fragment was obtained by digesting wild-type LMNA exon 10 cDNA with HinP1
(lane 4). This band was also present in the cDNA of Patient 2 (lane 1), confirming
the heterozygous nature of the R541S mutation. The same digestion performed on
genomic DNA yielded a fragment of 506 bp (lanes 3 and 6).

b) The results of this assay from the cDNA of the right atria were analogous to those
obtained from that of the left ventricle. Therefore, mutated LMNA exon 10 cDNA
was expressed in the heart tissue of Patient 2.
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4 DISCUSSION

4.1 LMNA Mutations and Dilated Cardiomyopathy

In 1999, Fatkin et al. identified the first five LMNA mutations to be associated
with autosomal dominant DCM in 11 families with conduction-system disease, but no
signs of joint contractures or skeletal myopathy (76). Four of these missense mutations
(R60G, L85R, N195K, E203G) were located in the alpha-helical rod domain of the
LMNA gene, whereas the R571S substitution was found within the carboxy-terminal
domain of lamin C (76). All of these mutations altered the charge of the encoded amino
acid, and were thus predicted to influence the structure of the resulting protein.

The following year, Brodsky et al. identified the first nucleotide deletion in the
LMNA gene (delT959) within exon 6 (111). The majority of the affected family
members in this study possessed varying degrees of mild skeletal involvement (111).
This LMNA deletion was predicted to produce an altered protein with a unique 158
amino acid addition to the carboxy-terminal end of the otherwise wild-type lamin A/C
(111). Part of the rod domain involved in dimerization would remain intact, whereas the
nuclear localization signal, lamin A processing site, and carboxy-terminus would be
completely deleted (111). That same year, Genschel and Schmidt discovered another
LMNA deletion (delA1397) in exon 8 and a missense mutation (R644C) in exon 11,
which affected only lamin A (43). The patients in this study presented with a severe form
of DCM, but without any skeletal muscle disease.

In 2001, Jakobs et al. reported two more LMNA mutations (E203K and R225X)

that altered amino acids within the coil 1B domain (112). Recent evidence suggests that
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the E203K residue is located within a stability-conferring region common to many
intermediate filaments (112), whereas the R225X substitution leads to the production of a
truncated protein containing approximately the initial third of lamin A/C (112). This
mutant protein could act in a dominant negative manner by disrupting the alpha-helical
rod structure of the lamins (112). Alternatively, nonsense-mediated decay could remove
most of the transcribed mutant mRNA, causing disease via haploinsufficiency (112).

Two more studies in 2002 expanded the list of LMNA mutations and provided
insight into the functional consequences of these genetic defects. Hershberger et al.
identified a missense mutation (L215P) in exon 4 (11). An extremely high percentage
(88%) of the affected individuals in this study population required pacemaker therapy,
which suggests that even within the DCM disease subtype, certain lamin A/C mutations
may confer phenotypic specificity (11). Arbustini et al. discovered five additional
LMNA missense mutations (K97E, E111X, R190W, E317K, and a 4-bp insertion at
2869cDNA) in DCM patients with atrioventricular block (113). This study provides the
first description of ultrastructural nuclear membrane damage associated with LMNA gene
defects. Electron microscopy of the myocyte nuclear membranes revealed the presence
of focal disruptions, bleb formation, and nuclear pore clustering (113). In addition,
LMNA expression was notably reduced or absent in the myocyte nuclei (113). Western
blot analyses of three hearts with different mutations demonstrated the presence of an
additional 30 kDa band, suggesting a degrading effect of mutated LMNA on wild-type
proteins (113).

Earlier this year, Taylor et al. detected three additional LMNA missense

mutations in DCM patients: R89L, R377H, and S573L (4). R89L is located in the highly
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conserved alpha-helical rod domain and may disrupt the heptad pattern of coil 1b, which
may adversely affect the dimerization and assembly of lamins A and C (4). S573L
exchanges a hydrophilic residue for a hydrophobic one in the carboxy-tail of the lamin A
isoform (4). This region controls the lateral assembly of protofilaments and mediates the
lamin network formation (4). R377H occurs in a 30 amino acid segment at the carboxy-
terminal end of the rod domain, which is conserved among lamins and cytoplasmic
intermediate filaments and is critical for the higher order assembly of polymers (4). This
same mutation has also been reported by Muchir et al. in an LGMD1B family (86).
Indeed, Charniot et al. discovered yet another phenotype related to the R377H mutation
(114). The clinical features of the family described in this report included cardiac
involvement that preceded neuromuscular disease and a specific quadriceps myopathy
(114). Cell transfection experiments demonstrate that the R377H mutation leads to
mislocalization of both lamin and emerin (114). This new phenotype highlights the wide
spectrum of neuromuscular and cardiac manifestations associated with lamin A/C
mutations.

To date, mutations causing DCM have been reported in all the major regions of
the LMNA gene, with the exception of the amino-terminal head domain (Fig. 14).
Although important functions have been ascribed to lamin proteins, neither the location
of these molecules nor their known functions provide conclusive insights into the
mechanism by which conduction-system disease and DCM occurs in the cases of lamin
mutations. These experiments will attempt to provide a foundation on which future
studies surrounding the functional consequences and pathogenesis of LMNA mutations in

DCM may be based.



Fig. 14. Localization of Published LMNA Mutations in DCM

This schematic outlines the linear representation of LMNA mutations in DCM, as well as
the main regions of the LMNA gene. Mutations have been reported in the alpha-helical
rod domain and the carboxy-terminal tail, but not in the amino-terminal head domain.

FS = frameshift.
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4.2  The Identification of Novel LMNA Mutations in DCM

The main objectives of this part of the study were to: 1) expand on the existing list
of LMNA mutations that would predispose individuals to DCM and 2) study the natural
history of dilated cardiomyopathy. This was accomplished through the analysis of DNA
extracted from blood samples via SSCP and/or DHPLC, followed by automated DNA
sequencing in the event of an abnormal profile. Two novel LMNA missense mutations,
D192G and R541S, were identified in two unrelated end-stage DCM patients from our
study population. The location of these two mutations within the structure of the LMNA
gene and protein may provide a basis from which the functional consequences of these
genetic variations may be elucidated.
4.2.1 Lamin A/C Gene and Protein

The first part of exon 1 (amino acids 1-33) encodes for the amino-terminal head
domain of LMNA (43;54;55). The region between the second part of exon 1 and exon 6
(amino acids 34-384) codes for the central alpha-helical rod domain, which consists of
highly conserved heptad repeats (54). Exon 7 contains the nuclear localization signal
(46;115). The remainder of the LMNA gene encodes the carboxy-terminal tail domains
of lamins A and C (54). Alternative splicing within exon 10 generates two different
mRNAs that code for lamin A and lamin C, which are only identical for the first 566
amino acids. Prelamin A contains 98 unique carboxy-terminal amino acids and is
farnesylated at the CAAX box in this region after synthesis (43;70). Once prelamin A is
incorporated into the lamina structure, it is converted into mature lamin A through

endoproteolytic cleavage of the farnesyl group at Y646 of this CAAX box (52;70). In
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contrast, lamin C has only 6 unique carboxy-terminal amino acids and does not require a
prenylation procedure to be incorporated into the nuclear lamina (43;116;117).

All lamins share a common primary sequence consisting of globular amino- and
carboxy-terminal domains separated by a central alpha-helical rod domain. This highly
conserved rod domain is encoded by part of LMNA exon 1 to exon 6 (amino acids 34-
384) and consists of four alpha-helical segments: coil 1a, coil 1b, coil 2a, and coil 2b
(47;54). Hydrophobic heptad repeats within the highly conserved central rod domain
promote formation of the alpha-helical coiled-coil dimer (43;46). Charged residues along
the surface of this structure promote interactions between rod dimers, thereby producing
complex assembly of the lamin filaments (53;118). Highly conserved residues found at
both the amino- and carboxy-terminal ends of this protein play a crucial role in the
association of lamin dimers into distinct higher order assemblies such as head-to-tail
polymers (55). Further lateral interactions result in the formation of antiparallel
protofilaments, up to eight of which associate to produce the characteristic 10 nm
intermediate-like filaments (119). However, whether lamins assemble to form such
structures in vivo within mammalian cells has yet to be satisfactorily resolved (119). The
carboxy-terminal domains of both lamins have been shown to adopt a “type s”
immunoglobulin-like fold (55). It consists of nine beta strands, forming two beta sheets
of four and five strands each that are packed into a classical beta sandwich (55).

4.2.2 Location of Lamin A/C Mutations

D192G 1s located in the central alpha-helical rod domain at the distal end of coil

1b. Since this highly conserved region of the lamin A/C protein is critical for the

formation of the alpha-helical coiled-coil dimer, the basic building blocks for the
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construction of lamin filaments, a mutation in this area could easily be anticipated to have
some disruptive effect on nuclear lamina assembly. This prediction appears to be
supported by experiments in which lamin A/C proteins containing coil 1b mutations were
expressed in HeLa cells (52). Although varying phenotypes were exhibited by these
lamin mutants, all of them possessed an incapacity to assemble correctly into the nuclear
lamina (52). However, it must be emphasized that these results were obtained from in
vitro studies and may not necessarily reflect the true outcome of these mutations in vivo.
R5418 is located within the region shared by both lamins A and C. The buried
side chain of R541 participates in the stabilization of the carboxy-terminal beta-sandwich
through hydrophobic contacts with the core of the domain (55). Such interactions may be
disrupted with its mutation to serine. Structural determination of the carboxy-terminal
domain strongly suggest that the mutations causing muscle-specific disease destabilize
the lamin immunoglobulin-like domain, thus leading to a global loss of function of the A-
type lamins (55). This is further supported by evidence that the nuclear lamina is
associated with the inner nuclear membrane through interactions with integral membrane
proteins via binding sites located in their carboxy-terminal globular tail (43;47;52). For
example, previous studies indicate that the region spanning residues 319 to 572 binds the
alpha-specific component of LAP2alpha (55). Furthermore, the area encompassed by
residues 384 to 566 contains a binding site for emerin (55). A number of biochemical
studies also suggest that the tail domain of lamins can bind directly to DNA, chromatin
and core histones (55;63;65). More recent work has suggested that lamin A might make
indirect interactions with the chromatin through a chain of interactions involving emerin

and LAP2 (63;120). Finally, lamin A has also been shown to bind PKC-alpha at a site
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downstream of residue 499 (77). PKC is a serine/threonine protein kinase known to
occupy critical nodes in the complex signal transduction networks that regulate diverse
cellular processes (77). Together, these findings suggest that a mutation of residue R541
could have disruptive effects on multiple functions of the A-type lamins, including the
maintenance of nuclear architecture, the provision of anchorage sites for chromatin, and

signal transduction.

4.3  Effect of LMNA Mutations on the Nuclear Architecture of Cardiac Myocytes
from End-Stage DCM Patients

Flectron microscopy was performed on tissue sections from the explanted hearts
of DCM Patients 1 and 2 in order to assess whether these two novel LMNA mutations,
D192G and R541S, would result in signs of nuclear membrane damage. Previously,
Arbustini et al. completed a similar analysis on endomyocardial biopsies from DCM
patients with the following LMNA mutations: K97E, E111X, R190W, and a 4-bp
insertion at 2869cDNA (113). The ultrastructural study revealed the presence of
“delamination”, focal ruptures, blebs and nuclear pore clustering of the myocyte nuclear
membranes (113).

Similar morphological alterations of the nuclear membrane have been reported in
carriers of LMNA mutations who are affected by other diseases. Electron micrographs of
muscle biopsies from autosomal dominant EDMD patients with LMNA mutations reveal
the presence of misplaced heterochromatin and nuclear pore aggregates within the
affected nuclei (121). In addition, the nuclear membrane of these nuclei was not clearly

visible (121). A subpopulation of skin fibroblasts from Dunnigan-type familial partial
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lipodystrophy patients harboring LMNA R482Q or R482W mutations also contained
nuclei that demonstrated abnormal blebbing, with a frequently disorganized peripheral
meshwork of A-type lamins (122). Cells from lipodystrophic patients often had other
defects, mainly consisting of nuclear envelope herniations that were deficient in B-type
lamins, nuclear pore complexes, LAP2beta, and chromatin (122). Fibroblast nuclei from
individuals affected with mandibuloacral dysplasia also exhibited similar abnormalities
(102). At least 10% of the nuclei from carriers of the R527H mutation possessed a
“honeycomb” distribution of lamin A/C (102). In addition, a small percentage of the
homozygous fibroblasts were characterized by the presence of lobulated nuclear
envelopes (102).

These changes in nuclear morphology are mirrored in various animal models with
LMNA mutations, ranging from mice to flies. For example, 58% of the embryonic
fibroblasts from the L530P homozygous mice created by Mounkes et al. displayed
disruptions of the nuclear membrane (45). These herniations consisted of discrete
locations in which the inner and outer nuclear membranes appeared to lose contact with
each other, resulting in the expansion of the perinuclear space and ballooning of
chromatin into a bleb-like structure. This large-scale herniation was also observed in
over 80% of the embryonic fibroblasts obtained from LMNA null mice, which lack the
region of the LMNA gene extending from exon 8 to the middle of exon 11 (62). A slight
degree of nuclear pore clustering was also revealed in some LMNA™ nuclear envelopes
(62). Ultrastructural examination of the LMNA”" mouse embryonic fibroblasts and
hepatocytes demonstrated a thinning or loss of heterochromatin at specific sites on the

inner nuclear membrane (62). These segments of the nuclear envelope, which also lack
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morphologically identifiable nuclear pore complexes, likely correspond to areas of
nuclear herniation. All of these observations complement those from a previous study of
Drosophila mutants, in which reduced lamin Dm, expression led to the development of
defective nuclear envelopes (123).

Based on these findings, it was postulated that the cardiac myocytes from the two
carriers of LMNA mutations in this study would also demonstrate indications of nuclear
membrane damage. Both presented with end-stage DCM at the time of their respective
heart transplants and both possessed LMNA mutations, albeit in different domains of the
lamin A/C protein. Therefore, the fact that there were major discrepancies in the degree
of pathological changes exhibited by the ultrastructural architecture of their
cardiomyocytes came as a complete surprise. Heart tissue sections from Patient 1
(D192G heterozygote) revealed a total loss of the nuclear membrane and the
accumulation of mitochondria in the nuclear matrix (Fig. 9a, 9b). By contrast, cardiac
myocytes from Patient 2 (R541S heterozygote) presented only modest and non-specific
nuclear membrane alterations, comparable to those found in transplanted DCM patients
without LMNA mutations (Fig. 9¢c, 9d). It is clear from these observations that direct
correlations between any of the morphological changes and the mutations cannot be
made.

A number of factors may have contributed to the discrepancies in nuclear
morphology exhibited by these two end-stage DCM patients. First of all, since the
D192G and R541S LMNA mutations are located in different domains, they may affect
the nuclear lamina organization and the function of the lamin A/C protein in a different

manner. Indeed, the various functions and interactions of the rod and carboxy-terminal
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domains are unique. The effects of muscle damage and the varying ages of the patients
also needs to be considered, especially since penetrance is shown to increase with age. It
is remotely possible that the pathology exhibited by the cardiomyocytes of Patient 1 was
more severe simply because he was fourteen years older than Patient 2 at the time of

tissue collection.

4.4  Expression of the Wild-Type vs. the Mutated Allele in the Cardiac Tissue of
End-Stage DCM Patients With or Without LMNA Mutations

One plausible explanation for the relative absence of pathology exhibited by the
cardiac myocytes of Patient 2 is that the R541S mutation could have introduced an
element of instability into the mutant LMNA mRNA, which could subsequently lead to a
decreased, or total lack of, expression of the mutated allele. Northern blots performed on
cell lines obtained from L530P homozygous mice detected a decreased level of LMNA
transcripts, suggesting that the mutant mRNA was unstable (45). These results were
confirmed by Western blots, which revealed that the quantity of mutant lamins A and C
were concurrently diminished (103). Decreased levels of A-type lamins were also
observed in the myocardial tissue of an EDMD patient with a LMNA nonsense mutation,
E6X (124).

Therefore, in order to compare the expression levels of LMNA mRNA within the
affected left ventricles of our end-stage DCM patients, quantitative RT-PCR was
performed using the LightCycler and SYBR green technology. This method offers a
more sensitive approach for the detection of slight differences in the quantity of mRNA

than the standard Northern blot. The normalized ratios of LMNA-to-GAPDH obtained
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from two trials of this experiment conclusively revealed that the left ventricle of Patient 2
was expressing LMNA exon 10 cDNA at levels comparable to the control samples,
which were obtained from end-stage DCM patients without LMNA mutations (Fig. 11).
This suggests that the introduction of the R541S mutation did not result in the instability
of the LMNA mRNA.

A RFLP assay with HinP1 was subsequently performed on the cDNA obtained
from the heart tissue of Patient 2 in order to determine whether the relative absence of
pathology in the cardiac myocytes was due to the lack of expression of the LMNA R541S
mRNA. HinP1 was chosen because it had a restriction site at the precise location of the
R541S mutation. Cleavage of the mutated cDNA with this enzyme would yield a
characteristic 97-bp band (Fig. 13). The fact that this band was clearly visible in samples
from both the left ventricle and the right atria of Patient 2 provided indisputable evidence
that the mutated LMNA exon 10 cDNA was indeed present in the heart tissue of this
patient. Moreover, automated DNA sequencing of the cDNA obtained from Patient 2
confirmed the presence of the heterozygous R541S mutation (data not shown). This
strongly suggests that the extreme differences in the degree of nuclear membrane
disruptions exhibited by these two DCM patients cannot be explained by a lack of

expression of the R5418S allele.

4.5  Model Mechanisms for Autosomal Dominance of LMNA Mutations
The question as to the mechanism of autosomal dominance in the case of LMNA
mutations and DCM remains unsatisfactorily answered to date. Several theories abound

concerning the manner in which these mutations contribute to the disease phenotype.
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One is haploinsufficiency, in which the reduced level of functional lamin A/C is
insufficient for normal lamina production (80). In other words, a low level of expression
or the rapid degradation of the mutant lamin protein may lead to the pathology that is
associated with DCM. This hypothesis is supported by the fact that the nonsense
mutation (E6X) discovered by Bonne et al. in an autosomal dominant EDMD family,
produces a truncated protein of only five amino acids, which suggests that it is non-
functional (53). However, pulse-chase experiments performed by Ostlund et al. showed
no decrease in the stability of several mutant lamins (125). In addition, the heterozygote
LMNA"" mouse contains only 50% of wild-type LMNA levels, but displays neither an
EDMD phenotype nor a significant nuclear abnormality (62). Therefore, a simple
haploinsufficiency of A-type lamins cannot be the only mechanism underlying the
pathology of DCM.

It has been suggested that the majority of LMNA mutations may actually
perpetuate a dominant negative effect that modifies, either directly or indirectly, the
lamina and nuclear envelope (53;82;126). This mechanism is particularly consistent with
LMNA mutations that impair dimerization (126). For example, the missense mutations
discovered by Fatkin et al., located within the central rod domain of lamins A and C, are
postulated to act as dominant negative alleles (76;83). Using the same reasoning, the
D192G mutation found in Patient 1 of our study would also be expected to have a
dominant negative effect on the assembly of the nuclear lamina, which may explain the
complete loss of the nuclear membrane that was observed on the electron micrographs.
Substitution of conserved residues in this central alpha-helical domain could potentially

affect lateral interactions between lamin A/C rod dimers and prevent multimeric filament
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formation. However, dominant negative effects are not limited to LMNA mutations
found solely within this highly conserved rod domain. Mutations in exon 11 (G608G and
G608S), which result in an incompletely processed prelamin A, are also predicted to act
in a dominant negative fashion, because lamin A is known to form a multiprotein
complex within the nuclear membrane (103).

In addition, LMNA mutations may hinder the contribution of normal lamin A/C
proteins to the generation of higher level protein structures (4;83). Support for this
hypothesis comes from recent studies in which lamin A mutants were overexpressed in
cultured muscle cells (80;125). It was demonstrated that some of the transfected mutants
could partially disrupt the endogenous lamina by altering the distribution of wild-type
lamins (52;70;125). These alterations in nuclear morphology may be due to the
relocation and/or degradation of wild-type lamins. It has been shown that mutated lamin
C will precipitate the removal of wild-type lamin A to the nucleoplasm (52). The
absence of LMNA immunostaining and the presence of low molecular weight (~30 kDa)
fragments in the heart tissue of patients with K97E or E111X mutations provides some
evidence that abnormal A-type lamins may induce degradation of the normal allele
product (113). If this is indeed the case, terminally differentiated cells, such as cardiac
myocytes, will be progressively depleted of A-type lamins. Furthermore, the low LMNA
mRNA levels present in those cells will not be able to sustain a proportional increase in
translation of LMNA mRNA to compensate for the increased degradation rate. However,
it is very unlikely that a dominant negative effect was exerted by the R541S mutation
identified in our study, as the nuclear membrane of the cardiac myocytes from Patient 2

remained relatively intact. In addition, the existence of three early termination mutations
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causing autosomal dominant EDMD, one of which would terminate protein synthesis
after only six amino acids, presents a major problem for this hypothesis (53;80). Unless
alternative splicing or alternative initiation can produce a defective lamin from this allele,
it would seem that a 50% reduction in LMNA levels is equally pathogenic (80).

Another possibility is that LMNA mutations may have dominant effects on the
composition and function of the peripheral endoplasmic reticulum. The inner nuclear
membrane (INM), outer nuclear membrane (ONM), and endoplasmic reticulum (ER)
form a single continuous system containing functionally distinct domains, into which
specific membrane proteins are segregated (119). Loss of lamin A/C causes the
mislocalization of emerin from the INM to the ER (119;125). The implication is that the
nuclear lamina plays an essential role in organization of this domain by maintaining the
segregation of some INM proteins from the ONM and peripheral ER. Thus, the tissue
specificity that is associated with diseases caused by LMNA mutations may be ascribed
to the impaired function of particularly sensitive processes enacted by the ER (119). For
example, the ER is the major site of cholesterol regulation and fatty acid synthesis.
Abnormal accumulation of proteins in the ER could alter lipogenesis or lipogenic
signaling in LMNA-deficient cells, resulting in aberrant adipocyte development and
lipodystrophic disease (119). In the case of skeletal and cardiac muscle, Ca’' release
during contraction cycles may be compromised by alterations in the sarcoplasmic
reticulum, which is also contiguous with the ER in muscle tissue (119). Alternatively,
generalized stress due to inappropriate accumulation of nuclear envelope proteins, such
as emerin, in the ER could promote aberrant intracellular signaling pathways with

downstream effects on gene expression and cell viability (119).
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Therefore, the only clear conclusion that we can draw from these hypotheses is
that there is no definite answer to the mystery of the mechanism underlying the
autosomal dominance of LMNA mutations in DCM. For every experiment that seems to
support one of these models, there are others that directly refute its claims. Further

research is needed to shed more light on this matter.

4.6  Pathogenic Mechanisms of LMNA Mutations

With every novel finding that each study brings to the growth of knowledge
surrounding the effects of LMNA mutations, more questions are brought to the forefront.
However, answers to some of the fundamental issues underlying this field of research
remain based on mere conjecture. Two of the most basic questions concerning the
consequences of LMNA mutations are still under debate. First of all, why do
ubiquitously expressed nuclear envelope proteins give rise to tissue-specific disease
phenotypes? Secondly, what exactly accounts for the huge range of phenotypic
heterogeneity that is observed in carriers of LMNA mutations? Several of the most
popular hypotheses are delineated below.
4.6.1 Mechanical Stress Model

In the “mechanical stress” hypothesis, mutations in lamins A and C are thought to
weaken the structural integrity of an integrated nucleocytoplasmic skeletal network (70).
This model is often invoked to provide explanations for the pathogenesis of EDMD,
LGMD, and DCM. Since skeletal and cardiac muscle cells do not express lamin B1, they
might be unusually dependent on A-type lamins, as well as their binding partners, to

withstand contraction forces (47;49;84). Alternatively, muscle cells might depend on
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lamins A/C for other functions, such as anchoring emerin within the nucleus. If the
absence of emerin or the presence of LMNA mutations manages to destabilize the
association of lamins with the nuclear envelope, the lamina as a whole would become
less effective as a load-bearing structure (47;84). Therefore, mechanical stress, and
possibly the flattening of nuclei at the periphery of the muscle fiber or mature adipocytes,
could enhance the fragility of the integrated network already induced by LMNA
mutations or a lack of emerin (70). This general fragility would eventually translate into
cell death and tissue damage. For example, lamina in fibroblasts from human subjects
with Dunnigan-type familial partial lipodystrophy have been shown to posses a low
resistance to stress induced by heat shock (70). In skeletal muscle, the damage might be
limited because muscle fibres are a syncitium, and not all of the nuclei may be affected
within a single fibre. On the other hand, loss of individual cardiomyocytes in cardiac
muscle would be cumulative and would eventually lead to conduction blocks (47;69).
Therefore, the etiology of these muscle-related diseases can be explained by an
accumulation of damaged nuclei, resulting from a reduction in the load-bearing properties
of the lamina (47).
4.6.2 Gene Expression Model

Although the mechanical stress model may provide a sufficient explanation for
the pathogenesis of muscle-related diseases, it does not account for the other disorders
associated with LMNA mutations. For example, it is nearly impossible to reconcile the
puberty-associated loss of adipose tissue found in Dunnigan-type familial lipodystrophy
with this hypothesis because adipocytes are not contractile (49). An alternative model is

that LMNA-associated pathology may be caused by subtle defects in gene expression
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(49). Since lamin complexes are involved in tissue-specific gene regulation, mutations in
any of its components may ultimately promote the pathophysiology of various diseases
(84). Numerous studies have provided evidence that the nuclear lamina is intimately
associated with mediators of genetic expression. For example, lamins are known to
interact with various transcriptional regulators, such as retinoblastoma protein (p110Rb)
and BAF1 (47;55;127). Lamins also bind transcription factors, such as sterol regulatory
element binding protein-1 (SREBP-1); it is possible that a disruption of this interaction in
adipocytes may explain why lipodystrophy occurs in humans with mutated LMNA and in
mice transgenic for SREBP-1 (126). One of the INM proteins shown to interact directly
with the nuclear lamina, the lamin B receptor, could also influence gene expression
through its binding to HP1 protein (80). In Drosophila, HP1 suppresses the expression of
normally active euchromatic genes translocated near heterochromatin (125;128).
Moreover, dynamic studies demonstrate that peripheral chromatin is associated with the
highly stable interphase nuclear lamina (70). Hence, alterations in lamina structure
induced by LMNA mutations could relax these constraints and instigate a tissue-specific
change in the pattern of gene expression (70). It should come as no surprise, then, that
alteration of the nuclear lamin organization would inhibit RNA pol II-dependent
transcription (75). Loss of specific attachment sites on the nuclear lamina could therefore
lead to defects in tissue-specific gene expression and amplify the consequences of LMNA
mutations (55).

Unique combinations of lamins and lamin-associated proteins are present in
various tissues during development and cell differentiation (69). It is a known fact that

changes i lamin expression often correlate with transitions in these two cellular



70

processes (49). For example, the expression levels of A-type lamins increase with
terminal differentiation and growth arrest (55). Previous studies in animal models
indicate that lamins A and C are absent from all preimplantation stage embryonic cells
(including embryonal carcinoma cells), with their synthesis commencing at about day 9
within the visceral endoderm and trophoblast (62;129). Henceforth, A-type lamins
appear asynchronously in various tissues; certain cell types may not even express these
proteins until after birth (130). In summary, lamins can bind numerous transcriptional
regulators, and are differentially expressed along with other nuclear envelope proteins.
This suggests a model in which distinct combinations of these factors could create unique
platforms for a variety of proteins involved in signaling, DNA replication, and the
modification or organization of chromatin structure (49). Indeed, ectopic expression of
lamin A in myoblasts has been reported to induce the synthesis of muscle-specific genes
(47). Thus, it has long been thought that lamins may possess some influence on the
capacity for gene expression, although the exact mechanism by which this is
accomplished remains to be elucidated (49).
4.6.3 Putative Models of Pathogenesis for the D192G and R541S LMNA Mutations

Expressed in End-Stage DCM Patients

D192G is located in a highly conserved region of the lamin A/C protein that is

critical for the formation of the alpha-helical coiled-coil dimer, which is the basic
building block of nuclear lamina filaments. A mutation at this location could therefore
conceivably disrupt the construction of the highly organized structure of the peripheral
nuclear lamina network. For example, dimer formation, head-to-tail assembly of

dimmers, or lateral assembly of complex filaments could be adversely affected. This, in



71

part, could explain the complete absence of the nuclear membrane that was observed
from the electron micrographs of the cardiac myocytes obtained from Patient 1.
However, the pathology exhibited by Patient 1 may only represent an extreme case of the
functional consequences of a missense mutation located in this highly conserved central
alpha-helical rod domain. Instead of a complete loss of function, the nuclear membrane
may only sustain mild degenerative changes in certain areas but remain relatively intact
in others, depending on the ability of the mutated lamin protein to assume the appropriate
coiled-coil dimer formation. These lamin-deficient areas would then be more susceptible
to mechanical stresses generated by contraction of the cardiac myocytes.

Although the R541S mutation is not located within the LMNA domain that is
required for dimer formation, it is found within a region of the carboxy-terminal globular
tail that has been shown to interact with a variety of different proteins. For example, A-
type lamins are essential for the retention of emerin at the nuclear periphery (52).
Mislocalization of this integral protein could represent an alternative route by which the
structural integrity of the nuclear membrane is compromised. Hence, the mechanical
stress model could also be used to provide an adequate explanation for the pathogenesis
of the R541S mutation. However, the structural pathology exhibited by cardiomyocytes
possessing R541S lamin A/C may be less drastic than that observed in the heart tissue of
Patient 1, simply because this mutation does not affect the formation of the basic building
blocks required for lamina assembly. Thus, only modest and non-specific structural
changes may be noted, as demonstrated in the electron micrographs obtained from Patient
2. This does not preclude the possibility that interactions with other proteins, such as

LAP2alpha, histones, transcription factors, and PKC may not have been adversely
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affected by the R541S mutation. Although the nuclear structure of the cardiac myocytes
from Patient 2 appeared to be relatively intact, the functional consequences of the R541S
mutation could have been manifested as alterations in gene transcription and expression,

which would not have been detected through electron microscopy.

4.7  Phenotypic Diversity of LMNA Mutations and the Role of Modifier Genes

One of the main difficulties in determining the pathogenic mechanism underlying
the diseases associated with LMNA mutations is the fact that there is an abundance of
clinical and phenotypic heterogeneity. Initial reports suggested that DCM associated
with conduction defects resulted from mutations in the rod domains of lamins A and C.
However, more recent data have indicated that there is no clear correlation between
clinical phenotype and the location of LMNA mutations (70). In other words, there is no
disease-restricted domain in LMNA (54).

To complicate matters even further, the same LMNA mutation could lead to
multiple phenotypes in unrelated families (114). For example, an R527P mutation was
associated with both lipodystrophy and EDMD in one patient (131), but only classical
EDMD in other families (53;54;82). Brodsky et al. also demonstrated that a single
mutation could result in multiple phenotypes, such as DCM in conjunction with
conduction defects or various extracardiac findings, consisting of either EDMD or
LGMD-like symptoms (111). In addition, phenotypic heterogeneity has been
documented among affected members of the same family with the same mutation (114).
For example, a specific LMNA mutation could elicit the full syndrome of EDMD on one

side of the family, but the affected individuals in another branch may only exhibit cardiac
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abnormalities (81). Even both of the patients within our study were found to have
slightly varying DCM phenotypes. Patient 1 presented with a one year history of
progressive heart failure with mild conduction system disease, whereas Patient 2 had no
conduction defects. Although both subjects possessed normal CPK levels, histology of
explanted heart tissue samples from Patient 2 demonstrated epicardial fibrosis typical of
muscular dystrophy. In contrast, Patient 1 had no indications of muscle disease.
Moreover, a mutation within the same pedigree may vary in its degree of penetrance and
may exert either dominant or recessive effects (82). These findings highlight the
difficulties that are inherent in diagnosing patients with DCM based solely on phenotypic
differences.

Given the high degree of interfamilial and intrafamilial variability found among
carriers of LMNA mutations, it was suggested that disorders affecting striated muscles
(i.e. EDMD, LGMD, and DCM) could probably be considered as a single disease with a
spectrum of clinical manifestations (70). It was also proposed that Dunnigan-type
familial partial lipodystrophy (FPLD) and MAD could be classified separately as
lipodystrophy syndromes, because both disorders are characterized by regional adipocyte
loss and insulin resistance. CMTBI1, which primarily affects nerve cells, was thought to
constitute a third distinct group (70). At the time, there did not appear to be any overlap
between these three categories. However, Garg et al. recently described two families
diagnosed with Dunnigan-type FPLD who have cardiac conduction system defects and
other manifestations of cardiomyopathy (70;132). In addition, there were reports of CMT
families presenting with cardiomyopathy and adipose tissue abnormalities (99;133).

Furthermore, the discovery that both mandibuloacral dysplasia and Hutchison-Gilford
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progeria syndrome are associated with LMNA mutations provided an additional
complication for the implementation of this generalized scheme. As the amount of
research surrounding this subject accumulates over time, it becomes more and more
evident that these disorders cannot be separated into distinct categories.

Ultimately, the variable degree of affected skeletal and/or cardiac muscle may
depend on the form of the mutation, its site and co-precipitating factors (43). The
extensive range of phenotypic heterogeneity points towards a possible role for modifier
genes or other environmental factors (54). A potential susceptibility factor involves the
possession of an abnormal immune response (10). High frequencies of cardiac
autoantibodies in isolated DCM have been identified, which suggests that an immune
response, independent from human leukocyte DR4 antigen, is activated (10). Although
there is no conclusive evidence that these antibodies are directly pathogenetic, they may
represent reliable markers of autoimmunity and may predict early disease among
relatives at risk of developing DCM (10). Other susceptibility genes associated with the
disease include those which encode the following proteins: PAF acetyl hydrolase, which
acts as a defence against oxidative stress (134); manganese superoxide dismutase, an
anti-oxidant enzyme (135); nebulette, an actin-binding Z-disc protein (136); and
aldosterone synthase, which participates in the synthesis of mineralocorticoids (137).
The influence of environmental factors on genetic expression is also illustrated by the
fact that the phenotype of Dunnigan-type FPLD is often more prominent in females than
in males (43;97). This suggests that changes in the hormonal or metabolic milieu trigger
the expression of the specific histological and anatomical changes in carriers of these

specific LMNA mutations (89).
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Phenotypic diversity may also result from epigenetic inheritance, which has
received little attention in clinical medicine (5). Alternatively, the solution may entail an
even more simple and obvious explanation. Like other intermediate filament proteins,
lamins form dimers by polymerizing in a head-to-tail fashion, although it is currently
unclear whether these are homodimers or heterodimers in vivo (5). In either case, since
both lamin A and C are encoded by the same gene, mutations within the common head or
rod domains could potentially result in phenotypic diversity. A variety of dimer types
(ex. AA, AA*, CC and CC*, where the asterisk indicates a mutation) may form, even in
patients who are homozygous for a single mutation in the LMNA gene (5). Such a
mutation would represent an unusual mechanism for phenotypic diversity, which is

generally ascribed to the effects of modifying genes.

4.8  Study Limitations

The results of these experiments must be interpreted according to the limitations
that are inherently imposed by this type of research. DCM has proven to be quite
difficult to dissect genetically. Several reasons could explain this phenomenon. The
penetrance of this disease is generally incomplete and age-related, which complicates the
diagnosis (7;37). In addition, families are rarely genetically informative due to the
severity of the disease (7;37). The five-year mortality rate is 50% after symptoms
develop (3). Consequently, multigeneration DCM families with many affected, living
individuals have been extremely difficult to identify and recruit. Perhaps the largest
drawback is the fact that the technique of positional cloning, which enables the primary

cause of disease to be defined without making a priori assumptions, cannot be used in
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most DCM studies due to the inadequate participation or availability of family members.
Although chromosomal loci for idiopathic DCM have been identified by genetic linkage
analysis in rare families, even these families are considered to be insufficient for
positional cloning (14).

Consequently, most researchers have turned to the candidate gene strategy in
order to discover potential morbid genes among large cohorts of DCM patients (37).
However, this approach is heavily dependent on prior assumptions and may thus be prone
to false positives (138). For example, the initial association of alpha-actin mutations with
pure DCM may have initiated a bias towards screening for mutations in sarcomeric or
cytoskeletal genes. It is extremely possible that other relevant disease-causing genes may
have been overlooked in this random selection process. Unfortunately, the very
situations in which such a strategy is used (i.e. small families with insufficient power for
linkage), are those in which candidate gene analyses are most susceptible to error (138).
Another difficulty with this approach lies in differentiating between disease-causing
mutations and neutral polymorphisms (37;138).

Therefore, safeguards have been built into these experiments to ensure the validity
of a mutation discovered via this approach. One of these methods is to verify that the
variant is present only in affected subjects. It should also be absent from a large
population of ethnically-matched controls. In our study, both the D192G and R541S
substitutions were not found in 200 control chromosomes obtained from a random sample
of healthy individuals or other non-affected members of the family. In addition, the
demonstration that the affected residue is highly conserved among different species lends

support to the possibility that the substitution is indeed a disease-causing mutation, and
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not just a polymorphism. Ultimately, reproducible identification of mutations in well-
characterized populations and compelling functional data will be required to strengthen
the case for specific mutations (138). The analysis of mutated LMNA mRNA expression
levels in the cardiac tissue of end-stage DCM patients provides a basis on which to base
future functional studies. At present, however, information for patients should not rely
on molecular genetics, but rather on clinical examination, identification of pre-clinical
signs and of asymptomatic patients, prevention of life-threatening ventricular

arrhythmias, and counselling (139).

4.9  Clinical Implications

An immediate clinical benefit from the discovery of human gene mutations is
early and accurate diagnosis (1). Improved recognition and intervention in advance of
heart failure has considerable merit for reducing the serious morbidity and mortality
associated with the disorders (1). The vast range of overlapping phenotypes and severity
of symptoms associated with the varying “laminopathies” emphasizes the importance of
regularly screening LMNA gene carriers who have no current evidence of disease (11).
Periodic echocardiographic and electrocardiographic testing should be performed in an
effort to identify and treat disease during its earliest stages. Adult LMNA mutation
carriers should be screened annually, while those of unknown genetic status, who are also
considered to be at risk, should be checked every three to five years (11). The
availability of DHPLC with targeted sequence analysis makes mutation screening
efficient and feasible. Prospective analysis of patients with skeletal and/or cardiac

myopathy should include the characterization of glucose, insulin, and lipids, due to the
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overlapping phenotypes of LMNA mutations (140). This should also be performed as a
safeguard in order to compensate for the difficulties inherent in diagnosing patients based
on phenotypic manifestations.

It is obvious from the mass of conflicting findings and postulated mechanisms of
pathogenesis that have accumulated surrounding the role of LMNA mutations in DCM,
that this disease is extremely difficult to dissect genetically. The only concrete
conclusion that can be drawn at this point was once succinctly stated by H.L. Mencken:
“for every complex problem, there is an answer that is clear, simple, and wrong”.
However, each “wrong” answer is one step closer to the “right” ones. Although the
whole picture is not yet in sight, individual pieces are falling in place one experiment at a
time. This study is one of them, and will assist in paving the way for future findings.

The full spectrum of genetic research — from the identification of mutations in human
patients, to the analyses of mechanism and the development of models — represents the
direction that must be taken in order to reach the solution underlying the mechanism of
LMNA mutations in the pathogenesis of DCM. It is perhaps this path that ultimately

holds the greatest promise for advancing the science and treatment of cardiomyopathies.

4.10 Future Directions

It is obvious that more research is needed to elucidate the functional consequences
of LMNA mutations in DCM. The results of our RFLP assays have demonstrated that
the relative absence of pathology found in the cardiac myocytes of Patient 2 did not
correlate with the lack of expression of the R541S LMNA mRNA. One of the next steps

1s to determine the expression levels of lamin A vs. lamin C in all four chambers of the
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heart. This will be accomplished by using Northern blots and quantitative RT-PCR.
Although the findings of these experiments will not shed any light directly on a
mechanism for DCM, it is a completely novel line of research and may serve as a useful
stepping stone for further investigations into the pathogenesis of this disease. For
example, although both the D192G and R541S mutations are found within the region of
the LMNA gene shared by lamin A and lamin C, it is uncertain whether these mutations
will be expressed in only one of these lamins, or both. Consequently, these future
experiments may help to determine whether one type of lamin is more prominent than the
other in various areas of the heart, which may directly influence the effects of the D192G
and R541S mutations, if indeed they are exclusively expressed by either lamin A or lamin
C.

Future studies will also delve into the functional consequences of genetic
variations in the cardiac tissue of DCM patients and in mutation expression models.
Immunohistochemistry will be performed on heart tissue samples in order to determine
the location and relative amounts of the mutant and wild-type lamins within the cardiac
myocyte. Preliminary results indicate that lamin C with the R541S mutation is correctly
targeted to the nucleus, whereas lamin C with the D192G mutation is clearly misdirected
to the mitochondria and appears to initiate apoptosis. Lamin degradation has long been
recognized as a hallmark of apoptosis, which may be activated in response to a variety of
stimuli, including cancer, virus infection, specific drugs, or stress (51;71). In particular,
caspase 6 has been identified as the protease responsible for cleaving lamin A at its
conserved VEID site, which is located in the non-helical linker region at position 227-230

(51). This step is crucial in order for the chromosomal DNA to undergo complete
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condensation during apoptotic execution (63). Studies have shown that caspase cleavage
of only a small fraction of A-type lamins is required for its complete disintegration from
the nuclear lamina (51). This provides a possible explanation for the discrepancy
observed in the ultrastructural phenotype of the cardiac myocytes from these two

patients. Time lapse microscopy and fluorescent-tagged proteins will also be used to gain
more insight into the trafficking of mutant lamins and their interactions with other
proteins inside a cellular model. Finally, animal models, such as mice genetically
engineered to possess specific LMNA mutations, will be generated and analyzed to
further elucidate the mechanisms underlying the consequences of these mutations in

DCM.
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S CONCLUSION

Two novel missense mutations, D192G and R5418S, were identified in highly
conserved regions of the LMNA gene in two unrelated patients with end-stage dilated
cardiomyopathy. Both single nucleotide base substitutions were absent in a population of
100 healthy control individuals. Electron micrographs of the cardiac tissue obtained from
the carrier of the D192G mutation (Patient 1) revealed a complete loss of the nuclear
membrane and the accumulation of mitochondria in the nuclear matrix. By contrast,
examination of the heart tissue sections from the patient with the R541S mutation
(Patient 2) revealed only modest and non-specific nuclear membrane alterations,
comparable to those found in transplanted DCM patients without LMNA mutations.
Quantitative RT-PCR revealed that the expression levels of total LMNA mRNA in
Patient 2 were comparable to those found in end-stage DCM patients without LMNA
mutations. This suggests that the substitution of arginine by serine in codon 541 did not
introduce an element of instability into the mutant LMNA mRNA. In addition, the RFLP
assays demonstrated that there was no significant difference between the quantity of
R5418 vs. wild-type LMNA mRNA expressed in either the left ventricle or the right atria
of this patient. Therefore, these experiments conclusively show that the discrepancy
observed in the electron micrographs cannot be explained by a lack of expression of the
mutant allele. This research provides a basis for further elucidation of the functional
consequences of LMNA mutations and their role in the pathogenesis of DCM. Future
studies will be directed to assess the impact of these mutations on cellular and animal

models.
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Locus

Trait

Additional
Phenotype

Disease Gene

Protein Function

1932

AD

none

cardiac troponin
T

-one component of a ternary complex
of proteins (troponins T, C, and I)
-transmits calcium signals that
regulate actin-myosin interactions
and ATPase activity

2931

none

titin

-extend from sarcomeric Z-discs to
M-lines

-provide an extensible scaffold for
contractile machinary, and are crucial
for myofibrillar elasticity and

integrity

5q33-34

none

delta-
sarcoglycan

-component of the dystrophin-
associated sarcoglycan complex that
forms a structural link between the F-
actin cytoskeleton and the
extracellular matrix

6q12-16

none

()

6q22.1

58

none

phospholamban

-transmembrane phosphoprotein that
inhibits the cardiac sarcoplasmic
reticular calcium-adenosin
triphosphatase (SERCA2a) pump in
its unphosphorylated state

9q13-22

none

?

10g22.1
q23

none

metavinculin

-protein component of intercalated
discs, that is expressed exclusively in
cardiac and smooth muscle

-anchors F-actin to the membrane
and transmits contractile force
between cardiac myocytes

11pl1.2

none

cardiac myosin-
binding protein
C MYBPC)

-arrayed transversely in the A-bands
of the sarcomere

-binds myosin heavy chain in thick
filaments and interacts with titin in
elastic filaments

-phosphorylation of this protein
appears to modulate contraction

11p15.1

none

cystein-and
glycine-rich
protein 3 (MLP)

-intrinsic element of the Z disc
-stabilizes titin-cap at the most
proximal end of the titin complex
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14qt1 none cardiac beta -force generator in muscle
myosin heavy contraction
chain
15q14 none cardiac actin -major constituent of the contractile
apparatus
-plays key role in transmitting force
between adjacent sarcomeres and
neighboring myocytes to effect
coordinated contraction of the heart
15g22.1 none alpha- -one of the proteins comprising the
tropomyosin thin filaments of the sarcomere
-undergoes a conformational change
upon the binding of calcium to the
troponin complex
-leads to the disinhibition of
interaction between actin and
myosin, which generates contractile
force
17q12 none titin-cap -sarcomeric protein found in the Z
disc of adult skeletal muscle and
cultured myocytes
-substrate of titin
10g21-23 mitral ?
valve
prolapse
Ipl-g21 conduction | lamin A/C -maintains integrity of the nuclear
disease architecture
-provides anchorage sites for
chromatin
-DNA replication
-RNA pol II transcription
-signal transduction
2ql14-q22 conduction | ?
disease
3p22-25 conduction | ?
disease
6923 conduction | ?
disease and
skeletal
myopathy
2q35 skeletal desmin -in mature striated muscle, desmin
myopathy intermediate filaments surround the
Z-discs, link them together, and
integrate the contractile apparatus
with the sarcolemma and the nucleus
6q23-24 sensorineur | ?
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al hearing
loss
2q32.1- AD | ARVD ?
32.3
3p23 AD | ARVD ?
10p12-14 | AD | ARVD ?
14g12-22 | AD | ARVD ?
14g23-24 | AD | ARVD ?
Xp21 X | skeletal dystrophin -large cytoskeletal protein that plays
myopathy a critical role in membrane stability,
force transduction, and organization
of the membrane in both skeletal and
cardiac myocytes
Xq28 X | short tafazzin -unknown function
stature and

neutropenia
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Summary of Primers, Annealing Temperatures, and Lengths of PCR Amplicons for

LMNA Exons 1-12

Exon Primer Sequences (5°—3°) Product PCR
Forward Reverse tongh | fnmeslivg
1A | TCTGTCCTTCGACCCGAG GTAGACCGCCAAGCGATC 209 50
1B | GGAGGACCTGCAGGAGCT GCCCTCTCACTCCCTTCC 352 50
2 CAGACTCCTTCTCTTAAATCTAC CCTAGGTAGAAGAGTGAGTGTAC 268 58
3 CCTTCAAGTTCTTGTGTTCTGTGAC | CCTAGGTAGAAGAGTGAGTGTAC 250 61
4 GGCCTCCCAGGAACTAATTCTG CTCCCTGCCACCATCTGC 334 63
5 TCCACCCCTCCCAGTCAC GAACCTCCCACCACCACC 428 63
6 ATCCTGGAGAGAGTAGCCAG TCTAGTCAAGGCCAGTTGCC 293 51
7 CCCCACTTGGTCTCCCTCTCC CCCTGATGCAGCTGTATCCCC 311 50
8 GAGGCCTCAATTGCAGGCAGGC GAAAAGGACACTTACCCCAGC 286 62 and 63.1
9 GGAGCGCTGGGGTAAGTGTC CTCGTCCAGCAAGCAGCCAG 192 48
10 | GTAAGCAGCAGGCCGGACAAAG GATGCCATGGAATATTCCTGTG 458 58
11A | GGTCAGTCCCAGACTCGC ACCAGATTGTCCCCGAAG 276 52
11B | GTCACTCGCAGCTACCGC CCACCTCGTCCTACCCCT 178 52
12 | CTTGTCTGAGCCCCAGACTGGAG AGGGAAAAGGAAGGGAGGAGAAAT 483 65

APPENDIX III



DHPLC Column Temperatures for Each LMNA PCR Amplicon

Exon DHPLC Column Temperature

(9]
1 66
1A 65
2 63
3 62
4 62
5 61
6 63
7 64
8 62

9 62.3
10 60
11A 65

11B 62.6
12 62
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