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Abstract  
 

The Lamin A/C (LMNA) gene codes for the A-type lamins which are nuclear intermediate 

filaments that provide structural support to the nucleus and help regulate various nuclear processes 

such as gene expression. Mutations in LMNA cause a group of diseases collectively known as 

laminopathies. Laminopathies present with a diverse set of phenotypes with 79% of the cases 

affecting cardiac and/or skeletal muscles (striated muscle laminopathies). Striated muscle 

laminopathies tend to be severe and have poor patient prognosis.  

The lamin A/C binding partner - Protein Kinase C alpha (PKC α), is a serine/threonine 

kinase that phosphorylates many proteins including other lamin A/C partners, and proteins 

associated with striated muscle laminopathies. Chapter 2 of this thesis determined PKC α 

involvement in striated muscle laminopathies by examining PKC α subcellular localization, lamin 

A/C interaction, and activation in various cellular models expressing WT or mutant lamin A/C. 

The results showed that in most of the mutations that we studied, cells expressing mutant lamin 

A/C presented with an abnormal increase in nuclear PKC α localization compared to WT. Patient 

and mice model myoblasts and/or fibroblasts also presented with altered PKC α-lamin A/C 

interaction and reduced PKC α activation compared to control. In parallel, activation of ERK 1/2, 

a downstream PKC α target associated with striated muscle laminopathies, was also decreased in 

patient myoblasts and mice model myoblasts. Altogether, these results suggested PKC α 

involvement in striated muscle laminopathies.  

Chapter 3 of this thesis describes the creation of zebrafish with permanent lmna disruption, 

and characterization of the lmna mutants’ phenotype. We induced a five base pair deletion in exon 

2 of lmna that is predicted to result in a potential non-functional truncated protein of 180 amino 

acids lacking the PKC α binding site. Cardiac structure and function analyses of the lmna mutants 
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showed mild and transient cardiac defects during the first week of development. In addition, the 

lmna mutants displayed skeletal muscle structure fibre defects that likely contributed to their swim 

impairment. Expression of jun and nfkb2 was decreased while activated Erk 1/2 was increased in 

mutants. Jun, NF-KB and Erk 1/2 are biomarkers for striated muscle laminopathies. Furthermore, 

activation of Pkc α, an upstream Erk 1/2 regulator, was increased in the lmna mutants compared 

to WT. Overall, the zebrafish lmna mutants presented a model of muscular laminopathies. These 

zebrafish lmna mutants can be used to test for drug efficacy or identify novel therapeutic targets 

to treat muscular laminopathies.  
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Résumé 
 

Le gène Lamine A/C (LMNA) code pour les lamines de type A qui sont des filaments 

intermédiaires nucléaires qui fournissent un support structurel au noyau et aident à réguler divers 

processus nucléairs tels que l'expression des gènes. Les mutations de LMNA provoquent un 

ensemble de maladies connues sous le nom de laminopathies. Les laminopathies présentent un 

ensemble diversifié de phénotypes avec 79% des cas affectant les muscles cardiaques et/ou 

squelettiques (laminopathies musculaires striées). Les laminopathies musculaires striées ont 

tendance à être sévères et à conduire à de mauvais pronostic. 

Le partenaire de liaison de la lamine A/C - la Protéine Kinase C alpha (PKC α), est une 

sérine/thréonine kinase qui phosphoryle de nombreuses protéines, y compris d'autres partenaires 

de la lamine A/C, et des protéines associées aux laminopathies musculaires striées. Le chapitre 2 

de cette thèse visait à déterminer l'implication de PKC α dans les laminopathies musculaires striées 

en examinant la localisation subcellulaire de PKC α, son interaction avec la lamine A/C et son 

activation dans divers modèles cellulaires exprimant la lamine A/C de type sauvage (WT) ou 

différentes formes mutantes. Les résultats ont montré que pour la plupart des mutations que nous 

avons étudiées, les cellules exprimant la lamine A/C mutante présentaient une augmentation 

anormale de la localisation nucléaire de PKC α par rapport au WT. En revanche, les cellules 

exprimant une lamine A/C tronquée dépourvue du site de liaison à PKC α présentaient une 

localisation de PKC α qui était principalement cytoplasmique comme dans les cellules WT. Les 

myoblastes et/ou les fibroblastes de patients et de modèles souris présentaient également une 

interaction altérée entre la lamine A/C et PKC α, ainsi qu’une réduction de l’activation de PKC α 

par rapport au contrôle. Parallèlement, l'activation d’ERK 1/2, une cible de PKC α associée à des 
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laminopathies musculaires striées, est également diminuée dans les myoblastes de patients et de 

modèles murins. Dans l'ensemble, ces résultats suggèrent une implication de la PKC α dans les 

laminopathies musculaires striées.  

Le chapitre 3 de cette thèse concerne la création de poisson zèbre avec une perturbation 

permanente du gène lmna et la caractérisation du phénotype des mutants de lmna. Nous avons 

induit une délétion de cinq paires de bases dans l'exon 2 de lmna qui devrait entraîner la synthèse 

d’une protéine tronquée non fonctionnelle de 180 acides aminés dépourvue du site de liaison de 

PKC α. Les analyses de la structure et de la fonction cardiaque des mutants de lmna ont montré 

des anomalies cardiaques légères et transitoires au cours de la première semaine de 

développement. De plus, les analyses de la structure et de la fonction des muscles squelettiques 

des mutants de lmna ont montré des défauts des fibres musculaires qui probablement contribuent 

à l’altération de la nage des mutants. L'expression de l'ARNm de jun et nfkb2 est diminuée alors 

que celle d'Erk 1/2 activé est augmentée chez les mutants homozygotes lmna. Jun, NF-KB et Erk 

1/2 sont des marqueurs des laminopathies musculaires striées.  De plus, l'activation de Pkc α, un 

régulateur en amont d’Erk 1/2, est augmentée chez les mutants lmna par rapport à WT. Dans 

l'ensemble, les mutants lmna du poisson zèbre représentent un modèle de laminopathies 

musculaires. Ces mutants lmna du poisson zèbre peuvent être utilisés pour tester l'efficacité de 

médicaments ou identifier de nouvelles cibles thérapeutiques pour traiter les laminopathies 

musculaires. 
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Chapter 1 

General Introduction 
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1.1 Notes on Chapter 1 

Several parts of the general introduction directly refer to sections and/or tables of two previously 

published reviews of which I am either a co-author or the primary author. These reviews are 

attached in the appendix of this thesis for reference. Where required, permission to use has been 

requested and granted.  

Review 1 (pages 200 - 232)  

Tesson, F., Saj, M., Uvaize, M. M., Nicolas, H., Płoski, R., & Bilińska, Z. (2014). Lamin A/C  

mutations in dilated cardiomyopathy. Cardiology Journal, 21(4), 331–342.  

https://doi.org/10.5603/CJ.a2014.0037 

1.1 a Author Contributions: 

F Tesson – contributed to the content of the manuscript 

M Saj – contributed to the content of the manuscript 

M Mohamed Uvaize – contributed to the content of the manuscript 

H Nicolas – contributed to the content of the manuscript  

R Płoski – edited the manuscript  

Z Bilińska – contributed to the content of the manuscript  
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1.1.b Review 1 Abstract  

Dilated cardiomyopathy (DCM) is one of the leading causes of heart failure and heart 

transplant. Mutations in 60 genes have been associated with DCM. Approximately 6% of all DCM 

cases are caused by mutations in the lamin A/C gene (LMNA). LMNA codes for type-V 

intermediate filaments that support the structure of the nuclear membrane and are involved in 

chromatin structure and gene expression. Most LMNA mutations result in striated muscle diseases 

while the rest affects the adipose tissue, peripheral nervous system, multiple tissues or lead to 

progeroid syndromes/overlapping syndromes. Patients with LMNA mutations exhibit a variety of 

cellular and physiological phenotypes. This paper explores the current phenotypes observed in 

LMNA-caused DCM, the results and implications of the cellular and animal models of DCM and 

the prevailing theories on the pathogenesis of laminopathies.  
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Review 2 (pages 233 – 282)  

 

Nicolas, H. A., Akimenko, M.-A., & Tesson, F. (2019). Cellular and Animal Models of Striated  
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1.1.d Review 2 Abstract 

The lamin A/C (LMNA) gene codes for nuclear intermediate filaments constitutive of the 

nuclear lamina. LMNA has 12 exons and alternative splicing of exon 10 results in two major 

isoforms—lamins A and C. Mutations found throughout the LMNA gene cause a group of diseases 

collectively known as laminopathies, of which the type, diversity, penetrance and severity of 

phenotypes can vary from one individual to the other, even between individuals carrying the same 

mutation. The majority of the laminopathies affect cardiac and/or skeletal muscles. The underlying 

molecular mechanisms contributing to such tissue-specific phenotypes caused by mutations in a 

ubiquitously expressed gene are not yet well elucidated. This review will explore the different 

phenotypes observed in established models of striated muscle laminopathies and their respective 

contributions to advancing our understanding of cardiac and skeletal muscle-related 

laminopathies. Potential future directions for developing effective treatments for patients with 

lamin A/C mutation-associated cardiac and/or skeletal muscle conditions will be discussed. 
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1.2 The Nuclear Lamina  

The nuclear lamina is a mechanically responsive orthogonal network of proteins that 

underlie the inner nuclear membrane (Aebi et al., 1986). It is primarily composed of the nuclear 

intermediate filaments A and B-type lamins (Aebi et al., 1986; Gerace et al., 1978). Membrane 

associated proteins such as ones with the LEM domain also compose the nuclear lamina (Broers 

et al., 2006). The A-type lamins are coded by the lamin A/C gene (LMNA) while the B-type lamins 

- B1 and B2, are coded by the lamin B1 gene (LMNB1) and lamin B2 gene (LMNB2), respectively. 

At the end of mitosis, the B-type lamins are incorporated first into the nuclear lamina followed by 

lamin A and then lamin C after which the respective A and B-type lamins networks exist in a 1:1 

ratio relative to each other (González-Cruz et al., 2018; Holt et al., 2003; McKeon et al., 1986; 

Moir et al., 2000; Raharjo et al., 2001; Vaughan et al., 2001). Though the nuclear lamins are 

predominantly found in the nuclear periphery and cover about half of the nuclear surface, they are 

also localized in the nucleoplasm (Goldman et al., 2002; Moir et al., 2000; Sylvius et al., 2008; 

Turgay et al., 2017). During in vitro assembly, lamins A and C form homodimers and even 

polymers depending on the concentration (Adam & Goldman, 2012; Aebi et al., 1986). Cryo-

electron tomography shows that the lamin filaments are 3.5 nm thick in mammalian cells, and 

immunostainings of A and B-type lamins show distinct networks with regions of co-localization 

(Delbarre et al., 2006; Goldberg et al., 2008; Moir et al., 2000; Nmezi et al., 2019; Shimi et al., 

2008, 2015; Turgay et al., 2017). Furthermore, high resolution imaging in mammalian cells shows 

that the lamin B1 meshwork is closer to the inner nuclear membrane while the A-type lamins face 

the nucleoplasm (Nmezi et al., 2019). A 15-20 nm gap separates the two networks (Nmezi et al., 

2019). A-type lamin structures are also noted to be denser and contribute more to nuclear rigidity 

than the B-type lamin structures (Adam & Goldman, 2012; Goldberg et al., 2008; Nmezi et al., 



7 

 

2019). Nevertheless, LMNB1 knockdown in mammalian cells results in increased A-type lamin 

mobility and mesh size demonstrating that the rigid A-type meshwork is complemented and 

supported by the more flexible B-type meshwork (Shimi et al., 2008). In addition, loss of lamin 

B1 results in an increased number of nuclear blebs suggesting a role of lamin B1 in preventing the 

protrusion of the A-type lamins (Nmezi et al., 2019). The absence of either nuclear lamins or 

presence of mutations in LMNA also severely disrupts the shape and/or structural integrity of the 

nucleus (Lammerding et al., 2006; Muchir et al., 2003; Nicolas et al., 2019; Vergnes et al., 2004). 

Moreover, in contrast to lamin B1 deficient cells, cells lacking lamin A/C present with significantly 

impaired nuclear stiffness and deformability under strain suggesting that the A-type lamins are 

critical in maintaining the nuclear structure (Lammerding et al., 2006). An expanded overview of 

the role and importance of A-type lamins in supporting and maintaining the nuclear structure can 

be found in sections 2.1 and 2.3-2.4 of Cellular and Animal Models of Striated Muscle 

Laminopathies (pages 237-239, 240-244) (Nicolas et al., 2019). 

1.3 Lamin A/C  

1.3.a Gene and Protein Structure 

Human LMNA encoding the A-type lamins encompasses 24kbp in chromosome 1q21.3 and 

has 11 introns and 12 translated exons (Figure 1.1) (Lin & Worman, 1993; Wydner et al., 1996). 

At its 5’ promoter region, there are several GC-rich areas, a CCAAT box and a TATA box-like 

sequence – TATTA (Lin & Worman, 1993). A-type lamins are primarily expressed in 

differentiated cells but they have been detected at very low levels in mouse embryonic stem cells 

and in the inner cell mass of mouse blastocysts at E3.5 (Eckersley-Maslin et al., 2013; Lin & 

Worman, 1993; Röber et al., 1989; Stewart & Burke, 1987). Alternative splicing of LMNA mRNA 

results in the translation of four isoforms – A, C, AΔ10 and C2. Lamins A and C are the more 
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abundant isoforms. Prelamin A (immature lamin A) and lamin C are produced by alternative 

splicing in exon 10 (Lin & Worman, 1993). Lamins A and C mRNAs share exons 1 through 9 after 

which lamin A mRNA contains only the first 90 nucleotides of exon 10 followed by exons 11 and 

12 (Machiels et al., 1996). In contrast, lamin C mRNA possesses the complete exon 10 but lacks 

exons 11 and 12 (Machiels et al., 1996). As such, the resulting lamin A and lamin C proteins are 

identical in the first 566 amino acids (a.a) after which prelamin A contains a unique 98 a.a sequence 

while lamin C has an extra six unique a.a in its carboxyl terminus (McKeon et al., 1986). To 

produce mature lamin A (646 a.a), immature lamin A undergoes post translational processing 

involving the farnesylation of its CAAX (cysteine-aliphatic-aliphatic-any amino acid) motif, 

removal of the AAX part of the motif, methylation of the farnesylated cysteine and cleavage of the 

last 15 a.a (including the farnesylated and methylated cysteine) in its carboxyl end (Agarwal et al., 

2003). Lamins A and C generally have comparable spatial (cell/tissue), temporal and 

stoichiometric expression profiles (Lin & Worman, 1993). Another lamin A/C isoform - AΔ10, is 

produced by alternative splicing (Machiels et al., 1996). Lamin AΔ10 mRNA lacks 90 nucleotides 

in exon 10 resulting in the deletion of 30 amino acids in the protein (Machiels et al., 1996). Lamin 

AΔ10 is expressed in various cancer cell lines and cell types including leukocytes and colon cells 

(Machiels et al., 1996). It is unknown if this isoform is found in striated muscles. The fourth 

isoform - lamin C2, uses an alternative exon 1 and is identical to lamin C except that the N terminus 

of lamin C2 contains a shorter stretch of non-alpha helical amino acids instead of the full length 

head and alpha helical coil 1A domain (Furukawa et al., 1994). This isoform is specifically found 

in mammalian spermatocytes (Alsheimer & Benavente, 1996; Furukawa et al., 1994). 

Structurally, the A-type lamins have three major domains – the amino (N) globular head, 

the carboxyl (C) globular tail, and the alpha helical rod domain located in between the N and C 
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termini (Figure 1.1). The central rod domain facilitates the interaction of two lamin polypeptides 

forming parallel coiled-coil homodimers while the amino and carboxyl ends are involved in the 

interaction of these homodimers to assemble anti-parallel protofilaments (Strelkov et al., 2004; 

Stuurman et al., 1998). The combination of three or four of these protofilaments forms an 

intermediate filament which polymerizes to make up the 10 nm meshwork of the nuclear lamina 

(Dittmer & Misteli, 2011; Heald & McKeon, 1990). While lamins A and C form their separate 

networks, regions of overlap occur where the two interact (Shimi et al., 2015). Figure 1.2 illustrates 

these structural orders from lamin A/C subunits to lamin A/C polymer networks.  
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Figure 1.1: Schematic representation of the lamin A/C gene and the corresponding protein domains coded by each exon. Upper panel: 

The gene schematic illustrates the untranslated regions (white boxes), the introns (black solid lines), the exons (black, purple and red 

boxes), exon 7 where the nuclear localization signal is located (purple box), and exon 10 where the alternative splice site to produce 

lamins A and C is located (red box). Lower panel: The dash lines stemming from the exons indicate the corresponding coded protein 

domains in prelamin A, lamin C, and lamin AΔ10 except that lamin AΔ10 lacks exon 10. Lamin C2 uses an alternative exon 1 in intron 

1 of lamin A/C. The amino head (green box), linkers 1 and 2 (cyan boxes), coils 1a, 1b and 2 (brown boxes) of the central rod domain, 

the carboxyl tail common to the A-type lamin isoforms (beige box), lamin A and AΔ10 specific C terminus (grey box), and lamin C  

and C2 specific C terminus (blue box) are shown. Lamin C2 specific amino acid sequence replacing the head and part of coil1b is also 

indicated.  
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Figure 1.2: Schematic representations of the various structural orders of lamin A/C assembly to form the A-type lamins network in the 

nuclear lamina. 
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1.3.b Function and Regulation 

In addition to nuclear structural support, the A-type lamins are also involved in connecting 

the nucleus to the rest of the cell. The SUN 1 and 2 proteins which span the inner nuclear membrane 

are binding partners of lamin A (Haque et al., 2006). In turn, SUN1/2 binds the transmembrane 

Klarsicht/ANC-1/Syne Homology (KASH) domains of Nesprins 1 and 2 which then interact with 

actin in the cytoskeleton (Haque et al., 2006). This chain of interactions physically connects the 

cytoskeleton and the nucleus via transmembrane proteins, and disruption of this link has been 

shown to contribute to laminopathies. For instance, patient myoblasts and neonatal rat ventricular 

myocytes (NRVMs) expressing striated muscle laminopathy mutations present with F actin 

disruption, and impaired focal adhesion and mechanosensing (Bertrand et al., 2014; Lanzicher et 

al., 2015; Laurini et al., 2018). Further discussion of the importance of A-type lamins in nuclear-

cytoskeleton dynamics can be found in section 2.4 of Cellular and Animal Models of Striated 

Muscle Laminopathies (pages 241-244) (Nicolas et al., 2019).  

Lamins A and C do not only affect the physical and mechanical attributes of the cell but 

also play a role in transducing cellular signals and regulating gene expression. Protein Kinase C 

alpha (PKC α) is a kinase binding partner of lamin A/C that is involved in multiple signaling 

pathways that transduce cellular stimulus into a cell response (Martelli et al., 2002; Nakashima, 

2002). Further discussion about PKC α is found later in this chapter. Another protein involved in 

mediating cell response is the Activating Protein I (AP-1) transcription factor which functions in 

various cellular processes such as cell proliferation and apoptosis (Ivorra et al., 2006). One way to 

regulate AP-1 is by modifying the composition of its subunits (Ivorra et al., 2006). AP-1 composed 

of Fos and Jun preferably binds the 12-O-Tetradecanoylphorbol-13-acetate (TPA)-responsive 

element in the promoter of target genes (Ivorra et al., 2006). A study by Ivorra and colleagues 
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shows that the A-type lamins directly bind c-Fos via hydrophobic interaction and sequester it in 

the nuclear envelope (Ivorra et al., 2006). This prevents the formation of the Fos-Jun heterodimer 

resulting in the reduction of AP-1 transcription activity and an increase in cell cycle arrest (Ivorra 

et al., 2006). Similarly, the transcription factor MYC is sequestered by lamin A/C in the nuclear 

envelope thereby regulating its transcriptional activity (Myant et al., 2015). A-type lamins are also 

known to directly interact with chromosomes (Link et al., 2013). Lamin C2, which is found in 

spermatocytes, is discovered to be important in ensuring proper chromosomal positioning and 

synapsing during meiosis (Link et al., 2013). Male mice that lack this lamin isoform have 

profoundly defective meiosis which results in sterility (Link et al., 2013). Expression of a dominant 

negative truncated lamin A in either mammalian cells or frog interphase egg protein extracts is 

also detrimental, and results in the disruption of the nuclear lamina and formation of lamin 

nucleoplasmic aggregates (Spann et al., 1997). These nucleoplasmic aggregates trap the 

Replication factor C and PCNA required for elongation during DNA replication resulting in a 

significant decrease in DNA replication (Spann et al., 1997). Altogether, these results demonstrate 

how the A-type lamins affect cell response by regulating DNA replication and gene expression.  

Aside from DNA transcription and replication regulation, the A-type lamins are involved 

in chromatin dynamics as well. Lamin A/C participates in chromatin regulation by anchoring 

chromatin in the nuclear lamina and by regulating histone modifiers (Mattioli et al., 2018; Mattout 

et al., 2007; Solovei et al., 2013; Taniura et al., 1995). Chromatin in the nuclear periphery is 

generally considered inactive while chromatin found in the nucleoplasm is active (Dietzel et al., 

2004; Finlan et al., 2008; Meister et al., 2010). Consistent with this concept, deletion of lamin-1 

(the functional equivalent of the nuclear lamins) in worms carrying fluorescently-tagged plasmids 

incorporated in the genome in tandem arrays shows relocalization of plasmid arrays to the nuclear 
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interior resulting in increased fluorescent marker expression signifying plasmid activation 

(Mattout et al., 2011). Previous work on mammals has also shown that lack of the A-type lamins 

and the lamin B receptor results in inversion of the chromatin architecture (i.e. heterochromatin 

shifts away from the nuclear periphery and towards the nuclear centre), and ectopic expression of 

lamin A in rods of mice retinas impedes chromatin inversion (Mattar et al., 2018; Solovei et al., 

2013). Loss of the lamin A/C-mediated chromatin tether is also found to result in downregulation 

of muscle-related genes in myoblasts suggesting the importance of lamin A/C chromatin regulation 

in muscle differentiation (Solovei et al., 2013). However, in addition to chromatin tethering, the 

A-type lamins also regulate chromatin by interacting with histone modifiers such as the histone 

deacetylase 2 (HDAC2) (Mattioli et al., 2018). Histone deacetylases remove acetyl groups from 

histones allowing histones to wrap DNA more tightly promoting transcription repression. Mattioli 

et al discovered that lamin A/C interacts with HDAC2 at the promoter region of the CDKN1A gene 

where HDAC2 promotes deacetylation (Mattioli et al., 2018). The CDKN1A gene codes for the 

cyclin-dependent kinases 1 and 2 inhibitor - p21, which promotes cell cycle arrest. In skin 

fibroblasts of patients with premature aging laminopathy, HDAC2 and progerin (a truncated lamin 

A variant in premature aging laminopathy) interaction is reduced resulting in a decrease in HDAC2 

activation, and an increase in p21 expression (Mattioli et al., 2018). Additionally, progerin is found 

to have impaired activation of HDAC2 resulting in increased acetylation of HDAC2 

heterochromatin targets, and poorer response to and recovery from oxidative stress in progeric 

cells compared to control (Mattioli et al., 2018). Together, these results implicate lamin A/C 

dysregulation of HDAC2 in the impaired cell response and development of cellular senescence in 

progeroid cells.  
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Accordingly, due to the involvement of lamin A/C in diverse cellular processes, its 

regulation is evidently critical to avoid potentially adverse consequences. Micro-RNAs (miRNAs), 

sumoylation and phosphorylation are some of the known means to regulate lamin A/C (Boudreau 

et al., 2012; Jung et al., 2012; Kochin et al., 2014; Machowska et al., 2015; Zhang & Sarge, 2008). 

Micro-RNAs are short RNA sequences that regulate gene expression by promoting de-adenylation 

which hastens mRNA degradation, by blocking mRNA translation of the target gene and/or by 

cleaving the target gene’s mRNA (Bartel, 2009; Fabian et al., 2010). In both mice and zebrafish 

brains, lamin C is noted to be much more highly expressed than lamin A (Jung et al., 2012; 

Koshimizu et al., 2011). The miRNA miR-9 is found to downregulate lamin A level, and mutation 

of its target site in prelamin A results in an increase in prelamin A amount (Jung et al., 2012). 

Sumoylation on the other hand is a post translational modification that adds small ubiquitin-like 

modifier (SUMO) to the lysine residues of target proteins (Yang et al., 2017). This process has 

many roles including regulation of protein subcellular localization and protein-protein interactions 

(Yang et al., 2017). Mammalian cells express SUMO 1, SUMO 2, SUMO 3, and 4 with SUMO 2 

and 3 sharing 97% sequence identity, and SUMO 1 sharing about 50% sequence identity with 

SUMO 2/3 (Boudreau et al., 2012; Yang et al., 2017; Zhang & Sarge, 2008). SUMO 4 is not as 

well characterized as SUMO 1-3 (Yang et al., 2017). Previous work has shown that lamin A 

preferably binds SUMO 2 over SUMO 1 (Zhang & Sarge, 2008).  Dilated cardiomyopathy (DCM) 

lamin A/C mutations that affect an amino acid position in the lamin A/C sumoylation consensus 

sequence present with decreased lamin A sumoylation (Zhang & Sarge, 2008). Furthermore, cells 

expressing the DCM lamin A/C variants have increased cell death compared to WT, and show 

abnormal lamin A/C aggregation in the nucleoplasm suggesting a role for lamin A/C sumoylation 

in cell viability and lamin A/C localization in the nuclear rim (Zhang & Sarge, 2008). In another 
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study, SUMO 1 is shown to be trapped in the DCM p.D192G lamin A/C variant aggregates 

(Sylvius et al., 2005). Expression of other DCM and muscular laminopathy-causing mutations in 

C2C12 and COS7 cells also result in SUMO 1 mislocalization and sequestration in the lamin A/C 

aggregates resulting in disturbance of cellular sumoylation level in mutant cells (Boudreau et al., 

2012). Likewise, myoblasts and skeletal muscle tissue from the muscular laminopathy H222P mice 

model show similar results confirming cellular sumoylation defects in variant lamin A/C 

(Boudreau et al., 2012). Phosphorylation is another means to regulate lamin A/C at the protein 

level. The A-type lamins are phosphorylated primarily in three regions – the amino head, the 

proximal region of the carboxyl terminus, and the terminal region of the carboxyl tail specific to 

lamin A (Kochin et al., 2014). Ser22 and Ser392 in the N and C termini, respectively, are known 

as Cdk1 phosphorylation sites critical for lamin disassembly during cell division (Heald & 

McKeon, 1990; Kochin et al., 2014). Oocytes from older female mice have been shown to enter 

meiosis prematurely by having an increase in lamin A/C phosphorylation, and are observed to have 

accelerated lamin A/C structure disassembly in the region where the new spindle fibre is to be 

formed (Koncicka et al., 2018). Such quick progression through the cell cycle is thought to 

potentially contribute to the increase in chromosomal segregation errors found in oocytes of older 

females; thus illustrating the importance of lamin A/C phosphorylation status in maintaining cell 

cycle progression (Koncicka et al., 2018). In addition, loss of either or both Ser22 and Ser392 

disturbs lamin A mobility and nucleoplasm distribution suggesting the importance of 

phosphorylation in lamin A dynamics (Kochin et al., 2014). Previous studies also found that 

phosphorylation of Ser403 and Ser404 located in the proximal region of the C terminus near the 

nuclear localization signal are important in lamin A nuclear import (Haas & Jost, 1993; Leukel & 

Jost, 1995). Similarly, amino acid substitution affecting Ser628 (lamin A specific) along with 
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substitutions affecting Ser22 and Ser392 result in considerable lamin A leakage in the cytoplasm 

(Kochin et al., 2014). Others also note hyper-phosphorylation of Ser458 or hypo-phosphorylation 

of Ser390 in the presence of pathogenic LMNA mutations further demonstrating the importance of 

lamin A/C phosphorylation in maintaining its normal functions (Mitsuhashi et al., 2010; Swift et 

al., 2013). Section 2.5 (pages 244-245) of Cellular and Animal Models of Striated Muscle 

Laminopathies gives a more detailed overview of the alteration in lamin A/C phosphorylation in 

cells and/or tissues of patients with myopathy caused by LMNA mutations (Nicolas et al., 2019). 

Overall, these studies highlight the importance of proper lamin A/C regulation and provide 

examples of the consequences if the cell fails to do so.   

 However, despite the multiple ways to regulate A-type lamins, lamin A/C dysfunction 

and/or dysregulation does occur and is unsurprisingly detrimental. Classical laminopathies are a 

group of diseases affecting various tissue types that are caused by mutations in LMNA. The 

succeeding section discusses laminopathies that affect the cardiac and skeletal muscles (striated 

muscle laminopathies).  

1.4 Lamin A/C Mutations and Striated Muscle Laminopathies 

Striated muscle laminopathies are presented by about 79% of individuals with pathogenic 

lamin A/C mutations (Tesson et al., 2014). Dilated cardiomyopathy is a cardiac disease that can 

be caused by LMNA mutations (Bonne & Quijano-Roy, 2013; Nicolas et al., 2019; Taylor et al., 

2003; Tesson et al., 2014). About 6-8% of idiopathic DCM is caused by lamin A/C mutations and 

is predominantly transmitted in an autosomal dominant manner (Hasselberg et al., 2018; 

Hershberger & Morales, 1993; Taylor et al., 2003). DCM is characterized by dilation of the left 

ventricle or both ventricles and ventricular dysfunction (Pinto et al., 2016). Between 30% - 50% 

of LMNA mutation-caused DCM also present with conduction defects (CD) (Colombo et al., 
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2008). Conduction defects are defined by the impairment of the electrical propagation in the heart 

which can result in various rhythm disturbances that can be fatal. In addition, DCM itself is a 

primary cause for heart transplant due to heart failure, and lamin A/C-associated DCM is more 

severe and results in poorer patient outcome compared to DCM caused by other genes (Hasselberg 

et al., 2018; Pasotti et al., 2008; Taylor et al., 2003; van Berlo et al., 2005). Thus, LMNA mutations 

causing DCM have been expressed (or generated) in various cell lines and animal models to 

elucidate the underlying mechanism for this phenotype. Sections 2.1, 2.3-2.6, 3.1-3.3, 3.4.3 (first 

paragraph), and 3.4.4 (pages 237-239, 240-247, 247-252, 255-256 and 257-263) of the Cellular 

and Animal Models of Striated Muscle Laminopathies report results from cellular and animal 

studies involving DCM mutations (Nicolas et al., 2019). Table 1 (pages 203-211) of the review 

titled Lamin A/C mutations in dilated cardiomyopathy also lists mutations in LMNA that cause 

DCM and the varied phenotypes that can co-present with it (Tesson et al., 2014). In addition to 

being severe, DCM caused by lamin A/C mutations is also worse and has an earlier onset in males 

than in females (Arimura et al., 2013; Ollila et al., 2017; van Rijsingen et al., 2013). This is 

mirrored in mice models of striated muscle laminopathies as discussed in sections 3.4.3-3.4.4 

(pages 255-263) of the Cellular and Animal Models of Striated Muscle Laminopathies (Nicolas et 

al., 2019). The disparity in the severity and onset of DCM between sexes can be attributed to 

difference in sex hormones linked to a notable increase in the nuclear localization of androgen 

receptor and its co-factors in male mutant LMNA carriers than in females (Arimura et al., 2013). 

Castration or androgen receptor antagonist treatment of the male H222P muscular dystrophy mice 

model improves their symptoms while administration of testosterone in the H222P female mice 

aggravates their phenotype; thus implicating sex hormones in mediating the severity of the cardiac 
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laminopathy phenotype (Arimura et al., 2013). However, lamin A/C mutations do not only result 

in cardiac conditions, but they can also cause skeletal muscle diseases. 

Emery-Dreifuss muscular dystrophy (EDMD) caused by LMNA mutations is 

predominantly an autosomal dominant muscular disorder that manifests in childhood (Bonne et 

al., 1999). An autosomal recessive form of EDMD is rare but is known to exist (Di Barletta et al., 

2000). EDMD is hallmarked by joint contractures in the elbows and Achilles tendon, wasting of 

the muscles particularly of the forearm and lower front leg, and eventual development of 

cardiomyopathy with conduction defects (Bonne et al., 1999, 2000; Di Barletta et al., 2000). 

Muscle biopsies from individuals with muscular weakness exhibit classic muscle pathology which 

includes variation in fibre size, a notable increase in internal nuclei (nuclei are normally located in 

the periphery of muscle fibres), and in a few cases, a mild increase in necrotic fibres and 

endomysial connective tissue (Bonne et al., 2000). Slow-twitch muscle fibres (type I) are also 

predominant and are relatively atrophic (Bonne et al., 2000). However, creatinine kinase level, a 

marker of tissue damage, is variable in patients (Bonne et al., 2000). Several models of EDMD 

including the extensively studied H222P mice are discussed throughout the Cellular and Animal 

Models of Striated Muscle Laminopathies review (pages 233-282) (Nicolas et al., 2019). Of the 

pathways found to be associated with striated muscle laminopathies, the extracellular signal-

regulated kinases 1 and 2 (ERK 1/2) has been comprehensively studied (Nicolas et al., 2019). 

ERKs 1 and 2 are members of the classical MAPK signaling cascade involved in a plethora of 

cellular activities from cell cycle progression, cell metabolism to cell migration (Jr, 2012). ERKs 

1 and 2 are functionally very similar and are found in all tissue types including skeletal and cardiac 

tissues (Cargnello & Roux, 2011; Gonzalez et al., 1992; Uhlén et al., 2015). Upon activation, ERK 

1/2 translocate from the cytoplasm to various cellular locations including the nucleus where they 
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activate targets such as the transcription factors c-Jun and Elk1 (Muchir et al., 2007; Wortzel & 

Seger, 2011). Both c-Jun and Elk1 are upregulated in the skeletal and/or cardiac tissues of the 

H222P mice (Muchir et al., 2007). Inhibition of ERK 1/2 and other MAPK members (p38, JNK) 

improves the cardiac and/or skeletal muscle phenotype of the H222P mice (Muchir, Shan, et al., 

2009; Muchir, Reilly, et al., 2012; Muchir, Wu, et al., 2012; Muchir et al., 2013; Wu et al., 2010). 

Section 3.4.4 paragraph 4 (pages 260-261) and Table 2 (under Animal Models) (pages 270-271) 

of Cellular and Animal Models of Striated Muscle Laminopathies summarize the signaling 

pathways implicated in cardiac and skeletal laminopathies in the H222P EDMD mice model 

(Nicolas et al., 2019). The results from the work on the H222P mice has so far yielded a clinical 

trial (Clinical Trials ID: NCT03439514) testing the efficacy of p38 inhibitor treatment of patients 

with lamin A/C-associated DCM (MacRae, 2016). Phase 2 of the clinical trial has so far yielded 

promising results such as improved patient quality of life and physical activity capacity (MacRae, 

2016).  

Another laminopathy affecting the skeletal muscles is LMNA-related congenital muscular 

dystrophy (L-CMD). Similar to EDMD, L-CMD is an autosomal dominant disorder, and is the 

most severe form of striated muscle laminopathy (Quijano-Roy et al., 2008). Patients with L-CMD 

present with some clinical features that overlap with EDMD; however, L-CMD has an earlier onset 

(before the age of two), is progressive, and is very severe with some patients lacking muscular 

head control (“Dropped head syndrome”) or trunk control (Bonne & Quijano-Roy, 2013; D’Amico 

et al., 2005; Quijano-Roy et al., 2008). Moreover, the cardiac phenotype (e.g. impairment of 

cardiac function, rhythm disturbance) of L-CMD patients has an earlier onset and is more 

progressive than in EDMD patients (Bonne & Quijano-Roy, 2013; Heller et al., 2017). A mouse 

model expressing p.K32del lamin A/C which causes L-CMD in humans was created to understand 
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the molecular mechanisms underlying this phenotype (Bertrand et al., 2012; Cattin et al., 2013; 

D’Amico et al., 2005). Briefly, the homozygous p.K32del mice died three weeks after birth and 

suffered severe metabolic deficiencies due to the depression of the sterol regulatory element 

binding transcription factor 1 (SREBF-1) important for adipogenesis and expression of various 

metabolism-related genes (Bertrand et al., 2012). On the other hand, the heterozygous mice 

eventually developed DCM because of the defective ubiquitin-proteasome system which failed to 

degrade the toxic p.K32del lamin A/C variant (Cattin et al., 2013). The fifth paragraph of section 

3.4.4 of Cellular and Animal Models of Striated Muscle Laminopathies (pages 261-262) further 

describes these p.K32del mice (Nicolas et al., 2019).  

Because of the severity of cardiac and skeletal muscle conditions caused by lamin A/C 

mutations, understanding the underlying mechanisms involved in the disease development and 

progression is important. Furthermore, identification of proteins involved in these pathogenic 

mechanisms is critical to develop effective therapeutic treatments. The kinase lamin A/C binding 

partner - PKC α, is potentially an interesting candidate for such purpose (Martelli et al., 2002). 

1.5 Protein Kinase C alpha (PKC α) 

PKC α is a serine/threonine kinase coded by the PRKCA gene. It is a ubiquitously expressed 

classical member of the PKC family that is involved in a plethora of cellular pathways (Igumenova, 

2015; Nishizuka, 1988; Wetsel et al., 1992). PKC α is activated by calcium and lipids such as 

diacylglycerol and phosphatidylserine (Igumenova, 2015). Phorbol esters which mimic 

diacylglycerol can also bind PKC α (Goodnight et al., 1995). PKC α activation involves 

phosphorylation of three sites – Thr497, Thr638, and Ser657 (Bornancin & Parker, 1997; 

Cazaubon et al., 1994; Parekh et al., 2000). Phosphorylation of Ser657 is the benchmark for PKC 

α activation (Bornancin & Parker, 1997; Cazaubon et al., 1994; Parekh et al., 2000). PKC α 
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primarily resides in the cytoplasm but can move to various cellular locations including the cell 

periphery, mitochondria, and nucleus (Disatnik et al., 1994; Neri et al., 1998; Ruvolo et al., 1998; 

Schmalz et al., 1996; Singh et al., 2017; Wetsel et al., 1992). Mobile PKC α is thought to be in its 

active form as it is in these other subcellular localizations where PKC α phosphorylates its targets 

(Disatnik et al., 1994; Goodnight et al., 1995; Igumenova, 2015; Singh et al., 2017).   

1.6 PKC alpha and Cardiac Diseases 

As discussed in the preceding sections, cardiac laminopathies pose a serious risk because 

they tend to be severe and result in adverse outcomes. Up to 64% of patients with DCM caused by 

LMNA mutations develop heart failure (HF) with age-related penetrance (Charron et al., 2012; 

Taylor et al., 2003). Heart failure is defined by structural and functional cardiac defects resulting 

in impaired ventricle blood filling or ejection, and has various aetiologies (Inamdar & Inamdar, 

2016). It is a major cause of mortality in both the developed and developing nations (Singh et al., 

2017). PKC α is a critical regulator of cardiac function, and is the predominant classical PKC 

isoform in the rabbit and adult human hearts, and in mouse cardiac and skeletal muscles 

(Hambleton et al., 2006; Jensen et al., 2009; Pass et al., 2001; Ping et al., 1997). Changes in PKC 

α protein level and activity have been observed in hearts of patients with HF, and in various HF 

animal models (Bowling et al., 1999; Braz et al., 2004; Jalili et al., 1999; Rouet-Benzineb et al., 

1996). For example, decrease in PKC α protein level is observed in a rabbit model of HF caused 

by double hemodynamic overload (Rouet-Benzineb et al., 1996). Reduction of left ventricular 

PKC α expression has also been associated with adverse cardiac remodelling (higher mass and 

enlarged diastolic dimension) and DCM risk in humans (Hu et al., 2018).  However, in a zebrafish 

animal model, transient prkca knockdown did not result in any discernible cardiac phenotype at 3 

days post fertilization (dpf) (Hu et al., 2018). Furthermore, in other studies, an increase instead of 
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a decrease in PKC α expression and/or activity is observed in cardiac disease. Upregulated PKC α 

level and/or activity is noted in failing human and rat hearts, and in the heart and skeletal muscles 

of hamsters with HF (Bowling et al., 1999; Braz et al., 2004; Wang et al., 1999; Wang et al., 2003). 

Moreover, over-expression of PKC α in rat cardiac myocytes results in hypocontractility while 

reduction of PKC α results in hypercontractility (Braz et al., 2004). Similarly, inhibition of PKC α 

in WT mice leads to increased contraction and restores cardiac function in rat and mice models of 

HF (Hambleton et al., 2006). Abolition of PKC α expression also rescues the DCM phenotype in 

the DCM Csrp3 null mice model, and in the DCM mice model over-expressing protein 

phosphatase-I (PP-I) (Braz et al., 2004). Likewise, Prkca deletion (Prkca -/-) protected the Prkca -

/- mice from developing pressure overload-induced HF compared to WT mice (Braz et al., 2004). 

Altogether, these studies associate altered PKC α expression to cardiac disease, and PKC α’s 

importance in cardiac function regulation. 

1.7 Protein Kinase C alpha and Laminopathies 

PKC α is a lamin A/C binding kinase involved in a variety of signaling pathways such as 

the MAPK cascade (Braz et al., 2002; Kim et al., 2014; Leitges et al., 2002; Martelli et al., 2002; 

Mauro et al., 2002; Nakashima, 2002; Naskar et al., 2014; Schönwasser et al., 1998).  For instance, 

the MAPKs ERK 1/2 have been shown to be downstream targets of PKC α (Leitges et al., 2002; 

Naskar et al., 2014; Schönwasser et al., 1998). Previous work shows enhanced insulin-induced 

ERK activation in skeletal muscles of Prkca null mice (Leitges et al., 2002). In contrast, another 

study shows inhibition of TPA-induced ERK activation upon dominant negative PKC α 

expression, and decreased ERK 1/2 activation upon Prkca knockdown in mice (Naskar et al., 2014; 

Schönwasser et al., 1998). PKC α has also been shown to mediate cardiomyocyte hypertrophic 

growth by activating ERK 1/2, and dominant negative PKC α expression blocks PMA-induced 
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ERK 1/2 activation in neonatal rat cardiomyocyte (Braz et al., 2002). Collectively, these results 

illustrate the upstream role of PKC α in affecting ERK 1/2 activation in various cellular contexts 

and responses. Similarly, other members of the MAPK pathway – JNK and p38, are regulated by 

PKC α (Mauro et al., 2002). Protein Kinase B (also known as Akt), another protein associated with 

muscular laminopathies, is activated by PKC α as well (Li et al., 1999; Mitsuhashi et al., 2010). 

C-Fos, a lamin A/C binding partner that dimerizes with the MAPK downstream target c-Jun, is 

also regulated by PKC α (Ivorra et al., 2006; Soh et al., 1999; Soh & Weinstein, 2003). Overall, 

these studies demonstrate the involvement of PKC α in regulating many of the proteins that are 

already implicated in striated muscle laminopathies. A fact that then makes PKC α an interesting 

candidate for investigation of its potential involvement in cardiac and muscular laminopathies. 

To facilitate the understanding of underlying mechanisms in striated muscle laminopathies, 

and to determine PKC α involvement in its pathogenesis, cellular and animal models were used in 

this thesis. Specifically, the tropical fish – zebrafish, served as the animal model to study cardiac 

and skeletal myopathies caused by lamin A/C mutations. 

1.8 Zebrafish as a model of cardiac and skeletal muscle diseases  

Zebrafish belongs to the Cyprinidae family. It is an established model organism for a wide 

variety of studies ranging from basic science to medical research. With its high fecundity, external 

fertilization, and optical transparency during the early stages of development, zebrafish can 

facilitate real-time phenotypic observation. Many of the available tools and techniques such as the 

CRISPR/Cas9 genome-editing technology can be used on zebrafish as well, making zebrafish 

accessible for various types of experiments, studies and manipulations. Importantly, the zebrafish 

orthologues of numerous human genes have been identified enabling translatable modelling of 

different human diseases such as cardiac and skeletal muscle conditions in zebrafish (Barbazuk et 
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al., 2000; Koshimizu et al., 2011; Mione & Trede, 2010; Poon & Brand, 2013; Shih et al., 2015; 

Steffen et al., 2007; Woods et al., 2000).  

1.8.a Zebrafish as a cardiac disease model  

Various cardiac diseases have been modelled in zebrafish (Bakkers, 2011; Poon & Brand, 

2013; Shi et al., 2018; Verkerk & Remme, 2012). Though human and zebrafish hearts are 

anatomically different, many of the mechanisms underlying cardiac development and function in 

humans are conserved in zebrafish (Sarmah & Marrs, 2016). Similar to mammals but occurring at 

a different timescale, zebrafish cardiac development includes cardiac progenitor formation, 

differentiation, and migration to the embryonic midline, heart tube formation, cardiac looping 

(right-ward bending of the heart tube), and valve formation (Sarmah & Marrs, 2016). In zebrafish, 

cardiac progenitors can be identified at the blastula stage (2.25 – 5.25 hours post fertilization (hpf)) 

(Kimmel et al., 1995; Staudt & Stainier, 2012). By 16 and 17.5 hpf, these cardiac precursors begin 

to differentiate and migrate towards the embryonic midline (Glickman & Yelon, 2002). At 19.5 

hpf, the cardiac cells merge into a cone, and by 24 hpf, the cone has stretched to form the zebrafish 

heart tube which contracts peristaltically (Bakkers, 2011; Glickman & Yelon, 2002). By 48 hpf, 

cardiac looping has occurred with the ventricle positioned to the right of the atrium, and the S-

shaped heart is observed (Glickman & Yelon, 2002). By this point, sequential contraction of the 

atrium and ventricle has also replaced the initial peristaltic contraction of the heart (Glickman & 

Yelon, 2002; Shi et al., 2018). At 72 hpf, the ventricle and atrium have become distinct cardiac 

chambers separated by the atrioventricular canal (AVC) which has narrowed to efficiently prevent 

blood from regurgitating back into the atrium from the ventricle (Staudt & Stainier, 2012). By 96 

hpf, the two valve leaflets of the atrioventricular valve have formed in the AVC completing the 

separation of the atrium and ventricle (Staudt & Stainier, 2012). Additionally, like in humans, 
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cardiac conduction in the zebrafish heart also propagates from the apex (bottom of the heart) to 

the base (top), and the generation and duration of cardiac action potential in the two species are 

comparable (Milan et al., 2006; Nemtsas et al., 2010; Sedmera et al., 2003). Nevertheless, despite 

these similarities between human and zebrafish heart development and physiology, differences do 

exist. For example, the basic zebrafish and human cardiac anatomies are different. While zebrafish 

have a two-chambered heart, humans have a four-chambered heart. Functionally, zebrafish also 

have a much lower E/A ratio (a measure of ventricle function relating to ventricular filling in 

between contractions), and blood pressure compared to humans (Genge et al., 2016; Ho et al., 

2002; Hu et al., 2001). However, in spite of such discrepancies in cardiac structure and physiology 

between the two species, many groups have successfully modeled human cardiac diseases in 

zebrafish. These studies were primarily conducted on embryos and larvae though adult work also 

exist (Brown et al., 2016). The transparency of zebrafish during the early stages of development 

facilitates cardiac observation. In addition, since zebrafish is not reliant on the heart for oxygen 

delivery for up to 5 dpf, cardiac diseases that are embryonically lethal in mammals can be studied 

in this organism (Pelster & Burggren, 1996). This capacity is conducive for studying heart failure 

of which DCM is a primary cause. About 96% of human DCM-causing genes have an orthologue 

in zebrafish, and one of these genes is the titin gene (Shih et al., 2015). TTN codes for the titin 

protein, an essential part of the sarcomere. Mutations in TTN cause a group of sarcomeric diseases 

termed titinopathies which include both cardiomyopathy and skeletal muscle conditions (Gerull et 

al., 2002; Seeley et al., 2007). In zebrafish, the TTN gene has two orthologues – ttna and ttnb 

(Seeley et al., 2007). However, it is ttna that is expressed early on (at five somite stage) and at 

higher levels in the embryo heart compared to ttnb (Seeley et al., 2007). Morpholino knockdown 

or mutation of the N2A or N2B zebrafish cardiac titin isoforms encoded by ttna results in 
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pericardial edema, poor cardiac function, and disruption of the Z and A discs of the sarcomere 

(Seeley et al., 2007; Xu et al., 2002). The ttna morphants and mutants’ phenotype of poorly 

contracting and dilated heart resemble DCM in humans therefore showing that these zebrafish ttna 

cardiomyopathy models can mimic the human disease presentation. Another zebrafish cardiac 

disease model is lazy susan (laz). This mutant possesses a nonsense mutation in the zebrafish 

cardiac myosin light chain-1 gene (cmlc-1) (Meder et al., 2009). Cmlc-1 is the zebrafish orthologue 

of the essential light chain of myosin gene (ECL). Mutations in ECL are known to cause 

cardiomyopathies in humans (Chen et al., 2008; Hernandez et al., 2007). Both cmlc-1 morphants 

and mutant embryos/larvae (i.e. laz embryos/larvae) present with impaired or non-contractile 

myocytes (Chen et al., 2008; Meder et al., 2009). Furthermore, cmlc-1 morphants are found to 

have larger ventricles and cardiomyocytes (Chen et al., 2008). Thus, like the ttna morphants and 

mutants, the cmlc-1 morphants and laz zebrafish can phenocopy DCM in humans providing further 

evidence for relevant zebrafish cardiac disease modelling at the embryo/larval stages.  

Aside from cardiac disease modelling at the embryo and larval stages, zebrafish adults have 

also been used to study cardiac conditions. This is the case for the pitx2c zebrafish knock-outs 

(Collins et al., 2018). PITX2C is the major cardiac isoform of the PITX2 transcription factor 

involved in cardiac morphogenesis and atrial fibrillation (AF), a cardiac rhythm disturbance 

condition (Collins et al., 2019). Abolition of pitx2c expression in zebrafish results in cardiac 

myocyte defects, cardiac dysfunction, atrial fibrosis and AF at the embryo, larval and adult stages 

with the adult mutants showing a more pronounced and penetrant phenotype than the mutant 

embryos and larvae (Collins et al., 2019). Evaluation of cardiac metabolism which is frequently 

impaired in AF also shows disturbance in expression of metabolic and oxidative stress genes in 

the homozygous pitx2c mutant embryos and adults (Collins et al., 2019). N-acetyl cysteine (a 
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reactive oxygen species scavenger) treatment of the pitx2c embryos/larvae lowered the number of 

pitx2c nulls with arrythmia further implicating metabolic dysfunction in this zebrafish AF model, 

and demonstrating how zebrafish can be used for drug testing as well (Collins et al., 2019).  

1.8.b Zebrafish as a skeletal muscle disease model 

Aside from modeling human cardiac diseases, zebrafish is also an established model of 

various skeletal muscle conditions as many of the genes and molecular mechanisms underlying 

mammalian skeletal muscle development and function are conserved in zebrafish (Bassett & 

Currie, 2003; Li et al., 2017; Steffen et al., 2007). The skeletal muscle makes up about 80% of a 

fish’ body mass (Jackson & Ingham, 2013). In zebrafish, somite formation commences at 10 hpf, 

and by 17 hpf, muscle contraction begins (Jackson & Ingham, 2013; Kimmel et al., 1995). By 24 

hpf, somitogenesis is completed, and is followed by the onset of swimming at 26 hpf (Jackson & 

Ingham, 2013; Kimmel et al., 1995). The slow and fast twitch muscle fibres are the two major 

types of skeletal muscle fibres. Similar to mammals, the slow-twitch muscle fibres have slower 

contraction and do not fatigue as quickly as the fast-twitch fibres which are for short bursts of 

activity (Guyon et al., 2007; Jackson & Ingham, 2013). Though the fast-twitch fibres make up 

most of the somites, the slow-twitch fibres enveloping the fast-twitch fibres are the first to develop, 

and are responsible for the first movements of zebrafish embryos at 24 hpf (Jackson & Ingham, 

2013). Upon hatching at 3 dpf, zebrafish embryos primarily exhibit cyclic swim behaviour (i.e. 

consistent average swim speed between tail beats) (Müller et al., 2008; Müller & van Leeuwen, 

2004). By 5 dpf, zebrafish larvae transition into intermittent swimming dominated by burst and 

coast swimming (Müller et al., 2009; Müller & van Leeuwen, 2004).    

Duchenne Muscular Dystrophy (DMD) is an X-linked, rare and fatal muscular condition 

caused by mutations in the dystrophin gene (Aartsma-Rus et al., 2006; O’Brien & Kunkel, 2001). 
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Dystrophin is a cytoskeletal protein that is a component of the complex linking the cell membrane, 

cytoskeleton, and extracellular matrix (Li et al., 2014). The knockout DMD model sapje (sap) 

zebrafish carries a nonsense mutation in the dystrophin gene that results in a premature stop 

(Bassett et al., 2003). The sap mutation is recessive and lethal (Bassett et al., 2003). The embryonic 

and larval/juvenile (7-28 dpf) sap mutants resemble the patient DMD phenotype which includes 

progressive muscle degeneration, detachment of the embryonic muscle from the vertical myosepta, 

and muscular lesions (Bassett et al., 2003; Berger et al., 2010). Morpholino knockdown of 

dystrophin also mirrors these results (Bassett et al., 2003). In addition, consistent with results from 

previous studies, treatment of 3-5 dpf homozygous sap mutants with Ataluren, a drug that 

promotes read through a premature stop codon, increases dystrophin expression and improves the 

mutants’ mechanical response to force and tension (Li et al., 2014). These results show that while 

the sap mutants are non-mammalian and nonX-linked DMD models, these zebrafish dystrophin 

null mutants recapitulate the disease presentation and provide results that are comparable to other 

mammalian models.   

Another zebrafish muscular dystrophy model is the zebrafish candyfloss (caf) mutants 

(Hall et al., 2007). These are null mutants for the zebrafish laminin α2 (lama2) gene (Hall et al., 

2007). Laminins are major structural components of the basal laminae (Hall et al., 2007). 

Homozygous null mutations in laminin α2 are known to cause congenital muscular dystrophy 

hallmarked by contractures, prominent loss of muscle tone, and muscle weakness (Helbling-

Leclerc et al., 1995). The homozygous caf embryos exhibit dystrophic and detached muscles, and 

are incapable of hatching by themselves (Hall et al., 2007). Likewise, caf morphants present with 

muscular phenotype comparable to caf mutants (Hall et al., 2007). Consistent with LAMA2 null 

patients, the homozygous caf mutants can also survive to adulthood despite the initially severe 
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phenotype allowing for phenotype characterization of this model at a later time point (Hall et al., 

2007).  

Altogether, the sap and caf zebrafish mutants present examples of successful and relevant 

human muscular dystrophy modeling in zebrafish. Furthermore, the sap mutants show how 

zebrafish models can facilitate high throughput drug tests and produce results that are comparable 

to the results from other mammalian models of the disease.  

As such, with the demonstrated capacity of zebrafish to model human cardiac and skeletal 

muscle conditions, it is therefore a reasonable plausibility that zebrafish can adequately model 

striated muscle laminopathies. 

1.9 Zebrafish and striated muscle laminopathies 

 Human lamin A/C has one orthologue in zebrafish. Both human and zebrafish lamin A/C 

have 12 exons. Zebrafish lamins A and C transcripts share lmna exons 1- 8 (Koshimizu et al., 

2011). Lamin C retains the first six nucleotides of intron 9 which translates to two lamin C-specific 

a.a before the stop codon (Koshimizu et al., 2011). Lamin A does not retain any introns. In terms 

of the protein, zebrafish prelamin A shares 67% amino acid identity with human prelamin A. 

Zebrafish lamin A has 659 a.a while zebrafish lamin C has 554 a.a. (Koshimizu et al., 2011). 

Moreover, like the mammalian lamin A/C protein, zebrafish lamin A/C consist of an amino head, 

a rod domain, and a carboxyl globular tail (Koshimizu et al., 2011). Zebrafish lmna is expressed 

early on in development with lamin A being detected by 0.75 hpf and lamin C being detected 

starting at 9 hpf (Koshimizu et al., 2011). Lamin A is found to be consistently more highly 

expressed than lamin C throughout the early stages of embryo development, and during the first 

week of life (Koshimizu et al., 2011). It is unknown if the same trend persists in adulthood. Like 

mammalian lamin A/C, zebrafish lamin A/C is also localized in the nucleus and is expressed in 
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various tissue types including the heart and skeletal muscles (Koshimizu et al., 2011; Vogel et al., 

2009).  

Transient knockdown of lmna using morpholinos or transgenic expression of mutant lmna 

result in conditions mirroring the phenotypes of patients and other animal models of striated 

muscle laminopathies (Koshimizu et al., 2011; Vogel et al., 2009). Zebrafish lmna morphants 

present with disrupted nuclear membrane, and cardiac and skeletal muscle phenotypes such as 

cardiac edema, cardiac dysfunction, bradycardia, and damage to slow skeletal muscle fibres 

(Koshimizu et al., 2011; Vogel et al., 2009). Cardiac rhythm disturbances such as AF are 

occasionally noted in the lmna morphants as well (Vogel et al., 2009). Similarly, lmna transgenics 

with cardiac-specific expression of EDMD lamin A/C variants exhibit increased heart rate, lamin 

A aggregates, and misshapen nucleus (Verma & Parnaik, 2017).  

Altogether, the data shows high conservation of lamin A/C structure and function between 

humans and zebrafish as evidenced by the phenotype observed in the lmna morphants and 

transgenics which recapitulates what has been observed in patients and other animal models of 

striated muscle laminopathies. Such genetic, functional, and phenotypic lamin A/C conservation 

between humans and zebrafish therefore provide support for zebrafish’s capacity to model cardiac 

and skeletal muscle laminopathies. 

1.10 Research Objectives  

Due to PKC α’s direct interaction with the A-type lamins, its regulation of other A-type 

lamin binding partners including the ones implicated in striated muscle laminopathies, and its 

importance in cardiac function, we hypothesize that PKC α is involved in the pathogenesis of 

striated muscle laminopathies. To provide evidence that will implicate PKC α in cardiac and 

muscular laminopathies, chapter 2 examined PKC α cellular localization, activation, and 
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interaction with the A-type lamins using various cellular models expressing different striated 

muscle laminopathy mutations. Furthermore, we also evaluated the activation level of one of PKC 

α’s downstream targets, ERK 1/2, which have been previously implicated in striated muscle 

laminopathies. 

In addition to the cellular models, we also created and evaluated a potential zebrafish model 

of muscular laminopathies described in chapter 3 of this thesis. We used the CRISPR/Cas9 

technology to induce a mutation in lmna and disrupt lmna expression. Then, to determine if the 

zebrafish lmna mutants can mimic the phenotype of patients and other animal models of striated 

muscle laminopathies, we evaluated the cardiac and skeletal muscle structure and function of the 

lmna mutants. Moreover, we assessed the expression level of genes and activation level of proteins 

known to be involved in striated muscle laminopathies. PKC α expression and activation level 

were also examined to determine if PKC α is affected in the zebrafish lmna mutants. 
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Chapter 2 

Protein Kinase C alpha cellular distribution, activity, and proximity 

with lamin A/C in striated muscle laminopathies 
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2.1 Notes on Chapter 2 

2.1.a Study Introduction and Objectives 

Dysregulated signaling pathways and compromised nuclear structure are attributed as 

major underlying mechanisms for the pathogenesis of striated muscle laminopathies. The 

kinase lamin A/C-binding partner PKC α is upstream of many signaling cascades including 

the ones implicated in striated muscle laminopathies. Furthermore, PKC α is important in 

cardiac function, which is frequently impaired and poses considerable mortality risk in 

patients with striated muscle laminopathies. Thus, to determine PKC α involvement in 

striated muscle laminopathies, we assessed PKC α subcellular localization, lamin A/C 

proximity, and activation in various cellular models expressing mutant lamin A/C. 

Furthermore, we evaluated the activation level of ERK 1/2, downstream PKC α targets to 

determine its activation status in relation to PKC α activation. The results from this study 

constitute a manuscript in preparation for submission to Cells. 

2.1.b Author Contributions: 

H.A. Nicolas – conceptualized and performed most of the experiments and data analyses, 

drafted the manuscript  

A. Bertrand – collected and maintained patient and mouse cells, fixed patient and mouse 

cells for immunostaining and PLA experiments, edited the manuscript 

S. Labib – performed initial experiments for the study and edited the manuscript 
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M Mohammed-Uvaize – performed initial experiments for the study and edited the 

manuscript 

P. Bolongo – performed/assisted with plasmid cloning and C2C12/H9C2 transfection and 

immunostaining, edited the manuscript 

W. Wu – performed some sets of the H9C2 transfection and immunostaining experiments, 

edited the manuscript 

G. Bonne – funded experiments, edited the manuscript 

MA. Akimenko – conceptualized and funded experiments, edited the manuscript  

F. Tesson – conceptualized and funded experiments, edited the manuscript 

2.2 Abstract  

Striated muscle laminopathies are cardiac and skeletal muscle conditions caused by 

mutations in the lamin A/C gene (LMNA). LMNA codes for the A-type lamins, which are 

nuclear intermediate filaments that maintain the nuclear structure and nuclear processes such 

as gene expression. Protein Kinase C alpha (PKC α) interacts with lamin A/C as well as 

with several lamin A/C partners involved in striated muscle laminopathies. To determine 

PKC α involvement in muscular laminopathies, PKC α localization, activation, and 

interaction with the A-type lamins were examined in various cell types expressing pathogenic 

lamin A/C mutations. The results showed aberrant nuclear PKC α cellular distribution in 

mutant cells compared to WT. PKC α activation (phos-PKC α) was decreased or unchanged 

in the studied cells expressing LMNA mutations, and the activation of its downstream targets, 

ERK 1/2, paralleled PKC α activation alteration. Furthermore, the phos-PKC α - lamin A/C 
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proximity was altered. Overall, the data showed that PKC α localization, activation, and 

proximity with lamin A/C were affected by certain pathogenic LMNA mutations thus 

suggesting PKC α involvement in striated muscle laminopathies.  

2.3 Introduction 

Lamins A and C are A-type lamins coded by the lamin A/C (LMNA) gene. They are 

nuclear intermediate filaments important for structural support and maintenance of various 

nuclear processes such as gene expression (Broers et al., 2006). Mutations in LMNA cause a 

group of diseases called laminopathies with 79% affecting the heart and/or skeletal muscles 

(Tesson et al., 2014). One of the cardiac diseases that can be caused by lamin A/C mutations 

is dilated cardiomyopathy (DCM) with or without conduction defects (CD). DCM is defined 

by the enlargement of left or both ventricles and systolic dysfunction not caused by coronary 

artery disease or abnormal loading conditions (Pinto et al., 2016). Patients with DCM caused 

by lamin A/C mutations are afflicted with more severe phenotype and have poorer prognosis 

compared to patients with DCM caused by mutations in other genes (Hasselberg et al., 2018; 

Pasotti et al., 2008; Taylor et al., 2003; van Berlo et al., 2005). Moreover, individuals with 

DCM caused by LMNA mutations frequently present conduction defects, and/or develop 

heart failure requiring heart transplant (Colombo et al., 2008; Hasselberg et al., 2018; Pasotti 

et al., 2008; Taylor et al., 2003; van Berlo et al., 2005). Emery-Dreifuss muscular dystrophy 

(EDMD) and LMNA-related congenital muscular dystrophy (L-CMD) are skeletal muscle 

conditions also caused by lamin A/C mutations (Bonne et al., 1999, 2000; Quijano-Roy et 

al., 2008). Both dystrophies are childhood onset and have overlapping clinical presentations 

(Bonne & Quijano-Roy, 2013). However, L-CMD is more severe than EDMD (Bonne & 
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Quijano-Roy, 2013). The cardiac phenotype (arrhythmia, cardiac dysfunction) of the L-CMD 

patients are also more progressive and manifests at a younger age compared to EDMD 

(Bonne & Quijano-Roy, 2013; Heller et al., 2017).   

Previous work suggests that disruption of lamin A/C interaction with its binding 

partners contributes to the pathophysiology of laminopathies (Bank et al., 2011; Lloyd et al., 

2002; Mattioli et al., 2018; Samson et al., 2018; Simon et al., 2010; Vadrot et al., 2015). The 

lamin A/C binding partner, Protein Kinase C alpha (PKC α), is a classical member of the 

PKC family of serine/threonine kinases encoded by the PRKCA gene (Martelli et al., 2002; 

Nakashima, 2002). PKC α is mostly localized in the cytoplasm but it can translocate to 

various subcellular locations including the nucleus (Disatnik et al., 1994; Nakashima, 2002; 

Schmalz et al., 1996). It is presumed that PKC α found in other subcellular locations aside 

from the cytoplasm is active because it is in these locations where PKC α acts on its targets 

(Disatnik et al., 1994; Goodnight et al., 1995; Nakashima, 2002). PKC α is phosphorylated 

at Thr497, Thr638 and Ser657 for activation with phosphorylation of Ser657 important for 

full phosphorylation, activity and accumulation of mature PKC α (Bornancin & Parker, 1997; 

Cazaubon et al., 1994; Gysin & Imber, 1996; Keranen et al., 1995; Parekh et al., 2000). PKC 

α is the major classical PKC isoform in the mouse, rabbit and adult human heart, and is a 

fundamental regulator of cardiac contraction via intracellular calcium regulation (Braz et al., 

2004; Hambleton et al., 2006; Pass et al., 2001; Ping et al., 1997). Change in PKC α 

expression is associated with DCM or heart failure in various patient and animal model 

studies (Bowling et al., 1999; Hu et al., 2018; Rouet-Benzineb et al., 1996; Song et al., 2015; 



38 

 

Wang et al., 2003). Genetic abolition of Prkca or pharmacological inhibition of PKC α/β 

results in either improved cardiac function or cardio-protection from heart failure in mice, rat 

and pig heart failure models therefore implicating PKC α in cardiac function and heart failure 

development and progression ( Braz et al., 2004; Hambleton et al., 2006; Ladage et al., 2011; 

Liu et al., 2009). PKC α is also the major classical PKC isoform in adult mouse skeletal 

muscles (Jensen et al., 2009). In vitro work demonstrates its influence on myocyte structure 

and dynamics by regulating protein filamin C (FLNc) (Reimann et al., 2017). FLNc binds 

actin and is important in Z-discs assembly (Reimann et al., 2017). Phosphorylation of FLNc 

by PKC α inhibits FLNc cleavage and affects FLNc dynamics and mobility, thus regulating 

FLNc function (Reimann et al., 2017). Altogether, these data suggest PKC α involvement in 

myocyte structure and contraction.  

Aside from the A-type lamins, PKC α also interacts with/regulates other lamin A/C 

partners including certain MAP kinases (Ivorra et al., 2006; Mauro et al., 2002; Naskar et al., 

2014; Schönwasser et al., 1998; Soh et al., 1999; Soh & Weinstein, 2003). Cardiac and/or 

skeletal muscle tissue samples from the EDMD Lmna H222P mice model and in patients 

with DCM caused by lamin A/C mutations, show that members of the MAP kinase (MAPK) 

signaling pathway, particularly ERK 1/2 and several of its downstream targets, are highly 

expressed/active (Muchir et al., 2007; Muchir, Wu, et al., 2012; Muchir et al., 2013). ERK 

1/2 inhibitor treatment of symptomatic EDMD H222P mice rescues cardiac and skeletal 

muscle function, improves the cardiac and skeletal muscle histology, and normalizes the 

abnormal gene expression profile while inhibitor treatment of asymptomatic H222P mice 
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delays disease onset and lessens the severity of the disease (Muchir et al., 2009, 2013; 

Muchir, Reilly, et al., 2012; Wu et al., 2011). Furthermore, Erk 1 knockout alleviates the 

cardiac symptoms and improves survival of the H222P mice (Wu et al., 2014). However, this 

improvement in cardiac function is abolished by 20 weeks of age as ERK 2 activation gets 

elevated (Wu et al., 2014). Treatment of the Erk 1 null H222P mice with a MEK inhibitor 

which prevents ERK activation restored the benefits of Erk 1 knockout further confirming 

the role of ERK in the development of striated muscle laminopathies (Wu et al., 2014). 

Previous studies suggest PKC α regulation of ERK 1/2 activation (Julian C. Braz et 

al., 2002; Leitges et al., 2002; Naskar et al., 2014; Schönwasser et al., 1998). Similarly, other 

members of the MAPK pathway – JNK and p38, which are also implicated in striated muscle 

laminopathies, are regulated by PKC α (Mauro et al., 2002; Soh et al., 1999; Soh & 

Weinstein, 2003). Thus, with the central role of PKC α in cardiac function, its interaction 

with A-type lamins and its regulation of several proteins associated with striated muscle 

laminopathies, we sought to determine the involvement of PKC α in cardiac and muscular 

laminopathies. In this study, we examined PKC α cellular distribution, activation and lamin 

A/C proximity in the presence of pathogenic lamin A/C mutations using cardiac and skeletal 

myoblast cell lines, striated muscle laminopathy mice model myoblasts, and fibroblasts and 

myoblasts from two L-CMD patients carrying distinct mutations. We show that in transfected 

cells expressing a DCM-causing LMNA mutation and in skeletal myoblasts from two 

individuals harbouring different L-CMD mutations, PKC α is found to have increased nuclear 

localization compared to cells expressing WT LMNA. On the other hand, transfected cells 
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expressing a truncated lamin A/C variant that lacks the PKC α binding domain present with 

PKC α that is mostly cytoplasmic. These data show that PKC α cellular localization is 

disturbed in the presence of LMNA mutations. Furthermore, PKC α and ERK 1/2 activations 

are decreased or unchanged in patient cells and in skeletal myoblasts from two different mice 

models of striated muscle laminopathies. In addition, PKC α-lamin A/C proximity is also 

altered in the patient cells and mice model myoblasts. Altogether, the results demonstrate for 

the first time the involvement of PKC α in cardiac and muscular laminopathies. 

2.4 Materials and Methods 

Approved Research Protocols for human cells and mice model cells 

Collection and handling of human cells were performed in accordance with the 

French legislation on ethical rules. Primary mouse myoblasts were obtained following 

protocols conformed to French laws and were approved by the French Ministry of Higher 

Education and Research (approval n°00972.03). 

Cell Culture and Maintenance 

The H9C2 rat cardiac myoblasts (ATCC® CRL-1446™), the C2C12 mouse 

myoblasts (ATCC® CRL-1772™), and the human skin fibroblasts were cultured in complete 

medium made up of Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% 

Fetal Bovine Serum (FBS), 1% L-glutamine and 1% Pen/Strep at 37°C in 5% CO2. The 

p.delK32 fibroblasts were collected as described in (Muchir et al., 2004) while the p.R249W 

fibroblasts were collected from the patient described in (Bertrand et al., 2014) during surgical 

intervention to reduce the patient’s contractures.  
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Myoblasts from the H222P (Arimura et al., 2005) and ΔK32 (Bertrand et al., 2012) 

mice models were taken from the hind limb and cultured on 10% Matrigel coated plates in 

DMEM supplemented with 20% FBS, 10% Horse serum, 0.5% Chicken embryo extract and 

1% Penicillin/Streptomycin at 37°C in 5% CO2. 

Human myoblasts from paraspinal (control), gluteus (p.delK32 patient) and deltoid 

(p.R249W patient) muscles (Bertrand et al., 2014) were cultured in DMEM supplemented 

with 16% medium 199, 20% FBS, 0.05% insulin (10 mg/mL stock), 0.025% fetuin (25 

μg/mL stock), 0.005% hEGF (5 ng/mL stock), 0.005% bFGF (0.5 ng/mL stock), 0.2% 

dexamethasone (0.1 mg/mL stock) and 0.1% gentamycin at 37°C in 5% CO2. 

Cloning  

To generate the plasmids for transfection, full length human lamins A and C cDNAs 

were cloned in-frame into eCFP-C1 and eYFP-C1 vectors (Clonetech Laboratories) 

respectively as described in (Boudreau et al., 2012; Sylvius et al., 2005). Full length human 

lamin A cDNA was also inserted into the eYFP-C1 vector between the BamHI and XbaI 

restriction sites. Electro-competent E.coli was transformed and grown on kanamycin plates 

to isolate bacterial colonies expressing the recombinant plasmid. Isolated bacterial clones 

were further grown in LB medium with kanamycin to propagate the recombinant plasmid. 

Recombinant plasmid extraction was performed using the Qiagen Plasmid Maxi Kit 

following the manufacturer’s protocol. The fidelity of the inserts was confirmed by 

sequencing. 

Cell Transfection  
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Cells were double transfected with WT or mutant human lamins A and C using 

Metafectene® Pro (Biontex) following the manufacturer’s guideline. Transfection of both 

human lamins A and C was performed to maintain the stoichiometric amounts of A-type 

lamins normally found in cells. Briefly, fresh complete medium was added to cells prior to 

transfection. Two tubes containing DMEM were prepared per sample. DNA was added in 

one of the two tubes and Metafectene® Pro was added in the other tube. The DNA solution 

was then carefully added to the metafectene solution. The DNA/metafectene mix was left to 

incubate without disturbance at room temperature (RT) for at least 20 minutes prior to 

addition to the cells. Cells were incubated in the transfection solution for 21 hours. 

Immunofluorescence  

H9C2 and C2C12 cells were grown on coverslips and double transfected with WT or 

mutant human lamins A fused to eCFP and C fused to eYFP. At 21 hours post transfection, 

cells were fixed with 4% paraformaldehyde (PFA) for 20 minutes at RT and washed in PBS 

three times (5 min/wash). Following fixation, cells were blocked and permeabilized with 

0.1% TritonX100 in 5% FBS for 20 minutes at RT. Cells were then incubated with the 

primary antibody for 1.5 hours at 37°C then washed in PBS three times (5 min/wash). 

Fluorescently-labeled secondary antibody incubation was performed for 1 hr at 37°C in the 

dark. The cells were then washed in PBS three times (5 min/wash). Coverslips were mounted 

on slides using ProLong™ Gold Antifade Mountant (Life Technologies P36930). Double 

immunostaining was performed in the same manner with the samples being incubated with 
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two primary antibodies first followed by incubation with two secondary antibodies. 

Supplementary Table 2.1 lists the antibodies that were used. 

Human and mice model cells were fixed in 4% PFA for 10 minutes and washed in 

1X PBS. Samples were then blocked and permeabilized with 5% BSA-PBST for 30 min at 

RT. Primary antibody incubation was for 1.5 hours at RT and secondary antibody incubation 

was for 1 hour at RT in the dark. All washes were done three times (5 min/wash) in PBST 

except the one after fixing which was done in PBS. Coverslips were mounted on slides using 

ProLong™ Gold Antifade Mountant (Life Technologies P36930). Supplementary Table 2.1 

lists the antibodies that were used. 

Confocal Microscopy   

Z-stack images of transfected H9C2 and C2C12 cells were taken using the Zeiss 

LSM510 AxioImager M1 confocal microscope using the Plan Apochromat 63x (1.40 NA) 

oil immersion objective. The following lasers were used: 458 nm (emission filter 510-565 

nm), 514 nm (emission filter 520 -555 nm) and 633 nm (emission filter 650LP).  

Z-stack images of the human and mice model cells were taken using the Nikon 

A1RsiMP Confocal Workstation using the Plan Apochromat 60x (1.40 NA) oil immersion 

objective. The following lasers were used: 405 nm, 488 nm, 561 nm and 640 nm. When 

applicable, channel series was activated to prevent spectral bleed through between the 

channels.  

ImageJ 1.47v 2.0.0-rc-43/1.52n (for Windows 64-bit) was used to analyze the raw 

fluorescent cell images. PKC α fluorescence intensity was measured in two regions in the 
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cytoplasm and one region in the nucleus. Background signal was measured from three 

different non-cellular regions on the image. The area of the selected region was kept constant 

throughout the measurements and between groups. PKC α fluorescence intensity 

measurements were performed on one of the middle z-stacks to ensure that the selected 

nuclear region is solely nuclear. Adjusted PKC α fluorescence intensity was determined by 

taking the integrated density of the selected region – (area of the selected region x mean 

fluorescence of background readings) (Gavet & Pines, 2010). The adjusted PKC α 

fluorescence intensities were then used to calculate the net PKC α fluorescence intensity 

which is the difference between the adjusted nuclear and cytoplasmic PKC α fluorescence 

intensities (i.e. net nuclear PKC α fluorescence intensity = adjusted nuclear PKC α 

fluorescence intensity – mean of the adjusted cytoplasmic PKC α fluorescence intensities). 

A positive value signifies an increase in nuclear PKC α localization and a negative value 

signifies that PKC α is mainly cytoplasmic. Adobe Photoshop CC 2019 was used to convert 

single channel images to black and white, increase image brightness for ease of visualization, 

annotate the images and prepare the figures. 

Cell Sorting  

Transfected cells expressing both human eCFP-lamin A and eYFP-lamin C were 

washed in PBS prior to addition of trypsin to detach the cells from the plate. Cells were then 

suspended in DMEM only and filtered through a 40 μm mesh (to minimize cell clumps). 

Transfected cells were then sorted and isolated using a Beckman Coulter MoFlo XDP 
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(Ottawa Hospital Research Institute Flow Cytometry and Cell Sorting Facility, Ottawa, ON, 

Canada).  

Protein extraction and Western Blot  

Nuclear protein extraction of double transfected and sorted C2C12 cells was 

performed using the Active Motif nuclear extraction kit (Active Motif 40010) following the 

manufacturer’s protocol.  

Whole-cell protein extraction was done using RIPA buffer (ThermoFisher Scientific 

89901). The manufacturer’s protocol was followed with some modification. Briefly, cells 

were washed with PBS prior to addition of trypsin to detach the cells. Cells were resuspended 

in complete medium and centrifuged. The cell pellet was rinsed with PBS and was 

resuspended in RIPA buffer with protease and phosphatase inhibitors. The sample was 

incubated on ice for 15 minutes, and centrifuged at 14,000g for 15 minutes. The supernatant 

was transferred into a pre-chilled micro-centrifuge tube for downstream application(s) or 

storage at -80°C.  

Protein extracts were run on Bolt™ 4-12% Bis-Tris Plus gels at 180V for 50 minutes 

at RT. Transfer onto nitrocellulose membrane was performed for 1 hr at 250 mAmp on ice. 

Membranes were blocked in 5% BSA-PBST for 30 minutes at RT prior to incubation with 

the primary antibody at 4°C overnight on a shaking platform. Following primary antibody 

incubation, membranes were washed three times with PBST (5 min/wash) and incubated with 

the HRP-conjugated secondary antibody for 1 hr at RT on a shaking platform. Antibodies 

used are listed in supplementary Table 2.1. To remove previous antibody probing(s), 
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membranes were stripped using 1X stripping buffer (Millipore 2504). The ECL detection 

reagent kit (Amersham) was used to visualize the bands via the Bio-Rad VersaDoc Imaging 

System or the Bio-Rad ChemiDoc™ Touch. Raw membrane images were analyzed using 

Bio-Rad Image Lab 6.0.1 (software v 2.0.0.25).   

Proximity Ligation Assay (PLA)  

PLA experiments (Sigma-Aldrich DUO92101) were performed according to the 

manufacturer`s guideline when using one`s own blocking reagent (5% BSA-PBST) and 

antibody diluent (1% BSA-PBST). Hydrophobic pen was used to mark the area surrounding 

the coverslips for the PLA experiments. Briefly, PFA-fixed cells were incubated in 5% BSA-

PBST for 30 min at RT for blocking and permeabilization. Samples were then incubated with 

the primary antibodies - 1:100 mouse anti lamin A/C (sc376248) and 1:100 rabbit anti phos-

PKC α (sc12356-R) at RT for 1.5 hours. The negative control was incubated in phos-PKC α 

antibody only. After washing in PBST three times (5 min/wash), the manufacturer’s protocol 

was followed from here onwards beginning with the incubation of the samples with the PLA 

probes. Z-stack images of samples were taken at 60x (1.40 NA oil objective) using the Nikon 

A1RsiMP Confocal Workstation (NIS‐Elements AR 4.3 software). Channel series was 

activated to prevent spectral bleed through between the channels. The 405 nm and 561 nm 

lasers were used. Quantitative analysis of PLA results was manually performed using ImageJ 

1.47v 2.0.0-rc-43/1.52n (for Windows 64-bit) according to (Borroni et al., 2018) except that 

a z-projection of the z-stacks for each nucleus were analyzed instead of a single stack per 

nucleus.  
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Data Analysis  

GraphPad Prism 8.3.0 was used to perform statistical analyses. One-way ANOVA 

with Dunnett’s correction for multiple tests or two-tailed t-test (with or without Welch’s 

correction) was performed for analyses. Significance was accepted at p < 0.05. 

2.5 Results 

PKC α localization is disturbed in cells expressing various striated muscle laminopathy 

mutations 

The locations of the pathogenic amino acid substitutions or deletions investigated 

in this study are shown in Figure 2.1. The amino acid changes span the entire protein, 

including locations in the head, central rod domain, and tail. The phenotype(s) associated 

with each variant is shown in Table 2.1, including DCM, DCM-CD, EDMD, and L-CMD. 

 

Figure 2.1: Lamin A/C protein schematic showing the location of the pathogenic amino acid 

changes studied, their corresponding phenotypes, and the PKC α binding site (indicated by 

black box).  DCM – dilated cardiomyopathy, EDMD – Emery Dreifuss muscular dystrophy, 

L-CMD – LMNA related congenital muscular dystrophy, and DCM-CD – dilated 

cardiomyopathy with conduction defects.  

 

Table 2.1: Phenotypes associated with the studied LMNA variants. DCM – dilated 

cardiomyopathy, DCM-CD – dilated cardiomyopathy with conduction defects, EDMD – 
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Emery Dreifuss muscular dystrophy, and L-CMD – LMNA related congenital muscular 

dystrophy. 

 

Variant Phenotype(s) Reference(s) 

p.delK32 L-CMD*, severe EDMD 
(D’Amico et al., 2005; Vytopil et al., 

2002) 

p.D192G severe DCM 
(Fidzianska et al., 2008; Sylvius et 

al., 2005) 

p.H222P EDMD with arrhythmia (G. Bonne et al., 2000) 

p.R249W L-CMD (Quijano-Roy et al., 2008) 

p.Y481X DCM-CD 
(Bilinska et al., 2006; Sylvius et al., 

2005) 

* Patient in this study was diagnosed with L-CMD. 

To determine the effect of striated muscle laminopathy mutations on PKC α cellular 

distribution, H9C2 rat cardiac myoblasts and C2C12 mouse skeletal myoblasts were 

transfected with fluorescently conjugated wild type or mutant human lamins A and C. The 

fluorescent marker allowed for identification of cells expressing human lamins A and C.  

Transfected H9C2 (Figure 2.2A) and C2C12 (supplementary Figure 2.1A) cells were 

immunostained for endogenous total PKC α (both unphosphorylated and phosphorylated), 

and nuclear and cytoplasmic endogenous PKC α fluorescence intensities were measured. 

From the nuclear PKC α fluorescence intensity measurement, adjusted and net nuclear PKC 

α fluorescence intensities were then calculated, and the net nuclear PKC α fluorescence 

intensity was compared between the groups (Figure 2.2B, supplementary Figure 2.1B). PKC 

α was primarily found in the cytoplasm (Figure 2.2 and supplementary Figure 2.1) of H9C2 

and C2C12 untransfected cells and transfected cells expressing wild type (WT) lamins. In 

contrast, transfected cells expressing the p.D192G lamin A/C variant displayed a significant 

increase in nuclear PKC α compared to WT (Figure 2.2 and supplementary Figure 2.1). On 
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the other hand, transfected cells expressing the p.H222P lamin A/C variant showed PKC α 

cellular localization that was comparable to WT (Figure 2.2). Likewise, the truncated 

p.Y481X lamin A/C that cannot bind PKC α had PKC α mostly in the cytoplasm (Figure 2.2) 

(Martelli et al., 2002).  
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Figure 2.2: Cellular localization of total PKC α in transfected H9C2 cells expressing either 

WT or mutant human lamins A and C. (A) Exogenous eCFP-human lamin A and eYFP-

human lamin C are shown with the immunostaining for endogenous PKC α (red) in WT and 

mutant LMNA expressing H9C2 cells. The composite image for each group is shown in the 

leftmost panel. A representative untransfected cell (indicated by a white asterisk) showing 

cytoplasmic PKC α localization comparable to PKC α localization in WT LMNA transfected 

cells. The white line across a cell in the second and third panels indicates the measurement 

path used to generate the fluorescence intensity profiles for lamin C and PKC α in the right 

most panel. The plot profile for lamin C is included to show nuclear demarcation of 
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fluorescence signal. Scale bar: 15 μm for all immunofluorescence images. (B) Mean (± SEM) 

net nuclear PKC α fluorescence intensity of each group: WT (grey circles), D192G (blue 

diamonds), H222P (green triangle) and Y481X (orange diamonds). The net nuclear PKC α 

fluorescence intensity of each cell = adjusted nuclear PKC α fluorescence intensity – mean 

of the adjusted cytoplasmic PKC α fluorescence intensities. n ≥ 3 independent sets are 

analyzed (≥14 cells/group are analyzed). Significance (*) is set at p < 0.05. 

To confirm the results from the transfected cell lines, cellular distribution of PKC α 

phosphorylated at Ser657 (phos-PKC α) was examined in human and mice myoblasts 

carrying lamin A/C mutations. Phosphorylated PKC α was further studied as this is the active 

form of the protein. Control and L-CMD patient myoblasts (one patient/variant) and 

myoblasts from WT mice, the EDMD H222P mice model and the L-CMD p.K32del (ΔK32) 

mice model were immunostained for endogenous phos-PKC α. Phos-PKC α was 

predominantly cytoplasmic in the control myoblasts (Figure 2.3 and supplementary Figure 

2.2). Similarly, phos-PKC α cellular distribution in the H222P mice myoblasts remained 

mostly cytoplasmic (supplementary Figure 2.2). In contrast, both patient myoblasts and 

ΔK32 mice myoblasts displayed an increase in nuclear phos-PKC α localization compared to 

control (Figure 2.3 and supplementary Figure 2.2). 
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Figure 2.3: Cellular localization of phosphorylated PKC α (phos-PKC α) in control and 

patient myoblasts. (A) Immunostaining for DAPI, lamin A/C and phos-PKC α in control and 

patient myoblasts. The composite image for each group is shown in the leftmost panel. The 

white line across a cell in the second and third panels indicates the measurement path used 

to generate the fluorescence intensity profiles for DAPI and phos-PKC α in the right most 

panel.  The plot profile for DAPI is included to show nuclear demarcation of fluorescence 

signal. Scale bar: 15 μm for all immunofluorescence images. (B) Mean (± SEM) net nuclear 

phos-PKC α fluorescence intensity of each group: control (grey circles), ΔK32 (blue 

diamonds), and R249W (pink triangles). The net nuclear phos-PKC α fluorescence intensity 
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of each cell = adjusted nuclear phos-PKC α fluorescence intensity – mean of the adjusted 

cytoplasmic phos-PKC α fluorescence intensities. n = 2 technical replicates (one 

patient/group; ≥ 66 cells/group are analyzed). Significance (*) is set at p < 0.05; **** means 

p <0.0001. 

To eliminate a possible factor that could have influenced PKC α localization, LMNA 

over-expression was examined. Western blot analyses of nuclear extracts from sorted C2C12 

cells expressing WT or mutant LMNA showed comparable levels of lamin A/C over-

expression (supplementary Figure 2.3) suggesting that lamin A/C over-expression unlikely 

caused the aberrant PKC α localization.  

To verify that the observed increase in PKC α nuclear localization was not caused by 

a compromised nuclear membrane where proteins can passively move into the nucleus, 

immunostaining for another protein - HSP60, was performed on human myoblasts 

(supplementary Figure 2.4). HSP60 is a chaperone protein found in various subcellular 

localizations such as the cytoplasm, mitochondria, and nucleus (Deniset et al., 2018; Itoh et 

al., 1995; Itoh et al., 2002; Meng et al., 2018). It has a molecular weight of 60 kDa which is 

smaller than the 80 kDa PKC α; thus making it easier and more likely for HSP60 to get into 

the nucleus than PKC α if the observed PKC α mislocalization was due to compromised 

nuclear permeability. Qualitative analyses of patient myoblasts HSP60 immunostaining 

images showed that similar to what was observed in the control myoblasts, HSP60 remained 

primarily outside of the nucleus in cells expressing mutant LMNA (supplementary Figure 2. 

4). This suggested that the increased nuclear localization of phos-PKC α in the patient 

myoblasts was unlikely caused by a compromised nuclear membrane where proteins can 
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easily get into the nucleus. Overall, the results revealed PKC α mislocalization in the presence 

of pathogenic LMNA mutations. 

PKC α activation is disturbed by lamin A/C mutations 

To determine if the activation level of PKC α was changed in the presence of 

pathogenic lamin A/C mutations, western blot analyses of whole-cell protein extracts from 

human myoblasts and fibroblasts, and mice model myoblasts were performed. PKC α 

activation was significantly lower in the R249W patient myoblasts and fibroblasts compared 

to control (Figures 2.4A, B and supplementary Figure 2.5). In ΔK32 patient myoblasts, a 

trend of reduced phos-PKC α was observed (Figures 2.4A, B and supplementary Figure 2.5). 

On the other hand, PKC α activation level was comparable to WT in the H222P mice 

myoblasts (Figures 2.4C, D). 
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Figure 2.4: Western blot analyses for PKC α in whole cell protein extracts from patient and 

mice model myoblasts. Representative blots for human myoblasts (A) and mice model 

myoblasts (C). Mean (± SEM) protein level relative to control (or WT) is shown for human 

myoblasts (B) and mice model myoblasts (D). n ≥ 3 technical replicates (one patient or mice 

model/group). Significance (*) is set at p < 0.05.  

 

PKC α and lamin A/C proximity is disrupted by lamin A/C mutations 

To determine if LMNA mutations affected the proximity of PKC α and lamin A/C to 

each other, proximity ligation assay (PLA) was performed on human myoblasts and 

fibroblasts, and mice model myoblasts. A PLA signal is obtained if the target proteins are 

within 40 nm of each other (Alam, 2018). Both ΔK32 and R249W human myoblasts and 

fibroblasts showed a significant increase in the number of PLA signals/nucleus compared to 

control (Figures 2.5A, B and supplementary Figure 2.6). Similarly, an increase in PLA signal 

was noted in the ΔK32 mice myoblasts suggesting increased occurrence of lamin A/C and 
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phos-PKC α proximity in these cells. (Figures 2.5C, D). On the other hand, the H222P mice 

model myoblasts had fewer PLA signals than WT myoblasts (Figures 2.5C, D). 



57 

 

 
Figure 2.5: Proximity ligation assay (PLA) between lamin A/C and phos-PKC α in human 

(A) and mice models (C) myoblasts. Mean (± SEM) PLA signal/nucleus in human (B) and 

mice models (D) myoblasts. The nucleus is stained with DAPI (blue) and the PLA signal 
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representing the proximity of lamin A/C and phos-PKC α is in white. n = 2 technical 

replicates (one patient/group; ≥ 92 nuclei/group are analyzed) for human myoblasts and n = 

1 experimental set (≥ 46 nuclei/group are analyzed) for mice models myoblasts. Scale bar: 

15 μm for all PLA images. Significance (*) is set at p < 0.05; ** means p < 0.01 and *** 

means p < 0.001. 

 

ERK 1/2 activation is downregulated in patient and mice model myoblasts 

ERK 1/2 is known to be regulated by PKC α and is implicated in the development 

and progression of striated muscle laminopathies (Leitges et al., 2002; Mauro et al., 2002; 

Muchir et al., 2007, 2009, 2013; Muchir, Reilly, et al., 2012; Naskar et al., 2014; 

Schönwasser et al., 1998). Western blots were performed to estimate phos-ERK 1/2 level in 

whole-cell protein extracts from human myoblasts and fibroblasts, and mice model 

myoblasts. Phos-ERK 1/2 was significantly downregulated in both the ΔK32 and R249W 

patient myoblasts compared to control (Figures 2.6A, B). Likewise, ERK 1/2 activation was 

dampened in both the H222P and ΔK32 mice myoblasts (Figures 2.6C, D). However, no 

significance was obtained in the human fibroblasts (Supplementary Figure 2.5). 
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Figure 2.6: Western blot analyses for ERK 1/2 in whole cell protein extracts from patient 

and mice model myoblasts. Representative blots for human myoblasts (A) and mice model 

myoblasts (C). Mean (± SEM) protein level relative to control (or WT) is shown for human 

myoblasts (B) and mice model myoblasts (D). n ≥ 2 technical replicates (one patient or mice 

model/group). Significance (*) is set at p < 0.05; ** means p < 0.01 and *** means p < 0.001. 

 

2.6 Discussion 

Striated muscle laminopathies affect the majority of individuals carrying pathogenic 

lamin A/C mutations (Tesson et al., 2014). Unfortunately, there is currently no available cure 

or effective treatment for these patients. To further understand the molecular mechanisms 

contributing to the development and progression of striated muscle laminopathies, we studied 

PKC α, one of lamin A/C’s kinase binding partners. Due to the central role of PKC α in 

cardiac function, its interaction with the A-type lamins and its regulation of other lamin A/C 

partners including ones implicated in striated muscle laminopathies, we sought to determine 
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if PKC α was involved in cardiac and muscular diseases caused by lamin A/C mutations. Our 

study provides evidence linking PKC α to striated muscle laminopathies by assessing PKC α 

cellular localization, activation, and proximity with the A-type lamins. We show that PKC α 

nuclear distribution is increased in most of the lamin A/C mutations that we studied. PKC α 

is highly localized in the nucleus of cardiac and skeletal myoblast cell lines expressing a 

DCM-causing lamin A/C mutation. This increase in nuclear PKC α localization is unlikely 

caused by lamin A/C over-expression or compromised nuclear permeability. Additionally, it 

is unlikely caused by the fluorescent tag as the L-CMD patient and ΔK32 mice model 

myoblasts present with comparable results to the cell lines. The increase in nuclear PKC α is 

paralleled by an increase in lamin A/C- phos-PKC α PLA signal suggesting more frequent 

proximity conducive for interaction of lamin A/C and phos-PKC α in patient fibroblasts and 

myoblasts, and in ΔK32 mice model myoblasts. We also show that in L-CMD patients’ 

myoblasts and fibroblasts, whole-cell PKC α phosphorylation status is reduced, suggesting 

decreased PKC α. Activation of ERK 1/2, a downstream PKC α target previously associated 

with striated muscle laminopathies, is decreased in L-CMD patient myoblasts as well as in 

H222P and ΔK32 mice myoblasts. On the other hand, cells expressing the DCM-CD 

p.Y481X truncated lamin A/C lacking the PKC α binding region in the C-terminus show 

more cytoplasmic (i.e. less nuclear) PKC α subcellular localization than WT. Previous work 

determined that lamin A binds PKC α downstream of amino acid 499 (Martelli et al., 2002). 

Thus, our data provide evidence to warrant further study of PKC α in the context of 

pathogenic LMNA mutations. 

Various patient and heart failure animal model studies found contradicting results 

regarding PKC α expression. In cardiac tissues from various heart failure animal models and 

patients with heart failure due to dilated cardiomyopathy (DCM) or ischemic 

cardiomyopathy, PKC α expression is upregulated (Bowling et al., 1999; Braz et al., 2004; 
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Song et al., 2015; Wang et al., 1999; Wang et al., 2003). In contrast, a rabbit heart failure 

model has reduced PKC α expression in failing ventricles (Rouet-Benzineb et al., 1996). 

Decreased PRKCA expression in the left ventricle has also been associated with adverse 

cardiac remodeling and increased DCM risk in patients (Hu et al., 2018). In our study, PKC 

α activation is downregulated in L-CMD patient myoblasts and fibroblasts. ERK 1/2 

activation is reduced as well. PKC α activation has been shown to be upstream of the ERK 

1/2 cascade mediating cardiac myocyte hypertrophy (Braz et al., 2002; Naskar et al., 2014). 

Adverse cardiac remodeling is a hallmark of DCM with cardiolaminopathy patients having 

improper cardiac remodeling and many presenting mildly DCM (systolic dysfunction 

without severe left ventricle enlargement) (Gigli et al., 2017; Taylor et al., 2003). In our 

study, the p.D192G and p.Y481X lamin A/C patients had DCM with the p.D192G patient 

presenting a milder left ventricle dilatation compared to the p.Y481X patient (Bilinska et al., 

2006; Sylvius et al., 2005). Interestingly, p.D192G cells have increased nuclear PKC α while 

p.Y481X cells have mostly cytoplasmic PKC α. Considering PKC α involvement in 

transducing cellular signals, aberrant PKC α activation and localization might contribute to 

the abnormal cellular response to physical stimuli in cells expressing mutant lamin A/C 

resulting in the development of phenotype in mechanically-stressed tissues such as the heart. 

The impaired ability of PKC α to localize in the nucleus in p.Y481X cells potentially 

exacerbate the mechano-transduction defect in these cells as PKC α is less able to reach its 

nuclear targets resulting in more pronounced cardiac remodeling (i.e. more significant left 

ventricle dilation) in the p.Y481X patient compared to the p.D192G patient (Bilinska et al., 

2006; Sylvius et al., 2005). On the other hand, in myoblasts from one-month old H222P mice, 

PKC α activation and cellular localization is comparable to WT. The H222P mice do not 

present any notable phenotype at 4 weeks old (Arimura et al., 2005; Muchir et al., 2007). 
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Regarding lamin A/C interaction with a binding partner, one of the ways by which 

lamin A/C regulates proteins is by sequestering the target protein and/or its regulator or 

substrate (González et al., 2008; Ivorra et al., 2006; Myant et al., 2015; Rodríguez et al., 

2010). Protein interaction mediated by the A-type lamins have been documented such as in 

the lamin A/C – c-Fos – ERK 1/2 complex (González et al., 2008). In this example, lamin 

A/C anchors both ERK 1/2 and c-Fos enabling ERK 1/2 to phosphorylate c-Fos and free it 

from lamin A/C. Upon release from the nuclear lamina, c-Fos is then able to dimerize with 

c-Jun and assemble the AP-1 transcription factor (González et al., 2008). In the present study, 

the formation of the lamin A/C – ERK 1/2 - PKC α complex is plausible as lamin A/C is able 

to bind both ERK 1/2 and PKC α (González et al., 2008; Martelli et al., 2002). In cells 

expressing p.D192G, p.K32del or p.R249W lamin A/C, an increase in nuclear PKC α is 

observed. Concomitant with this increase in nuclear PKC α is an increase in lamin A/C- PKC 

α proximity. This enhanced proximity between lamin A/C and PKC α likely keeps PKC α in 

the nucleus by tethering PKC α to the A-type lamins. However, structural changes incurred 

due to the lamin A/C mutations could have disrupted lamin A/C – ERK 1/2 interaction thus 

impeding ERK 1/2 – PKC α interaction and resulting in decreased ERK 1/2 activation. Recent 

work on CRISPR knock-in mutant C2C12 myoblasts expressing p.R249W also show a lack 

of ERK 1/2 activation in western blot analyses compared to control (Gómez-Domínguez et 

al., 2020). Disruption of lamin A/C - ERK 1/2 association is plausible especially in the 

p.R249W variant as amino acid 249 is located in the region that binds ERK 1/2 (González et 

al., 2008). However, even if the affected amino acid is not located in the PKC α or ERK 1/2 

binding sites, such as in the p.K32del variant, previous work has noted disruption of lamin 

A/C – partner interaction (Lloyd et al., 2002). Studies have also shown misassembly of 

p.K32del filaments potentially disturbing lamin A/C partner binding and/or interactions 

mediated by lamin A/C (Bank et al., 2011; Zwerger et al., 2013). Alternatively, lamin A/C – 
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ERK 1/2 interaction might not have been affected but the overall conformational change in 

the lamin A/C variants might have disrupted the ERK 1/2 - PKC α interaction resulting in 

reduced ERK activation. Similarly, downregulation of ERK 1/2 activation is noted in the 

H222P mice myoblasts. However, in these myoblasts, a decrease in PKC α – lamin A/C 

proximity is observed. The reduction in lamin A/C - PKC α proximity possibly impeded the 

lamin A/C-mediated ERK 1/2 - PKC α interaction resulting in downregulation of ERK 1/2 

activation. Previous work by another group on H222P myoblasts also does not note ERK 1/2 

activation at baseline (Muchir et al., 2007). In addition, C2C12 cells stably expressing 

p.H222P lamin A show elevated ERK 1/2 activation only after AICAR treatment, glucose 

starvation or osmotic shock (Choi et al., 2012; Muchir et al., 2013). ERK 1/2 hyperactivation 

is also noted in C2C12 and Cos7 cells transiently transfected with p.H222P lamin A and in 

striated muscle tissues from symptomatic H222P mice suggesting involvement of 

physiological stress in upregulating ERK 1/2 phosphorylation in the context of the p.H222P 

lamin A/C variant (Choi et al., 2012; Muchir et al., 2007, 2013). Since the myoblasts we 

studied were collected from one-month old H222P mice which were still asymptomatic, 

physiological stress might not have been significant enough to result in notable ERK 1/2 

activation (Arimura et al., 2005; Muchir et al., 2007). Dysregulation of a lamin A/C partner’s 

function as a consequence of disrupted lamin A/C binding has been demonstrated with other 

lamin A/C mutations. For instance, several lamin A/C variants with amino acid substitutions 

affecting the region that binds the transcription factor SREBF-1 (important for adipogenesis 

and metabolism) show impaired SREBF-1 binding (Lloyd et al., 2002). This reduced binding 

resulted in SREBF-1 dysregulation, and abnormal expression of downstream SREBF-1 target 

genes contributing to lipodystrophy in patients (Vadrot et al., 2015). Likewise, the lamin A/C 

variants p.R527P and p.L530P which have amino acid substitutions affecting the region that 

binds actin present with a notable decrease in actin binding (Simon et al., 2010). Individuals 
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expressing either of these lamin A/C variants have EDMD (Bonne et al., 1999). Actin is 

involved in the transduction of mechanical signal in the cell and is part of the network that 

connects the cytoskeleton to the nucleus. Therefore, disruption of its association with the A-

type lamins unsurprisingly results in a phenotype involving muscles which are tissues under 

constant mechanical and physical stress.  

In conclusion, our results show that PKC α cellular localization, activation, and 

proximity with the A-type lamins are affected by striated muscle laminopathy mutations. 

Furthermore, the data hint at a potential correlation between the severity of the patient 

phenotype and abnormal PKC α cellular localization, activation and proximity with lamin 

A/C. Results from cells expressing p.H222P (EDMD) or p.Y481X (DCM-CD) lamin A/C 

suggest that a predominantly cytoplasmic PKC α localization in combination with decreased 

PKC α - lamin A/C proximity, and decreased PKC α and ERK 1/2 phosphorylation result in 

less severe muscular and/or cardiac phenotype. On the other hand, cells expressing variant 

lamin A/C (e.g. p.D192G, p.K32del, p.R249W) with increased nuclear PKC α localization, 

increased PKC α - lamin A/C association and decreased PKC α and ERK 1/2 activation result 

in more severe cardiac and/or skeletal laminopathy. Future studies evaluating ERK 1/2 – 

lamin A/C interaction in cells expressing mutant lamin A/C are needed to determine the 

effects of the mutations on lamin A/C – ERK 1/2 binding. In addition, future work to 

determine ERK 1/2 – lamin A/C - PKC α assembly, and to characterize the interplay between 

these proteins can also be performed. Other downstream PKC α targets can be examined as 

well to further understand the role of PKC α in striated muscle laminopathies, and to identify 

other proteins that could potentially be therapeutic targets to treat striated muscle 

laminopathies. 
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2.7 Supplementary Information  

 

Supplementary Figure 2.1: Cellular localization of PKC α in transfected C2C12 cells 

expressing either WT or mutant human lamins A and C. (A) Exogenous eCFP-human lamin 

A and eYFP-human lamin C are shown with the immunostaining for endogenous PKC α (in 

red) in WT and mutant LMNA expressing C2C12 cells. The composite image for each group 

is shown in the leftmost panel. A representative untransfected cell (indicated by a white 

asterisk) showing cytoplasmic PKC α localization comparable to PKC α localization in WT 

LMNA transfected cells. The white line across a cell in the second and third panels indicates 

the measurement path used to generate the fluorescence intensity profiles for lamin C and 

PKC α in the right most panel. The plot profile for lamin C is included to show nuclear 

demarcation of fluorescence signal. Scale bar: 15 μm for all immunofluorescence images. 

(B) Mean (± SEM) net nuclear PKC α fluorescence intensity of each group: WT (grey circles) 

and D192G (blue squares). The net nuclear PKC α fluorescence intensity of each cell = 

adjusted nuclear PKC α fluorescence intensity – mean of the adjusted cytoplasmic PKC α 

fluorescence intensities. n ≥ 3 independent sets (≥14 cells/group are analyzed). Significance 

(*) is set at p < 0.05 and *** means p < 0.001.  
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Supplementary Figure 2.2: Cellular localization of phosphorylated PKC α (phos-PKC α) in 

WT and mice model myoblasts. (A) Immunostaining for DAPI, lamin A/C and phos-PKC α 

in WT and mice model myoblasts. The composite image for each group is shown in the 

leftmost panel. The white line across a cell in the middle panels indicates the measurement 

path used to generate the fluorescence intensity profiles (right most panel) for DAPI and 

phos-PKC α. The plot profile for DAPI is included to show nuclear demarcation of 

fluorescence signal. Scale bar: 15 μm for all immunofluorescence images. (B) Mean (± SEM) 

net nuclear phos-PKC α fluorescence intensity of each group: WT for H222P (grey circles), 
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H222P (green triangles), WT for ΔK32 (grey square) and ΔK32 (blue diamonds). The net 

nuclear phos-PKC α fluorescence intensity of each cell = adjusted nuclear phos-PKC α 

fluorescence intensity – mean of the adjusted cytoplasmic phos-PKC α fluorescence 

intensities. n = 1 experimental set (≥ 30 nuclei/group are analyzed). Significance (*) is set at 

p < 0.05; *** means p <0.001.  

 

 

 

Supplementary Figure 2.3: Exogenous (transfected) and endogenous lamin A/C protein 

levels analyses of nuclear extracts from transfected and sorted C2C12 cells expressing WT 

or mutant human eCFP-lamin A and eYFP-lamin C. (A) Representative western blot for 

lamin A/C in untransfected (UN) cells, WT and mutant LMNA expressing cells. (B) 

Comparison of lamin A/C overexpression between the WT and mutants. Mean ± SEM. n ≥ 

2 independent sets. Significance (*) is set at p < 0.05. 
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Supplementary Figure 2.4: Immunostaining for HSP60 (in magenta) and DAPI (in blue) in 

control and patient myoblasts. The composite image for each group is shown in the leftmost 

panel. The white line across a cell in the second and third panels indicates the measurement 

path used to generate the fluorescence intensity profiles for DAPI and HSP60 in the right 

most panel. The plot profile for DAPI is included to show nuclear demarcation of 

fluorescence signal. n = 1 experimental set (one patient/group; ≥ 50 cells/group are analyzed). 

Scale bar: 15 μm for all immunofluorescence images.  
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Supplementary Figure 2.5: Western blot analyses for PKC α and ERK 1/2 levels in whole 

cell protein extracts from human fibroblasts. (A) Representative blots for PKC α and ERK 

1/2 probings. (B)  Levels of activated PKC α (i) and activated ERK 1/2 (ii) are graphed. Mean 

(± SEM) is shown. n ≥ 2 technical replicates (one patient/group). Significance (*) is set at p 

< 0.05; ** means p < 0.01. 
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Supplementary Figure 2.6: Proximity ligation assay (PLA) between lamin A/C and phos-

PKC α in human fibroblasts (A). The nucleus is stained with DAPI (blue) and the PLA signal 

representing the proximity of lamin A/C and phos-PKC α is in white. Scale bar: 15 μm for 

all PLA images. (B) Mean (± SEM) PLA signal/nuclei in human fibroblasts. n = 2 technical 

replicates (one patient/group ≥ 115 cells/group are analyzed). Significance (*) is set at p < 

0.0



71 

 

Supplementary Table 2.1: List of antibodies and DNA stain used in the study. The respective dilutions for the application(s) are also indicated. IF 

means immunofluorescence, WB means western blot and PLA means proximity ligation assay. 

 

Antibody/Stain Application(s) 

mouse anti-total PKC α (sc-8393) IF (1:100), WB (1:500) 

mouse anti-B actin (sc-47778) WB (1:2000) 

mouse anti-HSP60 (sc-13115) IF (1:250) 

mouse anti-lamin A/C (sc-376248) IF/PLA (1:100) 

rabbit anti-total PKC α (sc-208) IF (1:250), WB (1:2000) 

rabbit anti-phos PKC α (sc-12356-R) IF/PLA (1:100), WB (1:2000) 

rabbit anti-phos ERK 1/2 (Cell Signaling Technology 9101) WB (1:2000) 

rabbit anti-total ERK 1/2 (Cell Signaling Technology 9102) WB (1:2000) 

rabbit anti-HDAC1 (Ab33278) WB (1:2000) 

rabbit anti-GAPDH (Ab22555) WB (1:15000) 

goat anti-lamin A/C (sc-6215) WB (1:2000) 

anti-mouse Alexa Fluor 488 or 594 or 647 IF (1:500) 

anti-rabbit Alexa Fluor 488 or 594 IF (1:500) 

anti-rabbit or anti-mouse or anti-goat HRP-conjugated secondary WB (1:5000) 

DAPI IF (1:5000) 
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3.1 Notes on Chapter 3 

3.1.a Study Introduction and Objectives 

While cellular models provide phenotype characterization at a cellular and molecular level, 

animal models allow for further study of how such underlying molecular mechanisms manifest in 

an organism. Previous work on morpholino lmna knockdown and transgenic expression of EDMD 

lamin A/C variants in zebrafish demonstrated zebrafish’s capacity to mimic the phenotype of 

patients and other animal models of striated muscle laminopathies. As such, we created zebrafish 

with stable lmna interruption, and assessed the cardiac and skeletal muscle structure and function 

of the lmna mutants. Expression and activation levels of genes and proteins previously associated 

with striated muscle laminopathies were assessed as well to determine if the lmna mutants share 

the same molecular disturbances observed in patients and other models of striated muscle 

laminopathies. Lastly, PKC α expression and activation were also examined to determine if these 

are affected in the lmna mutants. The results from this study constitute a manuscript in preparation 

for PLoS ONE. 

3.1.b Author Contributions: 

HA. Nicolas – conceptualized and performed most of the experiments and data analyses, drafted 

the manuscript  

K. Hua – performed RNA extraction, qRT experiments and analyses, scored cardiac function, 

edited the manuscript 

F. Tesson – conceptualized and funded experiments, edited the manuscript 

MA. Akimenko – conceptualized and funded experiments, edited the manuscript 
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3.2 Abstract 

Pathogenic mutations in the lamin A/C gene (LMNA) frequently result in cardiac and/or 

skeletal muscle diseases referred to as striated muscle laminopathies. We created a zebrafish 

muscular laminopathy model using CRISPR/Cas9 technology to target the zebrafish lmna gene. 

Both heterozygous and homozygous lmna mutants present skeletal muscle damage at 1 day post 

fertilization (dpf), and mobility impairment at 4-7 dpf. Cardiac structure and function analyses 

during the first week of development show mild and transient defects in the lmna mutants 

compared to wild type fish. Quantitative PCR analysis of genes implicated in striated muscle 

laminopathies show a decrease in jun and nfb2 expression in 7 dpf homozygous lmna mutants 

compared to wild type larvae. In addition, homozygous lmna mutants have a 1.38 fold increase in 

activated (phosphorylated) ERK 1/2, which are kinases associated with striated muscle 

laminopathies, compared to wild type larvae at 7 dpf. Activated (phosphorylated) Protein Kinase 

C alpha (Pkc α), a kinase that binds lamin A/C and many lamin A/C-binding partners including 

Erk 1/2, is also upregulated in the 7 dpf homozygous lmna mutants compared to wild type larvae. 

Overall, this study presents an animal model of skeletal muscle laminopathy where both 

heterozygous and homozygous lmna mutants exhibit prominent skeletal muscle abnormalities 

during the first week of development. Furthermore, this is the first animal model that potentially 

implicates Pkc α in muscular laminopathies. 

3.3 Introduction 

 The lamin A/C gene (LMNA) encodes the type V intermediate filaments A-type lamins, 

which are found in the nucleus and are major components of the nuclear lamina. Lamin A/C 

supports the nuclear membrane and participates in various nuclear functions such as regulation of 

gene expression (Broers et al., 2006; Ivorra et al., 2006). Pathogenic LMNA mutations cause a 
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group of diseases that affect different tissue types with about 79% of these mutations resulting in 

cardiac and/or skeletal muscles conditions that are collectively termed striated muscle 

laminopathies (Tesson et al., 2014).  

The skeletal muscle diseases Emery-Dreifuss muscular dystrophy (EDMD), LMNA-related 

congenital muscular dystrophy (L-CMD) and Limb-girdle muscular dystrophy (LGMD1B) are 

myopathies that are primarily caused by autosomal dominant LMNA mutations (Bonne & Quijano-

Roy, 2013). EDMD is an early onset disease defined by joint contractures and wasting of the 

muscles in the humeroperoneal region (Bonne et al., 2000). In addition, EDMD patients frequently 

develop cardiac conditions such as dilated cardiomyopathy (DCM) and/or conduction defects 

(Bonne & Quijano-Roy, 2013). DCM is characterized by dilation of the left or both ventricles and 

systolic dysfunction not resulting from abnormal cardiac loading or coronary artery disease (Pinto 

et al., 2016). L-CMD shares some clinical features with EDMD but has an earlier disease onset 

and more severe muscular degeneration with some patients lacking neck muscle control (dropped 

head syndrome) (Bonne & Quijano-Roy, 2013). LGMD1B has a slower progression and 

predominantly affects different muscle groups than EDMD; however, LGMD1B patients also 

present cardiac conduction defects with age related penetrance (Muchir et al., 2000; Vytopil et al., 

2002). DCM is the most common type of cardiomyopathy (Wexler et al., 2009). Patients with 

DCM caused by lamin A/C mutations frequently present with conduction defects (Colombo et al., 

2008). As such, LMNA-caused DCM results in poorer patient outcomes compared to other familial 

DCM (Hasselberg et al., 2018; Pasotti et al., 2008; Taylor et al., 2003; van Berlo et al., 2005).  

Various cellular and animal models of striated muscle laminopathies have been created and 

used to study signaling pathways associated with cardiac and muscular laminopathies. These 

models were recently reviewed in (Nicolas et al., 2019). The serine/threonine kinases ERKs 1 and 
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2 of the MAP kinase signaling pathway are upregulated and activated in heart tissues of some 

patients with LMNA-associated cardiomyopathy, as well as in cardiac and skeletal muscle samples 

from the H222P lamin A/C EDMD mice model (Muchir et al., 2007, 2012, 2013). Treatment of 

the H222P mice with an ERK 1/2 inhibitor improves the cardiac and skeletal function and tissue 

histology of the H222P mice, and normalizes the H222P mice’s abnormal gene expression profile 

(Muchir, Shan, et al., 2009; Muchir et al., 2012, 2013; Wu et al., 2011). In addition, JUN, a 

downstream target of the JNK branch of the MAP kinase signaling pathway, is upregulated in heart 

tissues from the H222P mice compared to wild type (WT) (Muchir et al., 2007). JNK inhibition is 

shown to either delay the onset of cardiac dilation or improve cardiac function in symptomatic 

H222P mice and lower the transcript levels of cardiac disease markers (Wu et al., 2010, 2011). 

Gene transcription regulated by the NF-B signaling pathway is also decreased in mechanically 

or cytokine-stimulated mouse embryo fibroblasts of a mice model that produces a truncated lamin 

A  (Jahn et al., 2012; Lammerding et al., 2004; Sullivan et al., 1999).  

Protein Kinase C α (PKC α) is a serine/threonine lamin A/C-binding kinase encoded by the 

PRKCA gene (Martelli et al., 2002; Nakashima, 2002). It regulates the activation of members of 

various signaling pathways such as ERK 1/2 of the MAP kinase cascade (Braz et al., 2002; Kim 

et al., 2014; Leitges et al., 2002; Mauro et al., 2002; Nakashima, 2002; Naskar et al., 2014; 

Schönwasser et al., 1998). PKC α is the predominant conventional PKC isoform in rabbit and adult 

human hearts, and in mouse hearts and skeletal muscles (Hambleton et al., 2006; Jensen et al., 

2009; Pass et al., 2001; Ping et al., 1997). Furthermore, PKC α is important in cardiac contraction 

as it regulates intracellular calcium levels (Braz et al., 2004). Abnormal PKC α activation and 

expression is associated with heart failure and DCM in humans, and the inhibition or genetic 

abrogation of PKC α in heart failure (HF) animal models results in improvement of cardiac 
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function (Bowling et al., 1999; Braz et al., 2004; Hu et al., 2018; Ladage et al., 2011; Wang et al., 

2003). In addition, PKC α is involved in skeletal muscle structure and function by regulating 

protein filamin C (FLNc) which is critical for anchoring actin and establishing the Z-discs structure 

(Leber et al., 2016; Reimann et al., 2017). Phosphorylation of FLNc by PKC α prevents FLNc 

cleavage; thus affecting FLNc kinetics and mobility (Reimann et al., 2017). Altogether, these data 

implicate PKC α in cardiac and skeletal muscle structure and function. 

Zebrafish are an established model of multiple cardiac and skeletal muscle diseases 

(Bassett & Currie, 2003; Li et al., 2017; Seeley et al., 2007; Steffen et al., 2007; Verma & Parnaik, 

2017; Vogel et al., 2009; Xu et al., 2002). Many of the zebrafish genes and molecular mechanisms 

underlying skeletal muscle development and function have a mammalian counterpart (Bassett & 

Currie, 2003; Li et al., 2017; Steffen et al., 2007). Various muscular dystrophies are modelled in 

zebrafish including the dmd zebrafish morphants and mutants mimicking Duchenne muscular 

dystrophy (Bassett et al., 2003; Berger et al., 2010). Similarly, zebrafish models of different 

cardiac diseases such as DCM (e.g. titin morphants and mutants, lamin A/C morphants and 

transgenics) are created (Seeley et al., 2007; Verma & Parnaik, 2017; Vogel et al., 2009; Xu et al., 

2002). Despite the genome duplication event that occurred in the teleost lineage, there is only one 

lamin A/C gene (lmna) in the zebrafish genome. Both the human and zebrafish lamin A/C genes 

have 12 exons encoding for the lamin A and C proteins. Zebrafish lamins A and C transcripts are 

similar up until exon 8 after which lamin C retains the first six nucleotides of intron 9. (Koshimizu 

et al., 2011). These six nucleotides are then translated to two lamin C-specific amino acids (a.a) 

that precede the stop codon (Koshimizu et al., 2011). All introns are spliced out to generate the 

lamin A transcript. Human lamins A and C share the first 566 a.a after which mature lamin A has 

an additional 80 unique a.a and lamin C possesses six unique a.a. In zebrafish, lamin A has 659 
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a.a while lamin C has 554 a.a (Koshimizu et al., 2011). Lamins are highly conserved and zebrafish 

prelamin A shares 67% amino acid identity with human prelamin A. Lamins A and C form distinct 

but interacting networks in the nuclear lamina, and both networks provide structural and 

mechanical support for the nucleus (Lammerding et al., 2006; Shimi et al., 2015). Nevertheless, 

while many of the properties and functions of lamins A and C overlap, some differences exist such 

as the differential effect of some lamin A/C mutations on the respective capacities of lamins A and 

C to bind a partner (Motsch et al., 2005; Sylvius et al., 2008). Like mammalian lamin A/C, 

zebrafish lmna is expressed ubiquitously with the lamin A/C proteins localized underneath the 

nuclear membrane (Koshimizu et al., 2011; Vogel et al., 2009). Mammalian lamins A and C are 

expressed at comparable levels in the heart and skeletal muscles but zebrafish lamin A is shown 

to be more abundant than zebrafish lamin C in adult zebrafish hearts (Al-Saaidi & Bross, 2015; 

Koshimizu et al., 2011). However, in the brain, lamin C is more highly expressed in both mammals 

and zebrafish (Jung et al., 2012; Koshimizu et al., 2011).  

Functional analysis in zebrafish using morpholino-mediated gene knockdown of lmna 

results in bradycardia, progressive decrease in fractional shortening from 2 – 4 dpf as well as slow 

muscle fibre damage at 1 dpf and disrupted nuclear membrane (Koshimizu et al., 2011; Vogel et 

al., 2009). Zebrafish transgenics with cardiac-specific expression of EDMD lamin A/C variants 

also present increased heart rates at 3.5 and 5.5 dpf compared to WT, and disrupted nuclear 

membrane (Verma & Parnaik, 2017). Altogether, these results demonstrate the ability to simulate 

striated muscle laminopathies in zebrafish. However, since morpholino-mediated gene knockdown 

is transient, we created zebrafish lmna mutants with five base pair deletion (5bp Δ) in exon 2 of 

lmna using the CRISPR/Cas9 technology to allow for long term analysis of lmna mutants. Both 

heterozygous and homozygous lmna mutants present with skeletal muscle structure defects and 
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impaired swimming. On the other hand, the cardiac structure and function impairment in the lmna 

mutants is mild and transient. Expression of jun and nfkb2 is decreased while activated 

(phosphorylated) Pkc α and Erk 1/2 are increased in the lmna mutants suggesting that similar 

molecular pathways to the ones implicated in patients and other models of striated muscle 

laminopathies are also affected in the zebrafish lmna mutants. Furthermore, our results suggest 

that Pkc α is potentially involved in muscular laminopathies. 

3.4 Materials Methods 

Zebrafish Husbandry and Maintenance 

Zebrafish were housed in a controlled environment room (28.5°C room and water 

temperature; 14 h light/10 h dark cycle). Animal handling and experimentation followed the 

guidelines set by the Canadian Council on Animal Care (under the Ontario Animals for Research 

Act). The approved institute ethics protocol ID is BL 2399-R3 A1. 

Cas9 mRNA and Guide RNA synthesis 

The process of creating a CRISPR zebrafish mutant was based on (Hwang et al., 2013; 

Hwang et al., 2013). The ZiFit program for CRISPR/Cas9 Nucleases was used to identify potential 

guide RNA (gRNA) sequences in zebrafish lamin A/C (sequence ID: NM_152971) (Sander et al., 

2007, 2010). The selected gRNA sequence in the second translated exon of the zebrafish lamin 

A/C gene was: 5’GGGGGAGAAGAGAACACTGG’3. The exon 2 gRNA oligonucleotide was 

inserted between the BsaI and DraI restriction sites of the pDR274 plasmid and transcribed using 

the mMessage mMachine® T7 kit (Ambion) following the manufacturer’s protocol. The Cas9 

mRNA was prepared according to (Hwang et al., 2013). Briefly, the Cas9 mRNA was transcribed 

from the MLM3613 (Addgene 42251) plasmid which was linearized at the Not1 site. Cas9 mRNA 

transcription was then performed using the mMessage mMachine® T7 kit (Ambion) following the 
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manufacturer’s protocol. The Cas9/gRNA micro-injection solution was prepared based on (Hwang 

et al., 2013; Hwang et al., 2013). About 1-2 nL of the micro-injection solution (1 μL of Cas9 

mRNA [720 ng/μL stock] + 1μL of exon 2 gRNA [30 ng/μL stock] + 0.4 μL of 0.5% phenol red) 

was micro-injected into one-cell stage WT zebrafish embryos. Micro-injected zebrafish were 

raised to adulthood and screened for germline transmission of lmna mutation through natural 

breeding.  

DNA extraction and genotyping 

DNA extraction of WT and mutant lmna zebrafish was performed based on (Meeker et al., 

2007). PCR was run using these primers - lmna Fwd primer 1: 5’ 

GAACGGTAAGAAAGAAGCAG 3’ and lmna Rev primer 1: 5’ 

AATTATCCAGCCTTCAGGAG 3’. This primer pair produces a 184 bp amplicon in WT 

samples. To confirm the genotype, a separate set of PCR was ran using a second set of primers - 

lmna Fwd primer 2: 5’ CCATGCTACTTGGCAAATGTTA 3’ and lmna Rev primer 2: 5’ 

CACTTTATTTGTGTCCCCAGTAGAA 3’. This primer pair produces an 834 bp amplicon in 

WT samples. Heteroduplex mobility assays were performed based on (Zhu et al., 2014) to identify 

lmna mutants. To differentiate between WT and homozygous fish, two PCR reactions were 

prepared for each sample. One reaction contained only the DNA sample to be genotyped while the 

second reaction contained the DNA sample to be genotyped and a known WT DNA. The PCR 

program was as follows: 95°C for 4 min followed by 35 cycles of 95°C for 1 min, 56°C for 1 min 

and 72°C for 1 min (for the first primer pair) or  30 s (for the second primer pair). Last extension 

was at 72°C for 8 min. Amplicons were run on 12% polyacrylamide gels for 40 min at 180 V (PCR 

using the first primer pair) or 50 min at 180 V (PCR using the second primer pair). Mutant 
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genotypes were verified and identified by sending representative samples for sequencing at the 

Ottawa Hospital Research Institute (OHRI) sequencing facility. 

Immunostaining 

Whole-mount immunostaining –  

WT and lmna mutant 1 dpf embryos were anesthetized using tricaine (MS-222) and then 

fixed in 4% PFA overnight at 4°C or for 2 hours at room temperature (RT). Permeabilization was 

done by incubating the samples in 2% PBST for 30 minutes at 37° C. The embryos were blocked 

in 5% BSA-PBST for 2 hours at 37° C. Primary antibody incubation was done overnight at 37° C. 

Secondary antibody and rhodamine phalloidin incubation was done for 3 hours at 37° C. 

Supplementary Table 3.1 lists the antibodies and stains used. The embryos were mounted on slides 

using glycerol. At least 7 embryos/genotype were imaged using a confocal microscope and 

analyzed using ImageJ. 

Immunostaining on sections – 

WT and lmna mutant 7 dpf larvae were anesthetized using tricaine (MS-222) and then fixed 

in 4% PFA overnight at 4°C and washed twice in PBS (5 min/wash). After which the larvae were 

incubated in 30% sucrose at 4°C overnight for cryoprotection, and then embedded the next day in 

2/3 OCT and 1/3 30% sucrose solution for sectioning. Embedded larvae were flash frozen using 

isopentane and were either sectioned or stored in -80°C for later use.  The pericardial sac region 

was sectioned longitudinally at 12 μm. Sample slides were blocked with 5% BSA-PBST for 2 

hours at RT and incubated with the primary antibody overnight at 37° C. Secondary antibody 

incubation was performed for 3 hours at 37° C. Supplementary Table 3.1 lists the antibodies used. 

Slides were mounted using Aqua Polymount. At least 3 larvae/genotype (≥3 sections per sample) 
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were imaged using a confocal microscope and analyzed using ImageJ 2.0.0-rc-43/1.52n (for 

Windows 64-bit). 

Cardiac Function Analyses 

Heart Rate (HR) Analyses - 

The heart rate of progenies of WT crosses and of heterozygous crosses were manually and 

independently counted by four different individuals (genotype blind) based on 10 second heart 

videos of zebrafish embryos/larvae (3 – 7dpf) that were taken using the Lumenera Infinity 3-1UC 

camera mounted on a Leica MZ FLIII microscope, and recorded using the Infinity Capture (v 

6.4.0) program. The videos were taken at 6.5x magnification at a resolution of 1024 pixels x 768 

pixels. Zebrafish embryos/larvae were positioned laterally in the troughs of a micro-injection plate 

(an agarose plate moulded with narrow troughs). The embryos/larvae were left to acclimatize for 

one minute on the wet micro-injection plate before the videos were taken. Zebrafish were not 

sedated prior to video taking to avoid the depressive effect of tricaine (MS-222) on heart rate 

(Collymore et al., 2014). A frame rate of ≥ 19 frames/s was used to capture the videos. The heart 

rate per minute was estimated by multiplying the number of counted heart beats by six. There were 

≥ 9 fish/genotype/time point. 

Ventricular dimension measurement and Fractional Shortening analyses – 

Using the same videos used for heart rate analyses, ventricular dimensions and fractional 

shortening were measured in 3 – 4 dpf zebrafish larvae according to (Hoage et al., 2012). The pixel 

lengths were converted to mm using this scale: 621.312 pixels/mm. Cardiac videos were opened 

in ImageJ 2.0.0-rc-43/1.52n (for Windows 64-bit), and the end diastolic and systolic ventricular 

diameters were measured at the beginning, middle and end of each video. Two or three individuals, 

who were genotype blind, independently performed the measurements at each time point and the 
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mean of the pooled data for each time point was used for analyses. There were ≥ 8 

fish/genotype/time point. 

Confocal Microscopy 

Z-stack confocal images of whole-mount or sections samples were taken using either the 

Plan Fluor 20x (0.75 NA) water/glycerol immersion objective or the Plan Apochromat 60x (1.40 

NA) oil immersion objective of the Nikon A1RsiMP Confocal Workstation. The following lasers 

were used – 405 nm, 488 nm and 561 nm. Channel series was activated to prevent spectral bleed 

through between the channels. Image analyses of raw files were performed using ImageJ 2.0.0-rc-

43/1.52n (for Windows 64-bit). Adobe Photoshop CC 2019 was used to annotate the images and 

create the figures. 

Swim Ability and Movement Analyses 

Swim and movement analyses of 4 – 7 dpf WT and lmna mutant larvae were performed 

using ZebraBox (ViewPoint Behaviour Technology). One larva was placed per well of a 24-well 

plate. One mL of embryo medium (3mL 0.01% methylene blue + 16mL 60X E3 embryo medium 

[17.2g NaCl + 0.76g KCl + 4.9g MgSO4 ∙ 7H2O + 2.9g CaCl2 ∙ 2H2O + 1L H2O] + 981mL H2O)  

was added in each well. The larvae were left to acclimatize for a few minutes before recording. 

Swim activity was captured per minute for five minutes for each larva using the ZebraLab software 

and the ZebraBox tracking system. The ZebraBox tracking system is composed of a mounted 

camera, infrared illumination and LED lights. Arbitrary speed thresholds were set: 2 mm/s for 

inactive/small movements and 10.0 mm/s for small/large movements. Speed, distance, and number 

of movement readouts for each larva were verified by watching the swim videos and checking the 

swim map that tracked the movement of each larva. Average swim speed and mean total distance 

swam were calculated for each larva per time point. Mean total number of movements (combined 
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slow and fast) were calculated for each larva for the entire period of observation. Genotyping was 

performed after data collection.  There were ≥ 7 larvae/group/time point.  

RNA extraction and quantitative RT-PCR 

RNA was extracted from pools of 5 whole zebrafish larvae at 7 dpf using a pestle for 

homogenization in TRIzol reagent (Invitrogen) following manufacturer protocol. Integrity of the 

RNA was checked by gel electrophoresis, and purity of the RNA was determined using the 

NanoDrop 1000 Spectrophotometer (ThermoFisher). Only samples with clear 28S and 18S rRNA 

bands at an approximate intensity ratio of 2:1 and an A260/280 absorbance ratio of 1.8-2.1 were 

used for cDNA synthesis using the iScript™ Reverse Transcription Supermix for RT-qPCR kit 

(Bio-Rad) according to the manufacturer protocol. For all genes, standard 10 µL qRT-PCR 

reactions were assembled as follows: 5 μl of SsoFast™ EvaGreen® Supermix (Bio-Rad), 0.4 μl 

of forward primer (10 μM), 0.4 μl of reverse primer (10μM), 4 μl of template cDNA and 0.2 μl of 

nuclease-free water. For no template negative controls, template cDNA was replaced by nuclease-

free water. All reactions were carried out in triplicate using the Bio-Rad CFX96 system. The PCR 

conditions were 95 ºC for 30 s, followed by 40 cycles of 95 ºC for 5 s and 59 ºC for 5 s. Normalized 

gene expression values were determined using the comparative Cq method and each gene was 

normalized against three reference genes, elongation factor 1 alpha (ef1α), ribosomal protein l13a 

(rpl13a), and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 

polypeptide (ywhaz). Supplementary Table 3.2 lists the primers used. 

Protein extraction and Western Blot Analyses 

Whole larval lysates from ≥ 3 pooled 7 dpf larvae/genotype/set were extracted using RIPA 

lysis and extraction buffer (ThermoFisher Scientific 89901). Halt™ Protease and Phosphatase 

Inhibitor Cocktail (ThermoFisher Scientific 78440) was added to the extraction buffer to 
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prevent protein degradation. The accompanying manufacturer’s protocol was followed for protein 

extraction. Protein extracts were loaded on to Bolt™ 4-12% Bis-Tris Plus gels and ran at 180V for 

50 minutes at RT. After which the transfer onto nitrocellulose membrane was ran for 1 hr at 250 

mAmp on ice. Membranes were blocked in 5% BSA-PBST for 30 minutes at RT prior to 

incubation with the primary antibody at 4°C overnight on a shaker. Following primary antibody 

incubation, membranes were washed three times with PBST (5 min/wash) and incubated with the 

HRP-conjugated secondary antibody for 1 hr at RT on a shaker. Supplementary Table 3.1 lists the 

antibodies used.  The ECL detection reagent kit (Amersham) was used to visualize the bands using 

the Bio-Rad ChemiDoc™ Touch imager. Bio-Rad ImageLab 6.0.1 (software v 2.0.0.25) was used 

to analyze the raw membrane images.   

Statistical Analyses 

GraphPad Prism 8.1.1 was used to conduct statistical tests and to generate graphs. Chi-

square test was performed to confirm adherence to Mendelian ratio. Unpaired two-tailed t-test 

(with or without Welch’s correction) was performed to compare two groups. One-way ANOVA 

with correction for multiple tests (Dunnett’s or Tukey’s correction) was used to compare the means 

of more than two groups. Mean ± SEM was presented. Adjusted p-values after multiple tests 

correction were reported and significance was set at p < 0.05. 

3.5 Results 

Creation of zebrafish lmna mutants  

In this study, the CRISPR/Cas9 genome editing technology was used to create a five base 

pair deletion (5bp Δ) in the second coding exon of the zebrafish lmna gene (Figure 3.1A and B). 

In silico analysis of the 5bp Δ is predicted to create a premature stop codon in exon 3 resulting in 
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a truncated protein of 180 a.a. lacking many of the functional and binding domains including the 

Pkc α binding site located in the C-terminus (Figure 3.1C).  

 
Figure 3.1: Creation and identification of zebrafish lamin A/C (lmna) mutants. (A) Schematic 

representation of the zebrafish lmna gene illustrating its untranslated regions (UTRs), introns, 

exons, the CRISPR-Cas9 target sequence, and the Cas9 cut site in exon 2. (B) WT sequence and 

homozygous lmna mutant sequence with five base pair deletion (5bp Δ) in exon 2. (C) Amino acid 

sequence alignment between the WT sequence and the putative sequence of the variant produced 
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by the 5 bp Δ. (D) (i) Whole-larval quantitative PCR analyses of lamins A and C transcripts (mean 

± SEM) in 7 dpf WT larvae. (E) Whole-larval quantitative PCR analyses of lamins A and C 

transcripts (mean ± SEM) in 7 dpf WT and lmna mutant larvae. n = 3 independent sets (5 

larvae/genotype/set). Significance (*) is set at p < 0.05; ** means p < 0.01 and *** means p < 

0.001. 

 

Heteroduplex mobility assays were used to genotype 52 randomly chosen embryos 

obtained from a cross of heterozygous parents. The genotype of the embryos from the resulting 

three different profiles were verified by sequencing analysis: 11 are WT (21%), 31 are 

heterozygous (59.6%) and 10 are homozygous (19.25%). A chi-square test showed that these 

values did not significantly differ from the expected Mendelian genotype ratio of 1:2:1 in a cross 

between heterozygous parents. Random genotyping of 41 adult zebrafish obtained from a cross 

between heterozygous parents at 5 months post fertilization (mpf) also approximated the expected 

Mendelian ratio and gave a distribution of 8 WT (19.5%)/ 25 Het (61%)/ 8 Homo (19.5%) 

suggesting that there is no notable difference in the survival of WT and lmna mutants at 5 mpf.  

In the absence of a lamin A/C antibody that cross-reacts with the zebrafish protein, 

quantitative PCR was performed to measure zebrafish lamins A and C transcript levels in WT and 

lmna mutants. Consistent with previous results from another study, lamin A is more highly 

expressed than lamin C during the first week of development (Koshimizu et al., 2011). Lamin C 

mRNA expression is 28 folds less than lamin A in WT larvae at 7 dpf (Figure 3.1Di). A profound 

decrease in lamin A transcript level is observed in the RNA extracts of 7 dpf heterozygous and 

homozygous lmna mutant larvae compared to WT (Figure 3.1Ei). In contrast, an increase in lamin 

C mRNA is observed in homozygous lmna mutants compared to WT (Figure 3.1Eii). Nevertheless, 

total lamins A and C transcript level is significantly reduced in both heterozygous and homozygous 

lmna mutants compared to WT (Figure 3.1Eiii).  
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Heterozygous and homozygous lmna mutants display mild and transient cardiac structure 

and/or function defects.  

Zebrafish lmna morphants exhibit cardiac structure and function abnormalities (Vogel et 

al., 2009). To determine if the zebrafish lmna mutants also present similar defects, embryos from 

heterozygous crosses were monitored during the first week of development. In addition, embryos 

from crosses of the WT siblings of the heterozygous parents were also assessed. Non-specific 

pericardial edema was observed at 3 dpf but by 7 dpf, the pericardial edema has subsided. No 

notable abnormal cardiac shape and positioning were noted in the lmna mutants. Ventricular 

diameter at the end of systole and diastole was also measured as illustrated in supplementary Figure 

3.1. At 3 dpf, homozygous lmna mutants have significantly narrower ventricular diameters at the 

end of systole and diastole compared to WT (Figure 3.2A). However, by 4 dpf, this difference in 

ventricular diameter is no longer significant.  
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Figure 3.2: Cardiac structure and function evaluation and Pkc α immunostaining in WT and 

mutant lmna zebrafish. (A) (i) end systolic and (ii) end diastolic diameters of WT and lmna 

mutants at 3 and 4 dpf displaying statistical significance at 3dpf between WT and homozygous 

mutant fish. (B) (i) Average heart rate per time point of WT and mutant lmna zebrafish from 3 – 

7 dpf displaying statistical significance at 3dpf between WT and heterozygous mutant fish. (ii) 

Overall mean heart rate of WT and mutant lmna during the period of observation. (C) WT and 

mutant lmna larvae fractional shortening at 3 and 4 dpf. n ≥ 8 fish/genotype/time point. Mean ± 
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SEM is presented. Significance (*) is set at p < 0.05. (D) (i) Schematic showing the region and 

section orientation (red box) of the images shown in (ii). (ii) Pkc α immunostaining of 7 dpf WT 

and mutant lmna larvae longitudinal cardiac sections. The maximum projection of the confocal z-

stack images taken are shown at 20x and 60x magnification. The region enclosed in a white box 

in the 20x brightfield image is taken at 60x magnification. DAPI marks the nucleus. White 

arrowheads point to cells. PS, pericardial sac, OT, outflow tract, V, ventricle and A, atrium. Scale 

bars: 50 μm (20x) and 10 μm (60x). n ≥ 3 larvae/genotype. 
 

To assess the cardiac function of WT and lmna mutants, heart rate (HR; beats/min) was 

scored from 3 – 7 dpf. Previous work shows bradycardia in lmna morphants at 1 - 3 dpf (Vogel et 

al., 2009). Similarly, the heterozygous lmna mutants in this study have a lower HR compared to 

WT at 3 dpf (Figure 3.2Bi and supplementary videos 3.1 and 3.2.) A trend towards bradycardia is 

also noted in the homozygous lmna mutants at 5 and 7 dpf (Figure 3.2Bi). However, the overall 

mean HR during the period of observation is comparable between WT and lmna mutants (Figure 

3.2Bii). In addition, fractional shortening (FS) was calculated from the end systolic and diastolic 

ventricular diameters of WT and lmna mutants at 3 and 4 dpf to estimate ventricular function. A 

previous study on zebrafish lamin A/C morphants noted decreased FS at 2 - 4 dpf compared to 

controls (Vogel et al., 2009). In this study, the lmna mutants present a trend towards decreased FS 

compared to control at 3 and 4 dpf (Figure 3.2C).  

As a regulator of cardiac structure and function, expression of Pkc α in cardiac tissues was 

determined by immunostaining cardiac sections of 7 dpf WT and lmna mutant larvae. Genome 

duplication in zebrafish resulted in two PRKCA zebrafish paralogues – prkcaa and prkcab. The 

Pkc α-a and Pkc α-b proteins share 85% a.a. identity with each other. Furthermore, zebrafish Pkc 

α-a and Pkc α-b share 84% and 82% a.a. identity respectively with human PKC α. The available 

Pkc α antibody that works on zebrafish samples does not discriminate between the two zebrafish 

Pkc α proteins. The immunostaining results show similar Pkc α expression in cardiac tissues of 7 

dpf WT and mutant lmna larvae (Figure 3.2D).  
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Heterozygous and homozygous lmna mutants display abnormal skeletal muscle structure 

and function 

Patients and animal models of striated muscle laminopathies frequently present with 

skeletal muscle structure defects and/or dysfunction (Nicolas et al., 2019). The lmna morphants 

also show slow muscle fibre defects at 1 dpf (Koshimizu et al., 2011). Thus, to determine if skeletal 

muscle damage is also present in the lmna mutants, slow muscle fibres of progenies from WT 

crosses and heterozygous crosses were immunostained for myosin heavy chain using the F59 

antibody at 1 dpf. Consistent with results from the lmna morphants, all 9 of the homozygous and 

9/11 of the heterozygous lmna mutants present with slow muscle fibre damage (fibre waviness, 

tears and irregular spacing) compared to 3/9 of WT embryos (Figure 3.3A). A sample was 

considered abnormal if ≥ 3 of its somites present any of the aforementioned defects. F-actin 

organization was also examined using rhodamine phalloidin staining of 1 dpf WT and lmna 

mutants. We observe F-actin structural defects in the muscle of the lmna mutants mirroring that of 

the myosin heavy chain (Figure 3Aii).  
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Figure 3.3: Skeletal muscle structure and swim capacity analyses of WT and mutant lmna 

zebrafish. (A) (i) Schematic representation of 1 dpf zebrafish embryo illustrating the region (in 

red box) presented in (ii). (ii) Maximum projection of confocal z-stack images showing normal 

and abnormal myosin heavy chain and F-actin staining in whole-mount 1 dpf WT and lmna mutant 

zebrafish embryos. White arrowheads point to fibre defects. Myosin heavy chain and F-actin 

staining show the same fibre defects. Heterozygous and homozygous mutants show comparable 

phenotypes. (iii) Frequency of WT and lmna mutant embryos presenting with slow muscle fibre 

defects in the trunk. n ≥ 9 embryos/genotype. (B) Swim analyses of WT and lmna mutant zebrafish 

from 4 dpf – 7 dpf. (i) The average larval speed (mm/s) at each time point per genotype displaying 

statistical significance at 7 dpf between WT and homozygous mutant fish. (ii)  The overall average 

larval speed (mm/s) during the entire period of observation for each genotype. (iii) The average 

larval distance (in mm) swam per day per genotype displaying statistical significance at 7 dpf 

between WT and homozygous mutant fish. (iv) The overall average larval distance swam during 

the entire period of observation. n ≥ 7 larvae/genotype. Mean ± SEM is shown. Significance (*) is 

set at p < 0.05. Scale bar: 75 μm. 

 

Skeletal muscle function was assessed by examining the number of movement and swim 

capacity of WT and mutant lmna larvae at 4 – 7dpf to determine if there is mobility impairment in 

the lmna mutants as a potential result of skeletal muscle defects. Swim activity was recorded for 
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each fish for five minutes/time point and analyzed in WT and lmna mutants from 4 – 7 dpf.  

Heterozygous and homozygous lmna mutant larvae are slower on average, swim a shorter total 

distance and move less compared to WT (Figure 3.3B and supplementary Figure 3.2).  

Expression of genes and activation of proteins associated with striated muscle laminopathies 

are perturbed in the homozygous lmna mutants.  

 To determine if levels of striated muscle laminopathy biomarkers are also affected in the 

lmna mutants, the expression level of nfb2 and jun, and phosphorylation of Erk 1/2 were assessed. 

Nfb2 is a downstream target of NF-B and jun codes for c-Jun, a target of the JNK branch of the 

MAP kinase signaling pathway. Quantitative PCR performed on RNA extracts of 7 dpf larvae 

show a notable attenuation of nfb2 and jun mRNA levels in the homozygous lmna mutants 

compared to WT (Figure 3.4A). Western blot analysis of activated (phosphorylated) Erk 1/2 (phos-

Erk 1/2) in protein extracts of 7 dpf larvae show a 1.38 fold increase in phos-Erk 1/2 level in the 

homozygous lmna mutants compared to WT (Figure 3.4B). The residues involved in human ERK 

1/2 activation (Thr202/Tyr204 for ERK 1 and Thr185/Tyr187 for ERK 2) are conserved in 

zebrafish (Jr, 2012). Similarly, the residues (Thr497, Thr638 and Ser657) involved in human PKC 

α activation are conserved in zebrafish except that Ser657 is substituted with a threonine in 

zebrafish (Bornancin & Parker, 1997; Cazaubon et al., 1994; Gysin & Imber, 1996; Keranen et al., 

1995; Parekh et al., 2000). Phosphorylated Pkc α (phos- Pkc α) is also upregulated in protein 

extracts from 7 dpf lmna mutant larvae (Figure 3.4B). Phos- Pkc α in 7 dpf WT larvae protein 

extracts is not detectable.  
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Figure 3.4: Quantitative PCR and western blot analyses of striated muscle laminopathy 

biomarkers in 7 dpf WT and mutant lmna zebrafish larvae. (A) Quantitative PCR of nfb2 

and jun transcript levels. n = 3 independent sets (5 pooled larvae/genotype/set). (B) (i) 

Representative western blot for activated Erk 1/2 (phos-Erk 1/2) and activated Pkc α (phos- Pkc 

α) in WT and mutant lmna zebrafish larvae (ii) Western blot analyses of phos-Erk 1/2 in WT and 

mutant lmna zebrafish larvae. n = 2 independent sets (≥ 3 pooled larvae/genotype/set). Mean ± 

SEM is presented. Significance (*) is set at p < 0.05; ** means p < 0.01. 

 

3.6 Discussion 

 Mutations in the lamin A/C gene primarily result in cardiac and/or skeletal muscle 

conditions in patients (Tesson et al., 2014). Multiple animal models including zebrafish have been 

created to study striated muscle laminopathies (Nicolas et al., 2019). However, there is currently 

limited or no information on the cardiac and skeletal muscle phenotypes of zebrafish with 

permanent lmna interruption. In this study, we created zebrafish with permanent lmna disruption 
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by inducing a five base pair deletion in the second exon of zebrafish lamin A/C using the 

CRISPR/Cas9 technology. Heterozygous and homozygous lmna mutants both have reduced lamin 

A, and combined lamins A and C transcript levels. Zebrafish lmna mutants do not suffer premature 

death and have comparable survival to their WT siblings at 5 mpf. The lmna mutants exhibit mild 

and transient cardiac defects. At 1 dpf, the lmna mutants present skeletal structure abnormalities. 

In addition, the lmna mutants on average move less, swim slower and cover a smaller mean total 

distance at 4 – 7 dpf than WT larvae. Furthermore, expression of genes and proteins implicated in 

striated muscle laminopathies is disturbed. In particular, jun and nfb2 transcript levels are reduced 

and phos-Erk 1/2 is increased in the homozygous lmna mutants. Activated Pkc α, an upstream 

regulator of Erk 1/2 and Jun, is increased in the lmna mutants as well. Altogether, the lmna mutants 

show marked skeletal muscle phenotype, and aberrant expression of genes and proteins previously 

linked to striated muscle laminopathies in patients and other animal models.  

The Lmna null mice models (LmnaGT -/- and LmnaΔ/Δ) have hypotrophic cardiac and skeletal 

muscles but neither exhibit abnormal cardiac structure (e.g. fibrosis or cardiac chamber 

enlargement) nor dystrophic skeletal muscles (Kim & Zheng, 2013; Kubben et al., 2011). In 

contrast, zebrafish with transient lmna knockdown present with cardiac structural and functional 

defects and skeletal muscle damage (Koshimizu et al., 2011; Vogel et al., 2009). In this study, the 

5bp Δ in lmna shifts the reading frame creating a premature stop that may result in a truncated 

lamin A/C of 180 amino acids lacking many of its functional and binding domains including the 

regions that interact with Erk 1/2 and Pkc α (González et al., 2008; Martelli et al., 2002). The 

presence or absence of the truncated lamin A/C variant cannot be confirmed due to lack of lamin 

A/C antibody that can detect zebrafish lamin A/C. However, quantitative PCR analyses show 

reduction in lamin A transcript level in the homozygous lmna mutants. In contrast, lamin C 



112 

 

transcript level is found to be 1.46 fold higher in the homozygous mutants compared to WT. 

Previous work from Koshimizu et al provide evidence for the presence of zebrafish lamin C at the 

mRNA and protein levels (Koshimizu et al., 2011). However, in silico work by Peter and Stick 

suggest that lamin C is present in mammals only (Peter & Stick, 2012). Using the forward primer 

located in lmna exon 8 and reverse primer in lmna intron 9 published by Koshimizu et al, we found 

that these primers that were also used in this study cover a region common to the putative zebrafish 

lamin C and another untranslated lmna transcript that retains an intron (Ensembl lmna ID: 

ENSDARG00000013415; transcript ID: lmna-201). Thus, the observed increase in lamin C 

mRNA in the homozygous mutants might have included the lmna-201 transcript. Nevertheless, 

since lamin C is significantly less abundant than lamin A, total lamins A and C expression in the 

mutants is significantly decreased compared to WT making the heterozygous mutants lamin A/C 

haploinsufficient and the homozygous mutants lamin A/C deficient. The remaining lamin A/C 

transcripts in the mutants may result from alternative means of mutant mRNA processing such as 

exon skipping and activation of cryptic splice sites that could bypass nonsense-mediated mRNA 

decay (Anderson et al., 2017). 

Previous studies show lamin A/C deficiency or haploinsufficiency resulting in death or 

striated muscle laminopathy in patients respectively (Al-Saaidi et al., 2013; Gupta et al., 2010; Siu 

et al., 2012; van Engelen et al., 2005). Likewise, transient knockdown of lmna in zebrafish results 

in cardiac and skeletal muscle abnormalities (Koshimizu et al., 2011; Vogel et al., 2009). 

Consistent with these observations, the zebrafish homozygous lmna mutants display slow muscle 

fibre damage at 1 dpf. Interestingly, unlike most animal models of striated muscle laminopathies, 

the zebrafish heterozygous lmna mutants also present an abnormal muscular phenotype (Nicolas 

et al., 2019). Myosin heavy chain and F-actin staining of muscle fibres show wavy fibres, irregular 
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spacing between the muscle fibres, and muscle fibre tears in the lmna mutants compared to WT at 

1 dpf. F-actin defects have been noted in patient myoblasts, neonatal rat ventricular myocytes 

(NRVMs) and fruit flies expressing striated muscle laminopathy mutations (Bertrand et al., 2014; 

Dialynas et al., 2015; Laurini et al., 2018). Actin is part of the network that physically links the 

nucleus to the cytoskeleton (Haque et al., 2006). It is also known to directly interact with the C 

terminus of lamin A/C making F-actin intimately involved in the transduction of force in the 

nucleus and the rest of the cell (Simon et al., 2010). In this study, the truncation of lamin A/C 

removes the F-actin binding sites potentially disrupting the proper handling of mechanical stimulus 

which is critical in cells under constant physical stress such as myocytes. Patient myoblasts and 

mutant NRVMs with disrupted F-actin present with compromised mechanosensitivity, nuclear 

stability and cell adhesion owing to the disruption of the nucleo-cytoskeletal structure (Bertrand 

et al., 2014; Laurini et al., 2018). Consistent with the mobility issues observed in various animal 

models expressing various striated muscle laminopathy variants, our zebrafish lmna mutants have 

impaired swim capacity compared to WT (Arimura et al., 2005; Bank et al., 2011; Dialynas et al., 

2015).   

In some patients with striated muscle laminopathy and in the H222P EDMD mice, elevated 

expression and activity of several members of the MAP kinase signaling pathway are observed 

(Muchir et al., 2007, 2012, 2013). This aberrant gene expression profile is thought to contribute to 

the development of muscular dystrophy and cardiomyopathy (Muchir et al., 2007, 2013). 

Likewise, the homozygous lmna zebrafish mutants present with abnormal activation or expression 

of MAP kinase members. The homozygous lmna mutants have an upregulation of phosphorylated 

Erk 1/2 compared to WT. An increase in phos-ERK 1/2 has been previously noted in HeLa (human 

epithelial cell line) and C2C12 (mouse myoblast cell line) cells upon lamin A/C knockdown 



114 

 

(Muchir, Wu, et al., 2009). Thus, like the H222P mice, abnormal expression and activation of ERK 

1/2 in the homozygous lmna mutants likely contributed to the development of their muscular 

dystrophy phenotype. Additionally, consistent with results from mouse embryo fibroblasts of a 

Lmna mice model that produces a truncated lamin A, NF-B-regulated gene transcription is 

decreased as evidenced by the reduction in nfb2 expression level in the homozygous lmna 

mutants compared to WT further implicating the NF-B pathway in muscular laminopathies (Jahn 

et al., 2012; Lammerding et al., 2004; Sullivan et al., 1999).  

Regarding cardiac structure, the lmna morphants present with pericardial edema and 

cardiac chamber dilation (Vogel et al., 2009). In this study, the homozygous lmna mutants have a 

narrower ventricle at 3 dpf compared to WT. No other significant and specific cardiac structural 

defect is observed in the lmna mutants at the embryo and early larval stages. Cardiac function 

assessment was performed beginning at 3 dpf when the zebrafish ventricle and atrium are distinct 

chambers contracting sequentially and are separated by the developing valve leaflets in the 

atrioventricular canal (Staudt & Stainier, 2012). Previous work notes bradycardia in the LmnaGT -

/- mice, and lower HR at 1-3 dpf and decreased fractional shortening at 2-4 dpf in the lmna 

morphants compared to control (Kubben et al., 2011; Vogel et al., 2009). Similarly, the 

heterozygous lmna mutants present with significantly decreased HR at 3 dpf compared to WT. 

Furthermore, the homozygous lmna mutants have a narrower ventricle compared to WT suggesting 

that their ventricle does not relax as much as WT during diastole at 3 dpf. Consequently, a trend 

towards poorer fractional shortening is observed in the lmna mutants compared to WT at 3 dpf 

which persists at 4 dpf. These results are supported by recent work from Hayashi and colleagues 

showing bradycardia at 2 dpf and impaired cardiac conduction at 3 dpf in homozygous CRISPR 

mutants with 4bp ∆ in lmna exon 1 (Hayashi et al., 2020). Zebrafish lmna exon 6 crispants (i.e. 
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CRISPR/lmna guide RNA micro-injected embryos with mosaic lmna interruption) also present 

similar results confirming cardiac dysfunction in lmna mutants during the embryonic stage 

(Hayashi et al., 2020). However, by 7 dpf, the cardiac function defects noted in our lmna mutants 

are no longer observable suggesting transient and mild cardiac dysfunction in these mutants. In 

individuals with muscular laminopathies, the skeletal muscle phenotype precedes the presentation 

of cardiac abnormalities although some patients might not develop a cardiac phenotype (Gisèle 

Bonne & Quijano-Roy, 2013; Vytopil et al., 2002). Therefore, the lack of significant cardiac 

structure and function abnormalities in the lmna mutants during the first week of development 

mimics observations in EDMD and L-CMD patients. Alternatively, the significant drop in c-jun 

expression in the homozygous mutants might also contribute to the lack of prominent cardiac 

phenotype in these mutant larvae. In the H222P mice, c-Jun transcript level is upregulated prior to 

detection of notable abnormal cardiac structure and function suggesting that elevated c-Jun 

expression contributes to cardiac disease in the H222P mice (Muchir et al., 2007). Furthermore, 

genetic compensation might also account for the transient and weak cardiac abnormalities in the 

lmna mutants and the phenotypic difference between zebrafish mutants and morphants (Kok et al., 

2015; Rossi et al., 2015). To check for genetic compensation, lmnb1 transcript level was assessed 

in WT and lmna mutant larvae. Lmnb1 codes for another nuclear lamina protein, lamin B1, which 

forms its own network in the nuclear lamina and supports the A-type lamins (Shimi et al., 2008, 

2015). However, instead of an upregulation, lmnb1 expression is significantly reduced in the 

homozygous lmna mutants (supplementary Figure 3.3) suggesting that another gene with a 

comparable function to the A-type lamins could be compensating. 

Expression and activation of the A-type lamin binding partner - Pkc α, a kinase central to 

cardiac function and an upstream regulator of several members of the MAP kinase signaling 
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pathway, were also assessed in WT and lmna mutants. Pkc α is found to be expressed in the heart 

of both WT and lmna mutant fish. Furthermore, phosphorylated Pkc α level is increased in 7 dpf 

whole mutant larvae protein extract compared to WT. It should be noted that prkca morphants do 

not manifest any notable cardiac phenotype at 3 dpf while Prkca null mice present with 

hypercontractile hearts and Prkca over-expression results in hypocontractile hearts (Braz et al., 

2004; Hu et al., 2018). Therefore, the increase in activated Pkc α in the zebrafish lmna mutants 

might contribute to the trend towards decreasing cardiac contractility observed in the lmna mutants 

compared to WT. 

Altogether, the data shows evident skeletal muscle phenotype in the zebrafish lmna mutants 

with mild and transient cardiac abnormalities. This phenotype could serve as a model for skeletal 

myopathies such as EDMD which usually present with marked muscle damage in childhood and 

late onset or no cardiac conditions (Bonne & Quijano-Roy, 2013; Vytopil et al., 2002). Future 

studies on older lmna mutants should be performed to determine if the mutants develop a more 

prominent cardiac phenotype. Furthermore, these lmna mutants could be used to test the efficiency 

of muscular laminopathy drugs or to identify other potential therapeutic targets. Lastly, future work 

could include additional Pkc α characterization in zebrafish carrying other pathogenic lmna 

mutations to confirm Pkc α involvement in muscular laminopathies.   

 

 

 

 



117 

 

3.7 Supplementary Information  

 
Supplementary Figure 3.1: Image of a 3 dpf zebrafish showing how the end systolic and end 

diastolic ventricular diameters are measured. The length of the red line represents the ventricular 

diameter. Scale bar: 1 mm.  
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Supplementary Figure 3.2: Movement analysis of WT and lmna mutant larvae. (A) Average 

number of movements per larva from 4 – 7 dpf.  (B) An example of a swim map tracking the swim 

path of 7 dpf WT and lmna mutant larvae for one minute. The red tracks indicate fast movement 

and the green tracks indicate slow movement. The blue circle signifies the well. n ≥ 7 

larvae/genotype. Mean ± SEM is shown. Significance (*) is set at p < 0.05. 
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Supplementary Figure 3.3: Quantitative PCR analysis of lamin b1 (lmnb1) transcript level in 

whole larval RNA extracts of 7 dpf WT and lmna mutant zebrafish. n = 3 sets (5 

larvae/genotype/set). Mean ± SEM was presented. Significance (*) is set at p < 0.05. 

 

Supplementary Video 3.1: Cardiac video of a WT zebrafish at 3 dpf.  

 

Supplementary Video 3.2: Cardiac video of a heterozygous zebrafish at 3 dpf.  
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Supplementary Table 3.1: List of antibodies and stains used and their respective application(s) and dilution(s). 

 

Antibody/Stain Application(s) 

rabbit polyclonal anti-total PKCα (sc-208) IF (1:250) 

mouse monoclonal anti-total PKCα (sc-8393) IF (1:100) 

mouse monoclonal anti-myosin heavy chain (DSHB F59) IF (1:10) 

Alexa FluorTM 594 phalloidin (ThermoFisher Scientific A12381) IF (1:250) 

goat anti-mouse IgG Alexa FluorTM 488 (ThermoFisher Scientific A-11001) IF (1:500) 

goat anti-mouse IgG1 Alexa FluorTM 488 (ThermoFisher Scientific A-21121) IF (1:500) 

goat anti-rabbit IgG Alexa FluorTM 488 (ThermoFisher Scientific A32731) IF (1:500) 

DAPI (Roche 10236276001) IF (1:5000) 

rabbit polyclonal anti-phos PKC α (sc-12356-R) WB (1:2000) 

rabbit polyclonal anti-phos ERK 1/2 (Cell Signalling Tech 9101) WB (1:2000) 

rabbit polyclonal anti-GAPDH (Ab22555) WB (1:10000) 

goat anti-rabbit IgG-HRP (sc-2004) WB (1:5000) 

 

 

Supplementary Table 3.2: List of primers used in the quantitative PCR experiments. 

 

Gene (sequence ID) Fwd primer (5' --> 3') Rev primer (5' --> 3') Reference 

lmna (NM_152971.1)   (Koshimizu et al., 2011) 

lamin A TTTGTTCCAGACCACCCTCATC   AAGCACAGATGGTCAGGGTTTG  

lamin C TGGCAGGTGAAGAGGCAGATTG  GACCCGCAACATAAAGGCTA 

lmnb1 (NM_152972.2) ACCCGCGGCAAGAGAAAGCG TCCTGCCATCGGCTGGTCCT (Ye et al., 2015) 

jun (NM_199987.1) CGCTTTCTCTCAGCATGACAGT GATTGAGCGTCATGTTGTGTTTC  (Bugel et al., 2016) 

nfkb2 (NM_001001840.3) AGTATCCAGTCCATCTCGCTGT GCTTCTTCTCGCTCTCTTCATC (Bugel et al., 2016) 

ef1α (ENSDART00000023156) CTGGAGGCCAGCTCAAACAT ATCAAGAAGAGTAGTACCGCTAGCATTAC (Tang et al., 2007) 

rpl13a (NM_212784) TCTGGAGGACTGTAAGAGGTATGC AGACGCACAATCTTGAGAGCAG (Tang et al., 2007) 

ywhaz (BC044412) TCTGCAATGATGTGTTGGAGC TCAATGGTTGCTTTCTTGTCGTC (Tang et al., 2007) 
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4.1 The three hypotheses regarding laminopathies 

 Laminopathies are a group of diseases that affect various tissue types ranging from adipose 

tissues to myocytes. However, laminopathies can also manifest a multisystem phenotype such as 

in the premature aging condition - Hutchinson-Gilford progeria syndrome (HGPS). For a gene 

such as lamin A/C that is expressed in most cell types, the resulting diverse and tissue-specific 

phenotypes of patients with various lamin A/C mutations are intriguing. How can mutations in a 

widely expressed gene present with tissue-specific phenotypes? How can two individuals with the 

same LMNA mutation present with different conditions or one be asymptomatic while the other is 

gravely ill? Three overarching hypotheses seek to explain the underlying mechanisms for the 

development of laminopathy in patients and these hypotheses are not mutually exclusive. The first 

hypothesis proposes that toxic and misprocessed A-type lamins cause the phenotypes. The second 

hypothesis attributes the diseases to abnormal gene expression regulation by variant lamin A/C. 

Lastly, the third hypothesis proposes that the disruption of lamin A/C’s role in nuclear and 

chromatin support and mechanical transduction causes the phenotypes.  

The first hypothesis attributes the disease phenotype as primarily caused by the 

accumulation of toxic and misprocessed lamin A/C. The misprocessed lamin A/C is detrimental 

to the cell and eventually causes a disease. The classic case supporting this notion is with HGPS. 

Most HGPS patients possess a mutation in exon 11 of LMNA that affects amino acid 608 (Eriksson 

et al., 2003). The HGPS mutation results in the activation of a cryptic splice that produces a variant 

lacking 50 amino acids in the C terminus (Eriksson et al., 2003). Due to alternative splicing in 

exon 10, exons 11 and 12 are lamin A specific; thus, lamin C is unaffected. This truncated lamin 

A (also known as progerin) retains its CAAX motif and is not cleaved by ZMPSTE24 to generate 

mature lamin A (Eriksson et al., 2003). A farnesyl group is added to the cysteine of this CAXX 
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motif by farnesyl transferase, and this is the first of the post-translational modifications that 

prelamin A goes through to yield mature lamin A (Agarwal et al., 2003). Individuals with the 

progeric mutation affecting amino acid 608 express the misprocessed and truncated premature 

lamin A that remains farnesylated. Two mice models expressing either farnesylated progerin 

(LmnaHG) or non-farnesylated progerin (LmnanHG) were created (Yang et al., 2005, 2008). Both 

LmnaHG and LmnanHG mice presented with progeric syndrome (growth delay, osteoporosis, 

lipodystrophy, premature death) but the LmnanHG mice had a less severe phenotype (Yang et al., 

2006, 2008). Inhibition of farnesyl transferase in the heterozygous LmnaHG mice decreased the 

number of nuclei with blebs, improved weight gain, and reduced fat loss and bone fracture (Yang 

et al., 2005, 2006). Similarly, farnesyl transferase inhibition in the heterozygous LmnanHG mice 

reduced nuclear blebs (Yang et al., 2008). In cellular models, expression of progerin in control 

foreskin fibroblasts and in HeLa cells recapitulated the cellular phenotype (misshapen nuclei, 

mislocalization of some nuclear proteins, loss of heterochromatin) seen in HGPS patient 

fibroblasts (Goldman et al., 2004b). However, expression of WT lamin A in HGPS patient cells 

did not rescue the abnormal cellular phenotype suggesting that the truncated HGPS lamin A variant 

behaved in a dominant negative manner (Scaffidi & Misteli, 2005). Unsurprisingly, treatment of 

HGPS patient fibroblasts with morpholino that blocked the activated splice site in exon 11 

preventing the production of the truncated lamin A, rescued the cellular abnormalities noted in the 

patient cells (Scaffidi & Misteli, 2005). The treatment also normalized the expression of several 

genes associated with HGPS (Scaffidi & Misteli, 2005). Altogether, these data show that progerin 

causes the HGPS phenotype.  

 However, persistence of immature lamin A/C does not always result in progeria. It can also 

lead to cardiomyopathy. Mice that express non-farnesylated prelamin A (nPLA) only or WT (i.e. 
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farnesylated) prelamin A (PLA) only were created (Davies et al., 2010). The non-farnesylated 

prelamin A was localized in both the nuclear rim and the nucleoplasm just like lamin A in WT 

mice, and WT prelamin A in the PLA mice (Davies et al., 2010). Nuclear stiffness did not differ 

between the mouse embryo fibroblasts (MEFs) of PLA and nPLA mice though nuclear 

deformations were noted in the cells of the nPLA mice (Davies et al., 2010). PLA and nPLA litter 

were also comparable up until 20 weeks old after which the nPLA mice developed DCM and 

cardiac dysfunction resulting in death of all male nPLA mice by 44 weeks and all nPLA female 

mice by 80 weeks  (Davies et al., 2010). Crossing the PLA mice with the Zmpste24 null mice (gene 

that encodes ZMPSTE24) also resulted in an increase in prelamin A production that led to worse 

outcome (lower body weight and poorer survival rate) in the PLA-/- or +/- Zmpste24-/- mice 

compared to controls; thus confirming that the unprocessed lamin A was toxic to the cells and 

caused the cardiac phenotype (Davies et al., 2010).  .   

 Another mice model which was initially thought to be Lmna null (from here on will be 

referred to as LmnaΔ8-11) actually expresses a truncated lamin A that lacks the C terminus of the 

protein (Jahn et al., 2012; Sullivan et al., 1999). Homozygous LmnaΔ8-11 mice were initially 

indistinguishable from their heterozygous and WT siblings but by week 2 to 3, the homozygous 

mice had growth delay and displayed gait defects by week 3-4 post birth (Sullivan et al., 1999). 

Furthermore, by 8 weeks old, the homozygous LmnaΔ8-11 mice were all dead (Sullivan et al., 1999). 

In contrast, the heterozygous LmnaΔ8-11 mice presented with cardiac dysfunction at 10 weeks old 

and by 50 weeks old, the mice had cardiac chamber dilation and decreased fractional shortening 

(Wolf et al., 2008). While haploinsufficiency might contribute to DCM development in the 

heterozygous LmnaΔ8-11 mice, it is also probable that the truncated lamin A that was expressed in 

these mutant mice acted in a dominant negative manner that was harmful to the mice.  
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 Taken together, the presented studies on progerin, misprocessed and/or truncated lamin A 

give support to the detrimental effects of “toxic” lamin A/C and its contribution to the development 

of laminopathies. 

The second hypothesis endeavoring to explain laminopathies ascribes the diversity of 

phenotypes as a consequence of the disturbance in gene expression regulation by lamin A/C. As 

discussed earlier in the introduction (section 1.3.b pages 12-17), the A-type lamins are known to 

bind proteins as a means to regulate their functions (Ivorra et al., 2006; Myant et al., 2015; 

Rodríguez et al., 2010). Such interaction can keep a transcription factor from reaching and acting 

on its target(s) and/or prevents it from interacting with its regulator(s). Alternatively, lamin A/C 

can also facilitate the transcription factor’s interactions by binding both the transcription factor 

and its target or regulator. Nonetheless, the downstream effect would affect gene expression. The 

p.H222P variant is the best characterized striated muscle laminopathy variant (Nicolas et al., 

2019). The MAPK signaling pathway was implicated in striated muscle laminopathies primarily 

from studies involving the H222P EDMD mice model. The A-type lamins are known to bind ERKs 

in the region spanning amino acids 247-355 (González et al., 2008). Though H222 is outside this 

region, the mutation affecting this position disturbed ERK 1/2 activity and cellular localization. 

An increase in nuclear ERK 1/2 was noted and its activation was pronounced in the H222P EDMD 

mutant mice (Muchir et al., 2007). The other MAPK members - JNK and p38, along with the 

MAPKs downstream targets such as ELK-1, a transcription factor, were similarly upregulated 

(Muchir et al., 2007). This abnormal increase in transcription factor expression and activation 

followed by the consequent changes in the expression profile of their respective target genes was 

thought to contribute to the disease development as the cells respond to stimuli and stress in the 

context of an abnormal gene expression profile.  
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In another example, C. elegans carrying fluorescently-tagged plasmids that are 

incorporated in the genome in tandem arrays were studied (Mattout et al., 2011). As mentioned in 

the introduction (section 1.3.b pages 13-14), lamin-1 depletion resulted in a shift of the plasmid 

arrays towards the nuclear interior, and expression of the green fluorescent marker suggesting 

plasmid de-repression, and lamin-1 function in plasmid arrays tethering and gene expression 

regulation (Mattout et al., 2011). To determine if lamin mutations affect the nuclear periphery 

sequestration and/or repositioning of heterochromatin in a tissue-specific manner, a plasmid array 

expressing red fluorescent protein (RFP) under myo-3, a muscle-specific promoter, was assessed 

in the muscle cells of WT worms and mutant worms expressing the EDMD p.Y59C lamin-1 variant 

(Mattout et al., 2011). In the muscle cells of WT worms, the array under the myo-3 promoter had 

shifted from the nuclear rim to the nucleoplasm (Mattout et al., 2011). On the other hand, in the 

muscle cells of mutant worms, half of the muscle-specific arrays were retained in the nuclear 

periphery (Mattout et al., 2011). Consequently, the mutant worms also displayed defects in muscle 

integrity (e.g. F actin disorganization in the trunk), and impaired swim capacity (Mattout et al., 

2011). To verify if the effect of p.Y59C lamin-1 is cell/tissue-specific, the expression of other 

arrays was examined. In the gut cells of both WT and mutant worms, plasmid arrays with intestine-

specific promoters were unaffected and had shifted accordingly from the nuclear periphery to the 

nuclear centre thus confirming that the the EDMD lamin -1 variant effect on gene expression is 

cell/tissue-specific (Mattout et al., 2011).  

Altogether, the MAPK studies on the H222P mice and the worm study illustrate how gene 

expression can be altered in the presence of pathogenic LMNA mutations. These studies also show 

how expression of lamin A/C variants can result in tissue-specific phenotypes. Moreover, the C. 
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elegans example segues into the third laminopathy hypothesis that examines how compromising 

the structural integrity of the A-type lamins can result in a disease phenotype. 

 The third laminopathy hypothesis attributes the tissue-specific phenotypes to the structural 

role of the A-type lamins in maintaining the nuclear and chromatin architecture and transducing 

mechanical signals. Because of the involvement of the A-type lamins in nuclear and cytoskeletal 

structure and dynamics, compromising lamin A/C will make cells and tissues vulnerable to 

physical stress. This function is particularly crucial for myocytes and muscular tissues which 

experience constant mechanical stimulus. For instance, a previous study observed nuclear 

envelope disturbances (e.g. nuclear blebbing, nucleoplasm extrusion into the cytoplasm) in 

cardiomyocytes of patients with lamin A/C-associated dilated cardiomyopathy (DCM) (Bilinska 

et al., 2006; Fidzianska et al., 2008; Gupta et al., 2010; Sylvius et al., 2005). Likewise, cells from 

the LmnaΔ8-11 mice showed nuclear envelope disruption and impaired nuclear capacity to handle 

mechanical stress (Lammerding et al., 2004, 2006; Sullivan et al., 1999). Application of strain 

caused notable nuclear deformation in the mutant cells compared to WT suggesting the importance 

of A-type lamins in nuclear handling of physical stress (Lammerding et al., 2004). Additionally, 

low pressure micro-injection of fluorescently-labelled dextran into the nucleus resulted in dextran 

leaking into the cytoplasm of mutant cells but not in the WT cells thus providing further evidence 

for the importance of the A-type lamins in maintaining nuclear membrane integrity (Bilinska et 

al., 2006; Fidzianska et al., 2008; Gupta et al., 2010; Lammerding et al., 2004; Sylvius et al., 2005).  

The nuclear membrane integrity is also important in facilitating the assembly of replication 

and transcription complexes as the nuclear lamins serve as docking sites for these factors (Misteli 

& Scaffidi, 2005). As mentioned in the introduction (section 1.3.b pages 13), DNA replication was 

disrupted in cells expressing a truncated lamin A as PCNA and the replication factor C were 
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trapped in the lamin aggregates (Spann et al., 1997). Similarly, MEFs from Zmpste24 null mice 

expressing immature lamin A (i.e. prelamin A) only presented with DNA replication arrest, 

cellular senescence, increased micronuclei and chromosomal aggregation signaling genomic 

instability (Liu et al., 2005). Fibroblasts from Zmpste24 null mice and from HGPS patients also 

showed increased DNA damage and defective DNA damage response in progeroid cells (Liu et 

al., 2005). Expression of variant prelamin A that cannot be cleaved by ZMPSTE24 in WT MEFs 

mirrored the phenotype of the Zmpste24 null mice MEFs (Liu et al., 2005). Likewise, expression 

of WT ZMPSTE24 in Zmpste24 null mice MEFs rescued the progeric cellular phenotype 

suggesting that the immature lamin A drove genomic instability and impaired DNA damage 

response in progeric cells (Liu et al., 2005). Loss of heterochromatin in the nuclear periphery 

correlating with the increase in progerin was also observed in fibroblasts of patients with HGPS, 

and in cardiomyocytes of patients with DCM caused by lamin A/C mutations (Goldman et al., 

2004; Gupta et al., 2010; McCord et al., 2013). In addition, abnormal histone methylation and 

lamin A/C-DNA interactions were noted in the HGPS fibroblasts (McCord et al., 2013). Since the 

A-type lamins anchor chromatin in the nuclear lamina, the disruption of the lamin A/C network 

and accumulation of the misprocessed lamin A impaired heterochromatin tethering and disrupted 

the regulation of factors such as the histone modifiers involved in gene expression regulation 

(Mattout et al., 2007; Solovei et al., 2013; Taniura et al., 1995).  

However, the A-type lamins do not only maintain the structure of the nucleus but also 

connect the nucleus to the rest of the cell. As such, others have examined the effect of lamin A/C 

mutations on F actin organization, cell adhesion and stress-strain response using neonatal rat 

ventricular cardiomyocytes (NRVMs) expressing either WT or mutant LMNA. Interestingly, one 

of the DCM with conduction defects (DCM-CD) lamin A/C variants expressed in the NRVMs was 
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p.D192G which was also studied in chapter 2 of this thesis. Laurini and colleagues observed that 

the NRVMs expressing mutant lamin A/C displayed nuclear deformations (e.g. blebs, nuclear 

elongation), F actin disorganization and weaker F actin staining signal compared to WT cells 

(Laurini et al., 2018). In addition, in silico simulation of  stress-strain response of WT and variant 

lamin A dimers predicted that the DCM variants p.N195K and especially the p.D192G were more 

easily unfolded compared to WT dimers suggesting that the nuclear stiffness was compromised in 

the mutant NRVMs (Laurini et al., 2018). Cell adhesion and plasticity (capacity of the cytoskeleton 

to handle elastic energy) were compromised as well in the mutant NRVMs as they were more 

easily deformed due to the impaired mechanical stress transmission from the membrane to the 

nucleus caused by destabilized actin structure (Laurini et al., 2018). To further probe the effects of 

this mechano-transduction defect in the mutant NRVMs, gene expression was examined in WT 

and mutant cells particularly in the context of the p38 branch of the MAPK signaling pathway. 

P38 is thought to interact with actin, and p38 activation has been implicated in striated muscle 

laminopathies (Laurini et al., 2018; Muchir et al., 2007; Muchir, Wu, et al., 2012). Previous work 

had also shown therapeutic benefits of inhibiting p38 in the H222P EDMD mice model, and in 

phase 2 clinical trial of patients with DCM-caused by lamin A/C mutations (clinical trial ID: 

NCT02057341) (MacRae, 2016; Muchir et al., 2007; Muchir, Wu, et al., 2012). Therefore, mutant 

NRVMs were treated with a p38 inhibitor to see if inhibition of p38 will rescue the mutant cells’ 

phenotype. Indeed, F actin organization was restored, and the plasticity, adhesion and stiffness of 

the mutant NRVMs were improved; thus demonstrating the interplay between gene expression 

(via the p38 MAPK), actin and mechanical transduction in laminopathies (Laurini et al., 2018).  

4.2 The p.K32del lamin A/C variant phenotype: a case explained by the three 

laminopathy hypotheses  
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To demonstrate how the three hypotheses can converge to explain a laminopathy 

phenotype, the p.K32del variant that results in L-CMD or severe EDMD in patients will be 

discussed (D’Amico et al., 2005; Vytopil et al., 2002). Aside from HGPS cases, “toxic” lamin A/C 

was also found to be involved in the pathogenesis of striated muscle laminopathy in the p.K32del 

variant. The homozygous p.K32del mice model presented with severe growth retardation 

compounded by lethal metabolic defects while the heterozygous mutant mice eventually developed 

DCM (Bertrand et al., 2012; Cattin et al., 2013). DCM pathogenesis in the heterozygous mutant 

mice was marked by two stages. In young heterozygous mutant mice, there was haploinsufficiency 

as the amount of total lamin A/C in these mice was half of the WT amount (Cattin et al., 2013). 

This was due to the degradation of p.K32del lamin A/C. However, as the heterozygous mutant 

mice got older and became symptomatic, their total lamin A/C level normalized to WT suggesting 

that the degradation of p.K32del lamin A/C became impaired (Cattin et al., 2013). Upon 

examination, the group discovered that there was a cardiac-specific dysfunction of the ubiquitin 

proteasome system responsible for degrading p.K32del lamin A/C resulting in p.K32del 

accumulation (Cattin et al., 2013). This accumulation of p.K32del lamin A/C was detrimental to 

the mice and contributed to DCM development.  

On the other hand, immunostaining for lamin A/C in the homozygous p.K32del mutant 

mice showed that the p.K32del lamin A/C did not localize in the nuclear rim and remained 

nucleoplasmic (Bertrand et al., 2012). The A-type lamins are known to bind and regulate 

transcription factors by keeping them in the nuclear lamina. The loss of this function might have 

contributed to the cardiac and skeletal muscle maturation defects observed in the homozygous 

mutant mice (Bertrand et al., 2012). Furthermore, the homozygous mutant mice also suffered 

severe metabolic problems (Bertrand et al., 2012). These metabolic deficits were associated with 
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the profound reduction in the expression of the sterol regulatory element binding transcription 

factor 1 (SREBF-1) and its downstream target genes (Bertrand et al., 2012). SREBF-1 is known 

to bind the A-type lamins and the data suggest that the p.K32del variant exert a dominant-negative 

effect on the activity of SREBF-1 in the homozygous mutant mice (Bertrand et al., 2012; Lloyd et 

al., 2002). 

At the cellular level, experiments to assess mechanical handling and processing in cells 

expressing mutant LMNA were performed. Of the studied patients myoblasts, two of the samples 

were from unrelated individuals who carry the mutation producing p.K32del lamin A/C (Bertrand 

et al., 2014). The myoblasts were cultured in 3D or 2D (soft or hard) settings (Bertrand et al., 

2014). Mutant myoblasts failed to orient properly in 3D culture (Bertrand et al., 2014). Actin stress 

fibres were also prominent compared to control myoblasts in both 3D and 2D (soft substrate) 

cultures (Bertrand et al., 2014). In addition, mutant cells spread over a larger area compared to 

controls, and substrate stiffness did not affect cell spreading in mutant cells (Bertrand et al., 2014). 

Vinculin and focal adhesion kinase, both of which are cell adhesion proteins, were disturbed in the 

mutant cells as well (Bertrand et al., 2014). Furthermore, cyclic stretching of mutant myoblasts 

damaged the actin cytoskeleton structure, reduced vinculin immunostaining fluorescence intensity 

and induced nuclear deformations; thus suggesting that the capacity of the mutant myoblasts to 

handle mechanical stress was impaired (Bertrand et al., 2014). Evaluation of the MKL1-SRF and 

YAP transcription factors involved in cytoskeletal component expression and regulation showed 

abnormal expression and/or localization in the patient myoblasts compared to controls suggesting 

that compromised nuclear structure can have a downstream effect on transcription activity 

(Bertrand et al., 2014).  
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Overall, the example of the p.K32del lamin A/C variant demonstrates how the 

accumulation of “toxic” lamin A/C, aberrant gene expression combined with the disrupted cellular 

and nuclear mechanical response can result in a tissue-specific phenotype.  

4.3 The thesis results in the context of the three hypotheses 

To frame the results of this thesis in the context of the three main hypotheses explaining 

laminopathies, the thesis data contributed primarily to support the second and third hypotheses. 

Another group’s work on p.K32del lamin A/C showed that the accumulation of this variant in 

older heterozygous ΔK32 mice resulted in the development of DCM suggesting that this lamin 

A/C variant acted as a toxic molecule in the cell, and contributed to the development of the cardiac 

phenotype (Cattin et al., 2013). However, in this thesis, we did not perform studies to determine 

and evaluate if and how the other variants of chapter 2 (p.D192G, p.H222P, p.R249W and 

p.Y481X) potentially behave as a toxic molecule although our data may suggest such as the 

presence of these lamin A/C variants result in dysregulation of PKC α and ERK 1/2 signalling. As 

for the results from the zebrafish lmna mutants in chapter 3, the muscular dystrophy phenotype 

resulted from lamin A/C deficit in the homozygous lmna mutants and haploinsufficiency in the 

heterozygous lmna mutants instead of toxic lamin A/C.  

 Regarding the second hypothesis that proposes gene expression dysregulation resulting 

from disrupted lamin A/C function, the results from the cellular and zebrafish models showed 

abnormal expression profile of genes and proteins implicated in striated muscle laminopathies. 

The cellular studies expanded the list of known LMNA mutations that also lead to abnormal ERK 

1/2 activation while the zebrafish lmna mutants showed aberrant ERK 1/2 activation in the context 

of reduced lamin A/C expression. Altogether, these results provide further evidence supporting the 

integral role of ERK 1/2 in the development and progression of striated muscle laminopathies.  
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However, the main contribution of the results from chapter 2 was implicating PKC α in 

cardiac and muscular laminopathies. The results demonstrated how PKC α, a regulator of many 

proteins including ERK 1/2, was perturbed in its cellular localization, activation, and proximity to 

lamin A/C in the presence of pathogenic LMNA mutations. Figure 4.1 presents models of WT and 

variant lamin A from chapter 2 revealing how the truncations and amino acid substitutions could 

potentially alter the secondary structure of the A-type lamins, and consequently affect the 

interaction between lamin A/C and PKC α. These models were created using I-TASSER which 

simulates protein structure based on iterations and analyses of published structures in the Protein 

Data Bank (PDB) (Roy et al., 2012; Yang & Zhang, 2015; Zhang, 2009). The models with the best 

scores were selected and presented. Currently, there are 14 published lamin A/C structures on PDB 

although none of them is the full-length protein. Regardless, these PDB structures have contributed 

to our understanding of how lamin A/C mutations can cause structural and/or assembly changes 

that can disturb lamin A/C function leading to disease development. Structure 6JLB for instance 

identified amino acids important for lamin A/C homodimer and protofilament assembly (Ahn et 

al., 2019). Such information provides insight on how a specific mutation can affect lamin A/C 

assembly, and thus have structural and/or functional consequences. Of the 14 available lamin A/C 

structures, three (PDB IDs: 1IFR, 1IVT and 3GEF) cover a part of the region that binds PKC α in 

the C-terminus (Dhe-Paganon et al., 2002; Krimm et al., 2002; Magracheva et al., 2009). All three 

structures showed an immunoglobulin (Ig) like conformation for this region of the C-terminus. 

Based on structure 1IFR for example, the lipodystrophy mutations are found to affect amino acids 

that are clustered in a small exposed region of the protein while the muscular laminopathy 

mutations affect amino acids both in the core of the Ig domain involved in structural support and 

on the surface potentially involved in interactions with lamin A/C partners (Dhe-Paganon et al., 
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2002). Similar observations were made by Krimm et al with structure 1IVT (Krimm et al., 2002). 

In another study characterizing the interaction interface of the lamin A/C – emerin - barrier-to-

autointegration factor (BAF) complex (structure 6GHD), the results showed how the progeroid 

variants and not the EDMD and lipodystrophy variants interrupted lamin A/C - BAF association; 

thus, implicating lamin A/C – BAF interaction in progeria and further demonstrating how certain 

amino acid changes affecting specific lamin A/C interaction(s) can lead to a particular phenotype 

(Samson et al., 2018). Therefore, based on the data and results from these structural studies, indeed, 

the lamin A/C variants that we studied affected the interaction between lamin A/C and PKC α. For 

instance, in chapter 2, p.K32del lamin A/C was observed to have increased interaction with PKC 

α (Figure 2.5 page 57). Despite the shift in position of the amino acids downstream of K32 upon 

its deletion (Figure 4.1A helical wheel), the predicted structure of p.K32del does not present 

significant conformational changes on the overall structure of the protein (Figure 4.1A). Alignment 

of the PKC α binding region of WT and p.K32del lamin A showed overlap but a gain of a short 

alpha helix is noted in the variant. Such gain could have potentially contributed to the increase in 

lamin A/C - PKC α binding. In contrast, p.H222P lamin A/C was shown to have decreased PKC α 

interaction (Figure 2.5 page 57) even though the p.H222P lamin A model does not show 

considerable structural changes in the protein. However, the predicted gain of alpha helices in the 

PKC α binding site (Figure 4.1C) of the variant seemed to be detrimental to lamin A/C - PKC α 

binding and PKC α was primarily found in the cytoplasm. Similarly, the truncation of p.Y481X 

leads to the loss of the rest of the C terminus downstream of position 481 (Figure 4.1E) impairing 

the ability of lamin A/C to bind PKC α resulting in lesser PKC α in the nucleus of cells expressing 

p.Y481X compared to WT (Figure 2.2 page 50). Future studies including co-immunoprecipitation 

experiments can be done to further confirm our protein interaction results. Moreover, X-ray 
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crystallography and nuclear magnetic resonance (NMR) spectroscopy can also be employed to 

determine the actual protein structure of the lamin A/C variants. X-ray crystallography is a method 

that allows for the determination of the 3D structure of a molecule from its crystal (Smyth & 

Martin, 2000). The protein crystals are bombarded by X-ray from which the diffraction patterns 

and spots are analyzed to produce the molecular structure of the protein (Smyth & Martin, 2000). 

On the other hand, NMR is a technique that takes advantage of the inherent magnetic properties 

(aka spin) of certain atomic nuclei (Berg et al., 2002). Since each magnetic nucleus has its unique 

chemical shifts, these shifts can then be used and analyzed to construct the 3D conformation of a  

molecule (Berg et al., 2002). 
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Figure 4.1: Simulated protein models of mature WT lamin A and lamin A variants. Top panel: WT simulated model (left most panel), 

simulated variant model (middle panel) and alignment (right most panel) of the ERK 1/2 binding region in WT (in green) and variant 

(in orange) lamin A/C. Lower panel: helical wheel of the WT (left most panel), helical wheel of the variant (middle panel) and alignment 

(right most panel) of the PKC α binding region in WT (in green) and variant (in lavender) lamin A/C. The affected helix used to generate 

the helical wheel is shown in blue for WT and cyan in the variants. Where applicable, the affected amino acid is shown as a stick figure 

(blue in WT; cyan in variant). Note that a portion of the ERK 1/2 binding site is shown in blue or cyan in the WT and R249W models 

respectively since the affected position 249 is in the ERK 1/2 binding region. The amino and carboxyl ends are annotated by N and C 

respectively and the affected amino acid (a.a) is indicated by a black arrowhead in the helical wheel. The black arrow in the helical 

wheel indicates the direction of the hydrophobic moment. Polar, basic and positively charged a.a are in blue, polar, acidic and negatively 

charged a.a are in red, aliphatic or aromatic, nonpolar and neutral a.a. are in yellow, amide, polar and neutral a.a are in pink, small, 

aliphatic and non-polar a.a are in grey, proline (P) which is cyclic, nonpolar and neutral is in green, threonine (T) which is hydroxyl-

containing, polar and neutral is in purple, and histidine (H) which is basic, aromatic, polar, and can either be positively charged or neutral 

is in light blue. Models are rendered using PyMol (The PyMOL Molecular Graphics System, Version 2.3.4 Schrödinger, LLC, n.d.). 
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In parallel to the changes in lamin A/C - PKC α interaction, the activation level of the PKC 

α target - ERK 1/2, was also disturbed. Since lamin A/C can bind ERK 1/2 and PKC α (Figure 

4.2), lamin A/C might serve as the docking site for these two proteins and facilitate PKC α 

phosphorylation of ERK 1/2. However, in the presence of lamin A/C mutations, the resulting 

amino acid changes might cause conformational alterations in the protein that will affect its ability 

to bind its partners. In our study, the p.R249W and p.K32del variants presented with increased 

lamin A/C - PKC α interaction but decreased ERK 1/2 activation. Structural changes in the lamin 

A/C variants might have impeded lamin A/C – ERK 1/2 binding; thus, though lamin A/C - PKC α 

interaction was increased, a reduction in ERK 1/2 activation was noted. Future studies could 

evaluate the effect of various lamin A/C mutations on ERK 1/2 – lamin A/C interaction. 

Alternatively, lamin A/C – ERK 1/2 binding might not have been perturbed but the overall change 

in lamin A/C conformation might have impaired ERK 1/2 – PKC α interaction resulting in 

downregulation of ERK 1/2 activation. Likewise, ERK 1/2 activation was also reduced in the 

H222P mice myoblasts. However, in these cells, lamin A/C - PKC α association was decreased. 

Therefore, in the H222P mice myoblasts, the decrease in lamin A/C - PKC α interaction resulted 

in limited ERK 1/2 - PKC α interaction, and thus decreased ERK 1/2 activation. Figure 4.3 

illustrates a potential mechanism for PKC α and ERK 1/2 interaction mediated by the A-type 

lamins in cells expressing WT lamin A/C (Figure 4.3A) and in cells expressing mutant lamin A/C 

that cause striated muscle laminopathies (Figure 4.3B).   

Nevertheless, though previous work provided evidence for the plausibility of the lamin 

A/C – ERK 1/2 - PKC α assembly, it is necessary to confirm that the complex in Figure 4.3A 

exists. Localization and co-immunoprecipitation experiments will determine whether PKC α, 

lamin A/C and ERK 1/2 are found in the same subcellular location and if they form a complex. X-
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ray crystallography can also potentially solve the structure or the interaction interface of this tri-

protein assembly. A precedent has already been set by the PDB structure 6GHD which solved the 

interaction interface of the emerin – lamin A/C – BAF ternary complex (Samson et al., 2018). 

Future work involving protein interaction studies and kinase assay can also be performed to 

confirm direct PKC α phosphorylation of ERK 1/2 in the presence of lamin A/C mutations (Figure 

4.3B). In addition, PKC α knockdown and PKC α over-expression experiments can be performed 

concomitant with the analysis of ERK 1/2 activation to confirm the correlation between ERK 1/2 

activation and PKC α in the context of lamin A/C mutations. Other PKC α downstream targets 

could also be assessed to determine if their expression and/or activity levels are altered as well in 

the presence of LMNA mutations. Such targets can include c-Fos and the AP-1 transcription factor. 

C-Fos along with c-Jun are subunits of the AP-1 transcription factor (Ivorra et al., 2006). While c-

Jun is known to be involved in striated muscle laminopathies, it is currently unknown whether c-

Fos and the AP-1 transcription complex are also involved in cardiac and skeletal muscle 

laminopathies (Muchir et al., 2007). The A-type lamins are known binding partners of c-Fos and 

have been shown to sequester c-Fos in the nuclear lamina thus preventing it from dimerizing with 

c-Jun to assemble the AP-1 complex, and consequently affecting downstream gene expression  

(Ivorra et al., 2006). Moreover, c-Fos is a target of ERK 1/2, and phosphorylation of c-Fos by ERK 

1/2 does not only activate c-Fos but also releases c-Fos from the nuclear lamina thereby allowing 

c-Fos to dimerize with c-Jun (González et al., 2008; Monje et al., 2003). Interestingly, lamin A/C 

facilitates this c-Fos – ERK 1/2 interaction by serving as a scaffold for ERK 1/2 to act on c-Fos 

(González et al., 2008). Incidentally, PKC α has been shown to regulate ERK 1/2 activity and c-

Fos expression (Abate et al., 1991; Muramatsu et al., 1989; Soh et al., 1999). As such, it would be 

interesting to determine the involvement of c-Fos and the AP-1 transcription factor in striated 
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muscle laminopathies and to characterize the role of PKC α via these proteins in cardiac and 

skeletal muscle laminopathies.  

 
 

Figure 4.2: Simulated model of WT lamin A showing the regions on lamin A that bind ERK 1/2 

(in green) and PKC α (in red). Models are rendered using PyMol (The PyMOL Molecular Graphics 

System, Version 2.3.4 Schrödinger, LLC, n.d.)
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Figure 4.3: Schematic of proposed model for PKC α involvement in striated muscle laminopathies. (A) PKC α and ERK 1/2 interaction 

is mediated by lamin A/C. In normal circumstances, ERK 1/2 – lamin A/C - PKC α assemble, and ERK 1/2 gets activated by PKC α 

phosphorylation. Activated ERK 1/2 is now able to act on its downstream targets.  (B) In cells expressing mutant lamin A/C, altered 

lamin A/C - PKC α interaction impairs lamin A/C – PKC α - ERK 1/2 interactions which result in reduced ERK 1/2 activation. ONM 

(outer nuclear membrane); INM (inner nuclear membrane); Pi (phosphate group); NPC (nuclear protein complex).
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Like in the cellular models of chapter 2, activated ERK 1/2 and PKC α levels were also 

assessed in the zebrafish lmna mutants carrying a five base pair deletion in the second exon of 

lmna (chapter 3). Quantitative PCR showed that the lmna mutants presented with significant 

decrease in lamin A, and an overall reduction in total lamins A and C transcripts (Koshimizu et 

al., 2011). However, the presence or absence of the variant lamin A/C protein cannot be verified 

due to current lack of antibody that can detect zebrafish lamin A/C. Nonetheless, it is predicted 

that the five base pair deletion in lmna results in a premature stop that truncates the translated 

protein into a 180 amino acid polypeptide lacking many of its functional and binding sites 

including the ERK 1/2 and PKC α binding regions. Alternatively, if the mutant lamin A/C mRNA 

protein is not translated, the heterozygous lmna mutants will express only half the amount of lamin 

A/C compared to WT (i.e. lamin A/C haploinsufficiency) while the homozygous lmna mutants 

will be knock-outs. Either way, the lmna mutants have significantly reduced levels of lamin A/C 

compared to WT. Previous work on patient samples and on various cellular and animal models of 

striated muscle laminopathies showed disturbances in the expression and/or activation of genes 

and proteins such as the MAPK members and their downstream targets (Nicolas et al., 2019). 

Consistent with these data and the results from chapter 2, the lmna mutants also presented with 

aberrant expression or activation of two members of the MAPK signaling pathway: Jun and Erk 

1/2. In the homozygous lmna mutants, an increase in activated Erk 1/2 was noted. Similarly, lamin 

A/C siRNA knockdown in C2C12 and HeLa cells resulted in upregulation of ERK 1/2 activation 

(Muchir, Wu, et al., 2009). The MAPK target jun was also reduced in the homozygous lmna 

mutants compared to WT. Likewise, abnormal c-Jun expression has been observed in the H222P 

mice model (Muchir et al., 2007). Expression of nfb2, a downstream target of the Nfb 

transcription factor, was also reduced in the homozygous lmna mutants. Previous work on cytokine 
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or mechanically-induced LmnaΔ8-11 mouse embryo fibroblasts showed attenuation of Nfb-

regulated gene transcription (Lammerding et al., 2004). Altogether, in accordance with results 

from other studies, the homozygous lmna mutants presented with abnormal expression/activation 

of striated muscle laminopathies biomarkers but in the context of lamin A/C haploinsufficiency or 

protein deficit.  

 In terms of structural and functional consequences, the lmna mutant embryos and larvae 

exhibited skeletal muscle structure defects and swim impairment. Cardiac structure and function 

defects were mild and transient. Future work on the lmna mutants can include cardiac structure 

and function analyses on older lmna mutants to determine if they will develop significant cardiac 

dysfunction since DCM caused by lamin A/C mutations generally has an adult onset (Hasselberg 

et al., 2018; Taylor et al., 2003). Skeletal muscle structure analyses and swim tests can also be 

performed on older lmna mutants to examine the progression of their skeletal muscle phenotype. 

Nevertheless, the muscular phenotype of the lmna mutants suggests how lamin A/C deficit is 

detrimental particularly in tissues that are constantly under mechanical strain and stress. 

 Regarding PKC α, like in cells expressing the truncated p.Y481X lamin A/C lacking the 

PKC α binding site, the lmna mutants presented with a predominantly cytoplasmic Pkc α cellular 

distribution (Figure 3.2Dii page 105). Increased phos- Pkc α was also observed in whole-larval 

protein extracts of the lmna mutants compared to WT thus suggesting PKC α involvement in 

muscular laminopathies in the context of lamin A/C deficit. Nevertheless, further studies on Pkc α 

in zebrafish expressing other variant and non-truncated lamin A/C can be performed to confirm 

Pkc α involvement in cardiac and/or skeletal muscle laminopathies.  

In whole, LMNA mutations cause a diverse set of phenotypes owing to the wide-ranging 

functions and associations of the A-type lamins. The mutations in LMNA which results in 
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truncations or substitutions can alter lamin A/C protein structure itself. Such change at the 

fundamental level affects the protein’s ability to interact with its binding partners, and in turn will 

have downstream effects on gene expression which could be detrimental to the cells. This thesis 

provides evidence to implicate PKC α in cardiac and muscular laminopathies. Further study of 

PKC α in the context of lamin A/C mutations is warranted as PKC α might turn out to be key in 

determining and understanding laminopathies due to its known association not only with the A-

type lamins themselves but also with many of the lamin A/C partners including the ones associated 

with striated muscle laminopathies. As for the zebrafish lmna mutants, this model is a convenient 

and accessible animal model that can be used to further study muscular laminopathies specifically 

in the context of lamin A/C deficit (as in the homozygous mutants). In addition, since the 

heterozygous lmna mutants also presented with a phenotype, they can also be used to further 

examine muscular laminopathy in the context of lamin A/C haploinsufficiency as previous work 

has associated lamin A/C haploinsufficiency in striated muscle laminopathies (Al-Saaidi et al., 

2013; Cattin et al., 2013; Gupta et al., 2010; Wolf et al., 2008). 
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C. Abstract  

Dilated cardiomyopathy (DCM) is one of the leading causes of heart failure and heart 

transplant. Mutations in 60 genes have been associated with DCM. Approximately 6% of all DCM 

cases are caused by mutations in the lamin A/C gene (LMNA). LMNA codes for type-V 

intermediate filaments that support the structure of the nuclear membrane and are involved in 

chromatin structure and gene expression. Most LMNA mutations result in striated muscle diseases 

while the rest affects the adipose tissue, peripheral nervous system, multiple tissues or lead to 

progeroid syndromes/overlapping syndromes. Patients with LMNA mutations exhibit a variety of 

cellular and physiological phenotypes. This paper explores the current phenotypes observed in 

LMNA-caused DCM, the results and implications of the cellular and animal models of DCM and 

the prevailing theories on the pathogenesis of laminopathies. 
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1. Introduction 

Dilated cardiomyopathy (DCM) is a disease of the heart muscle characterized by the 

dilatation of the left or both ventricles and reduced systolic function in the absence of abnormal 

loading conditions (hypertension, valve disease) or coronary artery disease sufficient to cause 

global systolic impairment [1]. DCM is a significant health concern. It is the third most frequent 

cause of heart failure in the United States after coronary artery disease and hypertension [2]. 

Furthermore, DCM is also a primary indication for heart transplantation [2] and is marked by 

considerable morbidity as well as mortality. It is believed that 20% to 50% of IDC cases have 

familial causation [3-4]. So far, more than 60 genes including the lamin A/C gene (LMNA) have 

been associated with DCM. The pattern of the disease inheritance is mostly autosomal dominant 

[4]. Despite recent technological progress that makes gene screening both less time-consuming 

and cost-efficient, genetic screening currently reveals that only 30 to 35% of familial DCM follow 

the Mendelian model of disease inheritance [5] while the remaining have a more complex multi-

variant origin, which also encompasses the non-rare variants. In majority of the cases, incomplete 

age-related penetrance is observed [6-8] It was reported that seven percent of LMNA mutation 

carriers exhibit cardiac-related phenotypes if under 20 years of age, 66% when carriers are between 

20 and 39, 86% when carriers are between 40 and 59 years, and 100% when carriers are over 60 

years of age [6]. Another complicating factor that clouds the genetic diagnosis is the variability of 

expression within one phenotype. While some mutation carriers may develop all the symptoms of 

the disease, other family members carrying the mutation exhibit only some aspects of it and may 

remain with a subclinical form of the disease. The onset of DCM can vary greatly as can the 

severity and the rate of progression of the disease. The variability may also pertain to the range of 

phenotypes such as in the case of 960delT LMNA mutation, which presented with three differing 
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phenotypes within one family: pure DCM, DCM with EDMD-like symptoms and DCM with 

LGMD-like symptoms [9]. 

Mutations in LMNA were first identified in a family with EDMD in 1999 [10]. In the same 

year, the association between LMNA mutations and DCM was reported [11]. Since then, an ever-

growing number of mutations in LMNA have been identified defining a group of diseases called 

laminopathies. Laminopathies can be divided according to the observed phenotype. Most LMNA 

mutations have been associated with striated muscle diseases (79.1%), followed by adipose tissue 

(8.6%) and peripheral nervous tissue disorders (0.3%). 9.3% of LMNA mutations lead to progeroid 

syndromes while 10.9% cause overlapping syndromes with multiple tissue involvement [12].  

Table 1 encompasses the most current list of LMNA mutations that lead to DCM, either 

isolated, with sole cardiac features or as a part of diagnosis of other, more complex conditions 

commonly affecting skeletal muscle such as EDMD or LGMD, but also encompassing other 

tissues which for instance leads to Charcot-Marie-Tooth disease, familial partial lipodystrophy, 

general lipodystrophy, hypogonadism, Hutchinson-Gilford progeria syndrome or diabetes 

mellitus. Table 1 also summarizes the span of phenotypic traits reported to be associated with a 

given mutation. It was created by combining information from four main LMNA mutation 

databases: the Human Intermediate Filament Database [13], the Leiden Muscular Dystrophy 

website (www.dmd.nl), the HGMD® Professional 2012.4, the Universal Mutation Database 

(www.umd.be/LMNA/) and from the literature. We were able to find 165 LMNA mutations leading 

to DCM (Figure 1). 
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Nucleotide change Protein change DCM phenotype range Domain Reference * 

674bp deletion incl. start codon deletion of 5’ part 1o AVB, LBBB, AF, PVB, VT, HF, SCD Head [1] 

c.16C>T p.Gln6X 1o-2o AVB, AF, AFLu, PAB, PVB, VT, HF, SCD Head [2] 

c.28_29insA p.Thr10AsnfsX31 1o-2o AVB, AF, PVB, MD Head [3] 

c.31delC p.Arg11AlafsX85 (2o) AVB Head [4,5] 

c.46_49dup p.Ser18GlnfsX24 AVB Head [6] 

c.48_51dupCAGC p.Ser18GlnfsX23 n/a Head [6] 

c.65C>T p.Ser22Leu PVB, HF Head [7] 

c.73C>T p.Arg25Cys CA, AF, PVB, MD, HF Head [8] 

c.73C>G p.Arg25Gly 1o/3o AVB, TC, AF, PVB, PAB, LGMD, HF Head [9] 

c.78C>T p.Ile26Ile HF, LBBB, AF Head [10] 

c.82C>T p.Arg28Trp AVB, AF, PM, FPLD, HF Head [4,11] 

c.94_96delAAG p.Lys32del LAFB, CA, AF, EDMD Head [12,13] 

c.99G>T p.Glu33Asp 1o AVB, Br, AF, CA, CMT2, MD, leuconychia Head [14] 

c.106C>T p.Gln36X 1o-2o AVB, VT Coil 1A [15] 

c.134A>G p.Tyr45Cys AF, AFL, MD Coil 1A [16] 

c.154C>G p.Leu52Val n/a Coil 1A [17] 

c.155T>C p.Leu52Pro AVB, LBBB, RBBB, AF, PVB, HF Coil 1A [18] 

c.158A>T p.Glu53Val AVB, AF, HF Coil 1A [19] 
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c.165delC p.Asn56ThrfsX40 2o AVB, HF Coil 1A [5] 

c.169G>C p.Ala57Pro atypical WS, hypogonadism, sloping shoulders Coil 1A [20] 

c.176T>G p.Leu59Arg CCD, hypogonadism, ovarian failure, MAD Coil 1A [21,22] 

c.178C>G p.Arg60Gly 1o/3o AVB, LBBB, Br, AF, VA, DM, FPLD, PN, HF, SCD Coil 1A [23-26] 

c.184C>G p.Arg62Gly CCD, 1o AVB, AF, PM, FPLD, HF Coil 1A [11,26] 

c.203_208delAGGTGG p.Glu68_Val69del 3o AVB, EDMD2 Coil 1A [4,27] 

c.215G>T p.Arg72Leu n/a Linker 1 [17] 

c.232A>G p.Lys78Glu 1o AVB, VT, ICD Linker 1 [96] 

c.244G>A p.Glu82Lys 1o-3o AVB, LBBB, AF, VF, SVT, HF Coil 1B [28,29] 

c.254T>G p.Leu85Arg CCD, PM, AF, HF, SCD Coil 1B [23] 

c.266G>T p.Arg89Leu 1o-3o AVB, AF, VT, MA, HF / AVB, AF, VT, EDMD, HF Coil 1B [4,5,30-32] 

c.274C>T p.Leu92Phe LBBB, AF, PVB, HF Coil 1B [33,34] 

c.289A>G p.Lys97Glu 1o/3o AVB, LBBB, PVB, HF Coil 1B [4,5,35] 

c.302G>C p.Arg101Pro AF, HF / AVB, AF, PVB, VT, LGMD Coil 1B [31]/ [94] 

c.331G>T p.Glu111X 3o AVB, PVB, HF Coil 1B [4,5,35] 

c.348_349insG p.Lys117GlufsX10 AVB, AF, SCD Coil 1B [36] 

c.356+1G>T n/a n/a Coil 1B [37] 

c.357-1G>T n/a LBBB, AF, PVB, VT, VF, HF Coil 1B [4,31,34] 

c.357C>T p.Arg119Arg CCD, PM, LGMD, HF Coil 1B [16] 

c.367_369del p.Lys123del 1o-3o AVB, LBBB, PVB, VT, VF, MP, SCD Coil 1B [38] 

c.380_381ins24bp p.Ile128_Ala129insArg

ValThrLeuIleSerSerArg 

CCD Coil 1B [34] 
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c.384ins24 p.Ile128delinsIleSer n/a Coil 1B [33] 

c.394G>C p.Ala132Pro 1o AVB, Br, AF, HF Coil 1B [39] 

c.398G>T p.Arg133Leu CCD, LD Head [40] 

c.405_425dup p.Asn142delinsLysLys 1o AVB, AF, VT, PVB Coil 1B [41] 

c.425_426insGGCACTGGAGGCTCTGCTGAA p.Leu141_Asn142insLy

sAspLeuAspAlaLeuLeu 

1o AVB, AF, PVB, VT, HF Coil 1B [41] 

c.427T>C p.Ser143Pro 1o-3o AVB, LBBB, LAFB, SSS, Br, AF, PVB, VF, VT, HF Coil 1B [39,42] 

c.481G>A p.Glu161Lys AVB, LBBB, Br, AF, PVB, LAFB, VT, HF Coil 1B [4,3,19,34,43] 

c.497G>C p.Arg166Pro AVB, LBBB, AF, VT, HF Coil 1B [31,44] 

c.514-1G>A n/a VT, VF Coil 1B [4] 

c.548T>C p.Leu183Pro AVB Coil 1B [4] 

c.556G>A p.Glu186Lys CCD, HF Coil 1B [19] 

c.565C>T p.Arg189Trp PVB Coil 1B [45] 

c.568C>T p.Arg190Trp 1o AVB, RBBB, Br, LAFB, AF, AFL, PVB, HF Coil 1B [4,5,7,19,35,39,4

6,47] 

c.569G>A p.Arg190Gln 1o-3o AVB, Br, AF, AFL, VT, HF Coil 1B [31,43] 

c.575A>G p.Asp192Gly 1o AVB, LAFB, HF Coil 1B [46,48,49] 

c.575A>T p.Asp192Val LBBB, FLPD, HF Coil 1B [26] 

c.585C>G p.Asn195Lys 1o-3o AVB, Br, AF, HF, SCD Coil 1B [8,23] 

c.585C>A p.Asn195Lys 1o, 3o AVB, AF, HF, SCD Coil 1B [8] 

c.607G>A p.Glu203Lys 1o AVB, LBBB, RBBB, HF Coil 1B [50] 

c.608A>G p.Glu203Gly 1o-2o AVB, AF, HF, SCD Coil 1B [23] 
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c.608A>T p.Glu203Val 2o AVB, Br, SWMA, HF Coil 1B [23,43] 

c.622_624delAAG p.Lys208del 1o AVB, PVB, VT, LGMD Coil 1B [8] 

c.629T>G p.Ile210Ser AF, HF Coil 1B [31,51] 

c.640-10A>G n/a 1o-3o AVB, LBBB, RBBB, AF, VT, HF Coil 1B [52] 

c.644T>C p.Leu215Pro 1o-2o AVB, SSS, Br, LBBB, AF, AFL, SVT, VT, PVB, SCD, HF Coil 1B [53] 

c.656A>C p.Lys219Thr (3o) AVB Linker 2 [4,43] 

c.657G>C p.Lys219Asn 1o AVB, VT, PM Linker 2 [54] 

c.673C>T p.Arg225X (1o) AVB, Br, AF, LVE, PVB, SCD Linker 2 [8,44,50] 

c.676C>G p.Leu226Val n/a Linker 2 [37] 

c.694G>C p.Gly232Arg AVB, RBBB, PVB, EDMD Linker 2 [18] 

c.700C>T p.Gln234X 2o AVB, Br, HF Linker 2 [31] 

c.736C>T p.Gln246X AVB Coil 2 [4] 

c.746G>A p.Arg249Gln AVB, PVB, EDMD or LGMD1B Coil 2 [18] 

c.767T>G p.Val256lGy AVB Coil 2 [55] 

c.775T>C p.Tyr259His AVB, AF, VT Coil 2 [44] 

c.780G>C p.Lys260Asn AVB, SSS, ASS, HF Coil 2 [4,56] 

c.781_783del3ins18 p.Lys261delins6 AVB, LBBB, AF, PVC, EDMD2 Coil 2 [18] 

c.799T>C p.Tyr267His CCD, SCD Coil 2 [57] 

c.800A>G p.Tyr267Cys AVB, TC, EDMD2 Coil 2 [4,58] 

c.810G>A p.Lys270Lys CCD, AF, PM, EDMD, LGMD Coil 2 [16] 

c.811-3C>T n/a n/a Coil 2 [37] 
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c.812T>C p.Leu271Pro AF, Br, SVT, VT, EDMD, HF Coil 2 [16,59] 

c.815_818delACAAinsCCAGAC p.Asp272AlafsX208 AVB, AF, VT Coil 2 [44] 

c.832G>A p. Ala278hTr AVB, AF, VF, SVT, PM, PVB Coil 2 [60] 

c.855delG p.Ala287LeufsX191 AF, ASS, LGMD Coil 2 [58] 

c.859insC p.Ala287fs AF Coil 2 [34] 

c.883T>C p.Ser295Pro CCD, MD Coil 2 [16] 

c.906_907delCT p.Ser303CysfsX27 AVB, PM, HF, Br, PAB, PVB, CCD, SVA, AF, SCD Coil 2 [95] 

c.908_909delCT p.Ser303CysfsX26 1o AVB, Br, SSS, AF / 1o-3o AVB, AF, PVB, VT, LGMD, HF Coil 2 [61,62] 

c.936G>C p.Gln312His AVB, AF, CCD, HF Coil 2 [63] 

c.976T>A p.Ser326Thr VT, AVB, CCD, XL-EDMD, MP, PM Coil 2 [97] 

c.IVS5+1G>T (c.936+1G>T) n/a 1o-2o  AVB, VT, PM Coil 2 [4, 56, 64] 

c.937-11C>G p.Leu313GlyfsX31 1o-3o AVB, LGMD1B, VT, AF Coil 2 [65] 

c.949G>A p.Glu317Lys 1o/3o AVB, AFL, LBBB, HF Coil 2 [4,5,35,34] 

c.952G>A p.Ala318Thr TC, PVB, HF Coil 2 [31] 

c.958delC p.Leu320fs n/a Coil 2 [17] 

c.959delT p.Leu320fsX160 2o-3o AVB, LBBB, AF, VT, SVT, PVB, LGMD, EDMD, HF, SCD Coil 2 [66,67] 

c.961C>T p.Arg321X 1o AVB, RBBB, AF, VT, HF Coil 2 [68,69] 

c.[992G>A; =]+[=; 1039G>A] p.[Arg331Glu; =]+[=; 

Glu347Lys] 

AF, PM Coil 2 [58] 

c.992G>C p.Arg331Pro AVB, PM, LGMD Coil 2 [58] 

c.992G>A p.Arg331Gln 1o AVB, AFL, VT, HF Coil 2 [69] 

c.1003C>T p.Arg335Trp 3o AVB, RBBB, SSS, AF, VT Coil 2 [17,70] 
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c.1004G>A p.Arg335Gln n/a Coil 2 [37] 

c.1039G>A p.Glu347Lys AF, PM, SCD Coil 2 [13,71] 

c.1044G>T p.Met348Ile EDMD, PM, CCD Coil 2 [72] 

c.1045C>T p.Arg349Trp CCD, SVA, MD, HF, SCD Coil 2 [8] 

c.1046G>T p.Arg349Leu AF, HF Coil 2 [73] 

c.1048G>C p.Ala350Pro AVB, LBBB, AF, PVB Coil 2 [18] 

c.1057C>A p.Gln353Lys CA, MP, HF Coil 2 [48] 

c.1063C>T p.Gln355X 2o AVB, AF, VT, HF Coil 2 [7,69] 

c.1069G>C p.Asp357His AVB, VT Coil 2 [74] 

c.1070A>C p.Asp357Ala 2o AVB, Br, AF, VES, VT, VF, HF, SCD Coil 2 [70] 

c.1072G>T p.Glu358X 1o-2o AVB, VT Coil 2 [75] 

c.1085_1085delT p.Leu363TrpfsX117 1o-2o AVB, AF, VT, HF Coil 2 [39] 

c.1102_1130dupGCCCTGGACATGGAGATCC

ACGCCTACCG 

p.Lys378ProfsX112 LBBB, VT, LGMD, HF Coil 2 [76] 

c.1111_1125del15 p.Met371_Ala375del n/a Coil 2 [17] 

c.1114delG p.Glu372ArgfsX107 1o AVB, Br, AF, HF Coil 2 [31] 

c.1129C>T p.Arg377Cys LGMD, HF Coil 2 [77] 

c.1130G>A p.Arg377His 1o-3o AVB, LBBB, RBBB, AF, PVB, VT, VF, LGMD, EDMD, HF, 

SCD 

Coil 2 [3,8,18,30, 41,78] 

c.1130G>T p.Arg377Leu (2o) AVB, Br, SSS, AF, AFL, ASS, ATC, VT, LGMD1B, EDMD, HF, 

SCD 

Coil 2 [4,8,79,80] 

c.1157G>C p.Arg386Thr FPLD, CCD Tail [81] 
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c.1157+1G>A n/a VT, VF Tail [4] 

c.1157+1G>T p.Arg386SerfsX21 VES, VF, HF Tail [70] 

c.1163G>A p.Arg388His Br, PVB, HF, SCD Tail [31] 

c.1189C>T p.Arg397Cys n/a Tail [37] 

c.1195C>T p.Arg399Cys HF Tail [31] 

c.1197_1240del44 p.Gly400Argfs*11 AVB, SSS Tail [55] 

c.1292C>G p.Ser431*_ AVB Tail [55] 

c.1294C>T p.Gln432X 3o AVB, LBBB, RBBB, AF, VT, HF Tail [69] 

c.1303C>T p.Arg435Cys HF Tail [13] 

c.1307_1308insGCAC p.Ser437HisfsX1 2o AVB, Br, TC, AF, PVB, HF, SCD Tail [31] 

c.1318G>A p.Val440Met LAFB, VES Tail [69] 

c.1370delA p.Lys457SerfsX21 AF, LGMD Tail [58] 

c.1380+1G>A n/a (1o) AVB, AF, VF, HF Tail [8,34] 

c.1397_1397delA p.Asn466IlefsX14 1o AVB, LBBB, Br, AF, VF, VT, HF, SCD Tail [41,82] 

c.1412G>A p.Arg471His AF, VT, HF Tail [31] 

c.1424_1425insAGA p.Gly474_Asp475insGl

u 

HF, ICD Tail [31] 

c.1443C>G p.Tyr481X 2o AVB, RBBB, SVT, VT, HF Tail [46,48,49] 

c.1489-1G>T p. Ile497-Glu536del 2o AVB, Br, AF, AFL, VT, EDMD Tail [70] 

c.1492T>A p.Trp498Arg AVB, EDMD2 Tail [4] 

c.1493_1493delG p.Ala499LeufsX47 AF, VT, HF Tail [39] 

c.1496delC p.Ala499Val 1o-2o AVB, RBBB, Br, ATC, ASS, AN Tail [83] 
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c.1512_1513insAG p.Thr505ArgfsX44 1o AVB, AF, PVB, HF, SCD Tail [8] 

c.1526_1527insC p.Thr510TyrfsX42 1o AVB / AVB, EDMD2 Tail [4] /[84] 

c.1549C>T p.Gln517X 3o AVB , AF, EDMD, VF, SCD Tail [70] 

c.1560G>A p.Trp520X 2o AVB, LBBB, Br Tail [70] 

c.1567G>A p.Gly523Arg LBBB Tail [33,34] 

c.1579_1580insCTGC p.Arg527ProfsX26 1o-2o AVB, LBBB, LAFB, HF Tail [4,5,35] 

c.1583C>T p.Thr528Met 1o-3o AVB, Br, AF, SVA Tail [10] 

c.1608+1G>T n/a n/a Tail [37] 

c.IVS9-3C>G (c.1609-3C>G) loss of exon 10 3o AVB, Br, PM, LGMD1B Tail [85] 

c.1621C>T p.Arg541Cys LBBB, VT, VF, PVB, fibrosis, SWMA, SCD Tail [86-88] 

c.1621C>A p.Arg541Ser VT, HF / LGMD1B, HF Tail [16]/ [46,39,48] 

c.1621C>G p.Arg541Gly IVB, LBBB, Br, SVA, PVB, VA, TC Tail [89] 

c.1622G>A p.Arg541His AVB, AF, PVB Tail [18] 

c.1622G>C p.Arg541Pro PVB, VT, HF Tail [8] 

c.1711C>A p.Arg571Ser 1o-3o AVB, Br, AF Tail [23] 

c.1713C>A p.Ser571Arg 2o, 3o AVB, PM, HF, AF Tail [23] 

c.1714insCTGC p.Ser572LeufsX8 1o, 2o AVB, PM, LBBB Tail [35] 

c.1718C>T p.Ser573Leu AVB, VT Tail [4,30] 

c.1904G>A p.Gly645Asp HF Tail [90] 

c.1930C>T p.Arg644Cys AVB, AF, VT, HF / LGMD1B, HF, SCD Tail [4,43,69]/ [91] 

c.1960C>T p.Arg654X AVB, LBBB, SSS, AF, VT, HF, SCD Tail [31] 



211 

 

Table 1. LMNA mutations associated with dilated cardiomyopathy from four databases - Human Intermediate Filament Database [13] (database 

updated 2014-01-15), Leiden Muscular Dystrophy website (www.dmd.nl; database updated 2014-01-05), HGMD® Professional 2014.4 (database 

updated 2014-02-02) and the Universal Mutation Database (www.umd.be/LMNA/). 1o, 2o, 3o - atrio-ventricular block degree, in parenthesis when 

degree specified only in some studies, AF - atrial fibrillation, AFL - atrial flutter, AN - axonal neuropathy, ASS - atrial standstill, ATC - atrial 

tachycardia, AVB - atrio-ventricular block, Br - bradycardia, CA - cardiac abnormalities, CCD - cardiac conduction disease, CMT2 - Charcot-Marie-

Tooth disease, DM - diabetes mellitus, EDMD(2) - Emery-Dreifuss muscular dystrophy (type 2), FPLD - familial partial lipodystrophy, HF - heart 

failure, IVB - intra-ventricular block, ICD – implantable cardiac defibrillator, LAFB - left anterior fascicular block, LBBB - left bundle branch block, 

LGMD(1B) - limb girdle muscular dystrophy (type 1B), LVE - left ventricular exosystoly, MA - muscular atrophy, MAD - mandibuloacral dysplasia, 

MD - muscular dystrophy, MH - muscular hypertrophy, MP - myopathy, PAB - premature atrial beats, PM - pacemaker implantation, PN - peripheral 

neuropathy, POS - polycystic ovary syndrome, PVB - premature ventricular beats, RBBB - right bundle branch block, SCD - sudden cardiac death, 

SSS - sick sinus syndrome, SVA - supraventricular arrhythmia, SVT - supraventricular tachycardia, SWMA - segmental wall motion abnormalities, 

TC - tachycardia, VA- ventricular arrhythmia, VES - ventricular extra systoles, VF - ventricular fibrillation, VT - ventricular tachycardia, LD - 

lipodystrophy, WS - Werner syndrome, “/” used to separate differing phenotypes. *: References are listed in “Supplementary file.” 

 

 

 

c.1964_1965insG p.Thr655fsX49 PM, VT, MH, POS, HF, SCD Tail [92] 

c.[1699 to 183_1699–160inv24; 568_1699–

184del; 1699 to 159_1995+6997del] 

double deletion with 

break points in exon 3, 

intron 10, downstream 

of gene 

1o-3o AVB, AF, AFL, Br, VA, SCD Coil/Tail [93] 

deletion exons 3-12 deletion > 4,704 bp VT, HF Coil/Tail [48] 

http://www.dmd.nl/
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Figure1. Protein map of lamin A and lamin C with currently known mutations of both transcripts plotted onto lamin A protein. NLS - nuclear 

localization signal. Dark shaded area at the C-terminal of lamin C represents lamin C-unique sequence.
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 LMNA gene encodes the A-type lamins which are involved in maintaining the structural 

integrity of the nucleus, chromatin organization and gene expression [14]. LMNA is composed of 

12 exons and encodes lamin A and lamin C by alternative splicing in exon 10 [15]. Both lamin 

isoforms are identical for the first 566 amino acids after which lamin C contains a unique sequence 

of five basic amino acids while amino acids from 567 to 664 are unique to lamin A [15]. In 

addition, prelamin A contains a CaaX motif at the COOH-terminal, which undergoes 

posttranslational modifications [15]. Lamins are divided into three domains: a short globular head, 

an α-helical rod and a globular tail. The rod domain comprises several coiled-coil domains 

separated by linker regions which are evolutionarily highly conserved (Figure 1) [16].  

Most lamin mutations leading to DCM are found in the head and rod domains covering 

more than half of lamin A and two-thirds of lamin C. DCM mutations are rarely found in the tail 

domain which contains many phosphorylation sites as opposed to mutations linked to EDMD, 

familial partial lipodystrophy and Hutchinson-Gilford progeria syndrome ([13]; Human Genome 

Mutation Database). However, hot spot(s) for DCM or other diseases affecting the striated muscle 

cannot be identified. Conversely, in adipose tissue defects, approximately 80% of cases carry a 

substitution of the p.Arg482 residue while 85% of mandibuloacral dysplasia cases are caused by a 

homozygous mutation at the p.527 residue and 77% of HGPS patients carry the c.1827C>T 

substitution within exon 11[16].  

2. Studies of Cellular Phenotypes Associated with LMNA mutations  

DCM patients with LMNA mutations display highly variable cardiomyocyte phenotype. A 

DCM patient encompassing exons 3-12 deletion showed diminished lamin A and C staining in the 

endomyocardial biopsy with discontinuous nuclear envelopes and invasion of mitochondria into 

the nuclear space [17]. Another DCM patient carrying a LMNA mutation displayed dramatic 
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morphological alterations in approximately 30% of the cardiomyocyte’s nuclei including a 

complete loss of the nuclear envelope [18]. However, other mutation carriers did not present with 

such dramatic abnormalities [17,18]. Nevertheless, cardiomyocytes from DCM patients with 

LMNA mutations usually display reduced lamin A and C in the nuclei with nuclear membrane 

damage such as focal disruptions, blebs and nuclear pore clustering [19,20].   

Skin fibroblasts isolated from patients with cardiac-or-skeletal-specific laminopathies most 

often had abnormal nuclear shape including blebs and herniation [21]. Lamin A and C distribution 

were affected in these cells and were either present in a honeycomb pattern [21] or distributed 

unevenly along the inner nuclear lamina [22]. Some fibroblasts had lamin A and C aggregates 

close to the lamina which did not interact with emerin, DNA or RNA [23]. Patient tissue heart 

samples and skin fibroblasts provide a method to visualize the pathophysiology of disease-

associated mutations; however, they are not easy to acquire. Currently, no specific therapy exists 

for patients with LMNA-related DCM. This has encouraged researchers to establish both mice and 

cellular models in an effort to elucidate the mechanisms leading to the disease phenotypes. 

Unraveling the molecular mechanisms might provide insights into the pathophysiology of this 

disease which could be translated into novel therapy in the future.  

A Lmna null mouse based on genetrap technology has been developed ([24]. The mouse is 

characterized by postnatal maturation defects of cardiac, muscle, and adipose tissues. Premature 

death occurred by 2-3 weeks of age. However, in this study, age matched heterozygous mice were 

indistinguishable from wild-type mice [24]. Only one study reported Lmna+/- mice with 50% of 

normal cardiac lamin A/C levels and displaying cardiac abnormalities [25]. The LmnaH222P/H222P 

mice harbouring the EDMD mutation developed muscular dystrophy and DCM with atrio-

ventricular conduction defect at adulthood and died by 13 months of age [26]. Male 
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LmnaH222P/H222P mice developed significant left ventricular dilatation and by 16 weeks of age had 

decreased ejection fraction [26]. In another study, LmnaN195K/N195K mice harboring a DCM with 

conduction system disease mutation, died at an early age due to arrhythmia. Surprisingly, both 

LmnaH222P/+ and LmnaN195K/+ mice were found to have a phenotype and life expectancy similar to 

the wild-type [26,27]. Cells derived from both Lmna-/- and LmnaN195K/N195K mice were observed to 

have damaged and misshapen nuclei, showed increased fragility under mechanical strain and 

impaired gene transcription [27-30]. 

Lamin A/C is found in almost all cells except in certain differentiated cells of hematopoietic 

origins [31]. Cellular models have shown that lamin A and C proteins are found distributed 

together in a homogeneous meshwork. However, wild type lamin A transfected alone has 

consistently shown to localize to the inner nuclear lamina with some nucleoplasmic localization. 

Conversely, lamin C has been shown to localize as intranuclear aggregate [18,32-36]. Intranuclear 

lamin C has shown to be more mobile than intranuclear lamin A [36,37]. Likewise, the lamin C 

only mouse model expressed lamin C at the inner nuclear lamina as established in wild type cells 

[35]; thus indicating the existence of compensatory mechanisms. Pugh et al. [32] studied the 

incorporation of the lamin A and C in Swiss 3T3 cells and found that the incorporation of lamin C 

into the lamina was made possible by lamin A. 

In an attempt to identify deregulation in striated muscle specific laminopathies including 

DCM and EDMD, researches have been focused on skeletal muscle differentiations. Lamin A and 

C play a pivotal role in myoblast differentiation. In vitro, cells expressing disease-associated 

LMNA mutations displayed an inhibition of myoblast differentiation [38] (F. Tesson personal 

communication) and myoblasts lacking lamin A and C expression showed decreased 

differentiation potential with downregulation of MyoD and pRb and upregulation of Myf5 [39]. 
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These studies suggest that disruption of lamin A and C may weaken contractile tissues such as 

skeletal and cardiac muscle. 

Lamin A and C also play a role in the regulation of signaling cascades such as the Sumo 

pathway. Sumo pathway regulates a wide range of cellular processes through the attachment of 

small ubiquitin-related modifier (sumo) to various substrates. Sumo1 was found to be mislocalized 

in the presence of lamin A and C mutants both in vitro (C2C12 and Cos7 cells) and in vivo (primary 

myoblasts and myopathic muscle tissue from the LmnaH222P/H222P mice) [18,40]. In cell models, 

trapping of sumo1 correlated with an increased steady-state level of sumoylation. Ubc9, the E2 

conjugating enzyme of the Sumo pathway was also mislocalized to the mutant aggregates [40]. 

Lamin A has been shown to be covalently modified by Sumo 2 and 3 [41]. The disruption of a 

critical post-translational modifying process has the potential to affect the post-translational 

regulation of tissue-specific sumoylated proteins which may lead to the tissue-specific symptoms 

observed in patients with various laminopathies [40]. 

Recent studies using induced pluripotent stem cells derived cardiomyocytes (iPSCS-CMs) 

from DCM patients with LMNA mutations showed accelerated nuclear senescence and apoptosis 

under electrical stimulation. This study also showed that activation of stress response 

MEK1/ERK1/2 pathway contributes to increased apoptosis in LMNAR225X/WTdermal fibroblasts 

after electrical stimulation [42]. Moreover, this apoptotic effect could be attenuated by 

pharmacological blockade of the MEK1/ERK1/2 pathway. Study of gene expression profile 

showed that mouse models of laminopathies also displayed ERK pathway activation in heart 

muscle [43,44]. Importantly, the pharmacological blockade of the ERK1/2 pathway prevented the 

development of DCM in this model [45]. These studies have shed new light on MEK1 pathway as 

a potential therapeutic target in LMNA-associated DCM.  
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3. Conclusion: The mechanistic hypotheses 

 Until now, three main hypotheses have been proposed to explain the mechanism of 

pathogenesis of laminopathies: the structural, the gene expression and the toxicity hypotheses. The 

structural hypothesis states that mutations within lamin A/C lead to disorganization of the 

proteinaceous meshwork, instability of the nuclear envelope and disorganization of chromatin, 

which in turn leads to the overall inability of the cell to properly function in contracting tissue 

environment such as striated muscles [46,47]. Building on this hypothesis, recent studies identified 

repetitive disruptions of the nuclear envelope in the presence of lamin A/C mutations [17,48]. 

These disruptions impaired protein distribution into cell compartments. Translocations of large 

amounts of protein into the cytoplasm could trigger aggresome formation or even induce cell 

apoptosis [48]. On the other hand, translocation of transcription factors into the cytoplasm might 

impair gene expression. The gene expression hypothesis is based on the regulatory role of lamin 

A/C in chromatin organization and DNA transcription. Mutated lamins might disrupt the protein 

meshwork through their interaction with other proteins of the nuclear envelope which may lead to 

epigenetic changes in the chromatin, which may then in turn disrupt various complex signaling 

pathways [49]. Lastly, the cell toxicity hypothesis proposes that mutated prelamin A may 

accumulate within patients’ nuclei to the point that they might become toxic to the cell and lead to 

development of the disease [50]. These hypotheses are likely to be not mutually exclusive and 

combining them might allow describing the mechanisms underlying the initiation and/or the 

development of laminopathies. Ultimately, a better understanding of the pathogenesis of the 

disease may suggest novel strategies targeting the underlying molecular defects. 
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C. Abstract  

 The lamin A/C (LMNA) gene codes for nuclear intermediate filaments constitutive of the 

nuclear lamina. LMNA has 12 exons and alternative splicing of exon 10 results in two major 

isoforms—lamins A and C. Mutations found throughout the LMNA gene cause a group of diseases 

collectively known as laminopathies, of which the type, diversity, penetrance and severity of 

phenotypes can vary from one individual to the other, even between individuals carrying the same 

mutation. The majority of the laminopathies affect cardiac and/or skeletal muscles. The underlying 

molecular mechanisms contributing to such tissue-specific phenotypes caused by mutations in a 

ubiquitously expressed gene are not yet well elucidated. This review will explore the different 

phenotypes observed in established models of striated muscle laminopathies and their respective 

contributions to advancing our understanding of cardiac and skeletal muscle-related 

laminopathies. Potential future directions for developing effective treatments for patients with 

lamin A/C mutation-associated cardiac and/or skeletal muscle conditions will be discussed. 

1. Introduction 

Laminopathies consist of a variety of diseases that affect different tissue types ranging from 

cardiac muscle (e.g., dilated cardiomyopathy (DCM)), skeletal muscles (e.g., Emery‒Dreifuss 

Muscular Dystrophy (EDMD)), adipose tissues (e.g. familial partial lipodystrophy Dunnigan-type 

2(FPLD2)) to nervous system (e.g., Charcot‒Marie‒Tooth disease type 2B1 (CMT2B1)) or affect 

several systems (e.g., Hutchison Gilford Progeria Syndrome (HGPS)). Mutations in the nuclear A-

type lamins coding gene LMNA cause primary (classical) laminopathies, while secondary 

laminopathies are caused by mutations in B-type lamins, proteins involved in prelamin A 

maturation, or lamin binding partners. In addition, Lamin A/C mutations are also associated with 

arrhythmogenic right ventricular cardiomyopathy and hypertrophic cardiomyopathy [1–5]. The 
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LMNA gene (approximately 24 kb) is located on chromosome 1q22 and has 12 exons. It is 

expressed in most differentiated cells, with the expression in mice starting during early 

embryogenesis (8th day post-implantation) [6,7]. Alternative splicing of exon 10 results in the 

generation of the two major lamin splice variants, A and C [6]. Lamins A and C are identical up 

until amino acid (a.a) 566, after which six lamin C specific a.a are added [8]. Prelamin A is further 

processed to produce mature lamin A, firstly by the farnesylation of the cysteine residue in the C-

terminal CAAX motif [9]. This is followed by the removal of the AAX a.a in the motif, then the 

methylation of the farnesylated cysteine, and lastly by the cleavage of the last 15 a.a (including the 

cysteine that was both methylated and farnesylated), resulting in a 646 a.a-long mature lamin A 

[9]. The other isoforms of lamin A/C are lamin C2 (utilizing an alternative exon 1; found in 

mammalian sperm cells) and lamin AΔ10 (which lacks exon 10; a less abundant form) [10–12]. 

The A-type lamins possess three main parts: the carboxy (C) head and amino (N) tail involved in 

the assembly of lamin A/C homodimers into anti-parallel protofilaments, and the central rod 

domain involved in the formation of the lamin A/C homodimers [13]. The A-type lamins, which 

are nuclear intermediate filaments, have a range of functions including nuclear structural support, 

anchoring of nuclear pores, chromatin and protein binding [14]. Examples of A-type lamins’ 

binding partners are the sterol regulatory element binding transcription factor 1 (SREBF-1), the 

LEM-domain integral membrane protein emerin, and the spectrin repeat-containing nuclear 

envelope protein 1 (syne1), in which both emerin and syne1 are involved in mediating anchorage 

to the cytoskeleton [15–18].  

The mechanism(s) by which the same LMNA mutation can sometimes lead to different 

phenotypes and mutations found throughout the ubiquitously expressed gene can lead to tissue 

specific phenotypes is not yet well elucidated. However, based on the current data, three 
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hypotheses seek to explain this diversity in phenotypes. The first suggests that the accumulation 

of misprocessed/unprocessed lamin A is toxic to cells, as in HGPS [19,20]. The second relates to 

the role of lamin A/C in interacting with chromatin and proteins. This is evidenced, for instance, 

by the increased expression and activation of MAPK pathway members in EDMD and DCM [21]. 

Similarly, the most frequent mutation causing FPLD2 affects a lamin A/C domain critical for 

binding of SREBF-1, a transcription factor (TF) involved in modulating transcription of sterol-

regulated genes and adipocyte differentiation [15,22–28]. Lastly, it was postulated that the 

disruption of the protein network that connects the nucleus to the rest of the cell results in 

exacerbated effects of external stimuli such as mechanical forces on myocytes, leading to aberrant 

cellular structure and response (e.g. disruption of the cytoskeleton and cellular mechanical and 

adhesion properties in cells expressing the DCM lamin A/C p.D192G variant) [29–36].  

The majority of reported cases of laminopathies (79%) affect the cardiac and/or skeletal 

muscles and are predominantly autosomal dominant [37]. DCM associated with LMNA mutations 

accounts for up to at least one-third of reported genotyped families with DCM, and presents with 

dilation of the left ventricle, thinning of the ventricular wall and conduction defects [38]. Patients 

with LMNA-related DCM also tend to have more severe phenotype and poorer prognosis with a 

recent study reporting 19% required heart transplants [39,40]. LMNA-related congenital muscular 

dystrophy (L-CMD) and EDMD are skeletal muscle conditions caused by LMNA mutations with 

overlapping clinical phenotypes, which include wasting of the upper arm and lower front leg 

muscles [41]. However, L-CMD is more severe and has earlier onset but less definitive cardiac 

presentation compared to EDMD [42]. 1B Limb-girdle muscular dystrophy (LGMD1B), 

associated with LMNA mutations, also affects the skeletal and cardiac muscles [43]. It is 

characterized by progressive muscle weakness, age-related cardiac conduction defects and no or 
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minimal late-onset joint contractures [43]. With the first paper identifying LMNA as a causal gene 

in EDMD in 1999, massive efforts involving both cellular and animal models have since been 

undertaken to understand the underlying mechanisms in cardiac and skeletal muscle conditions 

caused by mutations in LMNA [6,44]. Thus, this review will examine the different phenotypes 

observed in these established models and their respective contributions to unravelling the 

mechanisms underlying the development of striated muscle laminopathies. Potential future 

directions for developing more effective treatments for patients with LMNA mutation-associated 

conditions will also be discussed.  

2. Cellular Models 

Cellular models facilitate the characterization of the striated muscle laminopathy phenotype 

at both the cellular and nuclear level, and the identification of potential molecular markers for the 

conditions. This section gives an overview of the results obtained using patients’ and mice models’ 

cells and various cell lines. 

2.1. Evidence of Abnormal Nuclear Morphology Coupled with Aberrant Lamin A/C Phenotype 

and Mislocalization of Several Lamin A/C Binding Proteins in LMNA-Related Cardiac and 

Skeletal Muscle Disease 

A rare lamin A/C null case in humans was discovered from a deceased newborn who was 

homozygous for the nonsense p.Y259X mutation [45]. This variant causes complete absence of 

the A-type lamins in the homozygous state and half the amount of wild-type (WT) lamin A/C in 

the heterozygous state, resulting in LGMD1B [45,46]. The homozygous child presented with 

severe under development and abnormalities including dystrophic muscles [45]. Skin fibroblasts 

from the heterozygous grandmother were comparable to WT controls, while the LMNA null cells 
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presented with misshapen nuclei and abnormal localization of nuclear proteins such as lamin B1, 

B2, emerin, and syne1 [46]. B-type lamins are intimately connected to A-type lamins, and appear 

to be involved in several cellular functions ranging from regulation of gene expression and mitotic 

spindle assembly to cellular senescence [47]. Moreover, the skin fibroblasts from the child had 

impaired cell division capacity [46]. RNAi knockdown of LMNA in HeLa cells, however, did not 

affect cell growth but indeed resulted in emerin mislocalization in the endoplasmic reticulum, 

similar to what was seen in the LMNA null fibroblasts [46,48]. To determine whether emerin was 

also mislocalized in the presence of other LMNA mutations, mutant lamins A and C were 

transfected in various cell lines including the P19 embryonic carcinoma stem cells, which do not 

have endogenous lamin A/C [30,49]. The results were contradictory and, regardless of the position 

of the mutation along LMNA, emerin was either clearly mislocalized in some studied DCM or 

EDMD mutant lamin A/C or normally expressed and distributed [30,49,50]. Nonetheless, many 

LMNA mutations affecting the rod domain of the protein and causing muscular laminopathies also 

presented with aggregates of lamin A/C proteins, particularly lamin C, in the nucleoplasm of 

transfected cells [49,50]. Emerin was found in these nuclear foci [50]. On the other hand, a.a 

substitutions affecting the globular end of the lamin A/C protein did not result in punctate lamin 

A structures and emerin remained mislocalized [50]. Analyses of fibroblasts from muscular 

laminopathy patients with mutations affecting the head or tail domains of the protein had overt 

nuclear structure aberrations [51]. Specifically, immunostaining for lamin A/C revealed defects 

including honeycomb staining, punctate structures or blebbing [51]. Moreover, emerin and lamin 

B were also noted to be mislocalized [51]. All of these results therefore demonstrate that lamin 

A/C mutations cause profound nuclear abnormalities and the mislocalization of a variety of 

proteins.  
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Transient transfection in HeLa cells of the p.E203G lamin A variant, which is associated with 

DCM with conduction defects (DCM-CD), resulted in lamin aggregates and the absence of the 

lamin A variant in the nuclear periphery [15]. However, Ostlund and colleagues did not show this 

effect when they transiently transfected C2C12 cells with the p.E203G prelamin A variant [52,53]. 

The difference between the observed lamin phenotypes might be attributed to the cell line used. 

Nevertheless, the transient expression (lamin A only, lamin C only or both lamins A and C (to 

maintain the 1:1 stoichiometry of lamin A/C)) of other variants for DCM (p.D192G, p.N195K) or 

EDMD (p.R386K) in Cos7 and H9C2 (rat cardiomyoblast cell line) cells resulted in large and 

multiple lamin aggregates, which also fail to connect to the nuclear envelope unlike cells 

expressing WT or an FPLD (p. R482W) mutant lamin A/C [54]. An interesting exceptionwas the 

DCM-causing lamin A/C variant p.L85R, which produced a WT lamin phenotype if mutant lamin 

A only was expressed but an aberrant phenotype (multiple speckles) when mutant lamin C only 

was expressed; nevertheless, the abnormal mutant lamin C phenotype was rescued if co-expressed 

with the mutant lamin A [54]. This therefore suggests that mutations can differently affect the 

properties of lamins A and C. Indeed, interactions between emerin and lamin A, and emerin and 

lamin C, are differently affected by LMNA mutations [55]. Furthermore, fibroblasts from mice 

expressing only lamin C (LmnaLCO) (discussed in the later part of the review) displayed normal 

emerin localization [56]. These results illustrate that the structural abnormalities due to LMNA 

mutations can result in the inability of the A-type lamins to properly connect to the nuclear 

envelope and can negatively impact their interaction with their binding partners. To further explore 

the effects of LMNA mutations on the interaction between A-type lamins and their binding 

partners, studies involving mutations found in regions known to interact with lamin A/C partners 

were performed. 
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2.2. Evidence of Disrupted Lamin A/C Interaction with Binding Partners, which Can Result in 

Multiple Tissue Phenotypes 

Mutations found throughout the LMNA gene affect sites that are known to interact with various 

proteins. An example of one of these mutations—the substitution of C with T at nucleotide position 

1444, producing the p.R482W lamin A/C variant and causing both FPLD and LGMD in some 

patients—is located in a region known to bind actin and/or influence SREBF1 interaction [15,57–

60]. Similar to p.L530P, an EDMD variant, the p.R482W FPLD variant showed a notable decrease 

in binding capacity to SREBF1, thus suggesting that in some mutations that cause striated muscle 

laminopathies, binding capacity to TF involved in adipocyte metabolism can be affected, which 

can then lead to lipodystrophic features in some patients with primary presentation of muscular 

laminopathy [15]. This could also explain why the LmnaΔ8-11 mice, which primarily exhibited 

striated muscle laminopathy, also notably lacked subcutaneous fat and presented with some 

metabolic parameter abnormalities [61,62]. To further investigate the consequences of changes in 

lamin A/C structure and the resulting abnormal lamin A/C phenotypes conferred by the mutations, 

mobility experiments were performed. 

2.3. Evidence of Impaired Lamin A/C Structural Stability and Dynamics in Striated Muscle 

Laminopathies 

As a consequence of the change in lamin A/C structure caused by LMNA mutations, the 

structural stability and dynamics of various lamin A/C variants were studied. Gilchrist et al. 

transfected epitope-tagged WT lamin A or lamin A variants in HT1080 cells, a human 

fibrosarcoma cell line [63]. The lamin A variants studied were p.L85R, p.N195K (both associated 

with DCM-CD), p.L530P (associated with EDMD) and p.R482W (associated with FPLD in some 

individuals co-presenting LGMD) [63]. The transfected cells showed no significant or overt 
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nuclear shape/size abnormalities [63]. Fluorescence recovery after photobleaching (FRAP) 

analysis was performed on these transiently transfected cells to determine the dynamics of WT 

lamin A and variant lamin A. The DCM-CD and EDMD variants were more mobile and showed 

faster dynamics (especially the p.N195K variant) compared to WT [63]. However, the 

predominant lipodystrophy causing variant p.R482W had comparable mobility to WT lamin A 

[63]. FRAP experiments on Cos7 cells also demonstrated increased mobility for the p.D192G 

(DCM-CD) and p.R386K (EDMD) lamin C only expressing variants compared to either WT lamin 

C or the p.L85R (DCM-CD) lamin C variant [54]. Fluorescence loss in photobleaching (FLIP) 

experiments further showed faster diffusion of lamin A p.N195K compared to WT [63]. Such 

increased mobility suggests less stability in the lamin A/C structures of the said variants [54,63]. 

To determine if these unstable A-type lamins affect the mechanical properties of the 

nucleoskeleton and/or the cytoskeleton, studies were performed on WT and mutant LMNA-

expressing cells.  

2.4. Evidence of Compromised Nuclear and Cytoskeletal Mechanics in the Presence of LMNA 

Mutations Causing Muscular Laminopathies 

Putative alterations of the nucleoskeleton and/or the cytoskeleton were examined by assessing 

their mechanical properties in the presence of LMNA mutations. A cardiac sample from the 

p.D192G DCM patient presented with immense nuclear aberrations including rupture of nuclear 

envelope, chromatin disorganization and mislocalization of the mitochondria in the nucleoplasm 

in about 30% of the cardiomyocytes [38,64]. Similarly, nuclear envelope breaks were observed in 

the LmnaΔK32/+ DCM mice model (discussed later part in the review) [65]. Furthermore, skin 

fibroblasts from DCM, EDMD and LGMD patients carrying LMNA mutations displayed a loss of 

nuclear stiffness [30]. Mouse embryo fibroblasts (MEFs) and skeletal myotubes from the LmnaΔ8-
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11 mice (discussed later in the review) also presented with reduced nuclear stiffness and a notable 

increase in nuclear deformity when strain was applied to the cells compared to WT [31]–[33]. Both 

low- and medium-pressure micro-injection of dextran into the nucleus resulted in dextran leaking 

into the cytoplasm, suggesting compromised nuclear integrity in fibroblasts of LmnaΔ8-11 mice 

[31]. Viral transfection of different mutant LMNA cDNA (p.E161K, p.D192G, p.N195K variants) 

causing DCM with or without conduction defects in neonatal rat ventricular myocytes, resulted in 

nuclear morphology defects including blebbing [34]. Analyses of nuclear stiffness showed that the 

mutant LMNA-expressing cells are stiffer, particularly the p.D192G variant, compared to the 

controls [34]. On the other hand, LMNA mutations that were not associated with striated muscle 

laminopathies did not result in nuclear deformability [30]. Nucleoplasmic localization and large 

aggregates of lamin A/C were described in transfected cells, suggesting impaired assembly of 

lamin A/C mutants [30,34,38,54]. These mutations are found in the rod domain of the A-type 

lamins, which is involved in dimerization and the formation of a higher-order lamin structure 

(Figure 1). 

Moreover, although no overt differences were detected between the cytoskeletal architecture 

of WT and LmnaΔ8-11 MEFs, a significant decrease in cytoskeletal stiffness, cytoplasmic elasticity 

and viscosity was observed in the LmnaΔ8-11 fibroblasts compared to WT cells, indicating that 

lamin A/C regulates the cytoskeleton plasticity [31,32]. Even skin fibroblasts with EDMD 

mutations that did not result in nuclear deformability displayed defects in force transmission 

between the nucleus and the cytoskeleton [30]. Neonatal rat ventricular myocytes expressing 

mutant LMNA showed disorganized actin and lower levels of actin staining compared to WT and 

uninfected controls [34]. They also have impaired adhesion and increased plasticity, suggesting a 

poorer capacity to handle and transmit mechanical stress due to actin defects [34]. Accordingly, 
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left ventricular LmnaΔ8-11 myocytes displayed contractile dysfunction [66]. Actin and the p38 

MAPK, which was shown to be associated with LMNA-related DCM, are thought to interact, and 

the inhibition of p38 restored the mutant actin and mechanical phenotypes back to WT [34,67,68]. 

Defects in mechano-transduction in LMNA mutant cells have been further explored using L-CMD 

patients’ myoblasts cultured on matrix stiffness close to that of muscle (12kPa) [35,36]. Mutant 

cells displayed accumulation and disorganization of contractile actin stress fibres and increased 

traction forces, supporting the hypothesis that mutant cells are unable to sustain high external 

mechanical stretching because of impaired functional integrity of nuclear‒cytoskeletal linkages 

[35,36]. Furthermore, LMNA-mutated myoblasts showed aberrant activation of regulators of the 

mechano-response (including yes-associated protein involved in cell adaptation to its 

microenvironment and formins known to affect actin polymerisation and depolymerisation in a 

force-sensitive manner) [35,36]. Interestingly, nuclear shape and chromatin organization can be 

improved in lamin A/C-depleted U2OS cells (derived from human osteosarcoma) in HGPS-

derived patients cells, or in aged vascular smooth muscle cell by treatment with remodelin [69,70]. 

Remodelin is a small molecule that inhibits N-Acetyltransferase 10 (NAT10) activity to induce a 

microtubule reorganization [70]. These results emphasize the significance of nuclear structural 

deformity in laminopathies, demonstrating that mutations in LMNA impair the mechanical capacity 

and integrity of both the nucleus and the whole cell by the disruption of the cytoskeleton, thus 

resulting in defects in mechano-transduction signalling. To determine if these structural changes 

also affect the post-translational modification status of lamin A/C, experiments looking at such 

were undertaken.  
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Figure 1. Schematic of prelamin A and lamin C proteins with the corresponding coding exons 

of the LMNA gene and the positions of the affected amino acids cited in this review. In red is 

the N terminus head, in bright pink are coils 1a, b and 2, in blue are linkers 1 and 2, in grey is 

the part of the C terminal tail common to both lamins A and C, in cyan is the part of the C 

terminal tail specific to lamin A and in bright green is the part of the C terminal tail specific 

to lamin C. fs means frameshift starting at the indicated amino acid. * and ** denote lamin-

A- or lamin-C-specific amino acid substitution respectively. 

2.5. Evidence of Altered Lamin A/C Post-Translational Modification Status in Striated Muscle 

Laminopathy 

As discussed in the previous paragraphs, many of the disease-causing mutations result in 

alteration of the lamin A/C protein structure as well as the nuclear envelope properties. Therefore, 

would such changes in conformation also result in aberrant post-translational protein 

modifications? A-type lamins are known to be phosphorylated and the phosphorylation status may 

influence nuclear deformability [71]. Lamin A/C phosphorylation determines the nuclear 

localization, assembly, and plays a role in mobility and cytoplasmic transport of nuclear lamins 

during interphase [72]. There are three main regions of lamin A that are phosphorylated during 

interphase: the N-terminal head, the proximal C-terminal region and the far C-terminal region 

found in lamin A only [72]. Mitsuhashi et al. demonstrated abnormal Akt phosphorylation of the 

serine residue at position 458 (located in the proximal C-terminal region) in muscle tissues and 

fibroblasts of patients with myopathies caused by LMNA mutations located in the Ig fold in the 

protein C-terminus [73]. Resolved structure of the lamin A/C C-terminus showed that in WT, S458 
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was partially buried; therefore, it was plausible that certain mutations in the Ig fold altered the 

protein structure and caused the exposure of S458, rendering it accessible for abnormal 

phosphorylation by Akt [73,74]. Moreover, the EDMD variant p.R453W not only increased S458 

phosphorylation, but also decreased S390 phosphorylation as compared to WT lamin A [75]. In 

addition, N-terminus lamin A phosphorylation was found to be lower in myoblasts from EDMD 

and LGMD patients compared to the control [76]. Furthermore, immunostaining for 

phosphorylated lamin A/C (phos-lamin A/C) in muscle fibres from these patients was markedly 

reduced [76]. Lower phos-lamin A/C was also observed in the regenerating muscle of a patient 

with EDMD compared to a sample from a patient with another type of muscular dystrophy, 

Duchenne Muscular Dystrophy (DMD) [76]. Such reduction in phos-lamin A/C was only observed 

in myocytes but not in fibroblasts and inflammatory cells, suggesting a tissue-specific process 

involving kinases and lamin A/C in muscles [76]. Overall, the data showed how a mutation that 

affects a particular region of the protein may confer structural and chemical changes that result in 

a molecular hallmark common to the different types of LMNA-related myopathies. 

Lamin A has also been shown to be sumoylated by SUMO2 [77]. Fibroblasts from a p.E203K 

DCM patient or HeLa-transfected cells showed decreased lamin A sumoylation and increased cell 

death [77]. Moreover, transient transfection of p.D192G lamin C only or both p.D192G lamins A 

and C in fibroblast-like Cos7 cells derived from monkey kidney tissue or in C2C12 cells, a mouse 

skeletal myoblast cell line, resulted in large lamin foci, which co-localized with SUMO1, a protein 

involved in post-translational modification [38,78]. Mislocalization of SUMO1 was also observed 

in LmnaH222P/H222P mice’s (discussed later in the review) primary myoblasts and in LmnaH222P/H222P 

mice’s skeletal muscle tissue [78]. These results therefore suggest that lamin A sumoylation 

impairment is involved in the disease mechanism underlying striated muscle laminopathies.  
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Overall, the data from patient cells and immortalized cell lines demonstrate the wide breadth 

of the effects caused by mutations in the lamin A/C gene. Nonetheless, such cellular phenotypic 

analyses can be further characterized using derived cells from the patients’ induced pluripotent 

stem cells (iPSCs). These iPSCs can be of immense benefit, particularly in cases when multiple 

tissue phenotypes are co-present, as there will be no need to collect multiple cell types from the 

patients. Some studies using laminopathy patient iPSCs are discussed in the next section. 

2.6. Derived Myogenic or Cardiac Cells from Patients’ Induced iPSCs Replicated Previously 

Demonstrated Muscular Laminopathy Cellular Phenotypes with 3D Culturing: A Promising 

Method of Identifying and Examining More Subtle Morphological Defects in Mutant Cells 

In primary culture, dermal fibroblasts from the p.R225X lamin A/C DCM-CD patient 

presented with decreased lamin A/C and profound nuclear defects including condensed 

heterochromatin clumps, nuclear blebs, nuclear pore complexes (NPCs) clustering, and 

mitochondria around the nuclear envelope [79]. Electrical induction of these fibroblasts resulted 

in a significant increase in the senescence and apoptosis in the mutant cells; inhibition of the ERK 

1/2 branch of the MAPK pathway ameliorated this phenotype [79]. Cardiomyocytes were then 

derived from the iPSCs obtained from the fibroblasts of the p.R225X patient and another DCM-

CD patient with a different lamin A/C truncation [79,80]. Surprisingly, both the mutant 

cardiomyocytes were morphologically comparable to WT [79]. However, upon electrical 

stimulation, these mutant cardiomyocytes presented with nuclear senescence and a marked 

increase in apoptosis [79]. The electrical susceptibility of these cardiomyocytes seems to be caused 

by lamin A/C haploinsufficiency as electrical stimulation of LMNA knocked-down control cells 

resulted in the same phenotype as the mutant cells [79]. Another study using derived myogenic 

cells from the iPSCs of patients with various striated muscle laminopathies (p.K32del, p.L35P and 
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p.R249W) presented with deformed nuclei and aberrant localization of emerin (localized in one 

pole of the cells) and lamin B1 [81]. Lamins A and C also formed aggregates or displayed a 

honeycomb pattern [81]. Although an abnormal nuclear shape (observed in p.L35P and p.R249W 

cells) and mislocalized lamin A/C (observed in p.R249W cells) were noted in the myotubes 

(differentiated myoblasts), the phenotype tended to be less pronounced in the myotubes than in the 

myoblasts [81]. Interestingly, 3D culturing of these mutant myotubes, which better simulate the 

cellular environment in patients, enhanced the phenotypes observed compared to what was seen 

in the monolayer-cultured myotubes [81]. These data therefore highlight the immense potential of 

iPSCs to model striated laminopathies and the promising use of 3D culturing as a means to detect, 

identify and more accurately characterize cellular changes that might not be readily observable in 

2D culturing. 

3. Animal Models 

In order to further confirm the pathogenicity of certain LMNA mutations and to study the 

phenotypes and tease out disease-associated pathways while minimizing confounding variables 

such as comorbidity, defined and controlled strains of different animal models have been used to 

study striated laminopathies.  

3.1. Caenorhabditis elegans (Worm) Models  

Worm Models Mimicked Patient Cellular Phenotypes, Highlighted the Role of Lamin A/C 

in Germ Cells and Reproduction, and Further Confirmed Results from Cell Lines and Mice 

Models 

The worm species Caenorhabditis elegans (C. elegans) possesses one lamin gene (lmn-1) that 

codes for lamin-1, the equivalent of the B-type lamins but functionally similar to both A and B 
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type lamins [82]. Gonadal knockdown of lmn-1 via RNAi resulted in abnormal embryos that are 

developmentally arrested and have abnormal nuclear morphology and disrupted chromatin [83]. 

Animals that survived lmn-1 knockdown and grew to adulthood were either sterile or semi-sterile 

[83]. The sterile animals presented with a significant reduction of germ cells, some of which 

showed abnormalities [83]. Similarly, meiotic arrest and apoptosis were observed in LmnaΔ8-11 

male mice germ cells (however, oogenesis in mice was unaffected) [84]. Moreover, siRNA 

knockdown of Lmna in the seminiferous tubules of mice resulted in sperm with abnormal heads 

[85]. Nevertheless, the progenies of the semi-sterile adult C. elegans were fertile and had an 

increased male proportion compared to WT [83]. NPCs were also misarranged in the nuclei of 

embryonic cells with decreased lamin-1, and such defects have been observed in cell lines, other 

animal models and patients [45, 61, 83,86]. Expression of GFP-tagged p.K46del lamin-1 variant, 

an equivalent of the p.K32del EDMD/L-CMD human lamin A/C variant, also resulted in lamin 

misassembly, nuclear aggregates, emerin mislocalization (due to decreased binding to lamin) and 

muscle/movement abnormalities [87–89]. Further evaluation of 14 laminopathic variants 

(including EDMD and DCM variants) located throughout the protein showed abnormal 

homodimer assembly, as well as mislocalization and abnormal dynamics of lamin-1 and/or 

aberrant mislocalization/dynamics and even lethality in vivo [90]. Moreover, as in cells transfected 

with certain lamin A/C variants, emerin was found in some of the lamin-1 variant aggregates 

[50,90]. The expression of the p.Y59C EDMD lamin-1 variant led to tissue-specific muscle 

promoter inactivation, coupled with aberrant muscle gene expression changes, resulting in muscle 

disruption and decreased muscle function [91]. 
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3.2. Drosophila melanogaster (Fruit Fly) Models 

Fruit Fly Models Phenocopied Early Lethality in LMNA Null Patients, Demonstrated 

Cytosketal Disturbance, Presented with Muscle and Mobility Defects, and Associated the 

Oxidative/Reductive Stress Signalling Pathway (via Nrf2) to Striated Muscle Laminopathies 

Similar to the lmn-1 gene of C. elegans, the Drosophila melanogaster LamC gene encoding 

lamin-C is also a paralogue of the lamin A/C gene in vertebrates [92]. LamC null fruit fly and 

truncated Lamin-C variants fruit flies (deletion of the first 42 or 48 N-terminal residues) were 

generated and resulted in developmental delay and prepupal death [93,94]. Larval muscle-specific 

expression of the 42 a.a. N-terminal truncated lamin C variant, however resulted in some viability 

but the survivors presented with deformed legs in adulthood, caused by the absence of muscular 

function and the disturbance of ecdysone (moulting) hormone signalling [94]. Immunostaining for 

the fruit fly B-type lamin (lamin Dm0) in both the null and the N-terminal deleted mutants showed 

lamin B nuclear aggregation [93]. On the other hand, ectopic overexpression of a 9 a.a truncated 

lamin C variant resulted in formation of melanotic tumours, lag in growth, inhibition of pupation 

and morbidity at the larval stage [95]. In the LamC null fruit fly, localization of B-type lamins and 

heterochromatin was normal, but NPC clustering was observed [96]. Furthermore, nuclear 

aberrations including chromatin leakage were detected in the cells of imaginal discs of LamC null 

larvae compared to WT [96]. Abnormal nuclear shape and actin localization in the nucleus were 

also seen in muscle samples from LamC null flies [96]. 

Expression of a variety of EDMD and DCM LMNA variants in fruit fly resulted in a host of 

nuclear aberrations such as lamin-C aggregates and/or increased nuclear blebbing, which are 

similar to what were previously observed in transfected cells expressing striated muscle 

laminopathy mutations [53,93,96]. C-terminal and N-terminal truncated lamin-C expression also 
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both resulted in nuclear abnormalities [96]. In addition, when the N-terminal truncated lamin-C or 

the p.W557S (human equivalent: p.W520S) variant was expressed either ubiquitously or in a 

muscle-specific manner, lethality was observed [96]. Evaluation of nuclear stiffness in WT and 

mutant lamin-C demonstrated increased nuclear fragility in the 48 a.a. N-terminal truncated lamin 

C variant, further illustrating the importance of the lamin N-terminus in muscles [97]. Muscle-

specific expression of another set of muscular laminopathy mutations resulted in larval muscular 

and mobility defects, actin disruption, nuclear protein mislocalization in the cytoplasm and varying 

degrees of mortality in mutant pupae [97,98]. Transcriptome analyses from mutant and WT body 

muscle wall samples showed elevated expression levels of detoxification genes in mutant samples 

compared to WT [97]. An increase in the TF Nrf2 involved in activating detoxification genes was 

observed, along with an increase in p62/SQSTM1, an autophagosome cargo protein involved in 

capturing Keap1, a protein that sequesters Nrf2 [97]. The release of Nrf2 from Keap1 allows Nrf2 

to translocate to the nucleus, where it upregulates genes coding for antioxidant proteins [97]. 

Muscle biopsies from striated muscle laminopathy patients presented with increased staining for 

p62/SQSTM1 [97]. This illustrated the activation of the oxidative/reductive stress signalling 

pathway (via Nrf2) in muscles [97]. 

3.3. Danio rerio (Zebrafish) Models  

Zebrafish models mirrored patient and mice model cardiac and skeletal muscle phenotypes, 

and presented a feasible avenue to facilitate high throughput drug and therapeutic target 

screening 

Danio rerio (D. rerio), popularly known as the zebrafish, belongs to the osteichthyan branch, 

which also includes mice and humans. The zebrafish lmna is an orthologue of human LMNA. The 
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zebrafish is an established model of cardiac diseases owing to its cardiac system’s relative 

comparability to its mammalian counterpart, its transparency during early development, which 

allows for organ observation, its high fecundity and its ability to tolerate severe cardiac dysfunction 

that would be lethal at the foetal level in mammals [99,100]. A study by Koshimizu et al. showed 

that morpholino (MO) knockdown of zebrafish lmna resulted in slow skeletal muscle fibres 

damage at 24 h post-fertilization (hpf) [101]. Moreover, about half of the morphants also presented 

with craniofacial deformity and an increase in apoptosis in the brain and trunk [101]. Such an 

increase in apoptosis is further verified by impaired cell cycle progression [101]. Decreased lipid 

levels associated with decreased levels of zebrafish PPAR-gamma, suggestive of defects in 

adipocyte differentiation, were also observed [101]. Another study with MO-mediated lmna 

knockdown showed that the zebrafish lamin A/C morphants presented with blood congestion at 

24 hpf, cardiac oedema, decreased heart rate, and decreased cardiac function during the period of 

observation (48–96 hpf) [100]. Such phenotypes are indicative of progression towards heart 

failure. Furthermore, some of the lmna morphants presented with some form of cardiac arrhythmia 

including atrial fibrillation, thus closely phenocopying LMNA mutation-caused DCM disease 

presentation in humans [100]. A disrupted nuclear membrane was also observed [100]. 

Aside from morphants, zebrafish mutant lamin A/C transgenic lines have also been generated 

to study striated muscle laminopathies. Two transgenic lines with cardiac-specific expression of 

GFP-tagged zebrafish lmna EDMD variants were created by Verma and Parnaik [102]. 

Homozygous mutant lamin A/C transgenic zebrafish have comparable fertility and longevity as 

WT lamin A/C transgenics up to one year old [102]. However, mutant zebrafish cardiomyocytes 

presented with abnormal nuclear shape, lamin aggregates (particularly the p.Q291P mutants) and 

an increase in heart rate at 3.5 and 5.5 d post-fertilization compared to WT [102]. Moreover, an 
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upregulation of the expression of genes involved in cardiac regeneration was observed in whole 

embryo extracts from homozygous mutant lamin A/C transgenic embryos compared to WT lamin 

A/C transgenics [102]. In addition, PCNA, a marker for proliferation, was increased in the adult 

hearts of mutant transgenic lines compared to WT transgenic [102]. 

3.4. Mus musculus (Mice) Models 

Out of the animal models discussed in this review, Mus musculus (M. musculus) is the species 

most closely related to us. The mice prelamin A shares 96.4% amino acid sequence identity with 

human prelamin A (Table S1). Such conservation between humans and mice lamin A/C also 

extends to numerous aspects of anatomy and physiology, including both species having a four-

chambered heart that functions comparably. Thus, mice models provide a means to reproduce the 

human disease phenotype in a more closely phylogenetically related species. Various genetic 

modifications—knock-out, transgenesis and knock-in—have been used and yielded high fidelity 

in vivo striated muscle laminopathy models.  

3.4.1. Lmna Null Mice Models Proved the Causal Link between Lamin and Human Laminopathy 

Phenotypes, Resulting in Lethality in the Young—but Heterozygous Mice Failed to Show the 

Laminopathy Phenotype. 

To further elucidate the importance and function of A-type lamins, Lmna knock-out mice were 

created. The lamin A/C null mice were generated using the gene trap technology [103]. No lamin 

A/C transcript or protein was detectable in the LmnaGT-/- mice and both emerin and NPCs were 

mislocalized [103]. The LmnaGT-/- mice presented with severe growth delay starting at seven days 

after birth and died at 2‒3 weeks after birth [103]. No notable phenotype was observed in the 

heterozygous mice [103]. Transcriptome analyses prior to onset and after the onset of phenotype 
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in the lamin A/C null mice showed deregulation of genes involved in metabolism, adipogenesis, 

muscle contraction and cardiac differentiation compared to WT. Unlike in some patient samples 

and other striated laminopathy mouse models, there were no observed disorganized or dystrophic 

muscles and no fibrosis in cardiac tissues of the LmnaGT-/- mice [38,103]. Although cell 

proliferation levels were comparable to WT, notable cardiac hypotrophy, which worsened with 

age, was observed in homozygous mice [103]. However, no functional or anatomical abnormalities 

(i.e., enlarged cardiac chambers/thinning of cardiac walls) were observed in homozygous hearts, 

except for a moderate decrease in heart rate when compared to WT [103]. Skeletal muscle was 

also evaluated in the homozygous mice as these animals exhibited a hunched posture and abnormal 

gait by 13 days of age [103]. Similar to cardiomyocytes, skeletal myocytes were hypotrophic but 

were neither disorganized nor dystrophic [103]. Although gonadal fat stores and brown fat were 

present and normal in the LmnaGT-/- mice, subcutaneous fat was lacking [103]. Thus, adipogenic 

differentiation was induced in MEFs of the lamin A/C null mice and it was discovered that there 

was an impairment in the ability of the cells to differentiate into adipocytes when compared to 

induced cells from WT [103]. Metabolic parameters were also assessed and mice without lamin 

A/C become hypoglycemic and increasingly catabolic compared to WT [103]. All of these thereby 

illustrated the significance of lamin A/C in the context of striated muscle and fat cell 

differentiation, development and growth during the early stages after birth.  

Another Lmna null (LmnaΔ/Δ) mice was created using a different technique, Cre-mediated 

recombination [104]. The LmnaΔ/Δ mice were indistinguishable from their littermates at birth 

[104]. However, after two weeks, LmnaΔ/Δ mice weighed about half as much as their siblings and 

died by 16‒18 days of age [104]. Haematoxylin and eosin staining of skeletal muscle of 15-day-

old LmnaΔ/Δ mice showed significantly smaller muscle fibres compared to WT mice [104]. These 
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characteristics were comparable to those observed in the LmnaGT-/- mice [103,104]. In order to 

characterize and highlight the importance of each A-type lamin and its proper processing, another 

group of mice models was examined. 

3.4.2. Homozygous C-Terminal Truncated Lamin A Mice Model Recapitulated the Lmna Null 

Mice Phenotype and the Heterozygous Mice Displayed a Late-Onset Cardiac Phenotype 

A very well characterized model is the LmnaΔ8-11 mice expressing a truncated lamin A that 

lacks its C-terminus [61,105]. It was the first (unsuccessful) attempt to create a Lamin A/C null 

mouse and was made by deleting exon 8 to mid-exon 11 of the Lmna gene [61]. The LmnaΔ8-11 

mice were comparable at birth to their heterozygous and WT siblings [61]. However, significant 

growth retardation was noted starting at 2‒3 weeks after birth and by week 3‒4, major gait defects 

were observed and all homozygous mice were dead by eight weeks [61]. In addition, the 

homozygous mice weighed considerably less than their siblings (about half their weight) [61,62]. 

Moreover, there was a significant increase in the organ to body weight ratio in most tissues of the 

LmnaΔ8-11 mice compared to WT [62]. This could be a result of increased organ function (e.g., 

kidneys) or a maladaptive organ enlargement (e.g., heart) [62]. Histological analyses of the cardiac 

and skeletal muscle tissues of LmnaΔ8-11 mice showed dystrophy, although no significant increase 

in creatine kinase was observed [61]. Lamin A/C transcript levels between affected (e.g., skeletal 

muscles) and unaffected (e.g., adipose tissues) tissues also did not seem to differ [106]. This 

suggested that lamin A/C levels do not contribute to the tissue-specific expression of disease 

phenotype in this model [106]. Furthermore, although the homozygous mice exhibited a deficit in 

fat tissue, analyses of metabolic parameters of these mice did not show strong lipodystrophic traits 

reminiscent of FPLD [61,106]. However, results from a more recent biochemical serum test hinted 

at potential liver dysfunction due to a significant increase in alanine aminotransferase and aspartate 
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transaminase, which are markers for liver disease, when compared to levels found in their 

heterozygous and WT siblings [62]. Immunostaining of MEFs from LmnaΔ8-11 mice for lamina-

associated polypeptide 2 (LAP2), Nup153 (component of NPCs) and lamin B showed misshapen 

nuclei and mislocalization of proteins such as lamin B and emerin, mimicking what was observed 

in the lamin A/C null cells of the child homozygous for the p.Y259X lamin A/C variant [46,61].  

On the other hand, heterozygous mice (LmnaΔ8-11/+) displayed late-onset cardiomyopathy 

(with or without CD) with no skeletal muscle defect [107]. At 10 weeks, 62% (n = 18) of LmnaΔ8-

11/+ mice exhibited rhythm or conduction abnormalities compared to none in WT mice (n = 17) 

[107]. Histochemical analyses of cardiac tissue also showed increased atrioventricular node 

fibrosis and apoptosis, and elongated nuclei in conductive cells compared to WT [107]. Moreover, 

aged (>50 weeks) heterozygous mice presented with significantly enlarged cardiac chambers and 

decreased fractional shortening indicative of both morphological and functional abnormalities 

[107]. However, levels of MAPK members were normal, unlike in the p.H222P EDMD mice 

model (to be discussed later in the review) [21,107]. 

3.4.3. Mice Expressing Non-Farnesylated Prelamin A Only, Mature Lamin A Only or Lamin C 

Only Showed the Importance of Lamin A Processing and the Respective Roles of Lamins A and 

C in the Pathogenesis of Laminopathies  

As opposed to the LmnaΔ8-11 and LmnaΔ8-11/+ mice models that express a truncated lamin A, 

this next mice model expresses non-farnesylated prelamin A only (LmnanPLAO/nPLAO) [61,107,108]. 

These LmnanPLAO/nPLAO mice presented with and died because of dilated cardiomyopathy [108]. 

Fibroblasts from LmnanPLAO/nPLAO mice had increased nucleoplasmic prelamin A localization and 

nuclear blebs, but there was no significant change in the nuclear stiffness [108]. However, 

Coffinier et al. demonstrated a notable decrease in nuclear stiffness in the LmnanPLAO/nPLAO MEFs 
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compared to WT [109]. Overall, LmnanPLAO/nPLAO mice died prematurely (all males died by 44 

weeks and females by 80 weeks) [108]. Cardiac assessment and histology showed a dilated left 

ventricle, decreased left ventricular ejection fraction, and mild to moderate fibrosis [108]. 

Moreover, as in cardiomyopathy, qRT-PCR revealed decreased myosin heavy-chain alpha (Myh6) 

expression and increased myosin heavy-chain beta (Myh7) expression [108]. It was suggested that 

non-farnesylated prelamin A acted as a poison or that non-farnesylated prelamin A is less effective 

than mature lamin A, leading to haploinsufficiency [108]. Both hypotheses have been suggested 

for the development of dilated cardiomyopathy in humans [64,110,111]. Although inhibition of 

farnesyltransferase has been shown to improve the progeroid phenotypes, the accumulation of non-

farnesylated prelamin A may result in the development of cardiomyopathy [108,112]. 

In contrast to the LmnanPLAO/nPLAO mice, mature lamin-A-only-expressing mice (LmnaLAO) 

were normal, healthy, did not present any discernible pathological phenotype and had comparable 

survival (>24 months) to WT mice [109]. Lamin A was predominantly located in the nuclear rim, 

similar to WT [109]. However, a significant increase in the frequency of misshapen nuclei and 

nuclear blebs was observed in fibroblasts from the LmnaLAO mice compared to WT [109]. Closer 

inspection of the blebs showed a honeycomb staining pattern for both lamin A and LAP2β, but no 

difference was observed between the nuclear stiffness of WT and LmnaLAO mice [109]. This 

suggested that more localized lamina structural defects such as blebbing do not necessarily result 

in significant global nuclear mechanical defects and subsequent clinical onset of laminopathy 

[109].  

A mouse model that lacks lamin A but expresses lamin C only (LmnaLCO) was comparable to 

WT with no overt physiological and cellular defects (in either cardiac or skeletal muscles) over 

two years of observation [56]. Analyses of primary fibroblasts from LmnaLCO embryos also 
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showed that lamin C, emerin and LAP2 localization was normal and that there was no significant 

alteration in nuclear lamina structure [56]. However, a notable increase in nuclear strain in 

response to mechanical stress was observed in LmnaLCO cells when compared to WT cells [56]. 

This showed that lamin A is essential to the nuclear lamina’s ability to respond to mechanical 

stress.  

Although the mice models discussed so far provide valuable information to determine and 

understand the respective roles of lamins A and C and their importance as a whole, such models 

do not recapitulate the genetic context in most laminopathy patients. The knock-in and transgenic 

mice allow for better mimicking of the diseased state found in patients. 

3.4.4. Lmna Knock-In and Transgenic Mice Further Established the Genotype and Phenotype 

Correlation and Revealed Several Signalling Pathways Involved in the Development of 

Myopathies Caused by LMNA Mutations  

The p.N195K lamin A/C variant is associated with DCM-CD in humans [52]. The 

homozygous p.N195K lamin A/C mice (LmnaN195K/N195K) had a mild delay in weight gain 

beginning at four weeks but appeared to be otherwise healthy until an acute period of deterioration 

followed by death at 12‒14 weeks after birth [86]. The homozygous males died before the 

homozygous females [86]. The heterozygous p.N195K mice had a comparable life span to the WT 

[86]. No hallmark signs of muscular dystrophy were observed in LmnaN195K/N195K mice but mild 

muscular degeneration and cardiac chamber dilatation coupled with thinning of the chamber walls 

were noted in cardiac tissues [86]. In line with the restructuring occurring in cardiac tissues in 

DCM, there was an increase in interstitial fibrosis and upregulation of foetal genes such as the 

atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP) [86]. Furthermore, 

LmnaN195K/N195K mice presented with a significant decrease in fractional shortening compared to 
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their siblings at eight weeks, and the condition worsened with age [86]. Close monitoring and 

examination of the heart further revealed that the homozygous p.N195K mice presented with 

episodes of severe bradycardia and conduction defects, which caused death in these animals [86]. 

Characterization of the ventricular myocyte action potential showed longer duration associated 

with an increase in late sodium (Na+) current in the homozygous mice compared to WT [113]. 

Primary mouse embryonic fibroblasts from homozygous mice also showed abnormal nuclear 

shape, mislocalization of emerin and Nup154 (a component of NPCs), disruption of the 

cytoskeleton and seemingly enlarged endoplasmic reticulum and mitochondria [86]. The muscle-

specific intermediate filament desmin, which connects the contractile apparatus to the sarcolemmal 

cytoskeleton, the organelles and the nucleus, was disorganized and less expressed in cardiac tissues 

from the LmnaN195K/N195K mice [86]. In addition, connexin (CX) 40 and 43, proteins involved in 

gap junctions responsible for pulse relay, were mislocalized, with slightly lower amounts of CX40 

in mutant atria compared to WT [86]. These therefore show that LMNA mutations impact the 

physiology of the entire cell, including the plasma membrane organization, through their effect on 

an intermediate filament protein like desmin. Mis-expression of the transcription factor Hf1b/Sp4, 

which is important in cardiac cell differentiation, particularly for the development of the cardiac 

conduction system, was also noted [86,114]. This model therefore mimicked the presentation of 

the disease in humans and demonstrated the involvement of gap junction proteins and Hf1b/Sp4 

in the aberrant cardiac electrical relay that is seen in LMNA-related DCM-CD. 

Another model for DCM-CD is transgenic mice with cardiac-specific expression of the 

p.E82K lamin A/C variant (LmnaE82K) [115]. This variant results from an exon 1 LMNA mutation 

identified in a Chinese family with DCM-CD (atrioventricular block) [116,117]. Transgenics were 

comparable to their non-transgenic siblings at birth and at a young age [115]. A portion (11–16%) 
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of transgenic mice died starting at three months old [115]. Gross morphological changes include 

increased heart to body weight ratio and dilation of both cardiac chambers [115]. Cardiac 

functional assessment also showed a decrease in heart rate and cardiac function [115]. Moreover, 

like in the p.H222P mice model, interstitial fibrosis and disorganized cardiac muscle cells were 

also observed [115,118]. The nuclear membrane was compromised, and enlarged mitochondria 

and sarcoplasmic reticulum were noted [115]. In addition, elevated levels of markers for 

hypertrophy such as BNP, actin alpha 1 and collagen III alpha 1 were observed [115]. Thus, the 

mutation affecting a region in the lamin A/C protein involved in forming homodimers negatively 

affected actin alpha 1 and collagen III alpha 1 structural proteins that are both involved in 

contractility, thereby potentially causing cardiac dysfunction in the p.E82K transgenic mice. 

Furthermore, the transgenic mice heart displayed an increase in apoptosis, which may be linked to 

the decrease in left ventricular function and eventual heart failure [115]. 

To model another type of striated muscle laminopathy, EDMD, which also oftentimes co-

present with a cardiac phenotype, a transgenic mouse with cardiac-specific expression of the 

p.M371K lamin A variant causing EDMD in humans was created [41,119]. This variant resulted 

in high prenatal deaths in the transgenics [119]. Furthermore, transgenic mice live for 2‒7 weeks 

only [119]. Histology of cardiac tissues from transgenic mice showed cardiac lesions, pulmonary 

and cardiac oedema; however, unlike other models, they did not present fibrosis [119]. 

Immunostaining of cardiac sections showed deformed nuclei and lamin A aggregates that were 

colocalized with lamin B1 [119]. Similar to some patient tissues and other mouse models, electron 

microscopy of p.M371K mice cardiac samples also showed chromatin clumps and lipid pseudo-

inclusions in the deformed nuclei [119]. However, the fibres containing these nuclei were generally 
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neither apoptotic nor necrotic [119]. These results illustrated that, when overexpressed in the heart, 

an EDMD mutant acted in a dominant negative manner, mimicking human DCM presentation. 

To model another EDMD laminopathy associated with arrhythmia, the LMNA mutation 

substituting A to C at nucleotide position 665, resulting in the lamin A/C protein p.H222P variant, 

was expressed in mice [41]. The homozygous p.H222P knock-in mice model (LmnaH222P/H222P) 

presented with skeletal and cardiac phenotypes mimicking the human disease presentation. All 

homozygous mice died at 13 months [118]. Analyses of tissue samples showed dilatation of the 

ventricles, accompanied by thinning of the ventricular wall, cardiomyocyte degeneration and 

fibrosis [118]. Locomotor behaviour was also impaired and further examination of muscle tissues 

showed a wide range of abnormalities [118]. A significant increase in nuclear localization of 

phosphorylated-Smad2/3 was observed in LmnaH222P/H222P mice compared to their heterozygous 

and WT siblings [118]. These proteins are part of the TGF-β signalling pathway, which is involved 

in the fibrotic process [118]. Moreover, as in the human disease presentation, there was a difference 

between the severity and temporal onset of the phenotype between genders in the H222P mice 

[118, 120,121]. Investigating this difference, Arimura et al. showed an increase in the nuclear 

accumulation of androgen receptors and their co-factors (serum response factor [SRF] and four-

and-a half LIM protein-2 (FHL2)) in male cardiac tissues from patients with DCM associated with 

LMNA mutations [121]. Furthermore, castration or flutamide (an antagonist of androgen receptors) 

treatment improved the symptoms of the diseased p.H222P male mice, while testosterone 

administration to female p.H222P mice exacerbated their phenotype [121]. Therefore, phenotype 

severity of LMNA-related DCM may depend on sex hormone levels and inhibition of the androgen 

receptor‒SRF‒FHL2 complex may provide a potential therapeutic benefit [121]. The MAPK 

kinase pathway (ERK 1/2, p38α, JNK branches) and its downstream targets were also involved in 
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striated muscle laminopathies in both patients and LmnaH222P/H222P mice cardiac and/or skeletal 

muscle samples [21,67,122]. Inhibition of the ERK 1/2, JNK, or p38α signalling pathways rescued 

the cardiac and/or skeletal muscle phenotypes of the LmnaH222P/H222P mice [67,122–126]. Similarly, 

a combination of angiotensin II converting enzyme (ACE) and MEK 1/2 inhibitors improved the 

cardiac phenotype in the p.H222P mice [127]. Further analyses of the LmnaH222P/H222P mice 

implicated the AKT/mTor and WNT/β-catenin pathways [67,128,129]. Indeed, inhibition of mTor 

and activation of WNT/β-catenin signalling improved the cardiac function in the homozygous 

p.H222P mice [67,128,129]. Impaired autophagy has also been observed in the cardiac tissues of 

both the human patients and the LmnaH222P/H222P mice and the inhibition of mTor improved 

autophagy in the p.H222P mice hearts [128]. Gap junction architecture was disturbed in the 

LmnaH222P/H222P mice as seen in the LmnaN195K/N195K mice [86,129]. However, the localization of 

emerin was normal in striated muscles [118]. Therefore, this EDMD mouse model revealed new 

pathways that underlie striated muscle laminopathies, and that can potentially be targeted for 

therapeutic intervention. 

A third EDMD mice model expressing another variant, the truncated p.K32del lamin A/C 

variant (LmnaΔK32/ΔK32), which results in severe EDMD or L-CMD in patients, was generated 

[88,89]. The LmnaΔK32/ΔK32 mice presented with major growth retardation and died three weeks 

after birth due to severe metabolic deficiencies associated with the repression of SREBF-1 [130]. 

Moreover, similar to what was observed in C. elegans, this lamin A/C protein variant is present in 

low amounts, suggesting its instability compared to the WT lamins [87,130]. The p.K32del variant 

also remained nucleoplasmic compared to the WT lamin A/C, which was found in both the 

nucleoplasm and nuclear rim [130]. On the other hand, the heterozygous p.K32del lamin A/C mice 

(LmnaΔK32/+) progressively developed DCM and died at between 35 and 70 weeks of age [65]. No 
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phenotype difference was observed between males and females [65]. Upregulation of mRNA 

levels for cardiac remodelling markers (Nppb, Myh7) was noted at 10 weeks (a time point that 

precedes notable phenotype) [65]. Immunostaining and electron microscopy revealed overt nuclear 

aberrations in the cardiomyocytes of heterozygous mice, particularly towards the end stage of the 

disease [65]. In the heterozygous mice heart tissue, total lamin A/C protein (WT and variant) levels 

were deemed to be 50% lower than the amounts in age-matched (10 weeks, 30 weeks) WT mice, 

but this discrepancy was abrogated at 57 weeks when an increase in total lamin A/C was observed 

[65]. The restoration of total cardiac lamin A/C in older LmnaΔK32/+ mice was caused by the 

impairment of the ubiquitin‒proteasome system [65]. This system was determined to be involved 

in the degradation of lamin A/C variant proteins in the hearts of younger LmnaΔK32/+ mice [65]. 

Thus, the results suggested that the p.K32del lamin A/C variant acted as a toxic molecule and its 

increasing amount with age was detrimental to the LmnaΔK32/+ mice, which eventually developed 

cardiomyopathy.  

However, not all mice models faithfully mimic the human phenotype. The p.L530P lamin A/C 

variant was discovered in a patient with autosomal dominant EDMD [44]. Heterozygous p.L530P 

knock-in mice were comparable to their WT siblings up to six months old [131]. However, the 

homozygous p.L530P mice (LmnaL530P/L530P) started presenting phenotype reminiscent of HGPS 

at 4‒6 days old and died within 4‒5 weeks [131]. Mild to intermediate degeneration, hypoplasia 

and atrophy of the cardiac and skeletal muscles were observed in LmnaL530P/L530Pmice [131]. 

Furthermore, there were fewer myocytes but an increase in fibrocytes in mutant tissues was 

observed [12]. At the cellular level, nuclear disruption was also observed in LmnaL530P/L530P MEFs 

as well as a decrease in nuclear lamin A, and a mislocalization of lamin C to the cytoplasm instead 

of in the nucleus [131]. Nevertheless, no hallmarks of muscular dystrophy (e.g., centrally located 
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nuclei and muscle fibres of various diameters) were noted and the mouse phenotype was consistent 

with progeria even though this mutation at the heterozygous state was associated with skeletal 

muscle laminopathy in humans [44], [131]. 

4. Discussion and Conclusions 

The evidence thus far demonstrates the wide array and importance of the presence and 

function of A-type lamins in maintaining cellular processes, as indicated by the diversity of 

diseases caused by LMNA mutations. Although LMNA mutations are known to cause distinct 

laminopathy disorders in humans, there is a large spectrum of sometimes contradictory findings 

obtained in cellular and animal models. One should not underestimate the fact that most 

mechanistic outcomes stem from models with inherent pitfalls. Differences in results between cell 

lines can be attributed to various reasons including the type of cell line used, the plasmid used for 

transfection (e.g., a difference in expression levels of transgene based on the promoter used), the 

presence or absence of a C or N termini reporter tag of various sizes, the duration of transient 

transfection, and which lamin (A or C) is being transfected [49,50,53]. Selecting a cell line based 

on the tissue-specific presentation of the disease (e.g., skeletal muscle cell lines for EDMD) is 

more appropriate because the cellular context in which the mutant transgene will be expressed 

corresponds to the cell type affected in the patients. The importance of the cell line selection can 

be seen in the transfection of the DCM mutant lamin A producing the p.E203G variant. In p.E203G 

lamin A-expressing HeLa cells, lamin aggregates were found but no such aggregates were 

observed upon expression in C2C12 cells [15,53]. Transfection of both lamins A and C maintains 

the endogenous stoichiometry between the two isoforms, therefore mimicking the naturally 

occurring state in cells. It also better recapitulates the autosomal dominant form of laminopathies 

in humans because double-transfected cells express both the WT lamin A/C (endogenous) and the 
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mutated lamin A/C (transfected; exogenous). However, only lamin A has been expressed in most 

cellular models. Derived cells from iPSCs of patients, especially when cultured in 3D, present a 

promising means to model laminopathies as these cells demonstrate high fidelity in mimicking the 

patient cellular phenotypes [81]. Moreover, iPSCs not only allow for the derivation of various cell 

types, which is very useful in laminopathies affecting multiple tissue types, but can also 

circumvent the limitations associated with senescence in primary cells after prolonged culturing 

[51]. In addition, since these cells are from the patients themselves, they may help reconcile the 

diversity in phenotypes observed in cellular and animal models. The cells can also be used for 

personalized therapeutic tests. However, as we progress in the use of iPSCs to model diseases and 

conduct clinical tests, we must consider the efficiency (currently typically low (<1%)) and methods 

used (via viruses or synthesized RNAs or proteins or small molecules) to generate iPSCs [132]. 

Moreover, iPSCs have been shown to differ from the original cells in terms of somatic mutations, 

copy number variations and DNA methylation [132,133]. Further investigation and understanding 

of such genomic changes in iPSCs will ensure not only the fidelity of the derived cells in 

reproducing the disease but, more importantly, their safety when administered to humans as 

treatment. Nevertheless, iPSCs and 3D culturing possess immense potential to model 

laminopathies and advance the field.  

Although cell line models are more manageable to handle and cheaper than in vivo models, 

both cellular and animal models are complementary when modelling a complex human disorder. 

The animal models enable not only the identification of the molecular mechanisms affected by the 

variant protein, but also frame the results in the context of a living organism as a whole with the 

opportunity to further probe the phenotype and molecular implications in specific and relevant 

organs/tissues in real time and/or post-mortem, as well as to eventually test for treatments. 
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Differences or inconsistencies between the phenotypes of animal models of the same species can 

be a consequence of the respective techniques used. Such is the case in LmnaΔ8-11 mice, which 

were initially deemed to be null but later proven to express a C-terminal truncated lamin A, and 

the real Lmna null—the Lmna KO mice (LmnaGT-/-) created using gene trap technology, in which 

no lamin A/C transcript or protein was detectable [61,103,105]. The genetic background of the 

strain used can also have an effect on the phenotype [103]. Furthermore, the expression pattern of 

the transgene can cause a varying phenotype. Such a situation was observed in fruit flies, where a 

difference in viability was noted depending on whether the transgene was expressed ubiquitously, 

in a tissue-specific manner, or temporally induced (e.g., under heat-shock-driven expression) [96]. 

On the other hand, despite the immense progress afforded by both cellular and animal models, 

there are still differences in phenotypes between the actual human disease presentation and the 

models. For instance, both knock-out/knock-in mice models and transgenic zebrafish primarily 

presented a phenotype at the homozygous state, while in humans the conditions are predominantly 

autosomal dominant [61,86,102,103,108,115]. The heterozygous animals had milder or no 

symptoms, a different phenotype, or the disease onset was considerably delayed compared to their 

homozygous siblings (e.g., LmnaGT-/- mice; LmnaΔ8-11 and LmnaΔ8-11/+ mice; LmnaΔK32/ΔK32 and 

LmnaΔK32/+ mice) [61,65,103,107,130]. In addition, some mutations result in a different 

laminopathy when expressed in the model organism (e.g., the LmnaL530P/L530P mice, see above). 

Furthermore, in humans, not all LMNA mutation carriers actually present a phenotype. Some 

individuals bearing the same mutation as their affected family members remain asymptomatic. 

This is not usually the case in the published animal models (i.e., all homozygous mice presented a 

phenotype). Nevertheless, the fact that animal models do not perfectly recapitulate human 

phenotype can be partly attributed to the genetic modification used (knockdown versus knock-out 
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or transgenesis or knock-in), species differences and external variables. Neither a knock-down 

(transient) nor a knock-out (permanent) animal model that seeks to significantly lower or 

completely abolish gene function is a blanket representative of the human disease context because 

most patients possess pathogenic mutations that do not abrogate LMNA gene function but instead 

result in the production of variant lamin A/C proteins. Moreover, although transgenesis enables 

tissue-specific expression of mutant transgenes, the results are influenced by the fact that 

endogenous WT lamin A/C is still being expressed in the animals. The insertion sites, number of 

insertions and expression levels of transgene are less defined and are usually not consistent 

between lines. In addition, in some studies, the phenotype in the transgenics becomes less overt or 

disappears after a few generations [134]. Knock-in models, on the other hand, would be the most 

faithful at recapitulating the genetic context of the mutation, but differences between species might 

influence and/or cause discrepancies between the human phenotype and animal models. Alignment 

(Figure S1) and percentage sequence identity (Table S1) between human prelamin A and its 

orthologues/paralogs in the different animal models cited show a range of sequence identity from 

30% in C. elegans lamin-1 to 96.4% in M. musculus. Another example of species difference is 

with zebrafish, which underwent genome duplication, resulting in functional duplicates of 

orthologues for some human genes. Though the LMNA gene has one identified orthologue in 

zebrafish, SYNE1, which codes for the lamin A/C interacting partner Syne1, has two orthologues 

in zebrafish, syne1a and syne1b. In terms of anatomy, fruit flies, for instance, have a tubal heart 

and zebrafish only have two cardiac chambers. Thus, these species differences could contribute to 

the differences in phenotype between animal models and the actual human disease presentation. 

Other variables that can influence the phenotype also include the gene pool, environmental 

conditions, co-morbidities and technology. Humans have vast genetic diversity compared to that 
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of laboratory animals. Co-morbidities include hypertension, myocarditis, autosomal disorders, 

diabetes, obesity, high cholesterol, inactivity, as well as aging and treatments such as 

chemotherapy. The effects of the environment/lifestyle on the organism are also important, 

particularly since for each human being the experience is unique, while lab animals live in 

unnatural and controlled standard lab settings. Lastly, the lag in our capacity to identify and/or 

characterize phenotypes in human and animal models limits our understanding of the scale and 

intricacies of the disease.  

Altogether, the insights learned from both cellular and animal models so far suggest that there 

is no one hypothesis that can completely explain the mechanisms underlying striated muscle 

laminopathies. However, the gene and/or mechanical hypotheses seem to provide an explanation 

for the cardiac and/or skeletal muscles phenotypes in most cases. The overlap in phenotypes 

between humans and models, particularly the phenotypic features common to more than one 

model, highlights the important and conserved pathways involved in the pathogenesis of striated 

muscle laminopathies. Tables 1 and 2 highlight these affected proteins and signalling pathways. 

An example of such commonality due to the presence of pathogenic muscular LMNA mutations is 

the nuclear membrane disturbance(s) that compromises the structure, integrity, shape and/or size 

of the nucleus [15,38,46,50,51,54,73,87,90,91,96]. These changes can impair the ability of A-type 

lamins to interact with each other or with other proteins and/or chromatin. In turn, such 

disturbances affect the function and regulation of lamin A/C binding partners as well as the 

accessibility of certain chromatin regions, thereby affecting gene expression and overall cell 

function, including mechano-transduction signalling. Tissue-specific effects that present as the 

primary overt phenotype of an affected individual might be partly attributed to the resulting 

physical and chemical properties changes in the lamin A/C protein variants that negatively impact 
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tissue-specific interactions and functions. Such vulnerabilities can result in mishandled cellular 

stimuli that feed back into the already compromised network, further magnifying the malignant 

cell response, with the most affected system(s) presenting as the dominant clinical symptom. In 

cases where the same mutation presents a different phenotype (e.g., symptomatic versus 

asymptomatic; difference in affected tissue) between individuals, such a contrast in disease 

presentation might be attributed to several factors including the state of zygosity, genetic 

background, epigenetic background and lifestyle. Some LMNA mutations exert their effects on a 

recessive mode. An example is the LMNA mutation resulting in the p.H222Y variant that caused 

severe EDMD for the homozygous patient, while both his heterozygous parents were 

asymptomatic [135]. Another lamin A/C variant, p.R298C, was identified in multiple families 

from Algeria and Morocco, where individuals carrying the mutation at the heterozygous state were 

unaffected or presented with EDMD or isolated cardiac disease and, at the homozygous state, 

predominantly presented with the neuropathic disease CMT2B1 [136–140]. The prevalence and 

presence (or absence) of a particular tissue-specific primary phenotype plus the varying onset and 

severity of clinical presentation in the families are probably influenced by differences in the 

genetic, epigenetic and lifestyle contexts. 

Table 1. Summary of prominent and overlapping protein mislocalization in cellular and 

animal laminopathy models. 

Mislocalized  

Proteins 

Role Mislocalization Model(s)/Patient sample(s) 

1. Lap2 (α, β) regulation of 

nuclear 

architecture 

absence in nuclear 

poles and/or lobules, 

honeycomb pattern in 

nuclear blebs 

fibroblasts from homozygous p.Y259X 

patient [46], Lmna LAO mice [109], 

LmnaΔ8-11 mice MEFs [61] 

  
 

 

2. Emerin anchorage to the 

cytoskeleton 

cytoplasmic, 

concentration in one 

pole, sequestration 

within nuclear lamin 

foci, honeycomb 

pattern 

fibroblasts from homozygous p.Y259X 

patient [46], RNAi LMNA knockdown in 

HeLa cells [48], various lamin A/C 

variants expressed in different cell 

lines[49,50], C. elegans [90], fibroblasts 

from patients with various lamin A/C 
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mutations[51], myogenic cells derived 

from myopathies patients’ iPSCs [81], 

LmnaΔ8-11 mice [50,61], LmnaN195K/N195K 

mice [86], p.K46del lamin-1 variant C. 

elegans [87]   
 

 

3. Syne1 anchorage to the 

cytoskeleton 

cytoplasmic fibroblasts from homozygous p.Y259X 

patient [46]   
 

 

4. B-type lamins involved in a 

variety of 

functions 

including 

regulation of 

expression, 

mitosis, cellular 

senescence  

absence in one pole 

(i.e., concentration in 

one pole only) and/or 

absence in nuclear 

lobules, honeycomb 

pattern 

fibroblasts from homozygous p.Y259X 

patient [46], fibroblasts from patients with 

various lamin A/C mutations [51], 

myogenic cells derived from myopathies 

patients’ iPSCs [81], LamC null and 

Lamin-C N-terminal deleted D. 

melanogaster mutants [93], LmnaΔ8-11 

mice MEFs [61], cardiac expressing 

p.M371K lamin A/C mice [119]   
 

 

5. Nup153, 

Nup154 

component of the 

nuclear pore 

complex 

absence in nuclear 

poles and/or lobules, 

clustering 

fibroblasts from homozygous p.Y259X 

patient [46], fibroblasts from p. R225X 

patient [79], RNAi lmn-1 knockdown in 

C. elegans [83], LmnaΔ8-11 mice [61], 

LmnaN195K/N195K mice [86], LamC null and 

various lamin A/C mutations expressed in 

D. melanogaster [96], LmnaGT-/- mice 

[103], LmnaΔ8-11 mice MEFs [61]   
 

 

6. SUMO1 post-translational 

modifications 

sequestration within 

nuclear lamin foci 

various lamin A/C variants expressed in 

Cos7 cells [38], C2C12 cells [78], 

LmnaH222P/H222P mice primary myoblasts 

[78], LmnaH222P/H222P mice skeletal muscle 

tissue [78]    
 

 

7. Actin cytoskeletal 

component 

filament 

disorganization, 

increased nuclear 

localization, and 

decreased expression 

neonatal rat ventricular myocytes 

expressing various mutant lamin A/C 

[34], LamC null D. melanogaster [96], 

Lamin-C N-terminal deleted and various 

lamin A/C mutations expressed in D. 

melanogaster [97], patient myoblasts 

expressing various L-CMD variants [35, 

36]   
 

 

8. ERK ½ 

(phosphorylated) 

involved in a 

variety of cellular 

responses 

increased nuclear 

localization 

LmnaH222P/H222P mice, p.H222P lamin A 

expressing Cos7 and C2C12 cells [21] 

  
 

 

9. Smad2/3 

(phosphorylated) 

TGF-β signalling 

pathway  

increased nuclear 

localization 

LmnaH222P/H222P mice [118]  

  
 

 

10. Androgen 

receptors, SRF -

FHL2  

mediating actions 

of androgens 

nuclear accumulation neonatal rat cardiomyocytes expressing 

p.H222P variant or p.R225X variant 

[121], LmnaH222P/H222P mice and cardiac 

tissue from DCM patients [121]   
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11. Cx40, Cx43 gap junction 

proteins 

Diffused pattern and 

decreased expression 

in atria 

Lmna N195K/N195K mice [86] 

 

Table 2. Summary of prominent and overlapping affected proteins and signalling pathways 

in cellular and animal laminopathy models. 

Models Affected Proteins  
and  
Signalling Pathways 

Reference(s) 

Cellular 

Models 

1. Fibroblasts from p.E203K 

DCM patient or HeLa 

transfected cells  

↓ sumoylation [77] 

 
   

 2. Various lamin A/C 

variants expressed in 

neonatal rat ventricular 

myocytes 

inhibition of p38 = rescue of actin and 

mechanical phenotype 

[34] 

 
   

 3. p. L530P (EDMD) ↓ binding to SREBF1 [15] 

 
   

 4. Fibroblasts from p. R225X 

patient  

inhibition of MEK/ERK 1/2 = rescue 

(decreased apoptosis and senescence) 

[79] 

    

 5. Myoblasts from patients 

expressing various L-CMD 

variants 

deregulation of yes-associated protein 

and formins 

[35, 36] 

    

Animal 

Models 

6. Various lamin A/C 

variants expressed in D. 

melanogaster 

↑ Nrf2, p62/SQSTM1 [97] 

 
   

 7. D. rerio lmna morphants ↓ pparγ, ↓ PCNA [101] 

 
   

 8. D. rerio lmna transgenics ↑ PCNA [102] 

 
   

 9. LmnanPLAO/nPLAO mice ↓ Myh6, ↑ Myh7 [108] 

 
   

 10. LmnaN195K/N195K mice reactivation of foetal genes (↑ANP, ↑ 

BNP), inhibition of Na+ channel = 

improve symptom, ↓ connexin 40, mis-

expression of Hf1b/Sp4 

[86] 

 
   

 11. Mice cardiac tissue only 

expression of p.E82K lamin 

A/C variant 

hypertrophy markers (↑ in BNP, actin 

alpha 1, collagen type III alpha 1), ↑ 

FAS, ↑ cytochrome C 

[115] 

 
   

 12. LmnaH222P/H222P mice TGFβ (↑ nuclear phos-Smad 2/3), ↑ 

MAPK members (ERK 1/2, p38, JNK),  

[21, 67,121–

129] 
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↑ AKT/mTor, ↓ WNT/β-catenin 

 
   

 13. LmnaΔK32/ΔK32 mice repression of SREBF1 [130] 

 
   

 14. Muscle tissues from 

patients with various 

myopathies 

phos-lamin A/C (Ser458) by Akt  [73] 

 
   

 15. LmnaΔK32/+ mice ↑ Nppb, ↑ Myh7 [65] 

 

With the advent of the CRISPR/Cas9 technology, genetic manipulation has become more 

accessible and more precise; thus, the modelling of human diseases can be even further improved. 

Creating knock-in LMNA mutations in more relevant cellular models would usher an improved 

model that can better mimic what is found in patient cells. The use of iPSCs from patients also 

allows for a superior simulation of the cell type and tissue-specific conditions. Moreover, since 

iPSCs are patient-specific, derived cells can be used to conduct personalized drug screens, 

therefore facilitating a personalized medicine approach to treating the disease. In terms of 

vertebrate in vivo models, the zebrafish, with its quick, transparent development and high 

fecundity, allows for mass drug screening. In addition, the determination of specific molecular 

signatures prior to disease onset is now more feasible, thus eventually enabling clinicians to 

improve predictive diagnostic capabilities that may allow for prophylactic treatments to either 

prevent or delay disease onset and attenuate the severity of the disease. Lastly, as evidenced by the 

progress in the field arising from results obtained from animal models (specifically the H222P 

EDMD mice), a clinical trial involving a p38 inhibitor (ARRY-371797) to treat patients with DCM 

caused by LMNA mutations is in progress. Phase 2 results showed improved functional capacity 

(assessed by a 6-min walking test) and cardiac function with mild to moderate adverse effects 

(Clinical Trials ID: NCT03439514), thus raising our hopes that it can be used to treat laminopathies 

in the future [141].  
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