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Title: The Effect of Lamin A/C Loss or Mutation on Nuclear Envelope Proteomics and 

Splicing Factor Deregulation in Emery-Dreifuss Muscular Dystrophy and Dilated 

Cardiomyopathy   

 

Mutations in the LMNA gene, which encodes for lamins A and C (lamin A/C) of the nuclear 

lamina, cause a wide array of tissue-specific pathologies, mostly affecting cardiac and 

skeletal muscle tissues. How mutations in a single ubiquitously expressed gene lead to a 

broad spectrum of phenotypes has long been a dazzling question. Lamin A/C interacts with 

chromatin and proteins both at the nuclear envelope (NE) and in the nuclear interior, thus 

serving many functions ranging from structural support of the nucleus to gene regulation. 

Many LMNA mutations cause Emery-Dreifuss muscular Dystrophy (EDMD), a progressive 

muscle weakening and wasting disorder with conduction system malfunction and dilated 

cardiomyopathy (DCM), as well as DCM with conduction defects in the absence of skeletal 

muscle involvement. To date the pathological mechanisms underlying EDMD and DCM 

remain incompletely understood, particularly the incurable cardiac phenotype that leads to 

premature sudden death. 

 

In this study, we investigated two non-mutually exclusive hypotheses that could explain the 

disease phenotypes of EDMD and DCM: 1) Disrupted structural integrity of the nuclear 

lamina, caused by lamin A/C deficiency, alters the composition of tissue-specific proteins 

that interact with the NE; 2) Lamin A/C loss or mutation causes deregulation in RBM20, a 

muscle-specific RNA binding protein that has recently been identified to be highly 

implicated in familial cardiomyopathies. We also sought to get a better understanding of the 

pathophysiological role of RBM20 in the heart by identifying novel interacting partners.   

Using a phage display-based approach, we identified panels of peptides and protein 

mimics with preferential binding to WT and lamin A/C deficient nuclei. Among the 

novel proteins revealed by our assay, we showed that HuR interacts with lamin A/C and 

has altered cleavage and subcellular localization in the absence of lamin A/C. Using the 

same phage display screening method in combination with co-immunoprecipitation and 

proximity ligation assays, we identified novel RBM20-interacting partners including 

lamin A/C, lamin B1 and nesprin-1. Using in vitro and in vivo models of EDMD and 

DCM, we showed that Rbm20 and the different isoforms of its splicing target titin are 

deregulated in lamin A/C-related cardiomyopathies. The downregulation in Rbm20 

expression was not restored by insulin treatment despite AKT activation, suggesting a 

defect in the PI3K-AKT-mTOR pathway downstream of AKT phosphorylation. Our 
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findings provide mechanistic insights into the tissue-specific phenotypes of lamin A/C 

cardiomyopathies and highlight the implication of Rbm20 proposing RNA splicing as a 

novel area for potential pharmacological intervention. 
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CHAPTER I 

LITERATURE REVIEW 
 

A. Overview of Nuclear Structure and Organization 

As the most prominent compartment in eukaryotic cells and encompassing the 

majority of the genome and the transcription machinery, the nucleus is widely viewed as 

the “mastermind” of the cell. The nucleus controls fundamental processes including 

maintenance of the genome, chromatin organization and regulation of gene transcription. 

Moreover, owing to the presence of the nuclear envelope (NE) that physically separates 

nuclear components from the rest of the cytoplasm, the nucleus provides protection to the 

genome1. Inside the nucleus, chromatin, formed from winding of DNA around histone 

proteins, broadly exists in two states: euchromatin and heterochromatin. While euchromatin 

has an open organization that allows it to be transcriptionally active, heterochromatin is 

more condensed and thus transcriptionally inactive. The two chromatin states also differ in 

their typical nuclear localization, with euchromatin usually residing in the nuclear interior 

and heterochromatin in the nuclear periphery and around the nucleolus. Chromosomes are 

arranged into chromosome territories with active genes occupying the outside of dynamic 

territories2. Another level of organization is achieved by the presence of nuclear domains or 

sub-compartments that store and concentrate regulatory proteins and RNA. Chromosome 

territories and regulatory complexes are thought to be held and organized by nucleoskeletal 

scaffolds. The most prominent nucleoskeletal proteins are lamins that impart nuclear 

organization both at the periphery and in the nuclear interior. In addition, many cytoskeletal 
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proteins are recently being recognized to play roles in the nucleus. Of these are spectrin II-

α, titin, 4.1R, actin and myosin3.  

 

1. The Nuclear Envelope  

The NE is more than just a physical barrier as it relays biochemical and 

mechanical stimuli from the cytoplasm and extracellular environment into the nuclear 

interior, where processing of these signals occurs. At the same time, it controls transport of 

mRNA into and out of the nucleus, thus allowing for an additional layer of gene 

regulation4. The NE consists of two distinct phospholipid membranes, namely the outer 

nuclear membrane (ONM) and inner nuclear membrane (INM), and the underlying nuclear 

lamina. The ONM is separated from the INM by the perinuclear space, a 30-50 nm thick 

lumen that is continuous with the lumen of the endoplasmic reticulum (ER). The nuclear 

lamina is 10-30 nm thick meshwork that is closely associated with the INM and mainly 

composed of lamin proteins. The NE harbors integral and associated proteins and connects 

the nucleus to the cytoskeleton through the linker of nucleoskeleton and cytoskeleton 

(LINC) complex. Interspersed across the NE, at sites where the two membranes connect, 

are nuclear pore complexes (NPCs). NPCs regulate exchange of large molecules (> 30 kDa) 

across the NE and interact with the cytoskeleton, the nucleoskeleton and chromatin5. Given 

the structural and functional complexity of the NE, integrity of nuclear envelope proteins is 

essential for nuclear homeostasis. 

 

2. The LINC Complex  
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Spanning both the inner and outer nuclear membranes, the LINC complex acts as a 

molecular bridge between the nucleoskeleton and cytoskeleton (Figure 1). Such physical 

coupling is achieved through the interaction of KASH domain proteins at the outer nuclear 

membrane with SUN domain proteins at the inner nuclear membrane, in association with 

lamin A/C and emerin6.  KASH domain proteins include nesprins-1, -2, -3, -4, KASH5 and 

lymphoid-restricted membrane protein (LRMP). In mammals, KASH5 is germ cell specific 

whereas LRMP is restricted to a group of taste receptor cells7-9. The four nesprins (nuclear 

envelope spectrin repeat proteins) are encoded by different genes, each giving rise to 

multiple isoforms by alternative splicing and alternative initiation10. Nesprin-1 and -2 are 

ubiquitously expressed and particularly abundant in striated muscle tissue11. Nesprin-3 is 

also widely expressed; whereas nesprin-4 is mainly present in epithelial cells10,12. Nesprin-1 

and -2 are the second and third largest known human proteins following the giant 

sarcomeric protein titin. The full length isoforms of nesprin-1/2 share a common structural 

organization consisting of three domains: A C-terminal KASH domain that integrates into 

the NE and into the perinuclear space, a central spectrin repeat (SR) rod domain that 

associates with other proteins in the cytoplasm, and an N-terminal Calponin Homology 

(CH) domain that mediates the link with cytoskeletal elements13 (Figure 1). While larger 

isoforms of nesprin-1/2 localize to the ONM and interact on the cytoplasmic side with the 

actin cytoskeleton through their CH domain14, short isoforms like nesprin-1α and nesprin-

2β localize to the INM where they interact through their SRs with SUN1/2, emerin and 

lamin A/C15. Nesprin-1/2 have been primarily known to interact with the actin 

cytoskeleton14; however, recent findings have shown that they are also capable of 

interacting with microtubules through microtubule-associated proteins such as 
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dynein/dynactin, kinesin light chain-1/2 (KLC-1/2) and Akap45016-18. As for the other 

nesprin types, nesprin-4 also interacts with the microtubule motor proteins, dynein/dynactin 

and KLC-1/219, while nesprin-3 mainly interacts with intermediate filaments through the 

linker protein plectin20,21. Thus, nesprins form various connections with the cytoskeleton 

through the LINC complex.  

 

 

Figure 1. The LINC Complex. 

Lamins interact with SUN and nesprin proteins to form the LINC complex that links the 

nucleoskeleton to the cytoskeleton. Different nesprin proteins interact with different 

cytoskeletal elements either directly or through anchor and motor proteins. Some nesprin 

isoforms, such as nesprin1α, are also localized to the INM where they interact with emerin 

and lamins. NE, nuclear envelope; LINC, linker of nucleoskeleton to cytoskeleton; ONM, 

outer nuclear membrane; INM, inner nuclear membrane; KASH domain, Klarsicht/ANC-

1/Syne homology; SUN, Sad1p/UNC84; BAF, barrier to auto-integration factor. (Janin & 

Gache, 2018). 
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SUN proteins constitute the second component of the LINC complex. There are 

five SUN proteins in mammalian cells. SUN 1 and 2 are expressed in somatic cells and 

SUN 3, 4, 5 are specific to male germ cells22. All SUN proteins consist of an N-terminal 

domain that interacts with the lamina in the nucleoplasm, a transmembrane domain, a 

coiled-coil rod domain holding a C-terminal trimeric SUN domain in the perinuclear space. 

The SUN domain binds up to three KASH domain proteins through interactions with the 

luminal portions of their KASH domains23.  

The LINC complex allows physical and mechanical coupling of the 

nucleoskeleton and the cytoskeleton, maintains nuclear morphology, controls nuclear 

positioning and regulates gene expression10. As such, loss of LINC complex integrity has 

been shown to compromise force transmission across the NE and cause both nuclear and 

cytoskeletal defects24. For instance, LINC complex disruption results in altered nuclear 

morphology and distribution of actin and vimentin cytoskeletal filaments25 as well as 

defects in myonuclear positioning26 and mechanosensitive gene expression27.  

 

3. Lamins at the Nuclear Envelope: 

Lamins are type V intermediate filaments, exclusively localized to the nucleus of 

most differentiated cells and mesenchymal stem cells28-30. Mammalian cells express two 

types of lamins: A-type lamins, encoded by the LMNA gene which generates by alternative 

splicing lamins A and C (lamin A/C) and other less common isoforms; and B-type lamins, 

encoded by LMNB1 and LMNB2 genes which give rise to lamin B1 and lamin B2/B3 

respectively29. While lamin A/C and lamin B1 and B2 are expressed in most somatic cells, 

lamin B3 is germ cell specific. In addition, while B-type lamins are expressed in both 
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embryonic and adult cells31, lamin A/C is developmentally regulated with low expression in 

embryonic stem cells and significantly higher expression in most adult cells30,32,33. B-type 

lamins have been thought to be essential for cell viability, as at least one kind of B-type 

lamins is expressed in all cells; however, recent findings have shown that both stem and 

adult cells remain viable and capable of proliferating and differentiating even in the 

absence of B-type lamins34,35.  

In humans, the LMNA gene is composed of 12 exons36. Lamins A and C are 

produced by alternative splicing of exon 10 of the LMNA gene36,37. Both isoforms are 

identical in their first 566 amino acids after which they become different in both length and 

amino acid composition. While lamin C is 572 amino acids long, mature lamin A is 

composed of 646 amino acids (Figure 2). Another difference is the presence of CAAX 

motif at the C-terminal end of pre-lamin A which acts as a site for sequential 

posttranslational modifications, including farnesylation and carboxymethylation, that result 

in cleavage of prelamin A into mature lamin A38. B-type lamins also contain the CAAX 

motif, but instead of undergoing the final cleavage step as lamin A, which removes the 

farnesyl and carboxymethyl groups, they remain farnesylated and carboxymethylated and 

thus permanently attached to the nuclear envelope throughout the cell cycle39. On the other 

hand, the absence of the farnesyl and carboxymethyl groups from mature lamin A and 

lamin C renders them more soluble and available at both the nuclear envelope and in the 

nucleoplasm40.  
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Figure 2. Structural Organization and Post-Translational Modifications of Lamins. 

a) Lamins share a common structure composed of a small head domain, a central rod 

domain featuring four regions (1A, 1B, 2A and 2B) and a tail domain containing a nuclear 

localization signal (NLS) and an immunoglobulin (Ig) fold. The black arrowhead denotes 

the site of proteolytic cleavage of prelamin A. b) Processing of the CaaX motif of lamin A 

and B-type lamins begins with farnesylation of the Cysteine of the CaaX motif by 

farnesyltransferase (FT), followed by proteolysis of the aaX residues by farnesylated 

proteins-converting enzyme 2 (FACE2) or ZMPSTE24, and finally by carboxy methylation 

of the Cysteine by ICMT (isoprenylcysteine carboxylmethyltransferase). After 

incorporation into the nuclear lamina, lamin A, but not B-type lamins, undergoes an 

additional cleavage step by ZMPSTE24 (black arrowhead in a) which removes the 

farnesylated Cysteine and an additional 15 amino acids giving rise to mature lamin A. 

(Burke & Stewart, 2013). 
 

All lamins have a similar structural organization consisting of a short globular N-

terminal head domain, a central coiled-coil rod domain and a long globular C-terminal tail 

domain36. The rod domain is highly conserved and is implicated in lamin dimerization. An 
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immunoglobulin-like domain is also present in the tail of lamin A/C where various 

posttranslational modifications occur29,41. Lamins assemble first by dimerizing into coiled-

coiled dimers, then by forming polar polymers, through head-to-tail dimer arrangement, 

and finally by forming antiparallel nonpolar filaments42-44. Although different lamin 

isoforms form heteropolymers in vitro, they characteristically polymerize into independent 

yet interacting networks in vivo45-47.  

Lamins constitute the main components of the nuclear lamina and interact with 

proteins and DNA. Through their architectural attachment to the inner nuclear membrane, 

lamins provide mechanical and structural support to the nucleus. Furthermore, by acting as 

a platform for diverse protein interactions, they play a role in anchoring and positioning 

nuclear membrane proteins, regulating various signaling pathways, recruiting and 

sequestering transcription and DNA replication and repair factors, coupling the 

nucleoskeleton to the cytoskeleton and mechanotransduction. In addition, lamins bind DNA 

both directly and indirectly and hence play a role in chromatin organization, gene silencing 

and transcription29.  

 

 Lamin Binding Partners at the Nuclear Envelope 

Lamins at the nuclear lamina interact with hundreds of proteins both directly and 

indirectly. Lamin binding partners include integral membrane proteins, LINC complex 

components, nuclear pore complex proteins and lamina-associated proteins and 

transcription factors (Figure 3). Lamins also interact with chromatin, both directly and 

through DNA-binding proteins. While the list of lamin binding proteins continues to 

expand, the evolutionary conserved LEM-domain proteins were among the first to be 
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identified48. The LEM (LAP2-Emerin-MAN) domain allows LEM-domain proteins to bind 

to Barrier to Autointegration Factor (BAF), a chromatin binding protein that anchors 

heterochromatin to the nuclear lamina49. Nonetheless, both lamins and LEM-domain 

proteins can directly bind chromatin through DNA and histones50. The regions of the 

genome that bind lamins, termed lamina associated domains (LADs), are mainly 

heterochromatin regions enriched for repressive epigenetic marks51. In addition to its roles 

in nuclear organization and heterochromatin maintenance, BAF is involved in assembling 

lamins and emerin into the NE52,53. LBR is another lamin binding protein that tethers 

chromatin to the NE and regulates epigenetic gene repression54. Lamins associate with 

many transcription factors, thereby regulating gene expression by sequestering them at the 

NE. c-Fos, pRb and SREBP1, among others are transcripton factors that interact with lamin 

A/C50. Lamin A/C-dependent regulation of transcription factors works in tandem with 

upstream signaling pathways. For instance, lamin A/C sequesters c-Fos at the NE; and 

ERK1/2 activation by MAPK signaling releases c-Fos and promotes cell proliferation55. 

Many of the lamina associated proteins vary between different tissues and depend on 

lamins for their nuclear envelope localization56. As such, in the absence of lamins or in the 

presence of lamin mutations, some of these interacting partners become mislocalized, thus 

affecting downstream signaling pathways in a tissue-specific manner.  
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Figure 3. Nuclear Envelope Proteins and Some Signaling Pathways Altered in EDMD. 

Lamins interact with NE proteins (LBR, LAP2, SUN1/2, MAN1, LUMA, emerin), 

transcription factors (Rb), and cytoskeletal elements (actin, intermediate filaments and 

microtubules) through the LINC complex and motor proteins. Several signaling pathways 

are deregulated in the presence of EDMD-associated LMNA mutations such as 

hyperactivation of ERK, JNK, and p38α cascades which in turn activate TGF-β/Smad 

signaling pathway and cofilin-1. TGF-β/Smad signaling activates CTGF/CCN2 

transcription. Cofilin-1 activation leads to actin depolymerization which opposes RhoA-

dependent actin polymerization that releases MKL1 from cytoplasmic G-actin and 

facilitates its nuclear import upon serum or mechanical stimulation. Lamin mutations 

mislocalize emerin, thereby affecting its ability to polymerize nuclear actin. Nuclear G-

actin then binds to MKL1 and increases its nuclear export thus preventing the transcription 

of SRF target genes. LMNA mutations lead to activation of YAP/TAZ transcription factors 

and their nuclear accumulation, which promotes cell proliferation and opposes 

differentiation. Green arrows represent normal signaling while red arrows indicate 

disrupted pathways in EDMD. BAF, barrier-to-autointegration factor; ECM, Extracellular 

matrix; EDMD, Emery-Dreifuss muscular dystrophy; ERK, extracellular signal-regulated 

kinase; F-actin, actin filament; G-actin, globular actin; Grb2, growth factor receptor-bound 

protein 2; INM, inner nuclear membrane; Kif5B, kinesin family member 5B; LAP, lamin 

associated protein; LBR, lamin B receptor; MAPK, mitogen-activated protein kinase; 
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MKL1, megakaryoblastic leukemia 1; NPC, nuclear pore complex; ONM, outer nuclear 

membrane; Raf, proto-oncogen serine/threonine-protein kinase; Rb, retinoblastoma protein; 

RhoA, ras homolog family member A; Sos, son of sevenless homolog 1; SRF, serum 

response factor; TGF-ß, transforming growth factor ß; YAP, yes-associated protein 1; TAZ, 

transcriptional coactivator with PDZ-binding motif. (Brull et al., 2018). 
 

4. Nuclear Domains 

Studies have demonstrated that the nucleus is much more organized than what has 

previously been thought. Nuclear organization is endowed by the presence of various 

nonmembrane-bound subnuclear organelles or domains that concentrate specific 

components and carry on specialized functions57. It is widely accepted that these domains 

are dynamic, in that they constantly exchange contents with the nucleoplasm58. However, a 

better understanding of the assembly and direct function of these domains is still awaited. 

Nuclear domains or bodies include but are not limited to: the nucleolus, Cajal bodies, 

nuclear speckles, PML bodies, and PcG bodies59. The nucleolus functions in rRNA 

biogenesis, processing and assembly of ribosomal subunits57. Cajal bodies play a role in the 

biogenesis of snRNP and snoRNP, storage of splicing factors and short non-coding RNA, 

and trafficking of snRNP and snoRNP to nuclear speckles and nucleoli respectively. Cajal 

bodies also associate with snRNA gene clusters but the implication of this association is not 

yet clear59. Nuclear speckles are storage sites for splicing factors that are constantly 

recruited by transcription sites on perichromatin fibrils57,60. PML bodies gain their name 

from the presence of the PML protein among other proteins; and are suggested to play a 

role in regulating gene transcription61. PcG bodies are storage compartments for polycomb 

group proteins. PcG bodies are suspected to be involved in gene silencing as PcG target 
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genes shuttle between PcG bodies in their repressed state and transcription factories in their 

active state62. 

 

5. Lamins in the Nuclear Interior 

In addition to being integral components of the nuclear lamina, A-type lamins are 

also present in the nucleoplasm. However, the regulation and specific functions of lamins in 

the nuclear interior are poorly understood. Unlike B-type lamins which retain their farnesyl 

and carboxy-methyl groups and remain tightly associated with the NE39, mature lamin A 

and lamin C lack these groups, rendering them more soluble during different stages of the 

cell cycle40. Nonetheless, a few studies reported the presence of nuclear B-type lamin 

pools63,64. Nucleoplasmic A-type lamins are thought to be more mobile and less structured 

than lamins at the nuclear envelope65. Although the current view is that they mainly form 

foci and short fibrous structures, the assembly state of nuclear lamins remains to be 

elucidated63. Nuclear A-type lamins probably originate from the disassembly of nuclear 

lamina during mitosis, prompted by kinase-dependent phosphorylation. Upon lamina 

reassembly in G1 phase, a pool of lamins is sequestered into the nucleoplasm by 

mechanisms that may involve binding to LAP2α or post-translational modifications. 

Moreover, pre-lamin A may transiently contribute to this nucleoplasmic pool prior to its 

post-translational processing and association with the NE. Although not very likely, 

dynamic exchange between A-type lamins at the NE and nucleoplasmic pool cannot be 

ruled out66. Like A-type lamins at the NE, nucleoplasmic lamins tether heterchromatic 

lamina-associated domains (LADs) that reside in the nuclear interior and have been 

suggested to regulate the proportion of lamina-associated LADs at the nuclear periphery67. 



13 
 

In addition, nucleoplasmic A-type lamins have been found to associate with euchromatin 

regions enriched for LAP2α68. Whether the LAP2α-lamin A/C complex drives chromatin 

accessibility or maintains the accessible state is not known; nonetheless, nucleoplasmic A-

type lamins have reported roles in epigenetic pathways. For instance, they are required for 

assembly of Polycomb group (PcG) proteins involved in epigenetic transcriptional 

repression69. Another possible mechanism of gene regulation by nuclear lamins is through 

direct binding to gene promoters70. Moreover, nuclear A-type lamins play a role in spatial 

chromatin organization by restricting chromatin mobility, with indirect effects on the 

mechanical properties of the nucleus65. Reorganization of lamins between the lamina and 

the nuclear interior has been shown to occur in response to mechanical strain71. Although 

most previous studies did not examine each lamin pool separately, lamins at the nuclear 

interior might be more directly involved in regulating gene expression through binding to 

“open” chromatin regions, with evidence pointing to roles in mechanosensitive gene 

regulation. Defining the specific functions of NE-associated versus nucleoplasmic lamins 

will help translate the effects of mutations shifting the balance between the two pools, such 

as the DCM-causing lamin N195K mutation that shows increased nucleoplasmic 

localization in DCM patient cells72. 

 

 Lamin A/C Speckles and Splicing Factor Compartments 

Several reports identified an association between lamin A/C and splicing factor 

compartments (SFCs). SFCs are 1-2 m diameter speckles in which RNA splicing factors 

are concentrated. Acting as storage sites for transcription factors, SFCs are dynamic in that 
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splicing factors are constantly recruited into and out of these compartments from and to 

transcription sites73. As such, their size changes depending on the level of transcription and 

mRNA splicing74-76. Splicing of most nascent transcripts is simultaneous with 

transcription77 and occurs on perichromatin fibrils that, in addition to being localized at the 

borders of SFCs, are also found throughout the nucleoplasm away from SFCs78-80. In 

accordance with the previously proposed role of intranuclear lamins in nuclear 

organization, the finding that intranuclear lamin foci or speckles colocalize with RNA 

splicing factors in SFCs was suggestive of a structural role of lamins in SFCs81. The 

findings of other studies that followed were as well implicative of a role of lamin A/C in 

SFC organization. For instance, the expression of terminally tagged lamin A/C resulted in 

depletion of lamin speckles and SFCs, which was associated with reduction in RNA 

polymerase II (pol II) transcription. Furthermore, lamin speckles and SFCs concomitantly 

became larger upon pol II transcriptional inhibition and reversibly attained their normal size 

upon withdrawal of inhibition82. In another study published the same year, the authors 

showed that disruption of the nuclear organization of lamin A/C, by means of a dominant-

negative mutant that lacks the N-terminal domain, also reorganizes SFCs and inhibits pol II 

transcription83. Contradicting these studies, Vecerova et al. tested Lmna-/- cells and showed 

that lamin A/C is non-essential for the formation and maintenance of SFCs84. Nonetheless, 

this discrepancy between the different studies might be due to the different protein factors 

used to label SFCs. In addition, the expression of a truncated fragment of lamin A in Lmna-

/- cells might be sufficient to preserve lamin speckles, despite its failure to preserve the 

nuclear lamina85. 
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 Interaction Between Lamin A/C and Splicing Factors/RNA-Binding Proteins 

As mentioned earlier, disruption of lamin speckles was associated with down-

regulation of pol II transcription82,83. This could be a direct effect of the loss of the putative 

interaction between lamin A/C and SFC components such as SC-35. Indeed, it has been 

shown that SC-35 supports pol II-dependent elongation through its interaction with cyclin-

dependent kinase 9 (CDK9), a component of the positive transcription elongation factor b 

(P-TEFb). CDK9 phosphorylates the C-terminal domain (CTD) of pol II and results in 

transcriptional elongation86. In addition to its interaction with CDK9, an interaction 

between SC-35 and the CTD of pol II has also been reported87. Interestingly, cardiac-

specific deletion of SC-35 causes DCM88, which is also well-known to be caused by LMNA 

gene mutations89. ASF/SF2 is another splicing factor which interacts with lamin A/C90, 91. 

ASF/SF2 is a splicing regulator of several genes that encode for cardiac proteins, such as 

CamkIIδ92. Dysregulated CamkIIδ isoforms are associated with cardiomyopathy and heart 

failure93,94 and loss of ASF/SF2 in the heart tissue is responsible for DCM as well as 

perturbed excitation-contraction coupling92. Therefore, the loss of association between 

lamin A/C and each of ASF/SF2 and SC-35 might affect their functions pertaining to 

striated muscle tissue which might explain the skeletal and cardiac muscle effects of most 

LMNA mutations. 

A recent study identified 130 proteins that repeatedly associate with lamin A tail in 

C2C12 myoblasts differentiated to form myotubes. Upon functional classification of these 

proteins, enrichment of proteins involved in RNA splicing was noted. Furthermore, binding 

partners belonging to this functional category were solely found to differ between wild type 

lamin A and two lamin A mutants associated with EDMD90. Of the identified proteins in 
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this study, 15 proteins are localized in nuclear speckles (CDC5L, DDX3X, EFTUD2, 

LUC7L3, NPM1, PRPF19, RNPS1, SFRS1, SFRS3, SFRS4, SRSF10, SRRM1, SRRM2, 

THOC4 and U2AF2) and 30 proteins in the spliceosomal complex. Furthermore, some of 

the identified proteins, such as ASF/SF2 (or SFRS1) and SRSF10 are localized to both 

compartments (Figure 4). Both alternative splicing factors have heart-specific effects 

despite their ubiquitous expression and their knockout in mice is embryonically lethal due 

to impaired cardiac development95. Accordingly, dysregulated interaction between lamin 

A/C and these splicing factors or lack thereof might account for the tissue-specific effects 

of lamin A/C mutations. 

Driven by the importance of protein interactions in core cellular processes, large-

scale biochemical, proteomic and bioinformatic approaches were employed to characterize 

the composition of cellular protein complexes in cultured human cells96. This study 

identified new proteins that associate with lamin A/C. Although none of the identified 

putative lamin A/C partners are localized to nuclear speckles, three play a role in splicing 

(NONO, SF3B3 and hnRNP-M). hnRNP-M belongs to the heterogeneous nuclear 

ribonucleoprotein (hnRNP) family of proteins. Members of this family are implicated in 

pre-mRNA transcription, translation, processing and transport, all of which might affect 

gene expression97. They exert their effects on the fate of pre-mRNA by alternative splicing, 

manipulating the structure of pre-mRNA and affecting accessibility to other RNA 

processing factors98. Remarkably, hnRNP-M has been shown to interact with cell division 

cycle 5-like (CDC5L) and pleiotropic regulator 1 (PLRG1)99, two core components of the 

CDC5L complex which is crucial for spliceosome assembly and function100,101. The 

interaction domain in hnRNP-M was shown to be essential for its role in constitutive and 
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alternative splicing. In addition to its presence in the spliceosome, CDC5L is also present in 

nuclear speckles and have been shown to interact with lamin A/C90,99. Other CDC5L-

associated proteins that are localized to nuclear speckles and putatively interact with lamin 

A/C are SC-35 and ASF/SF2100.  

As such, lamin A/C might regulate the pre-assembly and targeting of sub-

complexes such as the CDC5L complex to the emerging spliceosomal complex, such that 

loss of interaction between sub-complex components and lamin A/C might influence the 

function of the spliceosome and gene expression. Other hnRNPs were identified by a novel 

approach that assesses proximity or binding to lamin A in a quite natural cellular context. 

This approach utilizes a biotin ligase fusion of lamin A followed by mass spectrometry of 

biotinylated proteins. The biotinylated hnRNPs by this procedure were hnRNP-E1, 

hnRNPA1, hnRNPA2B1, hnRNPA0 and hnRNPR. In addition to hnRNPs, other splicing 

factors that interact with and/or are proximal to lamin A, such as SF1, U2SURP, 

GPATCH1, DGCR14, RBM10, SUGP1, PAPOLA, TFIP11 and GTF2F2, were 

identified102. Interestingly, hnRNP-E1 was shown by another study to retain its interaction 

with progerin, a truncated form of lamin A that causes Hutchinson-Gilford progeria 

syndrome103. This implies that the interaction domain might be preserved in progerin and 

that loss of interaction between lamin A and its interacting partners is mutation dependent, 

thus providing further insight into the diverse tissue-specific phenotypes associated with 

LMNA mutations103.  
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Figure 4. Lamin A Tail Interacting Proteins and Their Distribution Across Nuclear 

Domains. 

The nuclear localization of 130 proteins that associate with lamin A tail was determined by 

gene ontology. The number of proteins corresponding to each compartment is indicated 

with some proteins having more than one localization. (Depreux et al., 2015). 

  

B. LMNA Gene Mutations in Laminopathies, EDMD and DCM 

The first mutation in the LMNA gene was identified in 1999 to be causative of 

Emery-Dreifuss muscular Dystrophy (EDMD), a progressive muscle weakening and 

wasting disorder with conduction system malfunction and dilated cardiomyopathy104,105. 

LMNA gene mutations were also shown, in the same year, to be causative of DCM and 

conduction system disease in the absence of skeletal muscle involvement106. Since then, 

more than 450 mutations in the LMNA gene have been reported 

(http://www.umd.be/LMNA/). The different mutations are associated with diverse diseases 

collectively called Laminopathies that are either manifested as tissue-specific disorders or 

multisystem disease107,108. While tissue-specific effects are seen in striated muscle tissue, 

http://www.umd.be/LMNA/
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adipose tissue or peripheral nervous tissue, multisystem effects incorporate multiple tissues 

and are seen in premature aging syndrome or overlapping syndromes 107,109-111. Most LMNA 

mutations (79.1%) affect striated muscle tissue, followed by adipose tissue (8.6%) and 

peripheral nervous tissue (0.3%). Furthermore, the percentage of LMNA mutations causing 

progeroid and overlapping syndromes is 9.3% and 10.9% respectively112. 

DCM caused by LMNA mutations has the worst prognosis, and the highest rate of 

heart transplantation 113due to congestive heart failure and considerable risk of sudden 

cardiac death114-117. Affected individuals frequently suffer from progressive conduction 

system disease such as atrioventricular block, bradyarrhythmias and tachyarrhythmias and 

have a high chance of developing thromboembolic disorder106,118-121. Males have a worse 

prognosis than females, owing to frequent ventricular arrhythmias and end stage heart 

failure122. Altogether, LMNA mutation carriers have high disease penetrance, often 

presenting symptoms at an early age and having high mortality rate117. Furthermore, most 

LMNA mutation carriers exhibit an age-dependent penetrance, with the percentage of 

carriers showing a cardiac phenotype increasing from 7% under the age of 20 years to 

100% above the age of 60 years123. 

In 2014, 165 DCM-associated mutations, based on four different databases, were 

identified in the LMNA gene124 (see Ref. for a detailed table of all 165 mutations). Most of 

these pathogenic variants were missense/nonsense mutations, some were splicing 

mutations, small deletions or small insertions and very few were small indel, gross 

deletions or gross insertions125-132. Since then more DCM-associated mutations were 

identified in the LMNA gene116,133-138. Remarkably, a recent study performed on a 

multicenter cohort of 77 subjects from 45 different families identified 24 novel mutations in 
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the LMNA gene139. Of these mutations, 18 were associated with DCM and were considered 

pathogenic139. Most DCM-causing mutations in the LMNA gene occur in the head and rod 

domains, which comprise more than half of lamin A and two thirds of lamin C, but rarely in 

the tail domain. Unlike DCM, mutations linked to other laminopathies such as EDMD, 

familial partial lipodystrophy and Hutchinson-Gilford progeria syndrome (HGPS) 

commonly affect the tail domain and thus overlap with the various phosphorylation sites 

that are abundant in that region of the protein108. In addition, although hot spots have been 

identified for some laminopathies including HGPS, mandibuloacral dysplasia and adipose 

tissue-specific disorders,  hot spots for DCM or disorders affecting striated muscle tissue 

have not been recognized 112. 

 

1. Signaling Defects in Lamin A/C-Related Cardiomyopathies 

Lamins interact with a plethora of NE proteins and transcription factors at the 

nuclear lamina. As such, it is not surprising that laminopathies are associated with multiple 

deregulated signaling pathways that may account for different pathophysiological 

mechanisms underlying the broad spectrum of clinical phenotypes caused by LMNA 

mutations140 (Figure 3). However, most of the information regarding deregulated signaling 

in laminopathies has been inferred from the LmnaH222P/H222P mouse model, generated by a 

knock-in mutation (H222P) in the Lmna gene. These mice manifest EDMD and DCM, with 

a relatively late disease onset and prolonged survival, thus resembling human disease 

phenotype141. Currently, there is no available treatment for striated muscle laminopathies, 

and all therapeutic interventions are preventive, symptomatic or supportive. Nonetheless, 

several treatment options focusing on altered signaling pathways are under investigation142. 
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In addition, more novel gene therapy approaches that use antisense oligonucleotides (ASO) 

and trans-splicing to attenuate the dominant-negative effects of LMNA transcripts are 

currently under development (Figure 5)143-145. 

 

 MAPK Signaling Pathway 

The mitogen activated protein kinase (MAPK) signaling cascade regulates 

processes such as cell proliferation, differentiation and apoptosis in response to 

extracellular growth factors and cytokines146. There are multiple branches to this pathway 

depending on the MAPK, the most common being ERK1/2, JNK and p38α147. All three 

branches of the MAPK pathway were observed to be deregulated in EDMD and DCM. For 

instance, hyperactivation of ERK1/2, JNK and p38α was observed in the hearts of 

LmnaH222P/ H222P mutant mice148. In addition, phosphorylation and nuclear sequestration of 

both ERK and JNK were observed in hearts of cardiomyopathy patients with different 

lamin A/C mutations148. The mechanism by which lamin A/C mutations affect MAPK 

signaling are not fully understood but could be attributed to the interaction between lamin 

A/C and each of ERK1/2 and its downstream transcription factor c-Fos55. Anyhow, one 

possible mechanism by which hyperactivated MAPK signaling could contribute to lamin 

A/C-related cardiomyopathies is through increased expression of MAPK target genes149. 

Nonetheless, attenuated gene expression of mechanosensitive genes downstream MAPK 

pathway has also been observed in lamin A/C-deficient fibroblasts subjected to cyclic 

strain150. A recent study has demonstrated the role of increased actin depolymerization, 

induced by direct ERK1/2 phosphorylation of the actin-depolymerizing factor Cofilin-1, 

thus explaining the defects in actin organization and force generation in lamin A/C-related 
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cardiomyopathies151. ERK1/2 activation has a spill-over effect on other signaling pathways, 

such as TGFβ/Smad and MKL1/SRF signaling pathways which have also been shown to be 

activated in lamin A/C-related EDMD and DCM (Figure 3). Pharmacological inhibitors of 

different targets in the MAPK pathway are currently under investigation. Many have 

proven effective in improving the phenotype of lamin A/C mutant mice and prolonging 

survival, hence leading to the testing of a p38α inhibitor in clinical trials (Figure 5)149,152-154. 

 

 PI3K/AKT/mTORC1 Signaling Pathway 

The mTOR signaling pathway links nutrient and energy status of the cell to 

metabolic control. In this pathway, mTOR is a central serine/threonine kinase and the main 

catalytic subunit of two distinct complexes: mTORC1 and mTORC2. Activation of 

mTORC1 by cytokines and growth factors typically occurs through the PI3K/AKT 

pathway. Nonetheless, mTORC1 is also activated by the Ras/Raf/MEK/ERK1/2 pathway 

and both mTORC1 and mTORC2 are activated by the Wnt and LKB1/AMPK signaling 

pathways155. mTORC1 activation drives mitochondrial, ribosomal and lysosomal 

biogenesis, protein, lipid and nucleotide syntheses, and downregulates autophagy. 

mTORC2 stimulates lipid and glucose metabolism, cell proliferation and survival. 

Hyperactivation of both AKT and mTORC1 has been noted in LmnaH222P/ H222P mice and 

correlated with reduced autophagy. Interestingly, mTORC1 inhibition has been shown to 

restore autophagy and ameliorate cardiac defects in LmnaH222P/ H222P mice156 (Figure 5).  Its 

inhibition has also been shown to attenuate defects in fibroblasts from patients with 

different LMNA mutations157.  
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 TGFβ/Smad Signaling Pathway  

The TGFβ/Smad signaling pathway regulates cell proliferation, fibrosis and 

extracellular matrix deposition. Activation and nuclear translocation of Smad transcription 

factors is induced by binding of TGFβ to its receptor. Smads enter the nucleus as a 

transcriptionally active complex made of R-Smads (Regulatory Smads) and Co-Smads. The 

TGFβ/Smad Signaling pathway has been shown to be regulated by NE proteins158.  For 

instance, the inner NE protein MAN1 opposes TGFβ-induced transcription by binding to R-

Smads, thus breaking its association with Co-Smads and inducing their nuclear export159. In 

addition, PP2 a phosphatase that binds lamin A/C has been shown to regulate Smad 

phosphorylation levels160. Thus, disruption of nuclear envelope proteins might affect 

TGFβ/Smad signaling, which is particularly relevant to muscle regeneration, as TGFβ has 

been shown to induce satellite cell differentiation. Moreover, elevated TGFβ/Smad 

signaling has been observed in the hearts of LmnaH222P/H222P mice and has been shown to 

induce ERK1/2 activation161,162. Owing to the role of TGFβ in cardiac fibrosis and 

hypertrophy, it has been suggested to contribute to cardiomyopathy-associated cardiac 

remodeling.  

 

 Wnt/β-catenin Signaling 

The Wnt/β-catenin signaling pathway, involved in cellular processes including 

proliferation, differentiation and apoptosis, has been shown to be downregulated in 

LmnaH222P/H222P mice163. The transcriptional co-activator β-catenin has different effects on 

connexin 43 (CX43) expression as well as stability within intercalated discs. β-catenin 

induces the transcription of CX43 and physically associates with CX43, thus stabilizing 
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CX43 complexes at intercalated discs. As such, reduced CX43 expression was observed in 

LmnaH222P/H222P mice and was rescued upon restoring β-catenin levels through 

pharmacological inhibition of GSK-3β, a kinase that targets β-catenin for proteasomal 

degradation163. While reduced CX43 expression was also noted in Lmna null mice, 

LmnaN195K/N195K mice showed altered expression and distribution of both CX40 and 

CX43164. These results correlated with the conduction defects seen in Lmna knockout or 

mutant mice. Reduced stability of microtubules is another factor contributing to abnormal 

distribution of CX43 in LmnaH222P/H222P mice. Accordingly, treatment with paclitaxel 

restored the correct CX43 distribution and attenuated the conduction defects in these 

mice165 (Figure 5). Several NE proteins interact with β-catenin and regulate its nuclear 

import and export. For instance, emerin mediates β-catenin nuclear export, which explains 

the nuclear accumulation of β-catenin in emerin or lamin A/C deficient cells characterized 

by enhanced growth and proliferation166. In addition, β-catenin has been shown to interact 

with a complex composed of α-catenin, emerin and nesprin-2 at the NE. This complex has 

been suggested to recruit β-catenin, which lacks a nuclear localization sequence, thus 

enabling its nuclear import167,168.  This is in line with the reduction in β-catenin nuclear 

levels upon nesprin-2 depletion168.  

Other signaling pathways have also been reported to be deregulated in striated 

muscle laminopathies. Hyperactivation of forkhead box O transcription factors (FoxO TFs) 

has been noted in the hearts of Lmna-/- mice169. FoxO TFs transcribe apoptotic target genes 

and are inhibited by AKT-dependent phosphorylation170. Inhibition of FoxO TFs by shRNA 

reduced the expression of apoptotic genes in Lmna-/- mice. Moreover, FoxO TFs knockout 

Lmna-/- mice showed ameliorated cardiac phenotypes169. In addition, the MKL1/SRF 
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signaling pathway and the YAP/TAZ pathway have also been reported to be deregulated in 

laminopathies171,172 (Figure 3). 

 

C. Genetic Basis of Dilated Cardiomyopathy 

Nearly 35% of idiopathic DCM cases are familial and are therefore due to a 

genetic cause173,174. Familial DCM gene mutations mainly follow an autosomal dominant 

mode of inheritance. Nonetheless, autosomal recessive, X-linked and mitochondrial 

patterns of inheritance also occur but less frequently175. The most commonly mutated gene 

in DCM is TTN, being altered in ~25% of familial DCM cases and in 18% of sporadic 

cases134,176. TTN encodes titin, the largest known human protein and a key component of 

the sarcomeres which, through its interaction with thin and thick filaments, plays a role in 

sarcomere assembly, passive force generation during diastole and elasticity during systole. 

The majority of TTN variants are truncating mutations176. 
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Figure 5. Summary of Potential Therapies for EDMD. 

Treatment strategies that have been tested target different components of the MAPK 

pathway, the PI3K pathway, the apoptotic pathway or exclude mutated exons through exon 

skipping and trans-splicing based gene therapy. AKT, protein kinase B; ASK1, apoptosis 

signal-regulating kinase 1; ASO, antisense oligonucleotide; ERK, extracellular signal-

regulated kinase; FoxO, forkhead box O; MEK1/2, MAPK/ERK kinase 1/2; MEKK1/4, 

mitogen-activated protein kinase kinase kinase 1/4; MKK3/6, mitogen-activated protein 

kinase kinase 3/6; MLK3, mitogen-activated protein kinase kinase kinase 11; mTORC1, 

mammalian target of rapamycin complex 1; PI3K, Phosphoinositide 3-kinase; Raf, proto-

oncogen serine/threonine-protein kinase; TAK1, mitogen-activated protein kinase kinase 

kinase 7. (Brull et al., 2018).  
 

A study employing human induced pluripotent stem cell-derived cardiac tissue 

showed that certain TTN truncating mutations exert their pathogenicity by improper 

interaction with other proteins during sarcomere assembly, attenuated contractility and 

impaired response to stress and growth signals177. The LMNA gene, which encodes A-type 
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lamins, is the second most commonly mutated gene in DCM, accounting for ~6% of 

cases178. Mutations in sarcomeric genes such as MYH7, MYH6, MYBPC3, ACTC1, TNNT2 

and TPM1 have also been associated with DCM, collectively being responsible for ~5% of 

all cases179. DCM-causing mutations in RBM20 gene, which encodes the splicing regulator 

RNA binding motif protein 20 (RBM20), were first identified in 2009180. The studies that 

followed showed that RBM20 gene mutations occur at a rate of 3% of all DCM cases181. 

Other pathogenic variants, causing a predominant cardiac DCM phenotype, have been 

reported in Z-disk, desmosomal and ion channel genes182-186 (Figure 6).  

DCM-associated mutations in the above genes include missense/nonsense 

mutations, insertions, deletions and splicing mutations175. Variants that arise from the 

different mutations exert their pathogenicity via dominant negative or haploinsufficient 

effects of abnormal, normal-sized, or truncated proteins respectively. Mechanistically, the 

diversity of the genes involved in DCM underscore the complexity of the underlying 

mechanisms. Various mechanistic insights have illustrated abnormalities in protein 

degradation, transcriptional activity, Ca2+-handling and homeostasis, metabolic activity, 

nuclear integrity and force generation and transmission175.  Adding to the mechanistic 

complexity of DCM, only 30-35% of familial DCM cases follow a Mendelian mode of 

inheritance, suggesting a more complex mutli-variant or oligogenic basis of inheritance for 

the remaining cases178. In support of this notion, genetic screening methods have revealed 

the presence of nonrare variants in multiple genes for several DCM cases187. Another 

complicating aspect is the variability of expression of the same mutation in different 

carriers within the same family. Variability also occurs in terms of onset, severity, 

progression and phenotype of disease. For instance, the 960delT mutation in the LMNA 
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gene may be manifested as primary DCM, or DCM associated with either EDMD-like or 

limb girdle muscular dystrophy (LGMD)-like phenotype188. 

 

 

Figure 6. DCM-Associated Genes. 

An electron micrograph of a cardiomyocyte depicting some of the most commonly mutated 

genes in DCM, grouped according to subcellular localization and function. Error bar = 

2μm. (Dellefave & McNally, 2010). 

 

D. Splicing Alterations in DCM 

Several splicing factors have been associated with heart diseases including 

DCM189. Splicing alterations in DCM arise from splicing factor deletion or downregulation, 

deregulation in expression of alternative splicing isoforms and splice-site mutations.  
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1. Splicing Factor Deletion or Downregulation 

Embryonic lethality of mouse knockout models of essential splicing factors 

narrowed the list of splicing regulators described to cause human cardiac pathologies. 

Nonetheless, many of these splicing factors were shown to be embryonically lethal due to 

aberrant cardiogenesis. For instance, RNA binding motif protein 24 (RBM24) knockout 

mice die of many cardiac abnormalities and show hindered sarcomere formation. Further 

analysis showed that RBM24 is responsible for splicing of 64 genes many of which are 

important for cardiac development and sarcomere function, which goes in line with its 

preferential expression in striated muscle tissue190. By generating Rbm24 conditional 

knockout mice, a recent study showed that postnatal homozygous deletion of RBM24 in the 

heart causes DCM that rapidly progresses into lethal heart failure. RBM24 deletion was 

associated with prevalent missplicing of cardiac genes including titin191. This recent finding 

has raised the first speculations of whether RBM24 is a novel but rare DCM gene192. In 

addition, loss of SRSF10 (or SRp38), a ubiquitously expressed splicing factor belonging to 

the conserved SR (serine/arginine) protein family, leads to embryonic lethality due to 

impaired cardiogenesis. Particularly, its loss has been shown to be associated with altered 

expression and splicing of Ca2+ handling genes95.  

Another example is the ubiquitously expressed SR protein ASF/SF2 (or SFRS1), 

which plays a role in both constitutive and alternative splicing. As it is embryonically 

lethal, conditional cardiac-specific ablation of ASF/SF2 has been shown to result in DCM 

due to aberrant Ca2+ handling and excitation-contraction coupling. These effects were 

attributed to missplicing of several genes including Ca2+/calmodulin-dependent protein 

kinase II delta (CamkIIδ), troponin T2 (TNNT2), and LIM domain binding 3 (LDB3)92. 
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SC35 (or SRSF2) is another ubiquitously expressed SR protein whose heart-specific loss 

results in DCM. Although a missplicing effect of SC35 was not confirmed, downregulation 

of ryanodine receptor 2 (RyR2) was observed in SC35-deficient hearts. This 

downregulation is speculated to be an effect of the nonsense-mediated decay pathway of 

misspliced RyR2 mRNA. In addition to its heart-specific effects, SC35 appears to be 

essential for embryogenesis as knockout mice die at a very early stage even before the 

beginning of cardiogenesis88. In addition to SR proteins, a heterogeneous nuclear 

ribonuclear protein (hnRNP) family member, hnRNP U that acts both as a constitutive and 

alternative splicing factor, has been associated with cardiac disease. Heart specific deletion 

of hnRNP U was shown to be lethal during early postnatal life due to the development of 

severe DCM. The DCM phenotype was associated with altered alternative splicing of the 

Ca2+ handling gene CamkIIδ193.  

Dysregulation in the expression of certain splicing factors has also been shown to 

be associated with cardiac disease. For instance, Rbfox2 which belongs to the FOX-protein 

family of splicing regulators is down-regulated in heart disease. Rbfox2 regulates the 

alternative splicing of many genes that are related to cardiac function and its heart-specific 

deletion in mice develops DCM and heart failure194. 

Despite the associations of several splicing factors with cardiac pathologies, 

mutations in a single splicing factor, RBM20, have thus far been confirmed to cause heart 

disease180,195,196. Mutations in the RBM20 gene have recently been shown to cause 

DCM180,195,196, putting it forward as one of the most commonly affected genes in DCM181. 

In addition to being prevalent among DCM patients, RBM20 mutations rank first for the 

youngest mean age of heart transplantation and are correlated with advanced disease137,180.  
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2. Deregulation in Alternative Splicing Isoform Expression  

Many studies revealed, by deep sequencing and microarray analysis, sets of genes 

that show differential splicing between control and diseased heart; yet the mechanisms 

behind these alterations were not identified. In humans, splicing alterations of the 

sarcomeric genes, TNNT2 (troponin T2), TNNI3 (troponin I3), MYH7 (myosin heavy chain 

7), and FLNC (filamin C gamma) were observed in both DCM and hypertrophied 

myocardium. Interestingly, the ratio of the different splice-isoforms of each of 

TNNT2, MYH7, and FLNC served as markers that distinguished failing from non-failing 

heart197. Down-regulation of the L-type voltage gated Ca2+ channel Cav1.2 has previously 

been associated with cardiac hypertrophy and heart failure198,199. Recently, a novel neonatal 

splice variant of Cav1.2 has been identified and was shown to be aberrantly re-expressed in 

adult rodent heart, upon pressure overload-induced cardiac hypertrophy, as well as in left 

ventricles of DCM patients. Re-expression of the identified isoform by missplicing of the 

Cav1.2 gene, Cacna1c, promoted proteasomal degradation of wild-type Cav1.2, thus 

explaining the reported decreased expression and activity of Cav1.2 in cardiac 

hypertrophy200.  

 

3. Splice-Site Mutations 

In addition to loss or dysregulation of splicing factors, splice site mutations also 

cause splicing alterations and disease189. DCM has also been associated with splice-site 

mutations in its most commonly mutated gene, TTN. One fourth of idiopathic familial 

DCM cases harbor truncated titin proteins and almost 31% of mutations that generate a 
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truncated titin protein are splice-site mutations201. Splice site mutations in TTN are also 

thought to be responsible for HCM through the generation of a truncated titin protein which 

results in a reduced myocardial passive stiffness201. However, while TTN truncating 

mutations frequently occur in DCM, they are rare in HCM201. In addition, splice site 

mutations in other genes such as those encoding for lamin A/C (LMNA)202, desmoplakin 

(DSP)203 and dystrophin (DMD)204 have been reported in DCM. For instance, an A > G 

substitution at the 3’splice site of exon 4 of LMNA gene leads to an in-frame addition of 3 

amino acids to lamin A/C protein thus causing DCM205. 

 

E. RBM20 and Cardiac Function 

1. RBM20 Expression During Development  

RBM20 is an RNA-binding protein (RBP) that regulates alternative mRNA 

splicing. RBPs have been shown to be involved in almost every stage of heart 

development206. Based on the importance of RBM20 in regulating myofibril formation and 

function, its role was suggested to coincide with heart tube development206. Supporting this 

hypothesis, RBM20 expression was first detected between E7.5 and E8.5 of in vivo mouse 

cardiogenesis, coincident with the appearance of the cardiac crescent and the primitive 

heart tube respectively. Moreover, RBM20 expression occurred in a timely manner with the 

induction of known pre-cardiac genes and continued steadily throughout cardiac 

maturation207. In addition, RBM20 expression in differentiating C2C12 myoblasts was 

shown to correlate with sarcomere assembly, with lowest levels in undifferentiated cells, 

intermediate levels before and after sarcomere assembly and highest levels midway during 

sarcomere assembly208. 



33 
 

 

2. RBM20 Structure and mRNA Binding Motif 

RBM20 belongs to the SR family of RBPs characterized by an arginine-serine rich 

(RS) domain that mediates interactions with other proteins and at least one RNA 

recognition motif (RRM) that binds RNA. RBM20 has one RRM domain in exons 6 and 7, 

an RS domain in exon 9, and two zinc finger domains of the U1 type208,209 (Figure 7). 

Besides their RNA splicing role, SR proteins are usually implicated in mRNA nuclear 

export, stability and translation209. The subcellular localization and, hence, function of SR 

proteins is determined by their phosphorylation state. Phosphorylation of SR proteins at 

their RS domain drives their nuclear localization. In the nucleus, they mediate the assembly 

of the spliceosomal complex and recruitment to pre-mRNA through interactions of their 

RRM and RS domains with pre-mRNA and regulatory proteins respectively. Finally, 

dephosphorylation of SR proteins causes their nuclear export210,211. 

 

 

Figure 7. Schematic Diagram of Rbm20 Structure. 

The 14 exons and the corresponding functional domains of the protein are indicated, along 

with the amino acid residues spanned by each domain. All known mutations in the RS 

region that cluster in a five-amino acid mutation hotspot (residues 634-638) are also shown. 

(Zahr & Jaalouk, 2018). 
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RBM20 has been shown to bind to a distinct UCUU-containing RNA recognition 

element that is conserved between rats and humans. This binding motif is enriched within 

introns, such that binding of RBM20 to intronic regions flanking 3 and 5 splice sites 

represses exon splicing212. Many cardiac-expressed transcripts containing the UCUU motif 

have been shown to directly bind RBM20. The most prominent of these targets is TTN 

which encodes the protein titin212. In addition to TTN, transcripts of 17 genes (CamkIIδ, 

DST, ENAH, IMMT, LDB3, LMO7, MLIP, LRRFIP1, MYH7, MYOM1, NEXN, OBSCN, 

PDLIM3, RTN4, RyR2, SORBS1, TNNT2) were shown to be directly regulated by RBM20, 

mainly by mutually exclusive splicing212. Splicing regulation of mutually exclusive exons is 

often related to the expression of tissue-specific splice variants213. This regulation 

mechanism is in accord with the tissue-specific expression of RBM20, being chiefly 

expressed in striated muscle with the highest amounts in cardiac muscle208. Supporting this 

idea is the enrichment of the identified RBM20 targets for tissue-specific diseases 

associated with RBM20 mutations (DCM, hypertrophic cardiomyopathy and heart failure) 

according to NCBI Medical Subject Heading (MeSH)29. 

 

3. RBM20 Splicing Targets 

To date RBM20 has been shown to regulate the alternative splicing of 31 genes, 

many of which are associated with cardiomyopathies and cardiac cell biology208. RBM20 

regulates several sarcomeric and calcium-regulating genes, thus influencing sarcomere 

structure and function. The most prominent targets of Rbm20 are discussed below. 
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 Titin 

The genuine splicing target of RBM20 is titin196,208,214, an enormously large elastic 

protein that spans half the length of the sarcomere215.Titin maintains the structural integrity 

of the sarcomere and restores it to normal length following extension and contraction216. 

Alternative splicing of titin results in many protein isoforms, the most common are N2B 

and N2BA isoforms217. N2B isoform is short and rigid while N2BA isoforms are longer 

and more compliant218. The relative ratio of short to long titin isoforms is developmentally 

regulated and is a determining factor of myocardial passive stiffness218,219. Cardiac N2BA 

is predominantly expressed during fetal life; however, N2B isoform becomes mainly 

expressed after birth218,220,221. This shift in titin isoforms is essential for proper diastolic 

function220,222 as N2B-enhanced passive stiffness prevents ventricular overfilling during 

diastole220. In addition, titin isoform switch is important for systolic function as N2B-

increased Ca2+ sensitivity improves contractility during systole222. 

 

 Myomesin 1 

Another direct target of RBM20 is myomesin1, a structural component of the 

sarcomeric M-line. Interaction of myomesin with myosin and titin is responsible for 

structural organization of these contractile proteins and sarcomere integrity during 

contraction223. In addition, the presence of a phosphorylation site in myomesin suggests that 

it responds to stretch-dependent signaling224. Myomesin 1 undergoes an isoform switch in a 

timely manner with titin225. After birth, myomesin 1 isoforms that lack a molecular spring 

domain (EH domain) become upregulated225. The myomesin1 switch has been suggested to 
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enhance alignment of contractile filaments and contraction efficiency226. Remarkably, re-

expression of fetal isoforms of both titin and myomesin has been observed in DCM227-229. 

 

 Tropomyosin 1 

Tropomyosin 1 (TPM1), a component of thin filaments, is yet another target of 

RBM20208. Tropomyosin binds actin and mediates contraction in response to Ca2+ binding 

to troponin. Alternative splicing of TPM1 results in two striated muscle specific isoforms 

(TPM1 and TPM1к) and a smooth muscle specific isoform (TBM1). The specific role of 

RBM20 in these splicing events is not known. However; overexpression of the TBM1к 

isoform has been observed in DCM patients and has been shown to cause systolic and 

diastolic dysfunction in transgenic mice230. 

 

 Lim domain binding 3 

RBM20 regulates the tissue-specific splicing of Lim domain binding 3 (LDB3), a 

Z-line structural protein important for maintaining sarcomere integrity during 

contraction208,212,231. RBM20 controls the inclusion of mutually exclusive exons of LDB3 

that are either present in its cardiac-specific isoform (exon 4) or skeletal muscle-specific 

isoform (exons 5 and 6). Loss of RBM20 results in the inclusion of exons 5 and 6 rather 

than exon 4208. Moreover, mutations in exon 4 as well as in another cardiac-specific exon 

(exon 10) of LDB3 were identified in DCM patients232. Thus, loss of exon 4 due to loss of 

RBM20 might contribute to the development of the DCM phenotype in Rbm20 null 

mice208,232. 
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 CamkIIδ 

RBM20 is also a splicing regulator of CamkIIδ, a crucial enzyme in the heart208. 

Four of the eleven isoforms described for CamkIIδ are expressed in the heart233. CamkIIδ 

isoforms phosphorylate proteins of the sarcomere and the sarcoplasmic reticulum, calcium 

channels and transcription factors thus affecting cell signaling, Ca2+ handling and gene 

expression93,94,234,235. As such, splicing regulation of CamkIIδ by RBM20 can greatly affect 

cardiac function by modulating these processes. This is further elucidated by the 

association of dysregulated CamkIIδ isoforms with DCM and heart failure93,94. 

 

4. Regulation of Rbm20 

Both insulin and triiothyrodine (T3), a thyroid hormone, have been shown to trigger titin 

isoform switching in an RBM20 dependent manner, thus favoring the expression of the 

short N2B isoform236-238. Mechanistically, RBM20 has been shown to be activated through 

the PI3K/AKT pathway, possibly by AKT-mediated phosphorylation which goes in line 

with the observed AKT activation upon insulin or T3 treatment. Phosphorylation of 

RBM20 might also be mediated by SR protein kinases (SRPK) which regulate the activity 

of SR proteins by phosphorylation at an evolutionary conserved motif within the RS 

domain239,240. In fact, it has been shown that the activation of PI3K/AKT/SRPK axis plays a 

major role in EGF-induced alternative splicing211,239,241. Moreover, both insulin and T3 

treatments induced upregulation of RBM20 at both the transcript and protein levels236,238. 

This increase in RBM20 gene expression could result from the activation of mTOR via the 

PI3K/AKT pathway242. In addition to insulin and T3, angiotensin II was shown to 
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upregulate RBM20 expression levels in neonatal cardiomyocytes, thus mediating the 

expression of the short N2B titin isoform243. More studies are needed to decipher the 

complete upstream regulation of RBM20. Nonetheless, another level of regulation of 

RBM20 is mediated through its interactions with other splicing regulators that might 

bestow an inhibitory, excitatory or synergistic effect. For instance, both RBM20 and 

RBM24 were shown to cooperatively regulate the alternative splicing of Enh gene, which 

encodes a PDZ-LIM domain scaffold protein. Although each of RBM20 and RBM24 

poorly regulated Enh splicing; association of both splicing factors promoted the expression 

of the short isoform, ENH3, and repressed the expression of the long isoform, ENH1244. 

Both RBM20 and RBM24 mRNA were downregulated in response to neurohumoral factors 

such as endothelin-I, phenylephrine and aldosterone244. Moreover, RBM20 splicing activity 

of titin was shown to be counteracted by PTB4, a novel splicing regulator of titin245. 

 

F. RBM20 Gene Mutations in DCM 

In an attempt to find a novel pre-clinical biomarker for DCM, genome-wide 

analysis of 8 families with DCM uncovered distinct heterozygous missense mutations in 

exon 9 of RBM20. These mutations segregated with the DCM phenotype, which led to the 

recognition of RBM20 as a DCM-causing gene180. Genotype-phenotype associations linked 

RBM20 mutations with aggressive DCM characterized by variable symptoms that include 

arrhythmias, heart failure and sudden death. Patient-derived tissues also showed variable 

involvement of cardiac hypertrophy and interstitial fibrosis180. Multiple RBM20 mutations 

were identified by subsequent studies195,196. The role of RBM20 in DCM was revealed in 

rats harboring a loss of function mutation that removes the RRM, RS and zinc finger 
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domains (exons 2-14) of RBM20208. This spontaneously occurring mutation resulted in 

altered titin mRNA splicing. In addition to titin, alternative splicing of 30 other transcripts 

was shown to be altered in both rats and a DCM-patient carrying an S635A missense 

mutation in the RS region of RBM20. The identified RBM20-dependant genes were 

enriched for genes related to ion-handling, sarcomere function and cardiomyopathy208. As 

most of the identified genes are key determinants of cardiac cell function and as some of 

them have been associated with cardiomyopathy, their missplicing is thought to be a key 

determinant of the DCM phenotype. This is illustrated by impairment of the Frank-Starling 

mechanism (FSM) as a result of expression of longer and more compliant titin isoforms in 

Rbm20-deficient mice214. In addition to titin, missplicing of other sarcomeric proteins, such 

as myomesin 1, might affect their contractile function. On the other hand, splicing 

alterations in other RBM20 targets such as CamkIIδ, RyR2, and Cacna1c might affect Ca2+ 

homeostasis. Indeed, Rbm20 deficiency induces a switch into larger cardiac-specific 

isoforms of CamkIIδ, which might compromise its normal function212.  

In addition to altered expression of adult/fetal protein isoforms, RBM20 loss or 

mutation is also manifested in deregulation of tissue-specific protein isoforms or 

mislocalization of misspliced proteins. For instance, RyR2 and CamkIIδ aberrant splicing 

caused by RBM20 mutation results in the expression of mislocalized protein isoforms. 

RyR2 constitutes the key calcium release channel in the sarcoplasmic reticulum membrane 

that plays a role in excitation-contraction coupling. A 24-bp exon inclusion in RyR2 

transcript causes a translocation of the corresponding protein from the ER to the 

intranuclear cisternae, thus deeply affecting calcium signaling246. Interestingly, RyR2 

transcripts containing this exon are upregulated in Rbm20-null rats as well as in 
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cardiomyopathy patients212. Moreover, mutations affecting RyR2 function have been 

associated with cardiomyopathies247. Remarkably, DCM-associated RBM20 mutation 

reversed the splicing of mutually exclusive exons in CamkIIδ, resulting in an isoform 

switch from CamkIIδB into CamkIIδA. Although both isoforms are expressed in the heart, 

CamkIIδB is predominantly found in the nucleus where it regulates gene expression93, 

while CamkIIδA lacks the nuclear localization signal and is mainly located in T-tubules 

where it plays a role in facilitation of the L-type calcium channel (LTCC)234. This isoform 

switch has been shown, under other circumstances, to cause excitation-contraction coupling 

defects and proneness to tachyarrhythmia, symptoms that are also seen in DCM caused by 

RBM20 mutations92 

RBM20 has also been shown to repress splicing of different targets (such as 

LMO7, RTN4, PDLIM3 and LDB3) in favor of their heart specific isoforms. LMO7 is a 

transcription factor that regulates both skeletal and cardiac muscle-related genes248. RBM20 

represses the inclusion of exons 9 and 10 which characterize the brain specific isoform of 

LMO7212,249. Although LMO7 has not been associated with DCM, expression of its brain 

specific isoform in the absence of RBM20 might be an important disease mechanism. 

Similarly, RBM20 suppresses the neuronal-specific isoform of RTN4 in favor of the heart-

specific isoform212. RTN4 is a neurite growth inhibitor with unknown role in the heart250. 

Brain-specific RTN4 isoform is weakly detected in the heart; however, it is upregulated in 

cases of ischemia and DCM and has also been suggested as a marker of heart failure251-253. 

Most reported cardiomyopathy-related mutations in the RBM20 gene arise in the 

RS region which includes a five-amino acid mutation “hotspot” within exon 

9127,180,195,196,208,254-257 (Figure 7). The RS region is thought to mediate protein-protein 



41 
 

interactions209. Indeed, quantitative proteomic analysis revealed that RBM20 interacts with 

many protein components of the U1 and U2 small nuclear ribonucleoproteins (snRNPs), 

which associate with pre-mRNA to form spliceosomal complex A of the spliceosome. 

Moreover, the RNA recognition element of RBM20 is proximal to U1 and U2 snRNP 

binding sites. Association of RBM20 with early-stage spliceosomal assembly but not with 

the catalytically active spliceosome has been suggested to stall further spliceosomal 

assembly beyond complex A formation, thus causing splicing repression212. As such, 

mutations in the RS region of RBM20 are expected to abrogate protein-protein interactions 

essential for RBM20 function as a splicing repressor. Indeed, the DCM-associated S635A 

mutation in the RS region of RBM20208 has been shown to considerably reduce interactions 

with 38 alternative spliceosomal factors with no effect on interactions with fundamental 

spliceosomal proteins. One possible explanation of this outcome is that association of 

RBM20 with these alternative splicing factors might be needed for the suggested 

spliceosomal stalling mechanism and splicing repression212.  

In addition to protein-protein interactions, binding of RBM20 to nascent 

transcripts is important for its function. Indeed, mutations in exon 6 of RBM20 were 

identified in idiopathic DCM patients. As these mutations localize to the RRM domain of 

RBM20, they are expected to disrupt its binding to mRNA196. Mice lacking the RRM 

domain of RBM20, by deletion of exons 6 and 7, exhibit altered titin splicing with a 

favored expression of more compliant titin isoforms that increased in length from 

heterozygous to homozygous RBM20 mutant mice (Figure 8). Increased titin compliance 

was associated with a decrease in passive stiffness and FSM which also correlated with the 

number of affected alleles214. Along the same line, mutations in the RBM20 binding site 
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also influence its splicing activity212. Although many other missense and nonsense 

mutations of RBM20 have been identified in DCM patients, their functional consequences 

have not been explored181,195,258,259. Yet, many of these mutations localized to novel exons 

of RBM20, including exons 2, 4, 11 12, 13 and 14195,258,260. 

Recently, a novel familial DCM-causing mutation (E913K) in a glutamate-rich 

region of RBM20, encoded by exon 11, has been studied. Although the region of the 

mutation is not characterized, its conservation across distinct species suggests its functional 

significance. This mutation was shown to cause a strong reduction in RBM20 protein levels 

in human cardiomyocytes, which was suggestive of compromised RBM20 protein stability. 

One possible mechanism that could affect protein stability is the generation of misfolded 

proteins and their subsequent proteasomal degradation. The outcome of reduced RBM20 

protein levels was manifested in the aberrant inclusion of several exons in the spring region 

of titin. Missplicing of titin caused a dramatic shift from the stiff N2B isoform to the highly 

compliant N2BA isoform and resulted in an attenuated FSM260. Notably, similar effects on 

titin splicing and the FSM were previously reported in a mouse model of RRM-deficient 

RBM20 as well as in mice lacking RBM20214. 
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Figure 8. Regulation of Titin Alternative Splicing by RBM20 in the Heart. 

In the presence of Rbm20 the ratio of N2B to N2BA titin isoforms is developmentally 

regulated with predominant N2B expression in the adult heart. Rbm20 loss or mutation 

causes a switch in the expression of titin isoforms, in favor of the longer and more 

compliant N2BA isoforms. The figure only shows splicing events that occur in the 

immunoglobulin (Ig) region, but more complex splicing also occurs in the PEVK (Proline 

(P), Glutamate (E), Valine (V), Lysine (K)) region. Arrows indicate spliced exons while 

lines denote consecutive exons. (Rexiati et al., 2018). 

  

G. Synopsis 

The structural and functional interactions between different DCM-causing genes 

(Figure 9) suggest common or overlapping disease mechanisms. The interaction of lamin 

A/C with several splicing factors and the emerging role of splicing factor mutations and 

splicing deregulation in DCM suggests that lamin A/C plays more than a mere scaffolding 

role at splicing factor compartments. Moreover, LMNA mutations affect important cellular 

signaling pathways that might be involved in splicing regulation. For instance, the 

PI3K/AKT/mTOR signaling pathway is deregulated in LMNA mutations; and the same 

pathway is thought to regulate both the expression and splicing function of RBM20. 
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RBM20 and the newly identified Rbm24 are currently the most prominent DCM-associated 

splicing factors that are characterized by tissue-specific expression with highest amounts in 

striated muscle. As such, studying the role of DCM-associated splicing factors in lamin 

A/C related EDMD and DCM would offer new insights into the mechanisms of tissue-

specific effects of these debilitating diseases. 

 

  

Figure 9. STRING Database Gene-Gene Interactions of DCM-Associated Genes. 

The colored lines represent the indication that led to the depicted association, with text 

mining being the weakest and experimental evidence being the strongest. (Hershberger et 

al., 2013). 
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CHAPTER II 

PROFILING OF NUCLEI FROM WILD-TYPE AND LAMIN 

A/C-DEFICIENT MOUSE EMBRYO FIBROBLAST CELLS 

USING DIRECT AND DIFFERENTIAL PHAGE DISPLAY 

BIOPANNING 
 

Authors1: Hind C. Zahr, Heinrich zu Dohna, Jan Lammerding, and Diana E. Jaalouk 

 

A. Abstract  

Laminopathies are versatile disorders including skeletal and cardiac muscular 

dystrophy. They are caused by mutations in the LMNA gene, which encodes for lamins A 

and C that anchor other proteins to the nuclear envelope. The mechanisms underlying the 

phenotypic diversity in laminopathies have not been fully deciphered. We employed a 

phage display-based approach termed Biopanning and Rapid Analysis of Selective 

Interactive Ligands for profiling of nuclei from Lmna+/+ and Lmna–/– mouse embryo 

fibroblasts. Direct biopanning resulted in significant enrichment in phage binding to both 
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types of nuclei whereas differential biopanning resulted in significant enrichment in phage 

binding to Lmna+/+ nuclei, but not to Lmna−/−  nuclei. Sequencing the inserts in phage 

plaques, we identified panels of peptides with preferential binding to either type of nuclei. 

Bioinformatic analysis indicates differential clustering of the derived peptides and uncovers 

proteins they mimic. In addition to identifying previously reported A-type lamin 

interactors, the assay also found several novel proteins including HuR, an RNA-binding 

protein that is also implicated in splicing regulation. By text mining the GeneCard and 

UniProt databases, we mapped the functional distribution of the protein panels identified in 

the three screens and noted overlapping and distinct functional patterns. Herein, we show 

that Lamin A/C and HuR co-immunoprecipitate, and that the presence of A-type lamins in 

the nucleus influences the subcellular localization of HuR. The proteomic profiles reported 

in this study unveil novel players that warrant further investigation, potentially providing 

mechanistic insights into the tissue-specific phenotypes in laminopathies. 

 

B. Introduction 

Lamins are type-V intermediate filaments exclusively found in the nucleus. 

Mammalian cells express two types of lamins, the A-type and the B-type. Both share a 

common structural organization and form parallel coiled-coil dimers, which in turn 

assemble into stable strings and higher-order networks 261. Their ability to polymerize 

allows them to form the nuclear lamina, a dense protein meshwork underlying the inner 

nuclear membrane (INM). The nuclear lamina also consists of associated nuclear envelope 

(NE) proteins. In addition, lamins are also found to a lesser extent in the nucleoplasm 112. 
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A-type lamins are encoded by the LMNA gene, which gives rise by alternative splicing to 

four isoforms, with lamins A and C (lamin A/C) being the most common in somatic cells. 

The first LMNA mutation was reported by Bonne et al. in 1999 as a non-sense mutation that 

causes autosomal dominant Emery–Dreifuss muscular dystrophy (EDMD) 104. Since then, a 

torrent of publications linked different mutations in the LMNA gene to phenotypically 

different diseases,  commonly called laminopathies, which affect diverse tissues in the body 

107,112. More than 400 LMNA mutations have been identified to date, the majority of which 

are linked to muscular dystrophies and cardiac disease 262. With the increased identification 

of LMNA mutations, the number of functions associated with A-type lamins has also 

expanded. These functions range from providing structural and mechanical support to the 

nucleus to influencing chromatin organization, transcriptional regulation, and DNA 

replication and repair 29. These pleiotropic functions make laminopathies particularly 

important, especially since the associated cardiac symptoms result in high incidence (> 

40%) of sudden cardiac death in affected patients 263-266.  

The mechanisms underlying the pathogenesis of laminopathies—particularly how 

mutations in a single, nearly ubiquitously expressed gene can result in diverse tissue-

specific phenotypes—are inadequately understood. Two rationales, that are not mutually 

exclusive, have emerged to explain how mutations in lamin proteins could cause the disease 

phenotypes of laminopathies. The “gene regulation” rationale proposes that disrupted gene 

regulation may underlie the development of different disease phenotypes, while the 

“structural fragility” rationale proposes that mutations in the lamin proteins render the 

nucleus more fragile, causing cell death and eventually disease in mechanically stressed 

tissues 267-269. The creation of the first Lmna deletion mouse model allowed studying the 
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effect of complete loss of lamin A/C function 270. The homozygous (Lmna−/−) mice display 

the EDMD phenotype characterized by skeletal muscle dystrophy and dilated 

cardiomyopathy with conduction defects 270. Although they appear similar to their wild-

type (WT) littermates at birth, they soon suffer from retarded growth and die by eight 

weeks of age 270. Mouse embryonic fibroblast (MEF) cells derived from the Lmna−/− mouse 

model have irregular nuclear morphology and compromised nuclear integrity, accompanied 

by the mislocalization of emerin from the NE 24,270,271. Moreover, cells deficient in lamin 

A/C have decreased nuclear stiffness, increased nuclear fragility, and impaired 

mechanotransduction signaling 272-274, which could contribute to the gradual loss of muscle 

cells in laminopathies. However, direct nuclear damage alone is insufficient to explain the 

different and severe myopathy phenotypes found in many of these diseases 275,276. 

The discovery of two NE protein families, nesprins and SUN proteins, provided 

new insights into the muscle specific effects of Lmna mutations. SUN proteins, located on 

the INM, interact across the perinuclear space with nesprins on the outer nuclear membrane 

(ONM) to form the Linker of Nucleoskeleton and Cytoskeleton (LINC) complex, thereby 

linking the nucleus to the cytoskeleton 277,278. Lamins A/C can directly bind to nesprins and 

SUN proteins and contribute to their correct localization at the NE 279-281. Loss of lamin 

A/C or Lmna mutations could thus disrupt the LINC complex function 72,282. Hence, it is 

conceivable that in addition to the nesprins and the SUN proteins, a number of other NE 

and/or NE interacting proteins implicated in nuclear-cytoskeletal coupling and/or other 

biological processes are similarly affected by complete lamin A/C loss or by distinct mutant 

forms in a tissue-specific manner. Recent findings regarding the tissue specificity of the NE 
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proteome provide strong support for this viewpoint 283. We therefore hypothesize that there 

are differential panels of proteins that may home to and/or interact with the NE bearing an 

intact nuclear lamina, and that these proteins are lost from the NE in cells lacking A-type 

lamins. The loss of these proteins could differentially influence biological processes and 

pathways that would convey tissue-specific phenotypes in the diverse laminopathies. 

To address this hypothesis, we employed a phage display-based technology termed 

Biopanning and Rapid Analysis of Selective Interactive Ligands (BRASIL) to profile the 

nuclear proteomic differences in Lmna+/+ versus Lmna−/− MEF cells. Advancements made 

to peptide phage display technology in the past two decades have rendered it a powerful 

modality for high-throughput screening of protein interactions with versatile applications in 

biomedical science 284. In line with these advances, the BRASIL method of phage display 

was developed by the Arap-Pasqualini Laboratory for single-cell targeting with genetically-

modified phage libraries 285. It allows cell-phage complexes to be separated from the 

remaining unbound phage while reducing nonspecific binding and artifacts obtained with 

the standard phage washing methods. Here, we present the first application of this method 

of phage display for nuclear biopanning to characterize lamin A/C-dependent differences in 

the NE proteome. A major advantage of using this approach is that protein-protein 

interactions are assessed in an unbiased functional assay, without any pre-conceived notion 

about the type or the nature of the uncovered proteins. Thus, nuclear panning with 

differential phage display using the BRASIL method provides an ideal tool for the 

identification of changes in the proteome, particularly at the NE, in the context of A-type 

lamin loss. In contrast to yeast two-hybrid screens or in vitro pull-down assays, this method 
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also maintains the in situ organization of the NE, including specific protein localization to 

the INM or ONM. Using this approach, we uncovered panels of peptides with preferential 

binding to either type of nuclei and identified the putative proteins they mimic. A number 

of these proteins were previously reported as A-type lamin interactors or altered in 

laminopathies, but the nuclear BRAZIL method also pointed to several novel proteins that 

are plausibly lost from the NE in Lmna−/− cells. By virtue of their bio-functional relevance, 

these novel hits warrant further investigation into their implication in the tissue–specific 

pathogenesis in laminopathies. 

 

C. Materials and Methods  

1. Cell Culture 

WT and lamin A/C-deficient immortalized MEF cell lines were obtained from 

Lammerding Laboratory (Cornell, NY). Lamin A/C-deficient MEF cells were derived from 

Lmna−/− mice and WT MEFs were derived from Lmna+/+ littermates286. Cells were 

maintained in Dulbecco’s Modified Eagle’s Medium DMEM-AQ media (D0819, Sigma-

Aldrich), supplemented with 1% penicillin-streptomycin (DE17-602E, Lonza), 10% fetal 

bovine Serum (F9665, Sigma-Aldrich) and 1% sodium pyruvate (S8636, Sigma-Aldrich).  

1x phosphate buffered saline (PBS) without calcium and magnesium (17-517Q, Lonza) and 

1x trypsin (BE17-160E, Lonza) were used for washing and detaching cells. Trypan blue 

vital exclusion stain was used to determine the number of viable cells. A hemacytometer 

was used for counting both viable cells and intact nuclei. Cells and nuclei were visualized 

using a standard phase-contrast microscope (Olympus microscope, Axiovert 200, Zeiss). 
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2. Nuclear Isolation 

When cells reached 80% confluence, nuclear isolation was performed using the 

Nuclei EZ Prep Nuclei Isolation Kit (NUC-101, Sigma) based on the manufacturer’s 

instructions. Cells were washed with 10ml ice-cold PBS, detached with trypsin and 

neutralized with DMEM-AQ media. Following centrifugation at 600xg, 4C for 5min, the 

cell pellet was resuspended in PBS and counted. Another centrifugation step was done to 

separate and remove the PBS. Ice cold Nuclei EZ lysis buffer was then added to the pellet; 

4ml per 5x106 cells, mixed and left on ice for 5min. Nuclei were collected by centrifugation 

at 500xg, 4C for 5min. The pellet was vortexed briefly, resuspended in Nuclei EZ lysis 

buffer and set on ice for 5min. Nuclei were then collected by centrifugation, supernatant 

removed and the pellet was re-suspended in 200l ice-cold Nuclei EZ storage buffer. 

Nuclei were microscopically checked for integrity and stored at -80C in Nuclei EZ storage 

buffer. On the day of phage display screening, nuclei were counted and bio-panning was 

performed on 50x103 nuclei in 50l Nuclei EZ storage buffer. 

 

3. Nuclear Integrity Assay 

Nuclei from WT and Lamin A/C deficient MEF cell lines were stained for Lamin 

B1, a marker of nuclear integrity, following isolation and storage in nuclei EZ storage 

buffer at -80°C. Briefly, cover slips were coated with 150µl of a 1:10 dilution of Sta-On 

liquid adhesive (3803105, Leica Biosystems) using a slide spinner at 1500rpm for 2min. 

Nuclei were counted by Trypan blue vital exclusion stain and 10-500,000 nuclei were 
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smeared on the coated coverslips, placed in 6-well plates. Nuclei were then fixed with 

methanol for 10min at -20°C and permeabilized with acetone for 1min at -20°C. Nuclei 

were stained with Lamin B1 primary antibody (sc-374015, SANTA CRUZ 

BIOTECHNOLOGY) at a dilution of 1:50 and Alexa Fluor-conjugated secondary antibody 

(ab150113, abcam) at a dilution of 1:500. Coverslips were mounted on slides using 

ultraCruz Hard-set mounting medium (sc-359850, SANTA CRUZ BIOTECHNOLOGY). 

Images were acquired with the ZEN 2009 Light Edition confocal microscope, using the 60x 

oil objective. Images were analyzed by the ZEN 2009 Light Edition software. 

 

4. Host Bacterial Strain Maintenance 

The F+ recA+ E. coli host strain ER2738 was used for M13KE insert-less phage 

(N0316S, NEB) propagation. Supplied as a non-competent 50% glycerol culture as part of 

the Ph.D.–C7C Phage Display Peptide Library Kit (E8120S, NEB), ER2738 colonies or 

lawns were grown on 100mm LB-Agar (M1151, HiMedia) plates supplemented with Tet 

(T3383, Sigma-Aldrich). Plates were incubated at 37C overnight and stored wrapped with 

parafilm at 4C in the dark. ER2738 was propagated weekly and new cultures were 

streaked from glycerol stock once per month. ER2738 cultures were grown in LB Broth 

(J106, AMRESO) and bulk amplified in LB Broth + Tet.  

 

5. Phage Display Bio-panning on Nuclei 

The Ph.D.–C7C Phage Display Peptide Library Kit (E8120S, NEB) was used. The 

library has filamentous phage particles displaying random peptides with the cyclic 



53 
 

arrangement CX7C (C, Cysteine; X, any amino acid residue) at a diversity of 109 

transducing units (TU). This library was used along with the control M13KE insert-less 

phage to pan on nuclei from either WT or lamin A/C null MEFs, with and without pre-

clearing. Phage display bio-panning was performed using the Bio-panning and Rapid 

Analysis of Selective Interactive Ligands (BRASIL) method.  M13KE phage or the library 

phage was diluted in PBS supplemented with protease inhibitors to a concentration of 

1x109TU/l. Pre-clearing was performed by mixing 1l of diluted phage with 50x103 

nuclei in a microfuge tube and incubating on ice for 30min. The nuclei-bound phage was 

then pelleted by spinning at 500xg, 4C for 5min. Phage binding was performed by mixing 

the unbound phage-containing supernatant with 50x103 nuclei in a microfuge tube and 

incubating on ice for 1h with brief vortex step every 15min. After the binding step, the 

phage/nuclei mixture was carefully overlaid on top of 100l of BRASIL Oil [dibutyl 

phthalate:cyclohexane 9:1 (v/v)] contained in BRASIL tubes and spun at 10,000rpm, 4C, 

for 10min. BRASIL tubes were frozen by overnight storage at -80C. The following day, 

host bacterial strain ER2738 was grown to mid-log phase (OD600  0.5). When the bacterial 

culture was ready, the bottom of each frozen BRASIL tube was clipped into a clean 

microfuge tube and 400l of bacterial culture was added to the clipped pellet to rescue the 

bound phage. Infection was allowed for 1h at room temperature with a brief vortex step 

every 15min.  After 1h, the phage-infected bacterial culture was serially diluted in LB 

Broth + Tet and different dilutions were mixed with top agarose and overlaid on top of LB 

agar/IPTG/X-Gal plates. The plates were left to dry in the dark and incubated at 37C for 

14h. Plaques from the different dilutions were counted. Well-separated plaques were picked 
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and stored in 30% glycerol (E520, AMRESCO) in 96-well plates at -20C. The eluted 

phage was bulk amplified, isolated, and titer tested (see below) prior to its use in the 

following round of bio-panning. Three successive rounds of bio-panning were performed 

whereby the amplified eluted phage pool from one round was used as input in the 

successive round. The eluted phage was used at a concentration of 1x109TU/l. Dilution 

was done based on the calculated phage titer. In differential phage display screens, pre-

clearing was done before each successive round of bio-panning. 

 

6. Bulk Amplification and Isolation of Eluted Phage 

Phage-infected bacterial culture (mid-log phase) was diluted 1:10 in LB Broth + 

Tet, bulk amplified at 37C, 180rpm shaker for 5h, then transferred into a clean round 

bottom tube and bacterial sedimentation was performed by centrifugation at 6000rpm, 4C 

for 15min. The phage-containing supernatant was transferred into a fresh tube, re-spun and 

phage particles precipitation was performed by transferring the supernatant into a clean 

tube and adding PEG-NaCl (1:5) (PEG 8000 Powder, V3011, Promega; NaCl, 0241, 

AMRESCO). The tube was mixed gently by tilting upside down and incubated on ice in the 

cold room overnight. Subsequently, the round bottom tube was centrifuged at 14000rpm, 

4C for 15min. The supernatant was discarded; the phage pellet was suspended in 1ml cold 

PBS (without calcium and magnesium), transferred into a clean microfuge tube and re-spun 

for 5min. The supernatant was mixed with 200l of PEG-NaCl in a clean tube and 

incubated on ice for at least 1h. After centrifugation at 14000rpm, 4C for 10min, the 

supernatant was discarded and the phage pellet was re-suspended in 250l cold PBS, re-
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spun for 1min and transferred into a clean microfuge tube. The bulk amplified phage 

suspension was stored at 4C for 2 weeks or at -20C for long term storage. 

 

7. Phage Titer Determination 

ER2738 was inoculated from a fresh plate into 20ml LB broth and incubated at 

37C, 180rpm shaker until it reached mid-log growth (OD600  0.5). Phage serial dilutions 

were prepared in PBS and 1l of each dilution was used to infect 100l of ER2738 culture 

at room temperature for 30min (performed in triplicates per dilution). 50mm LB-Agar 

plates supplemented with IPTG/X-Gal (R0391/R0401, Fermentas) were pre-warmed at 

room temperature. Top agar consisting of LB Broth and agarose (A9593, Sigma) was 

molten in microwave and kept at 48C in water bath. Then, 1.5ml top agar was mixed with 

100l of each infection and overlaid on LB agar/IPTG/X-Gal plates. Allowed to solidify at 

room temperature for 5-10min, the plates were incubated at 37C for 14h. Subsequently, 

the dilution that gave non-overlapping plaques (less than 100 plaques) was chosen for 

determining the titer. The average count was determined by counting plaques on triplicate 

plates corresponding to that dilution. Then, phage titer in transducing units (TU) was 

obtained by multiplying the average count by the dilution factor for those plates. 

 

8. PCR Amplification of Phage Inserts and Agarose Gel Electrophoresis 

A 326bp stretch of the phage genome, surrounding the random peptide inserts, was 

amplified by performing PCR directly on the phage plaques using the Phusion Flash High-

Fidelity PCR Master Mix (F-548L, Thermo Scientific) and the PTC-200 DNA Engine 
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Peltier Thermal Cycler (ALS 1296, Bio-Rad). The forward primer: 5-

TGTCGGCGCAACTATCGGTATCAA-3, and reverse primer: 5-

TAGCATTCCACAGACAGCCCTCTA-3 (Sigma) were used. Each PCR reaction 

consisted of 7l DNase/RNase free water (W4502, Sigma), 10l Phusion Flash High-

Fidelity PCR Master Mix, 1l of each primer (8M), and 1l of each phage clone pre-

stored in glycerol stock. PCR was performed in 0.2ml thin-walled PCR tubes with flat caps 

(AB-0620, Thermo Scientific) and the protocol consisted of: 94C step for 3min to break 

bacterial cell walls followed by 50 cycles of denaturation at 94C for 10s, annealing at 

60C for 30s, and extension at 72C for 30s. PCR products were stored at –20C. To check 

for the presence of insert, PCR amplicons were run on 2% agarose gels in 1xTBE buffer 

(0658, AMRESCO) in an electric field alongside Direct Load DNA Step Ladder (D3812, 

Sigma). Samples were prepared for loading by mixing 2l of PCR-amplified clones with 

1l of 6x DNA Loading Dye (R0611, Thermo Scientific) and 3l of DNase/RNase free 

water. Samples were run at 100V and the bands were visualized using the Molecular 

Imager Chemidoc XRS System (170-8070, Bio-Rad) using the Quantity One 1-D Analysis 

Software (170-9600).  

 

9. Purification of PCR Amplicons and Sequencing 

Purification of PCR amplicons was performed using the GenElute PCR Clean-Up 

Kit (NA1020, Sigma-Aldrich). GenElute plasmid mini spin columns were prepared for 

DNA binding by adding 0.5ml of the column preparation solution to each column and 

spinning at 12,000xg for 1min. After discarding the eluate, the PCR reaction was mixed 
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with binding solution (1:5 v/v), transferred into the mini spin column and centrifuged at 

16000x g for 1min. The eluate was discarded, and the column was washed by 0.5ml of 

diluted wash solution. This was followed by centrifugation and discarding the eluate. 

Another centrifugation step was done to remove excess ethanol. The column was then 

transferred into a fresh collection tube and incubated with 30l DNase/RNase free water at 

room temperature for 5min. Purified DNA was eluted by centrifugation at 16000xg for 

2min. The purified PCR amplification products were stored at -20C. Sequencing was 

performed at Macrogen Inc. (South Korea) such that 30l of each PCR reaction, 

corresponding to a single phage clone, along with 5M of the sequencing primer M13F: 5-

TGTCGGCGCAACTATCGGTATCAA-3 (Sigma) were placed in Hard-Shell PCR plates 

with 96-wells (HSP9601, Bio-Rad) and sealed with Optical Flat Cap Strips (TCS0803, Bio-

Rad), then sent for sequencing. 

 

10. Processing of Sequencing Reads and Clustering Analysis of Derived Peptides 

The statistical programming language R was used to write a script that processes 

the sequencing reads 287. This script reads fasta files generated by sequencing of phage 

clones, identifies nucleotide sequences surrounding the heptapeptide insert in the phage 

amplicon, cuts out the nucleotide sequence corresponding to the insert, and translates it into 

an amino acid sequence. The program also identifies and excludes amplicons with no insert 

or with inserts longer than 7 amino acids. The final list of different peptide sequences were 

clustered (R function hclust) based on the amino acid scoring matrix PAM30.  
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11. Bioinformatic Analysis of Peptide Sequences 

To identify proteins that are mimicked by the uncovered peptides, protein-protein 

BLAST analysis of the peptide sequences was performed. The search was set to non-

redundant protein sequence in the mouse taxid (http://blast.ncbi.nlm.nih.gov). Multiple 

protein mimics were determined for each sequence and were selected from the full BLAST 

list of hits based on the Max score, E-value and Identity. Furthermore, mimics were 

selected based on their nuclear expression score, tissue expression profile, and 

biofunctional relevance particularly to A-type lamins, muscle tissue, heart function, 

myopathies, and cardiomyopathies as determined by the Gene Cards 

(http://www.genecards.org/) and UniProt (http://www.uniprot.org) databases, and PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) search of the biomedical literature. 

  

12. Sub-cellular Fractionation 

Nuclear and cytosolic fractions from WT and Lamin A/C deficient MEF cell lines 

were separated using the Qproteome Cell Compartment Kit (37502, QIAGEN) according to 

the manufacturer’s instructions. Briefly, 8 x 106 cells were lysed with 1ml ice-cold 

extraction buffer (CE1) and incubated for 10min at 4°C on an end-over-end shaker. The 

cytosolic fraction was separated from the pellet by centrifugation at 1000x g for 10min at 

4°C. Membrane proteins were separated by incubating the pellet with 1ml of ice-cold 

extraction buffer (CE2) for 30min at 4°C on an end-over-end shaker and centrifugation at 

6000x g for 10min at 4°C. The remaining pellet was resuspended in Benzonase Nuclease 

and incubated for 15min at room temperature. This was followed by incubation with 500µl 

of ice-cold extraction buffer (CE3) for 10min at 4°C on an end-over-end shaker. The 

http://blast.ncbi.nlm.nih.gov/
http://www.genecards.org/
http://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/pubmed
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supernatant, containing the nuclear fraction was separated from the pellet by centrifugation 

at 6800x g for 10min at 4°C. All extraction buffers were supplemented with protease 

inhibitor solution before use. Both cytosolic and nuclear fractions were stored at -80°C.  

 

13. Protein Extraction and Immunoblotting 

Total proteins were extracted from a confluent cell culture plate using 250µl of 

RIPA lysis buffer (R0278, SIGMA) supplemented with protease inhibitors (22020009-1, 

Bioworld). Protein concentrations of total, cytoplasmic and nuclear fractions were 

determined by Bradford protein assay. 20µg protein lysates from the different sub-cellular 

fractions were resolved by SDS-PAGE and immunoblotted using HuR antibody (sc-20694, 

SANTA CRUZ BIOTECHNOLOGY) at 1:500 dilution, Lamin B1 antibody (sc-374015, 

SANTA CRUZ BIOTECHNOLOGY) at 1:200 dilution and GAPDH antibody (sc-25778, 

SANTA CRUZ BIOTECHNOLOGY) at 1:500 dilution. HRP-conjugated secondary 

antibodies (ab97023, ab97110, abcam; 111-035-144, Jackson Immunoresearch) were used 

at a dilution of 1:5000. Bands were detected using ECL western blotting substrate kit 

(ab65628, abcam) and quantified using ImageJ software. 

 

14. Immunofluorescence Staining 

Cells were seeded on coverslips in 6-well plates, fixed with 4% formaldehyde in 

PBS and permeabilized with 0.5% TritonX-100 in PBS. HuR protein was visualized by 

immunostaining using HuR antibody (sc-20694, SANTA CRUZ BIOTECHNOLOGY) at 

1:50 dilution and Alexa Fluor-conjugated secondary antibody (ab150113, abcam) at 1:500 

dilution. Coverslips were mounted on slides using the UltraCruz Hard-set mounting 
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medium (sc-359850, SANTA CRUZ BIOTECHNOLOGY). Images were acquired with the 

ZEN 2009 Light Edition confocal microscope, using the 60x oil objective. Images were 

analyzed by the ZEN 2009 Light Edition software. 

 

15. Co-immunoprecipitation 

The Dynabeads Co-Immunoprecipitation Kit (14321D, Novex) was used 

according to the manufacturer’s instructions. Briefly, 1.5mg of Dynabeads M-270 Epoxy 

were coupled to 10µg of either HuR (sc-20694, SANTA CRUZ BIOTECHNOLOGY) or 

Lamin A/C (sc-6215, SANTA CRUZ BIOTECHNOLOGY) antibody, through an overnight 

incubation on a roller at 37°C. The beads were then washed and blocked with 0.1% BSA in 

PBS before incubation with 0.07g cell sample on a roller at 4°C for 1hour. Finally, the 

beads were washed and the purified protein complex was eluted and used directly for 

Western Blot analysis using both HuR and Lamin A/C antibodies at 1:500 and 1:200 

dilutions respectively.  

 

D. Results 

1. Nuclear Shape is Maintained Following Nuclear Isolation and Storage 

Lamin B1 staining was performed on nuclei isolated from Lmna+/+ and Lmna-/- 

MEF cell lines to assess nuclear shape following nuclear isolation and storage at -80°C. 

Immunofluorescence staining of both Lmna+/+ and Lmna-/- MEFs showed continuous 

Lamin B1 staining at the nuclear rim. This was assessed short-term within 48hr-to-1 week 

post nuclear isolation and freezing (Figure 10b) and also when evaluated long-term up-to-1 
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year storage of nuclei at -80°C (Supplementary Figure 1). Notably, Lamin B1 intensity was 

reduced in Lmna-/- nuclei in comparison to Lmna+/+ nuclei.  
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Figure 10. A Schematic Diagram Showing the Experimental Strategy for Direct Phage 

Display Bio-Panning on Intact Nuclei Using the BRASIL Method. 

(a) The Ph.D.−C7C library with a diversity of 1x109 heptapeptides per l was used for 

direct bio-panning on either Lmna+/+ or Lmna−/− MEF nuclei. Post incubation and binding 

step on ice, BRASIL method of separation was applied and bound phage was rescued by E. 

coli infection. Serial dilutions were then streaked on tetracycline supplemented IPTG-X-

Gal plates with agarose top to count the phage transducing (plaque forming) units post 

overnight incubation. Colonies were picked and the phage output post amplification and 

titration in bacteria was used as input for the subsequent bio-panning round to enrich for 

phage particles that bind to either type of nuclei. In total, three rounds of bio-panning were 

performed. (b) Representative confocal microscope images showing immunofluorescence 

staining of Lamin B1 protein in nuclei isolated from Lmna+/+ and Lmna-/- MEF cell lines, 

and stored at -80C. The first row shows Lmna+/+ nuclei that were stored at -80°C for a 

week before performing Lamin B1 staining. The second panel shows Lmna-/- nuclei that 

were stored at -80°C for 48hr before performing Lamin B1 staining. Nuclei were 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI). 

 

2. Direct Phage Display Biopanning on MEF Nuclei Using the BRASIL Method  

(Screen 1) 

 

The Ph.D.−C7C library was applied, without pre-clearing, and phage particles 

displaying random heptapeptides were allowed to bind to nuclei from either MEF cells 

expressing WT lamin A/C or cells deficient in A-type lamins (Lmna−/−). Using BRASIL, 

phage particles displaying peptides with preferential binding abilities to either type of 

nuclei were separated from unbound phage and rescued by infection of competent E. coli 

cells (Figure 10a). Serial dilutions were plated on agarose top on IPTG-X-Gal plates 

supplemented with tetracycline (Tet) and bacteriophage plaques were counted post 

overnight incubation to determine the phage transducing unit (TU) counts. Three successive 

rounds of biopanning were performed such that the output from each round for each type of 

nuclei was amplified, titered, and used as input for similar type of nuclei in the subsequent 

round. The ratio of TUs of phage binding to Lmna+/+ MEF nuclei relative to TUs of the 
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insert-less control phage M13KE, increased significantly  from Round I (0.45 ± 0.19) to 

Round II (1.00 ± 0.07) and stayed in Round III (1.02 ± 0.22) higher than in Round I; 

p=0.02 and p=0.05 for the difference between Round I and II and between Round I and III, 

respectively in unpaired one-tailed t-test (Figure 11a). The results represent the mean ratio 

of phage TU counts (phage library/M13KE per sample) ± SEM of 4 independent repeats. 

Accordingly, a 2.2- and a 2.3-fold increase in relative phage binding to Lmna+/+ MEF nuclei 

was observed in Round II and Round III respectively in comparison to Round I. Notably, 

significant enrichment in phage binding to Lmna−/− MEF nuclei was not obtained until 

Round III of biopanning whereby the mean ratio of phage TU counts (1.39 ± 0.21) was 

significantly higher than that obtained in Round I (0.68 ± 0.26) or Round II (0.71 ± 0.09); 

p=0.04 and p=0.01 respectively in unpaired one-tailed t-test (Figure 11a), hence indicating 

a 2-fold increase in relative phage binding to Lmna−/− MEF nuclei in Round III in 

comparison to Round I.  

 

3. Sequence Determination of the Phage Inserts & Clustering Analysis for Clones Selected 

from Screen  

 

As no further increase in relative phage binding to Lmna+/+ MEF nuclei was 

observed between Round II and Round III in Screen 1, we sequenced phage inserts in 

clones picked from only Round I and Round II in order to identify peptides that bind with 

high frequency to Lmna+/+ MEF nuclei. In total, 40 and 49 phage clones were sequenced 

and analyzed from Round I and Round II respectively. To process and analyze the 

sequencing reads, we developed a program using the statistical programming language R to 

identify the heptapeptide insert in the sequenced phage amplicon, and to perform clustering 
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analysis of the recovered peptides using the scoring matrix Point Accepted Mutation 30 

(PAM30). Amino acid substitution matrices describe the rate at which one amino acid in a  
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Figure 11. Direct Phage Display Bio-panning on MEF Nuclei Using the BRASIL 

Method (Screen 1).  

(a) Phage binding was performed, without pre-clearing the Ph.D.−C7C library, directly on 

nuclei from either MEF cells expressing WT Lmna or deficient in A-type lamins. 

Normalized to M13KE control insert-less phage, significant enrichment in phage binding to 

Lmna+/+ nuclei was achieved by Round II and to Lmna−/− nuclei by Round III. Results 

represent the mean ratio of phage TU counts ± SEM of 4 independent repeats (*p  0.05; 

** p  0.01; unpaired one-tailed t-test). (b) Clustering analysis of peptides derived from 

Lmna+/+ nuclei; 40 and 49 peptides were analyzed from Round I and Round II respectively. 

(c) Clustering analysis of peptides derived from Lmna−/− nuclei; 43 and 50 peptides were 

analyzed from Round I and Round III respectively.  

 

sequence changes to another amino acid over time. The substitution rates given by such 

matrices can be used to determine the similarity between amino acid sequences 288. Hence, 

we employed the PAM30 amino acid substitution matrix to determine the amino acid 

similarity between the recovered peptides. Clustering analysis of the recovered peptides 

from Lmna+/+ MEF nuclei showed a decrease in the diversity of peptide sequences obtained 

in Round II in comparison to Round I (Figure 11b). The 8 peptide sequences recovered 

from Round II segregate into 2 different clusters on the dendrogram in that 2 peptide 

sequences are located close to each other while the other 6 peptides form one cluster 

reflecting their biochemical similarity (Figure 11b). Similarly, based on the enrichment 

profile from direct phage display biopanning on Lmna−/− MEF nuclei, we sequenced phage 

inserts in clones picked from only Round I and Round III to identify peptides that bind with 

high frequency to Lmna−/− MEF nuclei. Accordingly, 43 and 50 phage clones were 

sequenced and analyzed from Round I and Round III respectively. Moreover, clustering 

analysis of recovered peptides from Lmna−/− nuclei showed a decrease in the diversity of 

peptide sequences obtained in Round III in comparison to Round I in that only 4 peptide 
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sequences dominated the profile in Round III (Figure 11c). While 3 of these peptides 

formed a cluster in the dendrogram, the fourth peptide identified was unrelated. 

 

4. High Frequency Peptides Recovered from Screen 1 & The Proteins They Mimic 

The percent frequency of occurrence of a given peptide was calculated based on 

the number of times it appeared in the total number of sequenced clones from each round. 

Peptides with frequency of occurrence  2% are listed in Table 1, along with the matching 

motifs in the putative proteins mimicked by the recovered peptides, which were obtained by 

protein-protein BLAST analysis based on the Max score, E-value, and Identity (see 

Methods). By exploring the proteome of Lmna+/+ MEF nuclei using direct phage display 

biopanning with BRASIL and BLAST analysis, we uncovered a panel of 26 proteins that 

may potentially interact with the NE that has an intact nuclear lamina (Table 1). A number 

of these proteins are known A-type lamin interactors (see Discussion). The identified 

proteins have overlapping as well as distinct molecular functions and are implicated in 

diverse biological processes and pathways (Figure 12a) as determined by text mining of the 

gene and protein databases GeneCards (http://www.genecards.org/) and UniProt 

(http://www.uniprot.org/). On the other hand, direct phage display biopanning using 

BRASIL on Lmna−/− MEF nuclei yielded less peptides (Table 1). None of these peptides 

was also obtained by the direct phage display biopanning that was performed on Lmna+/+ 

MEF nuclei. Moreover, BLAST analysis of these peptides resulted in the identification of 

16 proteins that are functionally less diverse (Figure 12b) as determined from text mining 

http://www.genecards.org/
http://www.uniprot.org/


67 
 

of the GeneCards and UniProt databases. Two of the uncovered proteins, CPED1 and 

F136A, have no annotated function. 

 

Table 1. A list of peptides recovered from direct phage display biopanning on Lmna+/+ 

or Lmna−/− MEF nuclei using the Ph.D.−C7C library and the BRASIL method (Screen 

1). 

Matching motifs in candidate proteins (bold) mimicked by the phage inserts were obtained 

by protein-protein BLAST analysis based on the Max score, E-value, and Identity. 

 
Sample 

(Round) 

Peptide  

(% Frequency) 

Matching Motif Protein Mimic (Gene) UniProtKB 

Accession 

Lmna+/+       

MEF nuclei 

(R II) 

HDVMVHN 

(23) 

338-DIMVH-342 

1020-HDIMV-1024 

3229-HDQMVH-3234 

912-VMVHD-916 

Cullin-4A: CUL4A (Cul4a) 

Epidermal growth factor: EGF (Egf) 

Cardiomyopathy-associated protein 5: CMYA5 (Cmya5) 

Nuclear pore membrane glycoprotein 210: PO210 (Nup210) 

Q3TCH7 

P01132 

E9QLJ0  

Q9QY81 

HNASRNT 

(18) 

1399-DASRNT-1404 

1590-NGSRNT-1595 

2118-ASRNT-2122 

Nuclear receptor coactivator 2: NCOA2 (Ncoa2) 

Lysine-specific demethylase 6B: KDM6B (Kdm6b) 

AT-hook-containing transcription factor 1: ELYS: MEL28 
(Ahctf1) 

Q61026 

Q5NCY0 

Q8CJF7 

SAYAHYR 

(18) 

123-SAYQSIAHYR-132 

120-SAYAVQYR-127 

220-SAYMHY-225  

Emerin: EMD (Emd) 

Amyloid beta A4 protein-binding family A-1: APBA1 (Apba1) 

Tensin-2: TNS2 (Tns2) 

O08579 

B2RUJ5 

Q8CGB6 

DTNTVMF 

(18) 

931-DSNTVM-936  

77-DTNTVL-82  

187-DTNTV-191 

Desmoplakin: DESP (Dsp) 

Endoribonuclease deubiquitinase ZC3H12A (Zc3h12a) 

E3 ubiquitin-protein ligase RNF146 (Rnf146) 

E9Q557 

Q5D1E7 

Q9CZW6 

SGMKLQG 

(14) 

361-SGMKLQ-366  

171-GMKLEG-176  

432-SGMKLE-437  

Mitogen-activated protein kinase 13: MK13 (Mapk13) 

Nuclear receptor subfamily 5 group A-2: NR5A2 (Nr5a2) 

Nuclear RNA export factor 1: NXF1 (Nxf1) 

Q9Z1B7 

P45448 

Q99JX7 

ASKSTHD 

(4) 

110-ASCKSTHD-117  

2-ASKSQHD-8  

658-ASKPTH-663  

65-ASKST-69 

Regulator of G-protein-signaling 3: RGS3 (Rgs3) 

7-dehydrocholesterol reductase: DHCR7 (Dhcr7)  

E3 SUMO-protein ligase RanBP2: RBP2 (Ranbp2) 

Prelamin-A/C: LMNA (Lmna) 

I7HPB2 

O88455 

Q9ERU9 

P48678 

TMTFVRA 

(2) 

27-TMVFVR-32 

1130-TMTLGLPEFIRA-1141 

Myosin light chain kinase 2: MLCK2: MYLK2 (Mylk2) 

Nebulin-related-anchoring protein: NRAP (Nrap) 

Q8VCR8 

Q80XB4 

YAPNAKE 

(2) 

256-PNAKE-260 

286-PNAKE-290 

676-PNAKE-680 

33-YAPNCAK-39 

Transducer of erbB-2 2:  TOB2 (Tob2) 

Transducer of erbB-2 1:  TOB1 (Tob1) 

Ataxin-2: ATX2 (Atxn2) 

PDZ and LIM domain protein 7: PDLI7 (Pdlim7) 

Q9JM55 

Q61471 

O70305 

Q3TJD7 

Lmna−/−       

MEF nuclei 

(R III) 

FPTHNMH 

(64) 

84-FPTHDM-89 

99 -PTHNLH-104  

440-FPPVCTHNM-448  

Pantothenate kinase 2: PANK2 (Pank2) 

Ephrin-A3: EFNA3 (Efna3) 

Muscle glycogen synthase: GYS1 (Gys1) 

Q7M753 

O08545 

Q9Z1E4 

MVRDHSV 

(32) 

1050-MVRDH-1054  

104-VRDHS-108 

134-RDHSV-138  

Nesprin-1: SYNE1 (Syne1) 

Zinc finger protein 394: ZN394 (Znf394) 

Zinc finger protein RFP: TRI27 (Trim27) 

Q6ZWR6 

Q9Z1D9 

Q62158 
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157-VRDHS-161 

1535-MVRDQDV-1541 

Apaf1 protein: APAF1 (Apaf1) 

Fat 1 cadherin: CDHF7 (Fat1) 

Q80VR5 

Q9QXA3 

GLSTGRT 

(2) 

422-GLSLLTGRT-430 

17-STGRT-21 

26-LSTGR-30 

114-GLATGR-119 

Putative E3 ubiquitin-protein ligase SH3RF2: SH3R2 (Sh3rf2) 

Exosome complex component RRP41: EXOSC4 (Exosc4) 

Proteasome subunit beta type-10: PSB10 (Psmb10) 

DDB1- and CUL4-associated factor 11: DCA11 (Dcaf11) 

Q8BZT2 

Q921I9 

O35955 

Q91VU6 

FPRDHMH 

(2) 

2-PRNQMH-7 

168-PREHM-172 

117-DHMH-120 

95-DHMH-98 

Carboxylesterase 2: CES2 (Ces2c) 

Cadherin like PC-esterase domain containing 1: CPED1 (Cped1) 

Protein FAM136A: F136A (Fam136a) 

Wnt-3: WNT3 (Wnt3) 

Q8K033 

E9Q7L8 

Q9CR98 

P17553 

 

5. Differential Phage Display Biopanning on Lmna+/+ MEF Nuclei Using the BRASIL 

Method (Screen 2) 

 

In the second screen, the Ph.D.−C7C library was pre-cleared on Lmna−/− MEF 

nuclei, and the pool of unbound phage particles was incubated with nuclei from either 

Lmna+/+ or Lmna−/− MEF cells. Three successive rounds of biopanning were performed 

such that the output from each round for Lmna+/+ MEF nuclei was amplified, titered, and 

used as input for the subsequent round, with a pre-clearing step on Lmna−/− MEF nuclei 

done in each round. We expect that phage particles displaying peptides which can interact 

with the NE of the Lmna−/− MEF nuclei get cleared. As such, the ones enriched post 

binding to Lmna+/+ MEF nuclei are presumably those displaying peptides with preferential 

binding to nuclei with A-type lamins likely because their interacting partners are still 

retained there. Relative to the M13KE control phage, significant enrichment in phage 

binding to Lmna+/+ MEF nuclei was achieved by Round III, with a mean ratio of phage TU 

counts (0.91 ± 0.24) that was significantly higher than that for Round I (0.38 ± 0.13; p =  
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Figure 12. Functional Stratification of the Proteins Mimicked by the Peptides 

Uncovered by Direct Phage Display Bio-Panning on Lmna+/+ and Lmna−/− MEF Nuclei 

in Screen 1. 

(a-e) Bar graph labels indicate the number of proteins per functional category.  (f) The chart 

shows the total number of selected peptides and their protein mimics derived from BLAST 

analysis for each type of nuclei per bio-panning round. 

 

0.05 in unpaired one-tailed t-test (Figure 13a). The results represent the mean ratio of phage 

TU counts (pre-cleared library/M13KE) ± STDEV of 2 independent repeats; each done in 

duplicates. Accordingly, a 2.4-fold increase in relative phage binding to Lmna+/+ MEF 

nuclei was observed in Round III in comparison to Round I. However, there was no 

significant difference in relative phage binding to Lmna+/+ MEF nuclei between Round II 

and Round III (p = 0.40), which indicates that enrichment was practically attained by 

Round II. This goes in line with the clustering analysis of peptide sequences obtained from 

this differential phage display screen for lamin A/C WT nuclei, whereby the diversity of 

peptides did not decrease from Round II to Round III (see below). Despite pre-clearing the 

Ph.D.−C7C library on Lmna−/− MEF nuclei, we still noted significant subsequent 

enrichment in phage binding to Lmna−/− MEF nuclei in Rounds II and III (plausible reasons 

discussed later). The mean ratio of phage TU counts in Round II (0.70 ± 0.06) and in 

Round III (0.82 ± 0.14) was significantly higher than that obtained in Round I (0.49 ± 

0.00); p=0.02 and p=0.04 respectively in unpaired one-tailed t-test, thus showing a 1.4- and 

a 1.7-fold increase in relative phage binding to Lmna−/− MEF nuclei in Rounds II and III 

respectively in comparison to Round I even after pre-clearing the library on Lmna−/− MEF 

nuclei (Figure 13a).  
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Figure 13. Differential phage display bio-panning on MEF nuclei using the BRASIL 

method post pre-clearing the Ph.D.−C7C library on Lmna−/− MEF nuclei (Screen 2). 

(a) Phage binding was performed on nuclei from either MEF cells expressing WT Lmna or 

deficient in A-type lamins. Significant enrichment in phage binding to Lmna+/+ nuclei was 

achieved by Round III and to Lmna−/− nuclei by Round II. Results represent the mean ratio 

of phage TU counts ± STDEV of 2 independent repeats; each done in duplicates (*p  0.05; 

unpaired one-tailed t-test). (b) Clustering analysis of identified peptides with preferential 

binding to Lmna+/+ nuclei was performed using the statistical programming language R and 

the scoring matrix PAM30. A panel of 21, 52, and 46 peptides were analyzed from Rounds 

I, II, and III respectively. 

  

6. Sequence Determination of the Phage Inserts & Clustering Analysis for Clones Selected 

from Screen 2 
 

To identify peptides that preferentially bind to Lmna+/+ MEF nuclei, the phage 

inserts for a panel of 21, 52, and 46 phage clones from Rounds I, II, and III respectively, 

that were selected from the output for the Lmna+/+ MEF nuclei, were PCR amplified,  

sequenced, and analyzed. Performed in a similar manner as that for Screen 1, clustering 

analysis of the recovered peptides shows considerable diversity in the different peptides 

recovered from all three rounds of biopanning. The sequenced clones from Round I did not 

show any repeated peptide sequences (data not shown) whereas Round II yielded 25 

different peptides, and 30 different peptides were recovered from Round III (Figure 13b). 

Some of the peptides from Round II localize to both narrow and wide clusters, a feature 

that was also observed for most peptides from Round III. In addition, overlap between 

peptides from Rounds II and III was clearly seen by the clustering of red, blue and green 

colors in the dendrogram, thus indicating that these peptide sequences have similar 

characteristics which likely underlie their binding to lamin A/C WT nuclei and ensure their 
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appearance in both biopanning rounds. On the other hand, 10 peptide sequences from 

Round II and 7 peptide sequences from Round III appeared more than once per round. 

 

7. High Frequency Peptides Recovered from Screen 2 & The Proteins They Mimic 

Peptides recovered from Screen 2 with a frequency of occurrence  2% are listed 

in Table 2. Matching motifs in proteins mimicked by these peptides, which were obtained 

by protein-protein BLAST analysis are listed in  

 

 

 

 

 

Table 2 and Supplementary Table 1. Profiling the proteome of Lmna+/+ MEF 

nuclei using differential phage display biopanning with BRASIL followed by protein-

protein BLAST analysis, we uncovered a large panel of proteins that preferentially interact 

with the nucleus of Lmna−/− cells ( 

 

 

 

 

 

Table 2 and Supplementary Table 1). Some of these proteins have been previously 

reported as A-type lamin interactors (see Discussion). As in the case with direct phage 
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display biopanning performed on Lmna+/+ MEF nuclei (Screen 1), the uncovered proteins 

from Screen 2 have overlapping as well as distinct pleiotropic functions (Figure 15a). 

 

 

 

 

 

 

Table 2. A list of peptides recovered from differential phage display biopanning on 

Lmna+/+ (Screen 2) or Lmna−/−  (Screen 3) MEF nuclei using pre-cleared Ph.D.-C7C 

library and the BRASIL method. 

Matching motifs in candidate proteins (bold) mimicked by the phage inserts were obtained 

by BLAST analysis based on the Max score, E-value, and Identity. Supplementary Tables 

S1 and S2 show expanded lists of the protein mimics for the peptides derived from Screens 

2 and 3 respectively. 

 
Sample 
(Screen/Round) 

Peptide 
(% Frequency) 

Matching Motif Protein Mimic (Gene) UniProtKB 
Accession 

Lmna+/+ 

MEF nuclei 

(S2/R II) 

FHATKAR (11) 97-HATKA-101 Cleavage & polyadenylation specificity factor subunit 3: CPSF3 (Cpsf3) Q9QXK7 

ETYTSKA (11) 20-TYTSK-24 Fibroblast growth factor 1: FGF1 (Fgf1) P61148 

TPYHTLK (9) 96-YHTLK-100 Gamma-enolase: Enolase 2: ENOG (Eno2) P17183 

LPIMQGH (8) 80-LPIMQ-84 
227-PIMQG-231 
1658-MPIMQ-1662 

Peroxisomal biogenesis factor 19: PEX19 (Pex19) 
Cyclin-dependent kinase 9: CDK9 (Cdk9) 
Protein PRR14L (Prr14l) 

Q8VCI5 
Q99J95 
E9Q7C4 

EHYTAAI (8) 376-HYSAAI-381 
38-ENFTAAI-44 
170-YTAAI-174 
170-YTAAI-174 

Protein SMG5 (Smg5) 
Protein Slc22a29: Solute carrier family 22. member 29 (Slc22a29) 
Cyclin-dependent kinase 11B: CD11B: p58 CDK11 (Cdk11b, Cdc2l1) 
DnaJ homolog subfamily C member 3: DNJC3 (Dnajc3) 

Q6ZPY2 
Q8BWG6 
P24788 
Q91YW3 

LKHGMNK (8) 862-KHGMN-866 Mediator of RNA polymerase II transcription subunit 12:MED12 
(Med12) 

A2AGH6 

GMMPTKV (6) 1282-GMMPSK-
1287 
969-MPTKV-973 
32-MMPT-35 

Vascular endothelial growth factor receptor 2: VEGFR2: KDR (Kdr) 
Eukaryotic translation initiation factor 4E transporter: 4ET (Eif4enif1) 
Ubiquitin carboxyl-terminal hydrolase 7: USP7 (Usp7) 

P35918 
Q9EST3 
E9PXY8 

TPESRHE (6) 373-ESRHE-377 Double-stranded RNA-specific adenosine deaminase: DSRAD (Adar) Q99MU3 

NQEIASR (4) 24-NQEIA-28 Nucleoplasmin-3: Nucleophosmin-3: NPM3 (Npm3) Q9CPP0 

PLNKPYL (4) 747-LHKPYL-752 Tubulin polyglutamylase TTLL4 (Ttll4) Q80UG8 

Lmna+/+ 

MEF nuclei 

(S2/R III) 

MSTGLSS (14) 1-MSTGL-5 
477-MSTGL-481 

Septin-5: SEPT5 (Sept5) 
Lipoxygenase-3: ALOXE3: LOXE3 (Aloxe3) 

Q9Z2Q6 
Q9WV07 

NSSFVRS (11) 426-NSSFVPS-432 
82-SSFVR-86 

Pericentriolar material 1 protein: PCM1 (Pcm1) 
Nuclear envelope pore membrane protein POM 121: PO121 
(Pom121) 

Q9R0L6 
Q8K3Z9 

RGATPMS (11) 267-RGATPKS-273 
629-RG-TPMS-634 

Protocadherin 1: Cadherin-Like Protein 1: PCDH1 (Pcdh1) 
Nuclear pore complex protein Nup133: NU133 (Nup133) 

Q8CFX3 
Q8R0G9 
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HPVSGQK (7) 2249-HPVTGQ-2254 Chromodomain-helicase-DNA-binding protein 6: CHD6 (Chd6) A3KFM7 

LKLGEKW (7) 276-LGEKW-280 
88-KIGEKW-93 
128-KLGEMW-133 
1752-LKLGE-W-
1757 

Syntaxin-4: STX4 (Stx4) 
Fibronectin: FN1 (Fn1) 
High mobility group protein B1: HMGB1 (Hmgb1) 
Serine/threonine-protein kinase mTOR (Mtor) 

P70452 
Q4KL80 
P63158 
Q9JLN9 

SWNQMRG (5) 342-SWRQMR-347 Calpain-13: CAN13 (Capn13) Q3UW68 

SDARSPK (5) 187-DARNPK-192 
26-EARSPK-31 
633-DARSP-637 

Global transcription activator SNF2L2: Smarca2: SMCA2 (Smarca2) 
Proline-rich protein 14: PRR14 (Prr14) 
Protein kinase C gamma type: KPCG (Prkcg) 

Q6DIC0 
Q7TPN9 
P63318 

Lmna−/− 

MEF nuclei 

(S3/R II) 

SGGRMHQ 
(14) 

252-GRMH-255 
43-GRMNQ-47 

Aurora kinase B: AURKB (Aurkb) 
Matrin-3: MATR3 (Matr3) 

O70126 
Q8K310 

QNPNQKF (12) 111-NPNQ- 114 
113-NPNQ- 116 
139-NPNQ-142 
186-NPNQ-189 

Myogenin: MYOG (Myog) 
Myogenic factor 5: MYF5 (Myf5) 
Myoblast determination protein 1: MYOD1 (Myod1) 
ELAV-like protein 1: ELAV1: ELAV1: Hu-antigen R: HuR (Elavl1) 

P12979 
P24699 
P10085 
P70372 

HPVSGQK (4) 2249-HPVTGQ-2254 Chromodomain-helicase-DNA-binding protein 6: CHD6 (Chd6) A3KFM7 

SISSLTH (4) 489-SISSLT-494 
185-SISSLT-190 

Runt-related transcription factor 2: RUNX2 (Runx2) 
E3 ubiquitin-protein ligase RBBP6 (Rbbp6) 

Q08775 
P97868 

HQSSTST (4) 43-QSSTST-48 
61-HQSNTS-66 

Phosphatase 2A 56 kDa regulatory subunit  isoform: 2A5G (Ppp2r5c) 
Alpha-1-antiproteinase: A1AT: Serpin A1 (Serpina1) 

Q60996 
Q63969 

Lmna−/− 

MEF nuclei 

(S3/R III) 

PTNQHHL (44) 155-PGSQHHL-161 
513-PTYQHHL-519 

Protein Wnt-7b: WNT7B (Wnt7b) 
NACHT, LRR & PYD domains-containing protein1b allele2:NL1B2 
(Nlrp1b) 

P28047 
A1Z198 

NAFMKWA 
(16) 

110-NAFMVWA-116 
223-FMKW-226 

Transcription factor SOX-9 (Sox9) 
Inositol 1,4,5-trisphosphate receptor type 1: ITPR1 (Itpr1) 

Q04887 
P11881 

PTVKQKW (10) 56-PEVKQKW-62 
85-TVQQKW-90 

Nuclear factor 1 A-type: NFIA (Nfia) 
Synaptotagmin-7: SYT7 (Syt7) 

Q02780 
Q9R0N7 

GLKLGAL (8) 568-GLKLGLL-574 Catenin alpha-like protein 1: Alpha-catulin: CTNL1 (Ctnnal1) O88327 

HGSSLLK (6) 489-HGSSLL-494 Probable ATP-dependent RNA helicase DDX31 (Ddx31) Q6NZQ2 

GGGPLYM (4) 362-GGGELYM-368 Obscurin: OBSCN (Obscn) A2AAJ9 

 

8. Differential Phage Display Biopanning on Lmna−/− MEF Nuclei Using the BRASIL 

Method (Screen 3) 
 

In the third screen, the Ph.D.−C7C library was pre-cleared on Lmna+/+ MEF nuclei, 

and the pool of unbound phage particles was incubated with nuclei from either Lmna+/+ or 

Lmna−/− MEF cells. We expect that phage particles displaying peptides that interact with 

the NE of the Lmna+/+ MEF nuclei are cleared, resulting in peptides enriched post binding 

to Lmna−/− MEF nuclei that preferentially bind to Lmna−/− nuclei. This could be caused by  

their interacting partners being enriched or become more accessible in Lmna−/− nuclei. 

Three successive rounds of biopanning were performed such that the output from each 

round for Lmna−/− MEF nuclei was amplified, titered, and used as input for the subsequent 
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round with a pre-clearing step on Lmna+/+ MEF nuclei done in each round. Remarkably, 

pre-clearing the phage library on Lmna+/+ MEF nuclei resulted in no subsequent enrichment 

in phage binding to either type of nuclei by Round II or Round III (plausible reasons 

discussed later). Relative to the M13KE control phage, the mean ratio of phage TU counts 

obtained for Lmna−/− MEF nuclei in Round II (1.28 ± 0.55) or in Round III (0.82 ± 0.11) 

was not statistically significantly different from that for Round I (0.73 ± 0.20); p=0.16 and 

p=0.33 respectively in unpaired one-tailed t-test (Figure 14a). The results represent the 

mean ratio of phage TU counts (pre-cleared library/M13KE) ± STDEV of 2 independent 

repeats; each done in duplicates. Likewise, the mean ratio of phage TU counts obtained for 

Lmna+/+ MEF nuclei in Round II (0.90 ± 0.29) or in Round III (0.86 ± 0.05) was not 

statistically significantly different from that for Round I (0.84 ± 0.15); p=0.40 and p=0.44 

respectively in unpaired one-tailed t-test (Figure 14a).  
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Figure 14. Differential Phage Display Bio-panning on MEF Nuclei Using the BRASIL 

Method Post Pre-clearing the Ph.D.−C7C Library on Lmna+/+ MEF Nuclei (Screen 3). 

(a) Phage binding was performed on nuclei from either MEF cells expressing WT Lmna or 

deficient in A-type lamins. No significant enrichment in phage binding to either Lmna+/+ or 

Lmna−/− nuclei was obtained following 3 successive rounds of bio-panning. Results 

represent the mean ratio of phage TU counts ± STDEV of 2 independent repeats; each done 

in duplicates. (b) Clustering analysis of identified peptides with preferential binding to 

Lmna−/− nuclei was performed using the statistical programming language R and the 

scoring matrix PAM30. A panel of 20 peptides from Round I and 50 peptides from each of 

Rounds II and III were analyzed. 

 

9. Sequence Determination of the Phage Inserts & Clustering Analysis for Clones Selected 

from Screen 3 

 

To identify peptides displayed by phages that were recovered from Lmna−/− MEF 

nuclei in Screen 3, the phage inserts for a panel of 20 phage clones from Round I and 50 

clones from each of Rounds II and III selected from the output for the Lmna−/− MEF nuclei 

were PCR amplified, sequenced, and analyzed. Clustering analysis of the recovered 

peptides shows that the diversity of peptides substantially decreases in Round II and even 

more so in Round III in that we recovered 38 different peptides in Round II and only 12 

different peptides in Round III (Figure 14b). Of the 50 sequenced clones from Round II, 5 

peptides appeared more than once. Moreover, the 50 sequenced clones from Round III are 

represented by only 12 different peptide sequences, 6 of which were repeated more than 

once. The percent frequency of occurrence of these peptides is shown in Table 2. In 

contrast, all 20 peptides from Round I were different (data not shown). Notably, peptide 

sequences from Round II show a greater level of clustering than peptides from Rounds I 

and III, consistent with a higher number of sequenced clones than Round I and a higher  
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Figure 15. Functional Stratification of the Proteins Mimicked by the Peptides 

Uncovered by Differential Phage Display Bio-panning on Lmna+/+ (Screen 2) and 

Lmna−/−  (Screen 3) MEF Nuclei. 

(a-e) Bar graph labels indicate the number of proteins per functional category.  (f) The chart 

shows the total number of selected peptides and their protein mimics derived from BLAST 

analysis for each type of nuclei per bio-panning round.  

 

number of different peptide sequences than Round III. Moreover, overlap between peptide 

sequences from the three rounds was also noted (Figure 14b). 

 

10. High Frequency Peptides Recovered from Screen 3 & The Proteins They Mimic 

Peptides recovered from Screen 3 with a frequency of occurrence  2% are listed 

in Table 2. Matching motifs in putative proteins mimicked by these peptides, which were 

obtained by protein-protein BLAST analysis are listed in Table 2 and Supplementary Table 

2. Profiling the proteome of Lmna−/− MEF nuclei using differential phage display 

biopanning with BRASIL followed by protein-protein BLAST analysis, we identified a 

panel of proteins that preferentially interact with the NE lacking A-type lamins (Table 2 

and Supplementary Table 2). A number of these proteins are A-type lamin interactors as 

validated by previous studies, and/or reported as dysregulated in the context of A-type 

lamin loss or mutation (see Discussion). In contrast to the somewhat limited functional 

proteomic profile that we obtained from direct phage display biopanning on Lmna−/− MEF 

nuclei (Screen 1), the uncovered proteins from Screen 3 are much more diverse in terms of 

molecular functions and biological processes (Figure 15b). 
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11. HuR Protein Localization is Altered in Lmna-/- in Comparison to Lmna+/+ MEF Cells 

Immunofluorescence staining of HuR protein in Lmna-/- and Lmna+/+ MEF cell 

lines showed that HuR protein is mainly localized to the nucleus in Lmna-/- cell line as 

opposed to Lmna+/+ cell line where it is mainly cytoplasmic (Figure 16a). Western Blot 

analysis of HuR protein expression in total, cytoplasmic and nuclear protein fractions from  

Lmna+/+ and Lmna-/- MEF cell lines showed a 19-fold increase in nuclear HuR protein 

expression in Lmna-/- (19 ± 14.6) in comparison to Lmna+/+ MEF cell line (Figure 16b). The 

results represent the mean ratio of nuclear HuR densitometry signal, normalized to that of 

Lamin B1, from three independent repeats. However; this increase was not statistically 

significant as determined by one-way analysis of variance (ANOVA) (p = 0.286) (Figure 

16c). Conversely, a 2.6-fold decrease in cytoplasmic HuR protein expression was noted in 

Lmna-/- (0.38 ± 0.08) in comparison to Lmna+/+ MEF cell line (Figure 16c, d). The results 

represent the mean ratio of cytoplasmic HuR densitometry signal, normalized to that of 

GAPDH, from three independent repeats. This decrease was statistically significant (p = 

0.001). No significant change in total HuR protein expression was noted in Lmna-/- (1.09 ± 

0.08) in comparison to Lmna+/+ MEF cell line (p = 0.333) (Figure 16c, d). Total HuR was 

normalized to GAPDH and the mean ratio was calculated from three independent repeats. 

Interestingly, a cleavage product of 24kDa appeared in the nuclear fraction of Lmna+/+ but 

not Lmna-/- MEF cell line (Figure 16b). As controls for the purity of cytoplasmic and 

nuclear fractions, GAPDH protein only appeared in the cytoplasmic protein fraction while 

Lamin B1 protein only appeared in the nuclear protein fraction (Figure 16b). 
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Figure 16. HuR Protein Expression and Sub-cellular Localization in MEF Cell Lines. 

 (a) Representative confocal microscope images showing immunofluorescence staining of 

HuR protein in Lmna-/- in comparison to Lmna+/+ MEF cell line. HuR protein preferentially 

localizes to the nucleus in Lmna-/- cell line while it mainly localizes in the cytoplasm in 

Lmna+/+ cell line. Nuclei were visualized by counterstaining with 4′,6-diamidino-2-

phenylindole (DAPI). (b) Western Blot analysis of HuR protein expression in total, 

cytoplasmic and nuclear protein fractions from Lmna+/+ and Lmna-/- MEF cell lines. An 

increase in nuclear HuR protein expression was noted in Lmna-/- in comparison to Lmna+/+ 

MEF cell line. A cleavage product of 24kDa appeared in the nuclear fraction of Lmna+/, but 

not Lmna-/- MEF cell line. GAPDH and Lamin B1 proteins were used as loading controls 
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and for assessment of the purity of cytoplasmic and nuclear protein fractions. (c, d) 

Quantification of HuR densitometry signal, normalized to that of the GAPDH loading 

control for total and cytoplasmic protein fractions and to that of the Lamin B1 loading 

control for nuclear fractions. A statistically significant decrease in cytoplasmic HuR protein 

expression was noted in Lmna-/- in comparison Lmna+/+ MEF cell line. Although an 

increase in nuclear HuR protein expression was noted in Lmna-/- in comparison Lmna+/+ 

MEF cell line, this increase was not statistically significant. Results represent average ± 

SEM of 3 independent experiments. Significance was assessed by one-way analysis of 

variance (ANOVA) followed by Dunnett's post hoc test. A probability level of p≤0.05 was 

considered significant. (***p≤0.001, **p≤0.01).  

 

 

Figure 17. Co-immunoprecipitation (Co-IP) Analysis to Examine Interaction Between 

Lamin A/C and HuR Proteins in Lmna+/+ MEF Cell Line. 

(a) Co-IP was performed using HuR antibody-coupled Dynabeads. Immunoblotting using 

Lamin A/C and HuR antibodies showed that both proteins co-immunoprecipitate together 

in Lmna+/+ MEF cell line. (b) Co-IP was performed using Lamin A/C antibody-coupled 

Dynabeads. Immunoblotting using Lamin A/C and HuR antibodies showed that both 

proteins co-immunoprecipitate together in Lmna+/+ MEF cell line. Results represent three 

independent experiments in case of Lamin A/C antibody-coupled Dynabeads and one 

repeat in case of HuR antibody-coupled Dynabeads. 
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12. HuR Protein Interacts with Lamin A/C 

 In an attempt to validate one of the targets obtained in our differential phage 

display screens in this study, we tested whether HuR protein binds Lamin A/C, co-

immunoprecipitation assays were performed using both anti-HuR and anti-Lamin A/C-

coupled beads. Lamin A/C protein was immunoprecipitated using beads coupled to an 

antibody against HuR. Probing for HuR was done as a control (Figure 17a). On the other 

hand, HuR was pulled down using beads coupled to an antibody against Lamin A/C. 

Probing for Lamin A/C was done as a control (Figure 17b). 

 

E. Discussion 

Proteomic profiling of nuclei from Lmna+/+ or Lmna−/−  MEF cells by direct phage 

display using BRASIL resulted in significant enrichment in phage binding to both types of 

nuclei following three successive rounds of biopanning (Screen 1). The data suggest 

preferential phage binding to Lmna+/+ nuclei relative to nuclei derived from Lmna−/− cells, 

which was particularly evident in Round II (Figure 11a). Consistent with the pattern 

obtained in Screen 1, differential phage display biopanning (Screen 2) resulted in 

significant enrichment in phage binding to Lmna+/+ nuclei that was noted as early as Round 

II (Figure 13a). The lack of further enrichment, in terms of phage TU counts, in Round III 

is probably due to the effect the selected phages may have on bacterial host replication such 

as causing a slower bacterial replication cycle. Notably, despite pre-clearing the 

Ph.D.−C7C library on Lmna−/− MEF nuclei, we still noted significant subsequent 

enrichment in phage binding to Lmna−/− nuclei in Round II, which persisted in Round III 
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(Figure 13a). These findings indicate that pre-clearing the phage library on lamin A/C null 

nuclei may not have fully quenched the library from peptides that have binding affinities to 

Lmna−/− nuclei. This could be explained in part by either weak and transient interactions 

between these peptides and their binding partners in Lmna−/− NE, and/or a low copy number 

of the binding partners in Lmna−/− NE that is inadequate to quench the homing phage 

displayed peptides during the pre-clearing steps. In contrast, pre-clearing the phage library 

on Lmna+/+ MEF nuclei (Screen 3) resulted in no subsequent enrichment in phage binding 

to either type of nuclei by Round II or Round III (Figure 14a), which is indicative that pre-

clearing the phage library on Lmna+/+  nuclei efficiently quenched the library from peptides 

that have binding affinities to either type of nuclei. This data could be explained, in part, by 

strong interactions between these peptides and their binding partners in Lmna+/+ NE, and/or 

a copy number of the binding partners in Lmna+/+ nuclei that is adequately high to quench 

the homing phage displayed peptides during the pre-clearing steps.  

Clustering analysis of the peptides derived from Screen 1 shows a decrease in the 

diversity of peptide sequences in Rounds II and III in comparison to Round I (Figure 11b 

and Figure 11c). This is an expected outcome for screens with successful enrichment of 

phage particles displaying peptides that have more selectivity in binding to the target(s) of 

interest, hence yielding less diversity across successive rounds of biopanning. Similarly, a 

decrease in the diversity of peptides recovered from successive rounds of biopanning was 

also noted in the two differential phage display screens (Figure 13b and Figure 14b). 

Interestingly, bioinformatic analysis of peptides derived from Screens 2 and 3 revealed that 

distinct peptides from two or three different rounds cluster together, which is indicative that 
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although these peptides are different, they are similar in terms of characteristics of amino 

acid sequences and likely have similar binding properties (Figure 13b and Figure 14b). 

Moreover, the heptapeptide HPVSGQK was recovered at a frequency of 7% in Screen 2, 

Round III biopanning on Lmna+/+ nuclei and at a frequency of 4% in Screen 3, Round II 

biopanning on Lmna−/− nuclei, thus suggesting that the proteins mimicked by this peptide 

namely pleckstrin homology domain-containing family A members 5, 6, and 7 (PKHA5, 

PKHA6, PKHA7) and the chromodomain-helicase-DNA-binding protein 6 (CHD6) have 

their interacting partners retained in both types of nuclei, regardless of the status of A-type 

lamin expression. It is worthwhile mentioning that all the enriched peptides obtained in all 

three screens differ from the target-unrelated peptides that were previously reported for 

M13 phage display libraries 289,290, thus ruling out the likelihood that any of the three 

screens yielded high frequency peptides which interact nonspecifically with various items 

and reagents in the experimental procedures. 

In validation of the experimental modality that we used for the proteomic profiling 

of nuclei, several proteins uncovered in Screen 1⎯with matching motifs to the high 

frequency peptides that were derived from direct phage display biopanning on Lmna+/+ 

nuclei (Table 1)⎯were previously reported as A-type lamin interactors and some of them 

are altered in laminopathies. These include the epidermal growth factor (EGF) 103, protein 

ELYS also known as AT-hook-containing transcription factor 1 or MEL28 nucleoporin 

102,291,292, emerin 102,291,293-298, desmoplakin (DESP) 299, nuclear RNA export factor 1 

(NXF1) 300, the E3 SUMO-protein ligase RanBP2 102, and pre-lamin A/C 103,301. Similarly, 

some of the proteins uncovered in Screen 2⎯ with matching motifs to the high frequency 
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peptides that were derived from differential phage display bio-panning on Lmna+/+ nuclei 

(Table 2 and Supplementary Table 1)⎯were previously reported as lamin A interactors. 

These include vascular endothelial growth factor receptor 2 (VEGFR2) 302, ubiquitin 

carboxyl-terminal hydrolase 7 (Usp7) 303, nuclear envelope pore membrane protein 

POM121 102,291, nuclear pore complex protein NU133 102,291, fibronectin 304, and proline-

rich protein 14 (PRR14) 305.  

A result that further validates our experimental approach is that one of the proteins 

uncovered in Screen 1, with a matching motif to the high frequency peptide MVRDHSV 

that was derived from direct phage display biopanning on Lmna−/− nuclei (Table 1), is 

nesprin-1 (SYNE1), a lamin A/C interactor that was shown to be disorganized in Lmna−/− 

cardiomyocytes and implicated  in the nuclear and the cytoskeletal defects noted in lamin 

A/C-deficient cardiomyopathy 279,306,307. Similarly, several of the proteins uncovered in 

Screen 3⎯with matching motifs to the high frequency peptides that were derived from 

differential phage display biopanning on Lmna−/− nuclei (Table 2 and Supplementary Table 

2)⎯were  previously reported as lamin A/C interactors that are dysregulated in the context 

of laminopathies. For instance, matrin-3 (MATR3) with a matching motif to the high 

frequency heptapeptide SGGRMHQ, is an RNA-binding nucleoplasmic protein that co-

immunoprecipitates with lamin A and their interaction is disrupted by myopathic LMNA 

mutations 90. Additionally, the transcription factor myogenin (MYOG) with a matching 

motif to the high frequency peptide QNPNQKF is transcriptionally and functionally altered 

in C2C12 myoblasts expressing myodystrophic Lmna mutations that impair myogenic 

differentiation 308. Likewise, the closely related myogenic factor 5 (MYF5) with a matching 
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motif to the same heptapeptide is upregulated in replicative myoblasts lacking A-type 

lamins that exhibit impaired myogenesis 262. Moreover, the related myoblast determination 

protein 1 (MYOD1), also with a matching motif to the peptide QNPNQKF, is upregulated 

in compensation for a molecular block to differentiation in Emd null muscle characterized 

by regeneration defects and delayed myogenic differentiation 276. Notably, runt-related 

transcription factor 2 (RUNX2), with a matching motif to the peptide SISSLTH, physically 

interacts with lamin A during the process of calcification in that its nuclear translocation is 

abrogated with the knockdown of lamin A 309. In support of this, another study 

demonstrated that the osteogenic transcription factor capacity of RUNX2 is influenced by 

its co-localization with MAN-1, a NE protein that is increased in expression in the absence 

of lamin A/C 310. 

Though some of the identified proteins in these screens were previously reported 

as A-type lamin interactors that are altered in laminopathies, many have not been reported 

in this context. By virtue of their nuclear expression and localization as well as their 

functional relevance, they warrant further investigation as putative functional partners that 

may be dysregulated in the absence of lamin A/C. Herein, we will discuss select examples 

from each screen. For instance, nuclear receptor coactivator 2 (NCOA2),  with a matching 

motif to the high frequency peptide HNASRNT that was derived from direct phage display 

biopanning on Lmna+/+ nuclei in Screen 1, was also uncovered by differential biopanning 

on Lmna+/+ nuclei in Screen 2 as it matched to the peptide TPESRHE. Highly expressed in 

the nucleus, NCOA2 has histone acetyltransferase activity and is implicated in the 

transcriptional regulation of lipid metabolism and white adipocyte differentiation by 
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interacting with the peroxisome proliferator-activated receptor gamma (PPARγ) 311,312. 

Moreover, the oxidoreductase 7-dehydrocholesterol reductase (DHCR7) that mimics the 

peptide ASKSTHD which was enriched in Screen 1 is also implicated in lipid biosynthesis 

and in the regulation of cell proliferation and cell differentiation by virtue of its interplay 

with the sterol regulatory element binding protein 1 (SREBP-1), a lamin A interacting 

partner 313,314. Likewise, the mediator of RNA polymerase II transcription subunit 12 

(MED12), a ubiquitin protein ligase, which is mimicked by the peptide LKHGMNK that 

was enriched in Screen 2 is involved  in the transcriptional regulation of white adipocyte 

differentiation, and canonical Wnt signaling pathway with proposed implications in 

cardiovascular diseases 315,316. Among the proteins uncovered in Screen 2, both the THO 

complex subunit 1 (THOC1) and the serine/threonine-protein kinase mTOR have motifs 

with strong homology to the peptide LKLGEKW that exhibited preferential binding to 

Lmna+/+ nuclei. Implicated in transcriptional regulation and mRNA splicing, THOC1 also 

functions in mRNA export to the cytoplasm and its absence has been linked to genomic 

instability associated with DNA breaks 317,318. A central regulator of cellular metabolism, 

growth, and survival in response to growth factors and stress signals, mTOR has roles in 

cardiac muscle development and contraction in addition to a plethora of other functions 319. 

A recent study reported on its implication in LMNA associated cardiomyopathy by 

impairing autophagy 320, whereas an earlier study had demonstrated that mTOR interacts 

with the nuclear lamina-associated NE transmembrane protein NET39 (Ppapdc3), and in 

part mediates its regulation of myoblast differentiation 321.  



90 
 

Notably, the tubulin polyglutamylase TTLL4, mimicked by the peptide PLNKPYL 

that was enriched with preferential binding to Lmna+/+ nuclei in Screen 2, mediates the 

initiation of polyglutamylation of nucleosome assembly proteins NAP1L1 and NAP1L4 322. 

Intriguingly, cytosolic carboxypeptidase-like protein 5 (CBPC5: CCP5), a 

metallocarboxypeptidase that mediates deglutamylation in proteins such as tubulins 323,324, 

hence performing the inverse function to TTLL4,  was recovered by profiling Lmna−/− 

nuclei in Screen 3. Similarly, the ubiquitin carboxyl-terminal hydrolase 7 (Usp7) protein, a 

lamin A interactor that we uncovered in Screen 2 counteracts the opposing ubiquitin ligase 

activity of the zinc finger protein TRIM27 325, a protein which is implicated in the 

regulation of actin nucleation and mimicked by the peptide MVRDHSV that was recovered 

at high frequency from direct profiling of Lmna−/− nuclei in Screen 1. Furthermore, among 

the protein mimics uncovered in Screen 3 with preferential binding to Lmna−/− nuclei is the 

nuclear receptor subfamily 1 group D member 2 (NR1D2), a transcription factor that 

regulates lipid and energy homeostasis in skeletal muscle by repression of genes involved 

in lipid metabolism and myogenesis whereas it acts as a transcriptional activator of 

SREBP1 326,327. Likewise, uncovered in Screen 3 with preferential binding to Lmna−/− 

nuclei is the protein catenin alpha-like protein 1 (CTNL1), also known as alpha-catulin 

which promotes cellular proliferation by modulating the Rho signaling pathway and 

downregulating E-cadherin 328,329.   

Functional stratification of the proteins obtained in Screen 1 suggests that the 

proteomic repertoire that interacts with the Lmna+/+ nuclei is larger and more functionally 

diverse than the one that interacts with nuclei in the absence of lamin A/C (Figure 12), 
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which goes in line with the more prominent enrichment in phage binding to  Lmna+/+ nuclei 

in comparison to Lmna−/− nuclei (Figure 11a). However, functional stratification of the 

proteins uncovered using differential phage display biopanning (Screens 2 and 3 

respectively) uncovered a broader and more functionally diverse proteome that interacts 

with either type of nuclei with overlapping and distinct functional distribution patterns 

(Figure 15). Accounting for the discrepancy in yields between the direct and differential 

screens, it is plausible that performing pre-clearing steps in the differential screens 

enhanced phage binding to target(s) of interest by reducing steric hindrances and 

competition among phage particles, hence resulting in enrichment and recovery of a larger 

pool of interactors. Nonetheless, using differential phage display biopanning, we still noted 

more functional diversity in the panel of 78 proteins that were uncovered from Lmna+/+ 

nuclear profiling in comparison to the 59 proteins that were obtained from Lmna−/− nuclear 

profiling. This could be influenced  by the difference in the number of protein mimics 

uncovered per screen which could be attributed in part  to the higher number of peptides 

that were enriched in Screen 2, which yielded 17 distinct peptides with a frequency  2%, 

in comparison to Screen 3 which yielded 11 distinct peptides with a frequency  2%. 

However, the larger pool of peptides derived from Screen 2 does not explain in full the 

wider spectrum of molecular functions and biological processes associated with the 

proteins they mimic in comparison to the narrower bio-functional spectrum of the proteins 

obtained in Screen 3. Remarkably, in comparison to Lmna−/− MEF nuclei, differential 

profiling of Lmna+/+ nuclei unveiled a larger number of proteins that are implicated in 

cytoskeletal organization and cell polarity, cell adhesion and migration, regulation of 
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adipogenic differentiation, regulation of striated muscle contraction and/or synaptic 

transmission, calcium ion transport and homeostasis, metabolic regulation including lipid 

homeostasis, stress response, apoptosis and/or autophagy, DNA damage and repair, RNA 

processing and splicing, nucleocytoplasmic transport, NPC assembly, protein transport, and 

protein ubiquitination and catabolic process (Figure 15). By contrast, differential profiling 

of Lmna−/− nuclei unveiled a larger number of proteins that are implicated in signal 

transduction, developmental regulation, cell differentiation, striated muscle differentiation, 

and protein scaffolding and bridging (Figure 15). Notably, differential profiling of both 

types of nuclei gave similar yields of proteins implicated in cell proliferation and cell cycle, 

osteoblast differentiation, regulation of gene expression, chromatin modification, DNA 

replication and transcription. Accordingly, the apparent gaps in proteomic functional 

distribution suggest that proteins implicated in these processes may be dysregulated in 

terms of expression, localization, and/or function in the absence of lamin A and in the 

context of laminopathies. A number of these processes including RNA splicing and protein 

ubiquitination have only recently started to gain attention in the laminopathy field 283,330, 

yet our findings provide support for more research efforts in these areas. In this study, we 

validate that A-type lamins interact with and influence the subcellular localization of HuR, 

an mRNA-binding protein that stabilizes mRNA by binding to AU-rich elements (ARE) in 

the 3'-untranslated region of mRNA transcripts. Through its mRNA stabilizing function, 

HuR regulates the expression of several myogenic factors, such as myogenin. The 

promyogenic function of HuR depends on its cytoplasmic localization, which is mediated 

by the cleavage of a fraction of cytoplasmic HuR. Caspases cleave HuR and generate two 
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cleavage products, one of which is HuR-CP1 (24kDa) that competes with uncleaved HuR 

for Transportin2 (TRN2) binding, thus preventing its nuclear import. HuR then 

accumulates in the cytoplasm and stabilizes mRNA of myogenic factors. 

Moreover, the proteins unveiled in our proteomic screens that have not been 

studied in the context of lamin A loss or laminopathies, stand out as new players that are 

worthy of further investigation. Studying the effects of Lmna loss and mutations on the 

expression, localization, and function of some of these NE homing proteins will offer new 

clues into the molecular mechanisms responsible for the phenotypic complexity and the 

tissue-specific impaired function in laminopathies including a better understanding of the 

causes for debilitating diseases such as dilated cardiomyopathy and Emery-Dreifuss 

muscular dystrophy. Additionally, our results establish phage display biopanning using 

BRASIL as a promising tool to investigate changes in NE composition and accessibility in 

response to deletion of specific NE proteins such that this technical modality could be used 

in a wide range of applications.  
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F. Supplementary Figures and Tables 

 

Supplementary Figure 1. Immunofluorescence Staining of Lamin B1 in Nuclei 

Isolated from MEF Cell Lines. 

Representative confocal microscope images showing immunofluorescence staining of 

Lamin B1 protein in nuclei isolated from Lmna+/+ and Lmna−/−  MEF cell lines post long-

term storage at -80C prior to Lamin B1 staining. Nuclear integrity was preserved in 

Lmna+/+ nuclei, following nuclear isolation and storage, as shown by continuous Lamin B1 

staining at the nuclear rim. The first row shows Lmna+/+ nuclei that were stored at -80°C 

for ~1 year before performing Lamin B1 staining. The second panel shows Lmna-/- nuclei 

that were stored at -80°C for ~ 1 year more before performing Lamin B1 staining. Nuclei 

were also counterstained with 4′,6-diamidino-2-phenylindole (DAPI). 
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Supplementary Table 1. A list of peptides derived from differential phage display bio-

panning on Lmna+/+ MEF nuclei using pre-cleared Ph.D.−C7C library and the 

BRASIL method (Screen 2).  

Matching motifs in candidate proteins mimicked by the phage inserts were obtained by 

protein-protein BLAST analysis based on the Max score, E-value, and Identity. 
Round Peptide  

(% Frequency) 

Matching Motif Protein Mimic (Gene) UniProtKB 

Accession 

R II FHATKAR 

(11) 

97-HATKA-101 

152-ATKAR-156 

409-ATKAR-413 

1630-HQTKAR-1635 

Cleavage and polyadenylation specificity factor subunit 3: CPSF3 (Cpsf3) 

Signal recognition particle 54 kDa protein: SRP54 (Srp54) 

U4/U6 small nuclear ribonucleoprotein Prp31: PRP31 (Prpf31) 

Zinc finger homeobox protein 3: ZFHX3 (Zfhx3) 

Q9QXK7 

P14576 

Q8CCF0 

Q61329 

ETYTSKA 

(11) 

323-ETYTS-327 

525-ETYTS-529 

20-TYTSK-24 

159-TYTSK-163 

212-ETFTSK-217 

cAMP-responsive element-binding protein 3-like protein 1: CR3L1 (Creb3l1) 

Kinesin-like protein KIF3B (Kif3b) 

Fibroblast growth factor 1: FGF1 (Fgf1) 

Zinc finger protein 60: ZFP60 (Zfp60) 

TFIIH basal transcription factor complex helicase XPB subunit: ERCC3 (Ercc3) 

Q9Z125 

Q61771 

P61148 

P16374 

P49135 

TPYHTLK 

(9) 

73-TPYHT-77 

155-PYHTL-159 

96-YHTLK-100 

635-TPYHIL-640 

Atp2a3 protein: Sarcoplasmic/ER calcium ATPase 3: Atp2a3 (Atp2a3) 

Zinc finger protein SNAI3 (Snai3) 

Gamma-enolase: Enolase 2: ENOG (Eno2) 

Protein-arginine deiminase type-3: PADI3 (Padi3) 

Q91YM6 

Q9QY31 

P17183 

Q9Z184 

LPIMQGH 

(8) 

80-LPIMQ-84 

227-PIMQG-231 

736-LPVVQGH-742 

43-LPLMPGH-49 

1658-MPIMQ-1662 

Peroxisomal biogenesis factor 19: PEX19 (Pex19) 

Cyclin-dependent kinase 9: CDK9 (Cdk9) 

E3 ubiquitin-protein ligase UBR2 (Ubr2)  

Protein phosphatase 2, regulatory subunit B'', alpha (Ppp2r3a) 

Protein PRR14L (Prr14l) 

Q8VCI5 

Q99J95 

Q6WKZ8 

Q4VA48 

E9Q7C4 

EHYTAAI 

(8) 

249-QHYTAA-254 

376-HYSAAI-381 

382-HYTEAI-387 

38-ENFTAAI-44 

170-YTAAI-174  

170-YTAAI-174 

CUGBP Elav-like family member 3: CELF3 (Celf3) 

Protein SMG5 (Smg5) 

Stress-induced-phosphoprotein 1: STIP1 (Stip1) 

Protein Slc22a29: Solute carrier family 22. member 29 (Slc22a29) 

Cyclin-dependent kinase 11B: CD11B: p58 CDK11 (Cdk11b, Cdc2l1) 

DnaJ homolog subfamily C member 3: DNJC3 (Dnajc3) 

Q8CIN6 

Q6ZPY2 

Q60864 

Q8BWG6 

P24788 

Q91YW3 

LKHGMNK 

(8) 

862-KHGMN-866 

377-LKHAMN-382 

97-LKNNMNK-103 

628-KHGMD-632 

Mediator of RNA polymerase II transcription subunit 12: MED12 (Med12) 

Mediator of RNA polymerase II transcription subunit 23: MED23 (Med23) 

Prospero homeobox protein 1: PROX1 (Prox1) 

Calcium-dependent secretion activator 2: CAPS2 (Cadps2) 

A2AGH6 

Q80YQ2 

P48437 

Q8BYR5 

GMMPTKV 

(6) 

1282-GMMPSK-1287 

969-MPTKV-973 

1-MMPTPV-6 

32-MMPT-35 

771-MMPT-774 

Vascular endothelial growth factor receptor 2: VEGFR2: KDR (Kdr) 

Eukaryotic translation initiation factor 4E transporter: 4ET (Eif4enif1) 

T-complex protein 1 subunit eta: TCPH (Cct7) 

Ubiquitin carboxyl-terminal hydrolase 7: USP7 (Usp7) 

FH1/FH2 domain-containing protein 1: FHOD1 (Fhod1) 

P35918 

Q9EST3 

P80313 

E9PXY8 

Q6P9Q4 

TPESRHE 

(6) 

89-TPDSRQE-95 

373-ESRHE-377 

57-ESRHE-61 

288-ESRHE-292 

Thioredoxin reductase 1: TRXR1 (Txnrd1) 

Double-stranded RNA-specific adenosine deaminase: DSRAD (Adar) 

Estrogen receptor beta: ESR2 (Esr2) 

Nuclear receptor coactivator 2: NCOA2 (Ncoa2) 

Q9JMH6 

Q99MU3 

O08537 

Q61026 

NQEIASR 

(4) 

24-NQEIA-28  

303-NQEIA-307 

44-NEEIAS-49 

2054-EIASR-2058 

Nucleoplasmin-3: Nucleophosmin-3: NPM3 (Npm3) 

TGF-beta-activated kinase 1 and MAP3K7-binding protein 1: TAB1 (Tab1) 

Calmodulin-binding transcription activator 2: CAMTA2 (Camta2) 

Alstrom syndrome protein 1 homolog: ALMS1 (Alms1) 

Q9CPP0 

Q8CF89 

B0QZH4 

Q8K4E0 

PLNKPYL 

(4) 

177-LNKPYL-182 

169-PLNKMYL-175 

116-LNKPFL-121 

747-LHKPYL-752 

Mitogen-activated protein kinase kinase kinase 4: M3K4 (Map3k4) 

E3 UFM1-protein ligase 1: UFL1 (Ufl1) 

Calnexin: CALX (Canx) 

Tubulin polyglutamylase TTLL4 (Ttll4) 

O08648 

Q8CCJ3 

P35564 

Q80UG8 

R III MSTGLSS 

(14) 

411-STGLSS-416  

1-MSTGL-5 

477-MSTGL-481 

1271-MNTGLPS-1277 

Kelch-like protein 2: KLHL2 (Klhl2) 

Septin-5: SEPT5 (Sept5) 

Hydroperoxide isomerase ALOXE3: lipoxygenase-3: LOXE3 (Aloxe3) 

Myomegalin: MYOME (Pde4dip) 

Q8JZP3 

Q9Z2Q6 

Q9WV07 

Q80YT7 
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1434-MSTALS-1439 Myoferlin: MYOF (Myof) Q69ZN7 

NSSFVRS 

(11) 

40-NSTFVRS-46 

426-NSSFVPS-432 

82-SSFVR-86 

463-NSSFV-467 

E3 ubiquitin-protein ligase UBR4 (Ubr4) 

Pericentriolar material 1 protein: PCM1 (Pcm1) 

Nuclear envelope pore membrane protein POM 121: PO121 (Pom121) 

PR domain zinc finger protein 2: Prdm2 (Prdm2) 

A2AN08 

Q9R0L6 

Q8K3Z9 

A2A7B5 

RGATPMS 

(11) 

267-RGATPKS-273 

132-ATPMS-136 

480-GATPM-484 

146-ATPMS-150 

629-RG-TPMS-634 

Protocadherin 1: Cadherin-Like Protein 1: PCDH1 (Pcdh1) 

AT-rich interactive domain-containing protein 3B: ARI3B (Arid3b) 

Acetyl-coenzyme A synthetase: ACSA (Acss2) 

Voltage-gated calcium channel, alpha-1-G subunit: Cacna1g (Cacna1g) 

Nuclear pore complex protein Nup133: NU133 (Nup133) 

Q8CFX3 

Q9Z1N7 

Q9QXG4 

Q9WUT2 

Q8R0G9 

HPVSGQK 

(7) 

23-HPVTGQ-28 

21-HPVTGQ-26 

37-HPVTGQ-42 

2249-HPVTGQ-2254 

Pleckstrin homology domain-containing family A member 5: PKHA5 (Plekha5) 

Pleckstrin homology domain-containing family A member 6: PKHA6  (Plekha6) 

Pleckstrin homology domain-containing family A member 7: PKHA7  (Plekha7) 

Chromodomain-helicase-DNA-binding protein 6: CHD6 (Chd6) 

E9Q6H8 

Q7TQG1 

Q3UIL6 

A3KFM7 

LKLGEKW 

(7) 

276-LGEKW-280 

509-KLGERW-514  

88-KIGEKW-93 

128-KLGEMW-133 

580-KLGEQW-585 

1752-LKLGE-W-1757 

Syntaxin-4: STX4 (Stx4) 

Protein Utrn (Utrn) 

Fibronectin: FN1 (Fn1)  

High mobility group protein B1: HMGB1 (Hmgb1); also HMGB2, HMGB3 

THO complex subunit 1: THOC1 (Thoc1) 

Serine/threonine-protein kinase mTOR: mTOR (Mtor) 

P70452 

E9Q6R7 

Q4KL80 

P63158 

Q8R3N6 

Q9JLN9 

SWNQMRG 

(5) 

94-WNQM-97 

324-WNQM-327 

342-SWRQMR-347 

266-WNQTGMR-272 

Truncated Wilms' tumor protein: WT1 (Wt1) 

Sodium/hydrogen exchanger 1: SL9A1 (Slc9a1) 

Calpain-13: CAN13 (Capn13) 

Histone deacetylase 6: HDAC6 (Hdac6) 

Q199A7 

Q61165 

Q3UW68 

Q9Z2V5 

SDARSPK 

(5) 

187-DARNPK-192 

26-EARSPK-31 

633-DARSP-637 

1140-SDSRSP-1145 

2128-SDSRSP-2133 

Global transcription activator SNF2L2: Smarca2 protein: SMCA2 (Smarca2) 

Proline-rich protein 14: PRR14 (Prr14) 

Protein kinase C gamma type: KPCG (Prkcg) 

RPA-interacting protein: RIP (Rpain) 

Nuclear receptor corepressor 1 isoform 2: NCOR1 (Ncor1) 

Q6DIC0 

Q7TPN9 

P63318 

Q9CWY9 

E9Q9Y2 
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Supplementary Table 2. A list of peptides recovered from differential phage display 

bio-panning on Lmna−/− MEF nuclei using pre-cleared Ph.D.-C7C library and the 

BRASIL method (Screen 3). 
Matching motifs in candidate proteins mimicked by the phage inserts were obtained by protein-

protein BLAST analysis based on the Max score, E-value, and Identity. 

Round Peptide  

% Frequency 

Matching Motif Protein Mimic (Gene) UniProtKB 

Accession 

R II SGGRMHQ 

(14) 

374-GGRMH-378 

32-SGARMPHQ-39 

 

252-GRMH-255 

294-GRMH-297 

43-GRMNQ-47 

302-GGREHQ-307 

Nuclear receptor subfamily 1 group D member 2: NR1D2 (Nr1d2) 

SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 

subfamily D member 3: SMRD3 (Smarcd3) 

Aurora kinase B: AURKB (Aurkb) 

Aurora kinase A: AURKA (Aurka) 

Matrin-3: MATR3 (Matr3) 

Transcription factor GATA-6 (Gata6) 

Q60674 

Q6P9Z1 

 

O70126 

P97477 

Q8K310 

Q61169 

QNPNQKF 

(12) 

17-PNQKY-21 

 

125-NQKF-128 

111-NPNQ- 114 

123-NPNQ-126 

113-NPNQ- 116 

139-NPNQ-142 

186-NPNQ-189 

232-QNPN- 235 

145-QNPN-148 

526-NPNQ-529 

Homocysteine-responsive endoplasmic reticulum-resident ubiquitin-like 

domain member 2 protein: HERP2 (Herpud2) 

Cold shock domain-containing protein C2: CSDC2 (Csdc2) 

Myogenin: MYOG (Myog) 

Myogenic factor 6: MYF6 (Myf6) 

Myogenic factor 5: MYF5 (Myf5) 

Myoblast determination protein 1: MYOD1 (Myod1) 

ELAV-like protein 1: ELAV1: ELAV1: Hu-antigen R: HuR (Elavl1) 

RNA-binding motif, single-stranded-interacting protein 1: RBMS1 (Rbms1) 

Nucleobindin-2: NUCB2 (Nucb2) 

Nuclear cap-binding protein subunit 1: NCBP1 (Ncbp1) 

Q6NYI0 

 

Q91YQ3 

P12979 

P15375 

P24699 

P10085 

P70372 

Q91W59 

P81117 

Q3UYV9 

HPVSGQK 

(4) 

23-HPVTGQ-28 

21-HPVTGQ-26 

37-HPVTGQ-42 

2249-HPVTGQ-2254 

Pleckstrin homology domain-containing family A member 5: PKHA5 (Plekha5) 

Pleckstrin homology domain-containing family A member 6: PKHA6 (Plekha6) 

Pleckstrin homology domain-containing family A member 7: PKHA7 (Plekha7) 

Chromodomain-helicase-DNA-binding protein 6: CHD6 (Chd6) 

E9Q6H8 

Q7TQG1 

Q3UIL6 

A3KFM7 

SISSLTH 

(4) 

489-SISSLT-494  

185-SISSLT-190 

147- ISSLSH-152 

1640-IGSLTH-1645 

Runt-related transcription factor 2: RUNX2 (Runx2) 

E3 ubiquitin-protein ligase RBBP6 (Rbbp6) 

Adenylate cyclase type 4: ADCY4 (Adcy4) 

Protein Shroom3: SHRM3 (Shroom3) 

Q08775 

P97868 

Q91WF3 

Q9QXN0 

HQSSTST 

(4) 

425-HQSSTS-430 

43-QSSTST-48 

 

61-HQSNTS-66 

1014-HSSSTST-1020 

3805-HQSST-3809 

Vam6/Vps39-like protein: VPS39 (Vps39) 

Serine/threonine-protein phosphatase 2A 56 kDa regulatory subunit gamma 

isoform: 2A5G (Ppp2r5c) 

Alpha-1-antiproteinase: A1AT: Serpin A1 (Serpina1) 

Sorbin & SH3 domain-containing protein 2: SRBS2 (Sorbs2) 

Histone-lysine N-methyltransferase EHMT2 (Ehmt2) 

Q8R5L3 

Q60996 

 

Q63969 

Q3UTJ2 

Q9Z148 

R III PTNQHHL 

(44) 

155-PGSQHHL-161  

513-PTYQHHL-519 

255-PTNQQPTLHL-264 

93-PTRQHH-98 

Protein Wnt-7b: WNT7B (Wnt7b) 

NACHT, LRR and PYD domains-containing protein 1b allele 2: NL1B2 (Nlrp1b) 

Cytosolic carboxypeptidase-like protein 5: CBPC5: CCP5 (Agbl5) 

BTB/POZ domain-containing protein 10: BTBDA (Btbd10) 

P28047 

A1Z198 

Q09M02 

Q80X66 

NAFMKWA 

(16) 

104-NAFMVWA -110 

73-NAFMVWA-79 

107-NAFMVWA-113  

84-NAFMVWA-90   

50-NAFMVWA-56 

190-NAFMVWA-196 

109-NAFMVWA-115 

110-NAFMVWA-116 

223-FMKW-226 

Transcription factor SOX-8 (Sox8) 

Transcription factor SOX-17 (Sox17) 

Transcription factor SOX-6 (Sox6) 

Transcription factor SOX-18 (Sox18) 

Transcription factor SOX-7 (Sox7)  

Transcription factor SOX-5 (Sox5) 

Transcription factor SOX-10 (Sox10) 

Transcription factor SOX-9 (Sox9) 

Inositol 1,4,5-trisphosphate receptor type 1: ITPR1 (Itpr1) 

Q04886 

Q61473 

P40645 

P43680 

P40646 

P35710 

Q04888 

Q04887 

P11881 

PTVKQKW 

(10) 

56-PEVKQKW-62  

58-VKQKW-62 

56-PEIKQKW-62 

85-TVQQKW-90 

Nuclear factor 1 A-type: NFIA (Nfia) 

Nuclear factor 1 C-type: NFIC (Nfic) 

Nuclear factor 1 X-type: NFIX (Nfix) 

Synaptotagmin-7: SYT7 (Syt7) 

Q02780 

P70255 

P70257 

Q9R0N7 
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GLKLGAL 

(8) 

67-LKLGAL-72 

334-LKLGAL-339 

516-GQKLGAL-522 

568-GLKLGLL-574 

326-LKLGSL-331 

Rho GTPase-activating protein p115: ARHGAP4 (Arhgap4) 

Pseudouridylate synthase 7: Protein Pus7 (Pus7) 

PR domain zinc finger protein 8: PRDM8 (Prdm8) 

Catenin alpha-like protein 1: Alpha-catulin: CTNL1 (Ctnnal1) 

PHD finger protein 20: PHF20 (Phf20) 

Q8VHL8 

Q91VU7 

Q8BZ97 

O88327 

Q8BLG0 

HGSSLLK 

(6) 

34-HGSSLMK-40 

489-HGSSLL-494 

447-GSSLLK-452 

222-HGSALL-227 

Lysine-specific demethylase 7A: KDM7A (Kdm7a) 

Probable ATP-dependent RNA helicase DDX31 (Ddx31) 

Oxidation resistance protein 1: OXR1 (Oxr1) 

Hairy/enhancer-of-split related to YRPW motif protein 2: HEY2 (Hey2) 

Q3UWM4 

Q6NZQ2 

Q4KMM3 

Q9QUS4 

GGGPLYM 

(4) 

362-GGGELYM-368  

169-GGPLY-173 

179-GGPLY-183 

491-GGPLY-495 

Obscurin: OBSCN (Obscn) 

Abl interactor 1: ABI1 (Abi1) 

Mitochondrial dynamics protein MID49 (Mief2) 

SRC kinase signaling inhibitor 1: SRCN1 (Srcin1) 

A2AAJ9 

Q8CBW3 

Q5NCS9 

Q9QWI6 
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CHAPTER III 

PHAGE DISPLAY BIOPANNING ON THE C-TERMINAL 

FRAGMENT OF RBM20 PROTEIN  
 

A. Abstract 

Cardiomyopathies are cardiac muscle disorders with relatively high incidence rate 

and elevated risk of sudden death. Mutations in the RBM20 gene, which codes for the 

splicing factor RNA binding motif protein 20 (RBM20), have been identified as a cause for 

Dilated Cardiomyopathy (DCM). The mechanisms by which DCM arises from RBM20 

mutations are not fully understood and the protein interactome of Rbm20 is not well-

established. We employed a phage display-based approach to identify binding partners of 

the C-terminal fragment of recombinant human RBM20 protein (C-RBM20). Two screens 

of phage display biopanning were performed using the heptapeptide PhD CX7C phage 

library. Screen 1 was performed without acid elution to identify partners that bind C-

RBM20 weakly and Screen 2 was performed with acid elution to identify strong binders to 

C-RBM20. Four successive rounds of biopanning resulted in significant enrichment in 

phage binding to C-RBM20 in both screens. Sequencing the inserts in nearly 200 phage 

plaques recovered from the four rounds of each screen, we identified multiple high and low 

frequency binding peptides to C-RBM20. Bioinformatic analysis showed clustering of 

peptides within the same screen and within the same round of each screen. Blast analysis 

revealed potential protein mimics which were both distinct and overlapping between 

screens. In addition to finding few proteins that are closely related to previously reported 

Rbm20 interactors, our assays identified novel RBM20 binding proteins. Interestingly, 
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nesprin-1 appeared in multiple rounds of both screens and lamin B1 appeared in round III 

of Screen 2. Co-immunoprecipitation assays on protein lysates from differentiated mouse 

C2C12 myoblasts and mouse left ventricular cardiac tissue showed that RBM20 interacts 

with nesprin-1, lamin A/C and lamin B1. This was also validated using proximity ligation 

assays in human Rhabdomyosarcoma cells. This work reveals novel interacting partners of 

C-RBM20 and provides better insights into the molecular mechanisms implicated in its role 

in cardiomyopathies. 

 

B. Introduction 

Cardiomyopathies are a diverse group of heart muscle disorders that affect the 

normal mechanical and electrical activities of the heart331. DCM is a common type of 

cardiomyopathy characterized by dilation of the left or both ventricles and impaired systolic 

function in the absence of abnormal loading conditions or coronary artery disease332,333. 

DCM affects 1 in 250-500 individuals with a high mortality rate, mainly due to heart failure 

and sudden cardiac death334,335. More than 400 mutations affecting 60 genes have been 

linked to DCM132. The DCM-associated genes have various functions that can be broadly 

grouped into muscle contraction, ion-handling and nuclear functions. Most DCM-causing 

mutations (25%) occur in the TTN gene which encodes the striated muscle protein 

titin134,176. The 364 exons of human Ttn encode the largest known protein and undergo 

extensive alternative splicing, giving rise to developmentally regulated and tissue-specific 

isoforms. The cardiac specific titin isoforms differ from the skeletal muscle isoforms by the 

presence of a unique N2B element336. In addition to its role in sarcomere assembly and 

muscle contraction, cardiac titin plays a major role in generating passive tension during 



101 
 

diastole and elasticity during systole337,338. Recently, genetic mutations in titin splicing 

regulator RBM20 were shown to be causative of DCM in about 2-3% of all DCM 

cases180,195,196. 

RBM20 is an RNA binding protein exclusive to vertebrates339. The expression of 

RBM20 follows a tissue-specific pattern characterized by predominant expression in 

striated muscle particularly in cardiac muscle208. RBM20 proteins from various vertebrate 

species share six conserved domains: A leucine (L) rich region at the N-terminus, a zinc 

finger domain (Znf1), an RNA-binding RNA recognition motif (RRM), an arginine/serine 

(RS) rich region, a glutamate (E) rich region, and a second zinc finger domain (Znf2) at the 

C-terminus208,340 (Figure 18a). Following its identification in 2009 as a DCM-causing gene, 

studies from Rbm20-deficient rats and human DCM patients revealed a role of RBM20 as a 

heart-specific alternative splicing regulator180. Gou et al. identified, by high throughput 

RNA-sequencing of cardiac transcriptome, 31 genes that are differentially spliced 

depending on RBM20. Conserved between rats and humans, the identified genes were 

enriched for functions related to the sarcomere, sarcoplasmic reticulum, heart failure and 

cardiomyopathy by both gene ontology and medical subject heading terms (MeSH)208. 

Among the identified genes, titin was the most differentially spliced target of RBM20; 

whereby RBM20 deficiency led to a switch in titin isoform expression favoring longer titin 

isoforms (N2BA) and fetal-like isoforms (N2BA-G) over the shorter isoform (N2B) that is 

mainly expressed in adults. These observations were made in both a DCM patient with an 

inactivating heterozygote missense mutation (S635A) in the RS domain of RBM20 and a 

rat strain with a spontaneous loss-of-function mutation that deletes 13 of the 14 exons of 

the Rbm20 gene208. In the normal heart, Rbm20 expression was first detected between 
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embryonic days E7.5 and E8.5 of in vivo mouse cardiogenesis, in a timely manner with the 

expression of cardiac progenitor markers207. In addition, RBM20 expression in 

differentiating C2C12 myoblasts was shown to correlate with sarcomere assembly which 

supports its role in regulating myofibril formation and function208. This is in line with the 

observation of disorganized sarcomeres in cardiomyocytes derived from human induced 

pluripotent stem cells of DCM patients with different RBM20 mutations341,342. However; 

despite the early expression of Rbm20 in the heart, splicing regulation of titin does not 

occur until the perinatal period whereby a switch in cardiac titin isoform expression leads to 

the rapid replacement of the longer and more compliant fetal N2BA isoforms by the shorter 

and stiffer adult N2B isoform which becomes predominantly expressed in rats by the first 

week after birth218,220. Although the mechanisms regulating titin alternative splicing are not 

fully understood, RBM20 is known to play an important role in this process, thus 

contributing to the regulation of passive stiffness and diastolic function of the 

heart218,219,337. Splicing regulation by Rbm20 has been addressed by a few studies; however, 

the detailed molecular mechanisms still need to be elucidated. High throughput sequencing 

of pre-mRNA from crosslinking and immunoprecipitation of endogenous Rbm20 in rat 

cardiomyocytes revealed 18 direct targets of Rbm20, including titin (Ttn), 

Calcium/calmodulin-dependent protein kinase II delta (Camk2d), Myomesin 1 (Myom1), 

Ryanodine receptor 2 (Ryr2) and Myosin heavy chain 7 (Myh7)212. Rbm20-regulated exons 

were enriched for mutually exclusive exons that often regulate expression of tissue-specific 

splice variants212,213. Binding of Rbm20 to a UCUU-containing RNA recognition element 

in intronic regions flanking the target exon was shown to predominantly repress exon 

splicing208,212,343. However, full-length RBM20 or the RRM domain does not necessarily 
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bind to any RNA molecule containing the UCUU motif which suggests that RNA 

recognition is probably regulated by additional elements and/or RNA-binding 

proteins212,245.  

Most DCM-causing mutations in RBM20 map to a 5 amino acid stretch in the RS 

domain, comprised of the amino acids serine-arginine-serine-arginine-proline (RSRSP) at 

positions 634-638340. Recent findings have shown that both serine residues in this 

mutational hotspot are constitutively phosphorylated and that this posttranslational 

modification of the RSRSP stretch is crucial for RBM20 nuclear localization and splicing 

function344. The RS region of RBM20 and other SR proteins has long been suggested to 

play a role in mediating protein-protein interactions345. Therefore, dynamic phosphorylation 

and dephosphorylation of the RS region, during development and in disease conditions, 

might regulate Rbm20 splicing function through altering protein-protein interactions that 

might be affected by Rbm20 subcellular localization346. However, the RS region does not 

seem to be the only region responsible for the pathogenesis of DCM. This view is 

supported by a proteomic study showing that the DCM-causing mutation S635A in the RS 

region of Rbm20 only affects its binding to alternative splicing factors while retaining 

interactions with core splicing factors212. The same study also showed that most Rbm20 

interacting proteins belonged to complex A and not to later-stage complexes of the catalytic 

spliceosome, which might be suggestive that Rbm20 recruitment represses splicing by 

preventing the assembly of spliceosomal complexes beyond complex A212. It might be 

possible that interactions between RBM20 and alternative splicing factors are essential for 

RBM20 function. Alternatively, other important protein interactions might have been 

masked by the numerous spliceosomal protein interactors recovered by this study. 
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Moreover, the identified interacting partners were not mapped to a specific region or 

domain in the full-length RBM20 protein. Another study showed that both the RRM 

domain and the C-terminus of RBM20 are “necessary and sufficient” for RBM20 splicing 

activity, thus highlighting the importance of the Znf2 domain for RBM20 function245. 

Moreover, the importance of the C-terminus in RBM20 function and disease pathogenesis 

is supported by the identification of several DCM-causing mutations in the C-terminus of 

RBM20195,258,340. Since the RRM domain is implicated in RNA recognition, RRM deficient 

mice exhibit splicing defects; however, they do not recapitulate the DCM phenotype in 

terms of dilated left ventricle and impaired systolic function347. In addition, DCM-causing 

mutations in the RRM domain are very rare and none of the reported mutations are familial 

in nature346. Accordingly, we set out to identify proteins that interact with the C-terminal 

domain of human RBM20 protein by employing a phage display-based approach. We 

performed two screens using the heptapeptide PhD CX7C phage library. Screen 1 was 

performed without acid elution to identify partners that bind C-RBM20 weakly and Screen 

2 was performed with acid elution to identify strong binders to C-RBM20. Following 

successive rounds of biopanning, we obtained significant enrichment in phage binding to 

C-RBM20 in both screens and we identified multiple binding peptides to C-RBM20. 

Bioinformatic analysis showed clustering of peptides within the same screen and within the 

same round of each screen. Blast analysis revealed potential protein mimics, which were 

both distinct and overlapping between screens. In addition to finding few previously 

reported Rbm20 interactors, our assays mainly identified novel RBM20 binding proteins. 

Co-immunoprecipitation and proximity ligation assays were employed to validate 

interactions between RBM20 and each of nesprin-1, lamin A/C and lamin B1. This work 
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reveals novel interacting partners of C-RBM20 and provides better insights into the 

molecular mechanisms implicated in its role in cardiomyopathies.  

 

C. Materials and Methods 

1. Cell Culture 

C2C12 cells were obtained from Dr. Nemer Laboratory (American University of 

Beirut, Lebanon). Cells were maintained in Dulbecco’s Modified Eagle’s Medium DMEM-

AQ media (D0819, Sigma-Aldrich), supplemented with 1% penicillin streptomycin (DE17-

602E, Lonza), 20% fetal bovine Serum (F9665, Sigma-Aldrich) and 1% sodium pyruvate 

(S8636, Sigma-Aldrich). Cells were differentiated by decreasing the fetal bovine serum 

concentration to 0.5% in the differentiation media. Human rhabdomyosarcoma (RD) cells 

were obtained from European Collection of Authenticated Cell Cultures (ECACC). Cells 

were maintained in Dulbecco’s Modified Eagle’s Medium DMEM-AQ media (D0819, 

Sigma-Aldrich), supplemented with 1% penicillin streptomycin (DE17-602E, Lonza), 10% 

fetal bovine Serum (F9665, Sigma-Aldrich) and 1% sodium pyruvate (S8636, Sigma-

Aldrich). 1x phosphate buffered saline (PBS) without calcium and magnesium (17-517Q, 

Lonza) and 1x trypsin-EDTA (T4049, Sigma) were used for washing and detaching cells. 

Cells were visualized using a standard phase contrast microscope (Olympus microscope, 

Axiovert 200, Zeiss).  

 

2. Animals & Tissue Lysate Preparation 

Wild type C57-BL/6 mice from the lab of Dr. Jan Lammerding were used. 

Approved IACUC protocols were followed in maintaining, breeding and euthanizing mice. 
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Tissues isolated from a single mouse were considered a single replicate. The heart was 

harvested, washed in PBS to remove the blood, and cut into right and left ventricles before 

snap freezing in liquid nitrogen. 10 µg tissue sections from the left ventricle were then cut 

on dry ice and homogenized in 500 µl RIPA lysis buffer supplemented with phosphatase 

(PhosSTOP, Roche) and protease inhibitors (complete EDTA-free, Roche). The 

TissueLyser II from Qiagen and metallic beads from McMaster-Carr were used for tissue 

homogenization.   

 

3. Host Bacterial Strain Maintenance 

The F+ recA+ E. coli host strain ER2738 was used for M13KE insert-less phage 

(N0316S, NEB) propagation. Supplied as a non-competent 50% glycerol culture as part of 

the Ph.D.–C7C Phage Display Peptide Library Kit (E8120S, NEB), ER2738 colonies or 

lawns were grown on 100mm LB-Agar (M1151, HiMedia) plates supplemented with Tet 

(T3383, Sigma Aldrich). Plates were incubated at 37°C overnight and stored wrapped with 

parafilm at 4°C in the dark. ER2738 was propagated weekly and new cultures were 

streaked from glycerol stock once per month. ER2738 cultures were grown in LB Broth 

(J106, AMRESO) and bulk amplified in LB Broth + Tet. 

 

4. Phage Display Bio-panning on C-RBM20 

The Ph.D.–C7C Phage Display Peptide Library Kit (E8120S, NEB) was used. The 

library has filamentous phage particles displaying random peptides with the cyclic 

arrangement CX7C (C, Cysteine; X, any amino acid residue) at a diversity of 109 

transducing units (TU). This library was used along with the control M13KE insert-less 
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phage to pan on C-RBM20 (Cloud-Clone Corp., RPN021Hu01). Separate wells of a 96-

well plate were coated with 50 µl of either 5µg C-RBM20 in PBS or PBS only in an 

overnight incubation at 4°C. Wells were then blocked with 200µl of 3% BSA in PBS for 

1hr at 37°C. M13KE phage or the library phage was diluted in PBS supplemented with 

protease inhibitors (22020009-1, Bioworld) to a concentration of 1x109TU/μl. Pre-clearing 

was performed by adding each of M13KE phage or the library phage into PBS-coated wells 

and incubating for 30min at room temperature. Phage binding was performed by 

transferring precleared phage into C-RBM20 coated wells and incubating for 30min at 

room temperature. After the binding step, the phage was rescued by adding 200μl of host 

bacterial strain, ER2738 grown to mid-log phase (OD600 ∼ 0.5), for 1hr at room 

temperature with gentle pipetting every 15 min. To identify strong binding partners of C-

RBM20 bound phage was eluted with Glycine-HCl and neutralized with Tris-HCl before 

rescuing by infection of competent E. coli cells.  After 1hr, the phage-infected bacterial 

culture was serially diluted in LB Broth + Tet and different dilutions were mixed with top 

agarose and overlaid on top of LB agar/IPTG/X-Gal plates. The plates were left to dry in 

the dark and incubated at 37°C for 14hr. Plaques from the different dilutions were counted. 

Well-separated plaques were picked and stored in 30% glycerol (E520, AMRESCO) in 96-

well plates at -20°C. The eluted phage was bulk amplified, isolated, and titer tested (see 

below) prior to its use in the following round of bio-panning. Four successive rounds of 

bio-panning were performed whereby the amplified eluted phage pool from one round was 

used as input in the successive round with a pre-clearing step on PBS-coated wells before 

each successive round of bio-panning. The eluted phage was used at a concentration of 

1x109TU/μl. Dilution was done based on the calculated phage titer.  
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5. Bulk Amplification and Isolation of Eluted Phage 

Phage-infected bacterial culture (mid-log phase) was diluted 1:10 in LB Broth + 

Tet, bulk amplified at 37°C, 180rpm shaker for 5h, then transferred into a clean round 

bottom tube and bacterial sedimentation was performed by centrifugation at 6000rpm, 4°C 

for 15min. The phage-containing supernatant was transferred into a fresh tube, re-spun and 

phage particles precipitation was performed by transferring the supernatant into a clean 

tube and adding PEG:NaCl (1:5) (PEG 8000 Powder, V3011, Promega; NaCl, 0241, 

AMRESCO). The tube was mixed gently by tilting upside down and incubated on ice in the 

cold room overnight. Subsequently, the round bottom tube was centrifuged at 14000rpm, 

4°C for 15min. The supernatant was discarded; the phage pellet was suspended in 1ml cold 

PBS (without calcium and magnesium), transferred into a clean microfuge tube and re-spun 

for 5min. The supernatant was mixed with 200μl of PEG-NaCl in a clean tube and 

incubated on ice for at least 1h. After centrifugation at 14000rpm, 4°C for 10min, the 

supernatant was discarded and the phage pellet was re-suspended in 250μl cold PBS, re-

spun for 1min and transferred into a clean microfuge tube. The bulk amplified phage 

suspension was stored at 4°C for 2 weeks or at -20°C for long term storage. 

 

6. Phage Titer Determination 

ER2738 was inoculated from a fresh plate into 20ml LB broth and incubated at 

37°C, 180rpm shaker until it reached mid-log growth (OD600 ∼ 0.5). Phage serial dilutions 

were prepared in PBS and 1μl of each dilution was used to infect 100μl of ER2738 culture 

at room temperature for 30min (performed in triplicates per dilution). 50mm LB-Agar 
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plates supplemented with IPTG/X-Gal (R0391/R0401, Fermentas) were pre-warmed at 

room temperature. Top agar consisting of LB Broth and agarose (A9593, Sigma) was 

molten in microwave and kept at 48°C in water bath. Then, 1.5ml top agar was mixed with 

100μl of each infection and overlaid on LB agar/IPTG/X-Gal plates. Allowed to solidify at 

room temperature for 5-10min, the plates were incubated at 37°C for 14h. Subsequently, 

the dilution that gave non-overlapping plaques (less than 100 plaques) was chosen for 

determining the titer. The average count was determined by counting plaques on triplicate 

plates corresponding to that dilution. Then, phage titer in transducing units (TU) was 

obtained by multiplying the average count by the dilution factor for those plates. 

 

7. PCR Amplification of Phage Inserts and Agarose Gel Electrophoresis 

A 326bp stretch of the phage genome, surrounding the random peptide inserts, was 

amplified by performing PCR directly on the phage plaques using the Phusion Flash High-

Fidelity PCR Master Mix (F-548L, Thermo Scientific) and the PTC-200 DNA Engine 

Peltier Thermal Cycler (ALS 1296, Bio-Rad). The forward primer: 5′-

TGTCGGCGCAACTATCGGTATCAA-3′, and reverse primer: 5′-

TAGCATTCCACAGACAGCCCTCTA-3′ (Sigma) were used. Each PCR reaction 

consisted of 7μl DNase/RNase free water (W4502, Sigma), 10μl Phusion Flash High-

Fidelity PCR Master Mix, 1μl of each primer (8μM), and 1μl of each phage clone pre-

stored in glycerol stock. PCR was performed in 0.2ml thin-walled PCR tubes with flat caps 

(AB-0620, Thermo Scientific) and the protocol consisted of: 94°C step for 3min to break 

bacterial cell walls followed by 50 cycles of denaturation at 94°C for 10s, annealing at 

60°C for 30s, and extension at 72°C for 30s. PCR products were stored at –20°C. To check 
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for the presence of insert, PCR amplicons were run on 2% agarose gels in 1xTBE buffer 

(0658, AMRESCO) in an electric field alongside Direct Load DNA Step Ladder (D3812, 

Sigma). Samples were prepared for loading by mixing 2μl of PCR-amplified clones with 

1μl of 6x DNA Loading Dye (R0611, Thermo Scientific) and 3μl of DNase/RNase free 

water. Samples were run at 100V and the bands were visualized using the Molecular 

Imager Chemidoc XRS System (170-8070, Bio-Rad) using the Quantity One 1-D Analysis 

Software (170-9600). 

 

8. Purification of PCR Amplicons and Sequencing 

Purification of PCR amplicons was performed using the GenElute PCR Clean-Up 

Kit (NA1020, Sigma-Aldrich). GenElute plasmid mini spin columns were prepared for 

DNA binding by adding 0.5ml of the column preparation solution to each column and 

spinning at 12,000xg for 1min. After discarding the eluate, the PCR reaction was mixed 

with binding solution (1:5 v/v), transferred into the mini spin column and centrifuged at 

16000x g for 1min. The eluate was discarded, and the column was washed by 0.5ml of 

diluted wash solution. This was followed by centrifugation and discarding the eluate. 

Another centrifugation step was done to remove excess ethanol. The column was then 

transferred into a fresh collection tube and incubated with 30μl DNase/RNase free water at 

room temperature for 5min. Purified DNA was eluted by centrifugation at 16000xg for 

2min. The purified PCR amplification products were stored at -20°C. Sequencing was 

performed at Macrogen Inc. (South Korea) such that 30μl of each PCR reaction, 

corresponding to a single phage clone, along with 5μM of the sequencing primer M13F: 5′-

TGTCGGCGCAACTATCGGTATCAA-3′ (Sigma) were placed in Hard-Shell PCR plates 
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with 96-wells (HSP9601, Bio-Rad) and sealed with Optical Flat Cap Strips (TCS0803, Bio-

Rad), then sent for sequencing. 

 

9. Processing of Sequencing Reads and Clustering Analysis of Derived Peptides 

The statistical programming language R was used to write a script that processes 

the sequencing reads. This script reads fasta files generated by sequencing of phage clones, 

identifies nucleotide sequences surrounding the heptapeptide insert in the phage amplicon, 

cuts out the nucleotide sequence corresponding to the insert, and translates it into an amino 

acid sequence. The program also identifies and excludes amplicons with no insert or with 

inserts longer than 7 amino acids. The final list of different peptide sequences was clustered 

(R function hclust) based on the amino acid scoring matrix PAM30.  

 

10. Bioinformatic Analysis of Peptide Sequences 

To identify proteins that are mimicked by the uncovered peptides, protein-protein 

BLAST analysis of the peptide sequences was performed. The search was set to non-

redundant protein sequence in the mouse taxid (http://blast.ncbi.nlm.nih.gov). Multiple 

protein mimics were determined for each sequence and were selected from the full BLAST 

list of hits based on the Max score, E-value and Identity. Furthermore, mimics were 

selected based on their nuclear expression score, tissue expression profile, and 

biofunctional relevance particularly to, muscle tissue, heart function, myopathies, and 

cardiomyopathies as determined by the Gene Cards (http://www.genecards.org/) and 

UniProt (http://www.uniprot.org) databases, and PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) search of the biomedical literature. 
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11. Co-Immunoprecipitation 

The Dynabeads Co-Immunoprecipitation Kit (14321D, Novex) was used 

according to the manufacturer’s instructions. Briefly, 1.5 mg of Dynabeads M-270 Epoxy 

were coupled to 10 µg of either nesprin-1 (abcam, ab192234), lamin A/C (sc-6215, 

SANTA CRUZ BIOTECHNOLOGY), normal rabbit IgG or normal goat IgG by an 

overnight incubation on a roller at 37°C. The beads were then washed and blocked with 0.1 

% BSA in PBS before incubation with 0.07 g protein extracts on a roller at 4°C for 1 hour. 

Supplied as 5x IP buffer with the Dynabeads Co-Immunoprecipitation Kit, the protein 

extraction buffer was used at 1x dilution after supplementing with protease inhibitors 

(22020009-1, Bioworld). Finally, the beads were washed, and the purified protein complex 

was eluted and used directly for SDS-PAGE. Immunoblotting was performed using 

nesprin-1 (ab192234, abcam), lamin A/C (sc-6215, SANTA CRUZ BIOTECHNOLOGY) 

and RBM20 (sc-243941, SANTA CRUZ BIOTECHNOLOGY) antibodies. HRP-

conjugated secondary antibodies (ab97023, ab97110, abcam; 111-035-144, Jackson 

Immunoresearch) were used at a dilution of 1:5000. Bands were detected using ECL 

western blotting substrate kit (ab65628, abcam) and the bands were visualized using the 

Molecular Imager Chemidoc XRS System (170-8070, Bio-Rad) and the Quantity One 1-D 

Analysis Software (170-9600).  

For animal tissues, protein A resin beads were used. Protein A slurry was prepared 

by hydrating the resin with water, resuspending with lysis buffer and incubating with 

primary antibodies against nesprin-1 (Mannes1A (7A12), Hybridoma Bank), lamin A/C 

(sc-518013, sc-376248, SANTA CRUZ BIOTECHNOLOGY), lamin B1 (Protein Tech 



113 
 

(12987-1-AP); abcam (ab16048); Santa Cruz (sc-374015)) while rotating at 4 °C overnight. 

Tissue lysates were prepared and incubated with protein A slurry at 4 °C for 2 hrs-

overnight. Extra lysates were removed by spinning the suspension and pelleting the resin. 

The pellet was then extensively washed with lysis buffer and once with Tris-HCl on ice and 

resuspended with SDS loading buffer. The final sample was boiled and loaded into 4-12% 

Bis-Tris polyacrylamide gel and separated by SDS-PAGE following a standard protocol. 

Immunoblotting was performed using nesprin-1 (Mannes1A (7A12), Hybridoma Bank), 

lamin A/C (sc-376248, SANTA CRUZ BIOTECHNOLOGY), lamin B1 (sc-374015, 

SANTA CRUZ BIOTECHNOLOGY) and RBM20 (NBP2-27509, Novus Biologicals) 

antibodies. IRDye 680 LT and IRDye 8000 CW (LI-COR) secondary antibodies were used 

and bands were detected using Odyssey® CLx imaging system (LI-COR). 

 

12. Proximity Ligation Assay 

Cells were seeded on coverslips, fixed in PFA for 20 min and washed 4 times with 

PBS. Fixed cells were then permeabilized with 0.2% Triton-X, followed by another set of 

washes with PBS. The Duolink Proximity Ligation Assay from Sigma was used according 

to the manufacturer’s recommendations. All staining steps were performed in a humidity 

chamber and all washing steps were performed at room temperature. Blocking using the 

Duolink Blocking Solution was performed for 1hr at 37°C. Primary antibodies against 

Nesprin-1 (), Lamin A/C (), Lamin B1(), and Rbm20 () were diluted 1:50 in Duolink 

Antibody Diluent and incubated overnight at 4°C. The cells were washed twice with Wash 

Buffer A before incubation with plus and minus PLA probes for 1hr at 37°C. Ligation was 

then performed after washing with Wash Buffer A and incubation with the ligase solution 
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for 30 min at 37°C. This was followed by washing with Wash Buffer A and amplification 

with the polymerase solution for 100 min at 37°C. Finally, cells were washed with Wash 

Buffer B and coverslips were mounted on slides using the Duolink In Situ Mounting 

Medium with DAPI. Images were acquired with the ZEN 2009 Light Edition confocal 

microscope, using the 60x oil objective. Images were analyzed by the ZEN 2009 Light 

Edition software. 

 

13. Immunofluorescence Staining 

Rhabdomyosarcoma (RD) cells were seeded on coverslips in 6-well plates. Cells 

were washed with PBS and then fixed with 4% formaldehyde for 20 min at room 

temperature. Cells were then washed with PBS and permeabilized with 0.5% TritonX-100 

for 10 min at room temperature. After washing, cells were blocked with 3% BSA for 1hr at 

room temperature and incubated with primary antibodies against RBM20 (PAN021Hu01), 

nesprin-1 (abcam, ab192234) and lamin A/C (sc-6215, SANTA CRUZ 

BIOTECHNOLOGY) in an overnight incubation at 4°C. After washing with PBS, cells 

were incubated with Alexa Fluor-conjugated secondary antibodies (ab150113, ab150115, 

abcam) for 1hr at room temperature. Coverslips were mounted on slides using the ultraCruz 

Hard-set mounting medium (sc-359850, SANTA CRUZ BIOTECHNOLOGY). Images 

were acquired with an upright fluorescent microscope using the 40x objective. 

 

D. Results and Discussion 

1. Phage Display Biopanning on C-RBM20 Without Acid Elution (Screen 1) 
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To identify weak binding partners of RBM20, phage display biopanning on C-

RBM20 was performed without acid elution. The Ph.D.-C7C phage display peptide library 

kit was used. Alongside the library phage, the M13KE insert-less phage was used as a 

control. Phage particles displaying random heptapeptides were allowed to bind RBM20-

coated or PBS-coated wells of a 96-well plate (Figure 18b). Unbound phage was washed, 

and bound phage was eluted by infection of competent E. coli cells. Serial dilutions were 

plated on agarose top on IPTG-X-Gal plates supplemented with tetracycline (Tet) and 

bacteriophage plaques were counted post overnight incubation to determine the phage 

transducing unit (TU) counts. Four successive rounds of biopanning were performed such 

that the output from each round was amplified, titered, and used as input in the subsequent 

round. The ratio of TUs of phage binding to C-RBM20 relative to TUs of the insert-less 

control phage M13KE were calculated. Significant enrichment in phage binding to C-

RBM20 was first obtained in Round III of biopanning whereby the mean ratio of phage TU 

counts (2.38 ± 0.10) was significantly higher than that obtained in Round I (1.14 ± 0.15) or 

Round II (1.09 ± 0.09); p=0.002 and p=0.001 respectively in unpaired two-tailed t-test, 

hence indicating a 2.1-fold increase in relative phage binding to C-RBM20 in Round III in 

comparison to Round I (Figure 19a). The mean ratio of phage TU counts stayed in Round 

IV (3.33 ± 0.35) significantly higher than in Round I and Round II; p=0.005 and p=0.004 

for the difference between Round I and IV and between Round II and IV, respectively in 

unpaired two-tailed t-test, hence indicating a 2.9-fold and 3.1-fold increase in relative 

phage binding to C-RBM20 in Round IV in comparison to Round I and Round II 

respectively. The results represent the mean ratio of phage TU counts (phage 

library/M13KE per sample) ± SEM of 3 independent repeats. The increase in the mean 
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ratio of phage TU counts from Round III to Round IV was not significant, which suggests 

that enrichment is reached in round three and continues in Round IV with no further 

increase in enrichment. No significant enrichment in phage binding to the control PBS 

coated wells was obtained (Figure 19a). 

 

2. Sequence Determination of the Phage Inserts & Clustering Analysis for Clones Selected 

from Screen 1 

 

To identify peptides displayed by phages that were recovered from binding to C-

RBM20 without acid elution (Screen 1), the phage inserts for a panel of 47 phage clones 

from Round I, 54 clones from Round II, 52 clones from Round III and 56 clones from 

Round IV were PCR amplified, sequenced, and analyzed. To process and analyze the 

sequencing reads, we developed a program using the statistical programming language R to 

identify the heptapeptide insert in the sequenced phage amplicon, and to perform clustering 

analysis of the recovered peptides using the scoring matrix Point Accepted Mutation 30 

(PAM30). Amino acid substitution matrices describe the rate at which one amino acid in a 

sequence changes to another amino acid over time. The substitution rates given by such 

matrices can therefore be used to score sequence alignments in proteins based on the 

similarity between amino acid sequences288. Clustering analysis of the recovered peptides 

showed a total of 9 different peptide sequences obtained from the different rounds of 

Screen 1 (Figure 19b). The diversity of peptides increased from Round I (2 peptides) to 

Round II (3 peptides) to Round III (6 peptides) then decreased to a single peptide in Round 

IV. Peptide clustering was noted for each round; however, peptide sequences from Round 

II showed a lower level of clustering than peptides from Rounds I and III. The two peptides 
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recovered from Round I differed by one amino acid. Although low level of clustering was 

noted between the different peptide sequences of the different rounds, identical peptide 

sequences were recovered from different rounds of Screen 1 (MVRDHSV and 

FPTHNMH). The percent frequency of occurrence of these peptides, determined by the 

number of times that each peptide sequence appeared in the total number of sequenced 

phage clones, is shown in Table 3 and in Supplementary Table 3. Notably, the heptapeptide 

sequence, MVRDHSV, first appeared at a very high frequency (94 %) in Round II of 

Screen 1 and persisted in Rounds III and IV at 88% and 100 % respectively (Table 3). The 

appearance of this peptide in the last three rounds of Screen 1 and its sole appearance in 

Round IV strongly suggest that proteins mimicked by this peptide interact with C-Rbm20. 

The absence of MVRDHSV from Round I could be explained by the preferential binding of 

strong interacting partners to C-RBM20 in the presence of competition and steric hindrance 

from the large phage library. Upon bulk amplification of the output of Round I, weak 

binding peptides are enriched and recovered better than strong binding partners, without 

acid elution, thus resulting in their enhanced appearance in Round II. Bulk amplification of 

the output of Round II, further enriches weak binding partners over strong binding partners 

in Round III. This explains the increase in peptide diversity from Round I to Round II and 

from Round II to Round III despite the significant enrichment in Round III relative to 

Rounds I and II. Finally, weak binding partners with the best binding properties are 

enriched in Round IV. This explains the significant enrichment obtained in Round IV and is 

supported by the decrease in diversity of peptides to one peptide in Round IV. 
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Figure 18. Phage Display Biopanning Strategy on the C-terminal Fragment of 

Recombinant Human RBM20 Protein (C-RBM20). 

a) A schematic diagram of human RBM20 protein showing the different domains relative 

to the N-terminal and C-terminal ends and the amino acids corresponding to each domain. 

The dashed lines mark the C-terminal fragment used in our phage display screens and the 
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amino acids that it spans. b) A schematic diagram showing the experimental strategy for 

phage display bio-panning on C-RBM20. The Ph.D.−C7C library with a diversity of 1x109 

heptapeptides per μl was used. The library was allowed to bind to C-RBM20 coated wells 

and unbound phage was washed. Bound phage was rescued by E. coli infection (Screen 1). 

In Screen 2, an acid elution and neutralization step preceded E. coli infection to select for 

peptides with strong binding affinities to C-RBM20. Serial dilutions were then streaked on 

tetracycline supplemented IPTG-X-Gal plates with agarose top to count the phage 

transducing units (TU) post overnight incubation. Colonies were picked and the phage 

output post amplification and titration in bacteria was used as input for the subsequent 

biopanning round to enrich for phage particles that bind C-RBM20 with high frequency. In 

total, four rounds of biopanning were performed. In parallel, the same biopanning 

procedure was performed with insertless M13KE phage as a control. The library was 

precleared on PBS-coated wells before binding and before each subsequent round to 

remove non-specific binding peptides. 

 

3. High Frequency Peptides Recovered from Screen 1 & The Proteins They Mimic 

To determine the protein mimics of recovered peptide sequences from Screen 1, 

protein-protein BLAST analysis was performed. The search was set to non-redundant 

protein sequences in the homo-sapiens taxid. Multiple protein mimics were determined for 

each sequence. These mimics were selected from the full list of BLAST hits based on the 

Max score, E-value and Identity. Furthermore, mimics were selected based on their 

relevance to cardiomyopathies, DCM-causing genes, heart muscle and spliceosome as 

determined by gene card, protein card and Pubmed searches. Multiple protein mimics with 

putative binding abilities to C-RBM20 were recovered. Select protein mimics of high 

frequency peptides from the different rounds of Screen 1 and their matching motifs are 

listed in Table 3 from the full list in Supplementary Table 3. Interestingly, the predominant 

heptapeptide sequence MVRDHSV, that was highly enriched in Rounds II (94%), III (88%) 

and IV (100%) of Screen 1, appeared to mimic nesprin-1 (nuclear envelope spectrin repeat 

protein 1) by BLAST analysis (Table 3). Nesprin-1 is a scaffolding protein that is highly 

expressed in skeletal and cardiac muscle11. It was first described as a nuclear membrane 
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protein that interacts with SUN (Sad1p/UNC84) and emerin proteins of the inner nuclear 

membrane in association with the nuclear lamina proteins lamin A/C to form the LINC 

complex (Linker of Nucleoskeleton and Cytoskeleton), thus coupling the cytoskeleton to 

the nucleoskeleton348. Nesprin-1 is now known to have multiple isoforms that vary in size 

and subcellular localization349. While Uniprot database recognizes 12 isoforms of nesprin-

1, at least 20 validated and hypothetical isoforms have been built by identifying alternative 

start and termination sites in the nesprin-1 gene349,350. Mutations in nesprin-1 have been 

shown to cause DCM as well as Emery-Dreifuss Muscular Dystrophy (EDMD)351-354. 

These diseases result from malfunction in one or more of its roles within the LINC 

complex, particularly mechanotransduction signaling, nuclear morphology, nuclear 

positioning and chromatin organization10. For example, a DCM-associated splice-site 

variant of nesprin-1 has been shown to have an inconsistent nuclear envelope distribution 

with abnormal nuclear morphology and undermined actin organization355. Furthermore, 

DCM-causing mutations in nesprin-1 have been shown to disrupt its interactions with 

Lamin A/C and SUN proteins at the nuclear envelope and cause defects in myogenesis354. 

Full length human nesprin-1 consists of three domains: C-terminal KASH domain that 

integrates into the nuclear envelope, N-terminal domain that interacts with the cytoskeleton, 

and a central spectrin-repeat containing rod domain that mediates protein-protein 

interactions349. The five-amino acid matching motif of MVRDHSV spans the amino acids 

6884-6888 of nesprin-1 thus localizing to spectrin repeat 59 in the central rod domain. This 

spectrin repeat is present in isoforms 1, 2, 4 and 8 of nesprin-1 according to UniProt 

database (http://www.uniprot.org) suggesting that these isoforms of nesprin-1 interact with 

C-RBM20. 

http://www.uniprot.org/
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Figure 19. Phage display Bio-panning on C-RBM20 Without Acid Elution (Screen 1). 

a) Phage display biopanning was performed on C-RBM 20 using the Ph.D.-C7C library. 

Phage binding was allowed, and bound phage was eluted by E.coli infection to identify 

partners that bind C-RBM20 weakly. Following successive rounds of bio-panning, 

significant enrichment in phage binding was obtained in Rounds III & IV in comparison to 

Round I as determined by a 2.1- and 2.9-fold change in relative phage binding units 
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respectively. No significant enrichment in phage binding to the control PBS-coated wells 

was obtained. Results represent the mean ratio of phage TU counts (phage library/M13KE 

control insertless phage) ± SEM of 3 independent repeats; (**, p<0.01; unpaired two-tailed 

t-test). b) Clustering analysis of peptides derived from four successive rounds of bio-

panning on C-RBM20 without acid elution (Screen 1). Approximately, 50 peptides were 

analyzed from each round. 

 

4. Phage Display Biopanning on C-RBM20 With Acid Elution (Screen 2) 

To identify strong binding partners of RBM20, phage display biopannig on C-

RBM20 was performed according to the same method described above. However; 

following phage library incubation and washing of unbound phage, bound phage was eluted 

with Glycine-HCl and neutralized with Tris-HCl before rescue by infection of competent E. 

coli cells. Following four successive rounds of bio-panning, significant enrichment in 

phage binding to C-RBM20 was not obtained until Round IV of biopanning whereby the 

mean ratio of phage TU counts (1.39 ± 0.11) was significantly higher than that obtained in 

Round I (0.70 ± 0.06) or Round II (0.83 ± 0.08); p=0.01 and p=0.01 respectively in 

unpaired two-tailed t-test (Figure 20a), hence indicating a 2-fold and a 1.7-fold increase in 

relative phage binding to C-RBM20 in Round IV in comparison to Round I and Round II 

respectively. The results represent the mean ratio of phage TU counts (phage 

library/M13KE per sample) ± SEM of 3 independent repeats. No significant enrichment in 

phage binding to the control PBS-coated wells was obtained (Figure 20a).  
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Table 3. High frequency peptides from phage display bio-panning on the C-terminal 

fragment of recombinant RBM20 protein without acid elution and their 

corresponding protein mimics, matching motifs and accession numbers. 
 

Round 
Peptide 
(% Frequency) 

Matching 
motif Protein Mimic (Gene) 

UniprotKB 
Accession 
Number 

Round I 

TVNEGMT (98%) 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVNEGMR (2%) 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

Round II 

MVRDHSV (94%) 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

FPTHNMH (4%) 

219-FPTHN-223 
440-FPPVCTHNM-448 
697-PTHDM-701 
503-HNMH-506 
26-HNMH-29 
95-HNMH-98 

Coiled-coil domain-containing protein 153 (CCDC153) 
Glycogen [starch] synthase, muscle (GYS1) 
Cysteine--tRNA ligase (CARS) 
Wilms tumor protein (WT1) 
RQCD1 protein (RQCD1) 
Interleukin-33 (IL33) 

Q494R4 
P13807 
P49589 
P19544 
D5MQE1 
O95760 

    Round III 

MVRDHSV 
(88%) 

6834-MVRDH-6838  
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

YGKRLDA  
(4%) 

947-GKRLDA-952 
1337-YGKRLE-1342 
429-YGKRLKA-435 
936-YQKRLDA-942 
1783-YGKRL-1787 
658-YRKRLDA-664 

Bromodomain-containing protein 1 (BRD1) 
Telomerase protein component 1 (TEP1) 
ATP-dependent DNA helicase DDX11 (DDX11) 
Rho guanine nucleotide exchange factor 11 
(ARHGEF11) 
CUB and sushi domain-containing protein 2 (CSMD2) 
Zinc finger BED domain-containing protein 5 (ZBED5) 

O95696 
Q99973 
Q96FC9 
O15085 
Q7Z408 
Q49AG3 

    Round IV 
MVRDHSV 
(100%) 

6834-MVRDH-6838  
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
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Figure 20. Phage display bio-panning on C-RBM20 with acid elution (Screen 2). 

a) Phage display biopanning was performed on C-RBM20 using the Ph.D.-C7C library. 

Phage binding was allowed, and bound phage was rescued by acid elution and E. coli 

infection to identify strong binding partners of C-RBM20. Following successive rounds of 

bio-panning, significant enrichment in phage binding was obtained in Round IV in 

comparison to Round I and II as determined by a 2-fold and 1.7-fold increase in relative 

phage binding units in Round IV in comparison to Round I and Round II respectively. No 

significant enrichment in phage binding to the control PBS-coated wells was obtained. 

Results represent the mean ratio of phage TU counts (phage library/M13KE control 

insertless phage) ± SEM of 3 independent repeats; (**, p<0.01; unpaired two-tailed t-test). 

b) Clustering analysis of peptides derived from four successive rounds of bio-panning on 

C-RBM20 with acid elution (Screen 2). Approximately, 50 peptides were analyzed from 

each round. 

 

5. Sequence Determination of the Phage Inserts & Clustering Analysis for Clones Selected 

from Screen 2 

 

To identify peptides displayed by phages that were recovered from binding to C-

RBM20 with acid elution (Screen 2), the phage inserts for a panel of 50 phage clones from 

Round I, 53 clones from Round II, 51 clones from Round III and 52 clones from Round IV 

were PCR amplified, sequenced, and analyzed. Clustering analysis of the recovered 

peptides shows a total of 32 different peptide sequences obtained from the different rounds 

of Screen 2 (Figure 20b). The diversity of the peptides increased from Round I (7 peptides) 

and Round II (5 peptides) to Round III (22 peptides) then decreased in Round IV (5 

peptides). Peptide clustering was noted for each round; however, the peptides mainly 

localized to wide clusters with the widest cluster belonging to Round III which is in line 

with the highest diversity of peptides obtained from this round. Like Screen 1, same peptide 

sequences were recovered from different rounds of Screen 2, three of which were different 

in one or two amino acids (MVRDHSV, TVKEGMT, TVNEGMT and TVNEGMR).   
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Table 4. High frequency peptides from phage display bio-panning on the C-terminal 

fragment of recombinant RBM20 protein, with acid elution, and their corresponding 

protein mimics, matching motifs and accession numbers. 

Round Peptide (% Frequency) 
Matching 
motif Protein Mimic 

UniprotKB 
Accession 
Number 

Round I  

TVNEGMT (86%) 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVKEGMT (4%) 
490-TVTDGMT-496 
647-VTEGMT-652 

Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 

Q7Z5N4 
Q8IWT3 

TVNEGMR (2%) 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

PVNEGMT (2%) 

1189-PVNAGMT-1195 
651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
67-PVSEGM-72; 
79-EGM-81 
462-PVLEGMT-468 

Dedicator of cytokinesis protein 9 (DOCK9) 
Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein TANC2 (TANC2) 
 
Double-stranded RNA-specific adenosine deaminase 
(ADAR) 

Q9BZ29 
Q96J94 
Q04721 
Q4VNC0 
Q9HCD6 
 
P55265 

MVRDHSV (2%) 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

Round II  

TVNEGMT (72%) 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVKEGMT (21%) 
490-TVTDGMT-496 
647-VTEGMT-652 

Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 

Q7Z5N4 
Q8IWT3 

TVNEGMA (4%) 

36-VNEGM-40 
986-VDEGMA-991 
228-VNEGM-232 
1906-NEGMA-1910 
209-NEGMA-213 
151-NEGMA-155 
170-VSEGMA-175 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
IARS protein (IARS) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Kalirin (KALRN) 
DNA repair protein RAD51 homolog 4 (RAD51D) 
Transcription elongation factor A protein-like 4 
(TCEAL4) 
Protein-tyrosine kinase 2-beta (PTK2B) 

Q04721 
Q6P0M4 
Q4VNC0 
O60229 
O75771 
Q96EI5 
Q14289  

TVNEGMR (2%) 
36-VNEGM-40 
228-VNEGM-232 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 

Q04721 
Q4VNC0 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/34784998?report=genbank&log$=prottop&blast_rank=92&RID=SWCWHHJH01N
http://www.ncbi.nlm.nih.gov/protein/34784998?report=genbank&log$=prottop&blast_rank=92&RID=SWCWHHJH01N
http://www.ncbi.nlm.nih.gov/protein/34784998?report=genbank&log$=prottop&blast_rank=92&RID=SWCWHHJH01N
http://www.ncbi.nlm.nih.gov/protein/34784998?report=genbank&log$=prottop&blast_rank=92&RID=SWCWHHJH01N
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
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104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

TVRDGMA (2%) 

34-TVRDGM-39 
4649-VREGMA-4654 
152-VREGMA-157 
203-RDGMA-207 
493-TVRNSMA 

Serine/threonine-protein kinase A-Raf (ARAF) 
E3 ubiquitin-protein ligase HERC2 (HERC2) 
Cyclin-A1 (CCNA1) 
Beta-spectrin (HSpTB1) 
Unconventional myosin-IXa (MYO9A) 

P10398 
O95714 
P78396 
Q71VG1 
B2RTY4 

Round III 

MVKDHMA (27%) 
 
 
 
 

47-LVKNHMA-53 
263-MVIEHMA-269 
167-MVIEHMA-173 
459-MVKDEM-464 
329-MLEDHMA-335 
1-MVKNQM-6 
6846-MVRDHL-6851 

Spermatogenesis-associated protein 7 (SPATA7) 
Thioredoxin reductase 1, cytoplasmic (TXNRD1) 
Selenoprotein K (SELK) 
Protein argonaute-2 (AGO2) 
TBCC domain-containing protein 1(TBCCD1) 
RNA-binding protein 28 (Rbm28) 
Nesprin-1 (SYNE1) 

Q9P0W8 
Q16881 
A8K0M9 
Q9UKV8 
Q9NVR7 
Q9NW13 
Q8NF91 

MVKDDMA (20%) 
 

459-MVKDEM-464 
922-MVKDD-926 
 
399-VKDDM-403 
324-MVKDD-328 
334-MVKDD-338 
627-MVVNGKDDM-
635 

Protein argonaute-2 (AGO2) 
Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit alpha isoform (PIK3CA) 
Protein argonaute-2 (AGO1) 
Tubulin polyglutamylase TTLL11 (TTLL11) 
Intracellular hyaluronan-binding protein 4 (HABP4) 
Gamma-adducin (ADD3) 

Q9UKV8 
P42336  
 
Q9UL18 
Q8NHH1 
Q5JVS0 
Q9UEY8 

MVKDHIA (12%) 
 

376-MIKEHI-381 
167-VKDHI-171 
796-MTKDQIA-802 
1028-MIKDQI-1033 
414-MVKEH-418 

Importin-5 (IPO5) 
Cytokine receptor-like factor 3 (CRLF3) 
Protein FAM13A (FAM13A) 
Cytoplasmic dynein 2 heavy chain 1 (DYNC2H1) 
Rap guanine nucleotide exchange factor 2 (RAPGEF2) 

O00410 
Q8IUI8 
O94988 
Q8NCM8 
Q9Y4G8 

MVKDDMT (6%) 
 

459-MVKDEMT-465 
922-MVKDD-926 
324-MVKDD-328 
334-MVKDD-338 

Protein argonaute-2 (AGO2) 
Phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K) 
Tubulin polyglutamylase TTLL11 (TTLL11) 
Intracellular hyaluronan-binding protein 4 (HABP4) 

Q9UKV8 
P42336  
Q8NHH1 
Q5JVS0 

TVNDGMT (2%) 
 

490-TVTDGMT-496 
42-NDGMT-46 
 
20-VSDGMT-25 
1190-VNAGMT-1195 
329-TVNDG-333 

Protein sidekick-1 (SDK1) 
1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase delta-4 (PLCD4) 
Helicase SRCAP (SRCAP) 
Dedicator of cytokinesis protein 9 (DOCK9) 
Advillin (AVIL) 

Q7Z5N4 
Q9BRC7 
 
Q6ZRS2 
Q9BZ29 
O75366 

Round IV 

TVNEGMT (88%)  

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVNEGMR (6%) 
 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

MVRDHSV (2%) 
 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 

Q8NF91 
P42331 
Q5TBA9 

http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/557948077?report=genbank&log$=prottop&blast_rank=49&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/557948077?report=genbank&log$=prottop&blast_rank=49&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/4378531?report=genbank&log$=prottop&blast_rank=14&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/212720861?report=genbank&log$=prottop&blast_rank=59&RID=SR9AU5JV01R
http://www.ncbi.nlm.nih.gov/protein/212720861?report=genbank&log$=prottop&blast_rank=59&RID=SR9AU5JV01R
http://www.ncbi.nlm.nih.gov/protein/62897967?report=genbank&log$=prottop&blast_rank=16&RID=SWK4NER601N
http://www.ncbi.nlm.nih.gov/protein/62897967?report=genbank&log$=prottop&blast_rank=16&RID=SWK4NER601N
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
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In addition, overlap between peptides from the four rounds was clearly seen by the 

clustering of the different colors in the dendrogram, thus indicating that these peptide 

sequences have similar characteristics which likely underlie their binding to C-RBM20 and 

ensure their appearance in different biopanning rounds. The increase in peptide diversity in 

Round III could be explained by lack of representation of all strong binding peptides in 

Rounds I and II in the sequenced phage clones due to steric hindrance by the large phage 

library which may have selected for peptides that bind at high frequency. Bulk 

amplification of outputs from Rounds I and II may have resulted in better representation of 

both high and low frequency binders in the sequenced phage clones that were enriched 

from Rounds II to III. Select peptides exhibiting preferential binding to C-RBM20 were 

then enriched in Round IV, thus resulting in the decreased diversity.  

 

173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q9NQT8 
Q2QGD7 
A6ND36 

TVKEGMT (2%) 
 

2715-VKEGM-2719 
39-VKEGM-43 
273-KEGMT-277 
132-VKEGM-136 
647-VTEGMT-652 

Fibrocystin (PKHD1) 
Synaptotagmin-16 (SYT 16) 
Enoyl-CoA hydratase, mitochondrial (ECHS1) 
Peptidyl-prolyl cis-trans isomerase A (PPIA) 
Cullin-9 (CUL9) 

P08F94 
Q17RD7 
P30084 
P62937 
Q8IWT3 

TVKKGMT (2%) 
 

239-KKGMT-243 
2-VKKGM-6 
230-VKKGM-234 
332-KKGMT-336 
 
92-VKKAMT-97 
470-
TVKKEPHESLGMT-482 
1016-VKKDMT-1021 
226-TVKKEM-231 
657-TVKTGM-662 

Kinetochore-associated protein 1 (KNTC1) 
Exportin-6 (XPO6) 
Inositol-trisphosphate 3-kinase B (ITPKB) 
Transient receptor potential cation channel subfamily V 
member 1 (TRPV1) 
Hepatocyte nuclear factor 4-alpha (HNF4) 
Ligand of Numb protein X 2 (LNX2) 
 
Rap guanine nucleotide exchange factor 6 (RAPGEF6) 
Chromodomain-helicase-DNA-binding protein 9 (CHD9) 
Synaptojanin-1 (SYNJ1) 

P50748 
Q96QU8 
P27987 
Q8NER1 
 
P41235 
Q8N448 
 
Q8TEU7 
Q3L8U1 
O43426 

http://www.ncbi.nlm.nih.gov/protein/256600196?report=genbank&log$=prottop&blast_rank=58&RID=SHFRDTPW01R
http://www.ncbi.nlm.nih.gov/protein/256600196?report=genbank&log$=prottop&blast_rank=58&RID=SHFRDTPW01R
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The percent frequency of occurrence of some of these peptides, determined by the 

number of times that each peptide sequence appeared in the total number of sequenced 

phage clones, is shown in Table 4 and Supplementary Table 4. Notably, the heptapeptide 

sequence, MVRDHSV, which appeared at very high frequencies (88%-100%) in several 

rounds of Screen 1 (Table 3) also appeared in multiple rounds of Screen 2, yet at a very low 

frequency (2%) (Table 4), which further supports its weak interaction with C-RBM20. And 

while the peptide sequence TVNEGMT only appeared in the first round of Screen I (98%), 

it persisted throughout different rounds of Screen 2 (86% in Round I, 72% in Round II and 

88% in Round IV) which supports its strong interaction with C-RBM20. Similarly, a 

peptide differing by one amino acid, TVNEGMR, only appeared in Round I of Screen 1 

(2%) whereas it appeared in different rounds of Screen 2 (2% in Round I, 2% in Round II, 

and 6% in Round III) yet at much lower frequencies than TVNEGMT. This is suggestive 

that although TVNEGMT was enriched as a strong binding peptide, it binds C-Rbm20 with 

lower affinity than TVNEGMR as a result of one amino acid change. Another possible 

explanation is that phage particles carrying this peptide might have slow replicative cycle in 

E. coli due to a potentially negative effect that they have on bacterial growth or survival, 

thus resulting in their recovery at low frequency.  

 

Clustering analysis of all peptides recovered from both screens shows a higher 

diversity of peptides recovered from Screen 2 in comparison to Screen 1 (Figure 21). 

Peptides recovered from the two screens are localized in two separate clusters except for 

TVNEGMT and TVNEGMR which were recovered by both screens and TYLSSTS which 

was recovered by Screen 2 but clusters with peptides from Screen 1. 
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Figure 21. Clustering Analysis of Peptides from Screens 1 and 2 of Phage Display Bio-

panning on C-RBM20. 

Screen 1 was performed without acid elution to recover weak binding partners, while 

Screen 2 was performed with acid elution to recover strong binding partners. Four 

successive rounds of bio-panning were performed per screen. Approximately, 200 peptides 

were analyzed from each screen with 50 peptides from each round. The dendrogram reveals 

clustering of peptides within each Screen of phage display bio-panning on C-RBM20. 

 

 

6. High Frequency Peptides Recovered from Screen 2 & The Proteins They Mimic 

To determine the protein mimics of recovered peptide sequences from Screen 2, 

protein-protein BLAST analysis was performed according to the above criteria. Multiple 

protein mimics with putative binding abilities to C-RBM20 were recovered. Select protein 

Without Acid Elution 

With Acid Elution 
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mimics of high frequency peptides and their matching motifs from the different rounds of 

Screen 2 are listed in Table 4 and the full list is listed in Supplementary Table 4. Notably, 

nesprin-1 reappeared in Screen II not only as a protein mimicked by the sequence 

MVRDHSV which was recovered by both screens, but also as a protein mimicked by other 

peptide sequences specific to Screen II (MVKDHMA, MVRDHMV and MVKDHMT). 

The matching motives in the peptide sequences recovered from Screen II localized to 

spectrin repeats 20, 30, 32, 35, 59, 62 and 63 in nesprin-1. Accordingly, the matching 

motifs of the peptide mimics from Screen II are present in isoforms 1, 2, 4, 7, 8 and 10 of 

nesprin-1 according to UniProt database (http://www.uniprot.org) and in a total of 16 

isoforms when taking into account curated isoforms of nesprin-1349,350. Interestingly, 

isoform 10 of nesprin-1 which lacks the C-terminal KASH domain (also known as Drop1) 

has been shown to be implicated in human carcinomas and may play a role in chromatin 

organization350,356. In addition, A-kinase anchor protein 9 (AKAP-9), a centrosomal protein 

component of the microtubule organizing center that binds nesprin-1α18, was also recovered 

by Screen II. Nesprin-1α is a short skeletal and cardiac-specific isoform that localizes to 

both the outer and inner nuclear membranes10,357. The matching motifs of the peptide 

mimics of nesprin-1 do not localize to this isoform; however, given the high homology 

between different spectrin repeats, the possibility of interaction between nesprin-1α and the 

C-terminal or other domains of RBM20 cannot be ruled out. Furthermore, since AKAP-9 is 

a cytoplasmic protein that interacts with nesprin-1α at the outer nuclear membrane, the 

predominant nuclear localization of RBM20 suggests that interaction with nesprin-1α might 

occur at the inner nuclear membrane at AKAP-9 binding site of nesprin-1α. This is 

consistent with the localization of nesprin-1α to both the outer and inner nuclear 

http://www.uniprot.org/
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membranes and might provide a possible explanation for the appearance of AKAP-9 in our 

screen. A KASH-less 50 KDa isoform of nesprin-1 has been detected in mRNA processing 

bodies (PBs), where it associates with microtubules and RNA-induced silencing complex 

(RISC) proteins such as Ago2 (Protein Argonaute-2)358. PBs are dynamic nonmembrane-

bound ribonucleoprotein foci involved in posttranscriptional gene regulation, including 

miRNA-mediated gene silencing359,360. Interestingly, Ago2 was mimicked by multiple 

peptides recovered by Screen II. Thus, the appearance of both nesprin-1 and Ago2 in our 

screen is suggestive that specific isoforms of RBM20 might localize to cytoplasmic PBs 

where they interact with both nesprin-1 and Ago2. This is supported by findings showing 

that the nuclear matrix RNA binding protein, matrin-3, also localizes to PBs where it plays 

a role in miRNA-dependent gene silencing and interacts with both nesprin-1 and Ago2361. 

Matrin-3 is a paralogue to RBM20 that also acts as an RNA binding protein and repressor 

of alternative splicing362.RBM20 and matrin-3 have been shown to interact with each other 

and with common proteins, such as the splicing co-regulator PTBP1212,362,363. As such it 

would be interesting to investigate whether RBM20 also localizes to PBs and plays a 

similar role to matrin-3 in miRNA-dependent gene silencing. In addition to its role in the 

RISC complex, human Ago2 has been shown to localize to the nucleus where it plays a role 

in regulating alternative splicing both by modulating RNA polymerase II elongation rate 

and histone modifications364. As such, Ago2 might as well interact with RBM20 in the 

nucleus. Supporting its putative interaction with RBM20 is the interaction of Ago 2 with 

several RNA binding motif proteins (RBM8, RBM14, RBM16 and RBM39)364. The 

appearance of nesprin-1 in both phage display screens, particularly as a top hit in Screen I, 

its implication in DCM and the appearance of multiple nesprin-1 interacting proteins in our 
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screens, strongly proposes it as a putative interacting partner with RBM20. As such, we 

selected nesprin-1 for validation by Co-IP and proximity ligation assays (see below). In 

addition to nesprin-1, other DCM-related proteins were also mimicked by peptides 

recovered by our screens. Importantly, TTN, the most commonly mutated gene in DCM and 

the genuine mRNA splicing target of RBM20134,176, was mimicked by the peptides 

MVKDHMT, MVKDEIA, TVKDGMA and TVKDGMT recovered in Screen II. In 

addition to its role in the sarcomere, titin is present in the nucleus where it has been shown 

to interact with A and B type lamins365. Although the significance of this interaction is yet 

to be revealed, it might be related to the role of nuclear titin in chromatin organization. In 

fact, not only nuclear titin protein but also titin pre-mRNA has recently been shown to play 

a role in genome organization by bringing together foci of RBM20 target genes during 

cardiogenesis, thus facilitating RBM20-mediated alternative splicing366. In addition to titin, 

lamin B1 also appeared as a putative C-RBM20 binding protein. Due to the similar 

structural organization of lamin B1 and lamin A/C and their close association and 

interaction with each other and with other common binding partners367, we opted to test the 

putative interaction between RBM20 and each of lamin B1 and lamin A/C. Although lamin 

A/C did not appear as a hit in our screens, the fact that LMNA is the second most commonly 

mutated gene in DCM and the similarity in the disease manifestation of LMNA and RBM20 

mutations178,340, encouraged us to test whether lamin A/C also interacts with RBM20. 

Furthermore, a study by Maatz et al. revealed several RBM20-interacting proteins 

(RBM10, SF3B3, PRPF12, PRPF19, PRPF31, U2AF2) that have also been reported to 

interact with lamin A/C212,340. 
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7. Rbm20 protein interacts with nesprin-1, lamin A/C and lamin B1 

Co-IP assays were performed using antibody-coupled beads with antibodies 

against nesprin-1, lamin A/C and lamin B1 alongside normal rabbit, goat or mouse IgG-

coupled beads, which served as controls. Co-IP was first performed in differentiated C2C12 

myoblasts using nesprin-1 antibody and normal rabbit IgG-coupled beads. Probing for 

Rbm20 and nesprin-1 by western blotting showed that the 75 KDa isoform of Rbm20 is 

pulled down by the 112 KDa isoform of nesprin-1 and to a lesser extent by the 131 KDa 

isoform of nesprin-1 (Figure 22a). Interestingly, the obtained nesprin-1 bands correspond to 

muscle specific isoforms: isoform 3 or nesprin-1α (112.4 KDa), isoform 9 or nesprin-1α2 

(111.6 KDa) and isoform 11 or myne-1 (131 KDa). Since these isoforms were not 

recovered by our phage display screens, their shared homology with the recovered isoforms 

might explain their interaction with Rbm20 in Co-IP. The appearance of these specific 

isoforms in Co-IP might be governed by their muscle-specific expression and thus their 

abundance in differentiated C2C12 myoblasts. Another explanation is that the interaction 

between these isoforms and RBM20 might require other domains in addition to the C-

terminal domain, which might explain their appearance in Co-IP but not in phage display 

biopanning against C-RBM20. Moreover, peptides mimicking these isoforms could have 

been recovered by our screens but might not have been picked when randomly selecting 

clones for sequencing. Pull down assays were also performed using anti-lamin A/C 

antibody-coupled beads and normal goat IgG-coupled beads. Western blot analysis showed 

that the same isoform of Rbm20 that interacts with nesprin-1 co-immunoprecipitates with 

lamin A/C in protein lysates from differentiated C2C12 myoblasts (Figure 22b).  
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Figure 22. Rbm20 Co-immunoprecipitates with Nesprin-1, Lamin A/C and Lamin B1 

in Differentiated C2C12 Myoblasts and in Mouse Heart Muscle Tissue. 

Co-IP assays were performed with protein extracts from C2C12 myoblasts 2 days post 

differentiation a) and b) or with heart muscle tissue from wild type C57 mice c) and d). a) 

Co-IP assays were performed using anti-nesprin-1 antibody and normal rabbit IgG-coupled 

beads. Probing for Rbm20 and nesprin-1 showed that Rbm20 is pulled down by nesprin-1 

in differentiated C2C12 cells. b) Pull down assays were performed using anti-lamin A/C 

and normal goat IgG-coupled beads. Western blotting showed that Rbm20 is pulled down 

by lamin A/C in differentiated C2C12 cells. c) Pull down assays were performed by 

coupling one nesprin-1 antibody and 2 lamin A/C antibodies to protein A agarose beads 
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alongside normal rabbit and mouse IgG-coupled beads. Both lamin A/C antibodies pulled 

down RBM20 and antibody 1 pulled down both RBM20 and nesprin-1 in heart muscle 

tissue from mice. d) Pull down assays were performed by coupling 3 lamin B1 antibodies to 

protein A agarose beads alongside normal rabbit and mouse IgG-coupled beads. Lamin B1 

(antibody 3) pulled down RBM20 in heart muscle tissue from mice. 

 

These results were confirmed in heart muscle tissue harvested from wild type mice 

(Figure 22c). One nesprin-1 antibody and two different lamin A/C antibodies were coupled 

to protein A agarose beads and used alongside normal rabbit and mouse IgG-coupled beads. 

Both lamin A/C antibodies pulled down RBM20, while it was not pulled down by the 

nesprin-1 antibody used. In addition, lamin A/C (antibody 1) pulls down both RBM20 and 

nesprin-1α (112 KDa). The bands corresponding to RBM20 appeared at 55 KDa and to a 

lesser extent at 130 KDa. The 55 KDa band likely corresponds to a 507 amino acid 

polypeptide of RBM20 that has been reported by the Mouse Genome Informatics (MGI) 

website 

(http://www.informatics.jax.org/sequence/marker/MGI:1920963?provider=UniProt). By 

calculating the molecular weight from the amino acid number, using the molecular weight 

Promega calculator, this polypeptide corresponds to 55.77 KDa. On the other hand, the 130 

KDa band corresponds to the canonical RBM20 isoform in mice. The appearance of 

RBM20, nesprin-1 and lamin A/C bands in the same blot indicates that these three proteins 

interact in the same complex, most probably at the inner nuclear membrane. Next, we 

tested the interaction between lamin B1 and RBM20 in heart muscle tissue lysates using 

three different lamin B1 antibodies coupled to protein A agarose beads and normal mouse 

and rabbit IgG-coupled beads (Figure 22d). Both isoforms of RBM20 (55 and 130 KDa) 

were pulled down by lamin B1 (antibody 3).  

http://www.informatics.jax.org/sequence/marker/MGI:1920963?provider=UniProt
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Figure 23. Detection of Interaction Between RBM20 and each of Lamin A/C, Lamin 

B1 and Nesprin-1 in Human Rhabdomyosarcoma (RD) Cells by Proximity Ligation 

Assay. 

Representative maximum intensity projection images of confocal z stacks, showing 

proximity ligation assay (PLA) signals in red and nuclei in blue. PLA for the interaction 

between Rbm20 and each of lamin A/C, nesprin-1 and lamin B1 is shown versus the 

negative control. Scale bar = 20 µm.   
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Interaction between Rbm20 and each of lamin A/C, lamin B1 and nesprin-1 was 

confirmed by Proximity Ligation Assay (PLA) in human Rhabdomyosarcoma (RD) cells 

(Figure 23).  Furthermore, double immunofluorescence staining of RBM20 and lamin A/C 

and RBM20 and nesprin-1 was performed in RD cells in which RBM20 was shown to co-

localizes with each of lamin A/C and nesprin-1 (Figure 24). 

 

 

Figure 24. RBM20 protein co-localizes with lamin A/C and nesprin-1 in human 

Rhabdomyosarcoma (RD) cell line. 

Double immunofluorescence staining of RBM20 and lamin A/C and RBM20 and nesprin-1 

were performed in RD cells. Representative upright fluorescent microscope images (400x) 

show that RBM20 co-localizes with each of lamin A/C (A) and nesprin-1 (B) in RD cells. 

 

Thus, our results show that RBM20 interacts with nesprin-1α, lamin A/C and 

lamin B1 both in vitro and in vivo. This interaction most likely occurs at the inner nuclear 

membrane where all these proteins share a common localization. In addition to nesprin-1α, 
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lamin A/C and lamin B1, this work revealed proteins that are closely related to Rbm20 

interacting partners reported by previous studies. While our phage display method revealed 

NUDT18, CCDC153, CCDC39, RBMY1A1, RBM28, DDX11, ZNF324, ZNF511, 

ZNF609, ZNF66 and ZNFX1 as putative proteins that interact with C-RBM20, Maatz et al. 

identified by mass spectrometry NUDT21, CCDC47, RBM4, RBM14, RBM15, RRBMX, 

DDX5, DDX41 and ZNF207 as RBM20 interacting partners. In addition, our screens 

identified novel RBM20 interacting proteins, thus providing a better insight into the 

molecular mechanisms implicated in its role in cardiomyopathies. 
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E. Supplementary Tables 

Supplementary Table 3. High frequency peptides from phage display bio-panning on 

the C-terminal fragment of recombinant RBM20 protein without acid elution and 

their corresponding protein mimics, matching motifs and UniprotKB accession 

numbers. 

Round 
Peptide 
(% Frequency) 

Matching 
motif Protein Mimic (Gene) 

UniprotKB 
Accession 
Number 

Round I 

TVNEGMT (98%) 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVNEGMR (2%) 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

Round II 

MVRDHSV (94%) 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

FPTHNMH (4%) 

219-FPTHN-223 
440-FPPVCTHNM-448 
697-PTHDM-701 
503-HNMH-506 
26-HNMH-29 
95-HNMH-98 

Coiled-coil domain-containing protein 153 (CCDC153) 
Glycogen [starch] synthase, muscle (GYS1) 
Cysteine--tRNA ligase (CARS) 
Wilms tumor protein (WT1) 
RQCD1 protein (RQCD1) 
Interleukin-33 (IL33) 

Q494R4 
P13807 
P49589 
P19544 
D5MQE1 
O95760 

MGRDHSV (2%) 

926-MGRDH-930  
994-RDHSV-998  
 
797-LGRDHS-802  
 
811-GRNHSV-816  
 
116-GREHSV-121 
 
  
479-RDHSV-483  
 476-LGRDHS-481  
377-LGRDHS-382  

Dedicator of cytokinesis protein 2 (DOCK2) 
Bromodomain adjacent to zinc finger domain 1A 
(BAZ1A)  
Sortilin-related VPS10 domain containing receptor 3 
(SORCS3)  
Bone morphogenetic protein receptor type-2 
precursor (BMPR-II) 
Probable bifunctional dTTP/UTP 
pyrophosphatase/methyltransferase protein isoform 
1 (ASMTL)  
Male-specific lethal 1 homolog isoform X1(MSL1)  
8-oxo-dGDP phosphatase (NUDT18)  
RNA binding motif protein, Y-linked, family 1, 
member A1 (RBMY1A1) 

Q92608 
Q9NRL2 
 
Q9UPU3 
 
Q13873 
 
O95671 
 
 
Q68DK7 
Q6ZVK8 
P0DJD3 

    Round III 
MVRDHSV (88%) 

6834-MVRDH-6838  
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

YGKRLDA (4%) 947-GKRLDA-952 Bromodomain-containing protein 1 (BRD1) O95696 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
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1337-YGKRLE-1342 
429-YGKRLKA-435 
936-YQKRLDA-942 
1783-YGKRL-1787 
658-YRKRLDA-664 

Telomerase protein component 1 (TEP1) 
ATP-dependent DNA helicase DDX11 (DDX11) 
Rho guanine nucleotide exchange factor 11 
(ARHGEF11) 
CUB and sushi domain-containing protein 2 (CSMD2) 
Zinc finger BED domain-containing protein 5 (ZBED5) 

Q99973 
Q96FC9 
O15085 
Q7Z408 
Q49AG3 

TKSLAHT (2%) 

327-TKSLVAHT-334  
1020-TSSLAHT-1026  
 
2901-TKALTHT-2907  
531-KNLAHT-536  
196-TKALAH-201  
 
2483-SLAHT-2487; 4106-
SLLHT-4110  
3784-KSLAH-3788; 954-
TKSL-957  
544-SLAHT-548; 1960-
KSLAH-1964  
152-KSLAH-156  
 
385-SLAHT-389 
163-SLAHT-167  
145-KSLAH-149; 348-TKSL-
351  

protein Mdm4 (MDM4) 
Connector enhancer of kinase suppressor of ras 2 
isoform 1 (CNKSR2)  
WD repeat-containing protein 87 (WDR87)  
RAN binding protein 10 (RANBP10)  
tRNA modification GTPase GTPBP3, mitochondrial 
(GTPBP3)  
Histone-lysine N-methyltransferase 2D (KMT2D)  
 
Microtubule-actin crosslinking factor 1 (MACF1)  
 
Neuroblastoma-amplified sequence (NBAS)  
 
Mitogen-activated protein kinase kinase kinase 14 
(MAP3K14)  
TBC1 domain family, member 2 (TBC1D2)  
DNA-binding protein RFX2 (RFX2) 
Serine/threonine-protein kinase PLK3 (PLK3) 

O15151 
Q8WXI2 
 
Q6ZQQ6 
Q6VN20 
Q969Y2 
 
O14686 
 
Q9UPN3 
 
A2RRP1 
 
Q99558 
 
Q9BYX2 
P48378 
Q9H4B4 

FPTHNMH (4%) 

219-FPTHN-223 
440-FPPVCTHNM-448 
697-PTHDM-701 
503-HNMH-506 
26-HNMH-29 
95-HNMH-98 

Coiled-coil domain-containing protein 153 (CCDC153) 
Glycogen [starch] synthase, muscle (GYS1) 
Cysteine--tRNA ligase (CARS) 
Wilms tumor protein (WT1) 
RQCD1 protein (RQCD1) 
Interleukin-33 (IL33) 

Q494R4 
P13807 
P49589 
P19544 
D5MQE1 
O95760 

VHVAQGR (2%) 

446-VHVEQGR-452  
613-IHVAQG-618  
273-VHVAQ-277  
1264-HVAQG-1268  
 
1107-VHVAEG-1112  

AMP deaminase 2 (AMPD2) 
Pericentriolar material 1 protein (PCM1)  
MHC class II regulatory factor RFX1 (RFX1) 
Biorientation of chromosomes in cell division protein 
1-like 1 (BOD1L1) 
Myosin light chain kinase (MYLK) 

Q01433 
Q15154 
P22670 
Q8NFC6 
 
Q15746 

NQNASHY (2%) 

102-NQNASLY-108  
1304-QHASHY-1309  
357-NQDASH-362  
737-QNASH-741  
344-QNASH-348  
297-QNASPHY-303  
 
603-NQNAS-607  

Protein FAM209B (FAM209B)  
Zinc finger protein 609 (ZNF609) 
Testis-specific Y-encoded-like protein 2 (TSPYL2) 
Manganese-transporting ATPase 13A1 (ATP13A1)  
Ras guanyl-releasing protein 3 (RASGRP3) 
Tyrosine-protein phosphatase non-receptor type 18 
(PTPN18)  
MAX gene-associated protein isoform 1 (MGA) 

Q5JX69 
O15014 
Q9H2G4 
Q9HD20 
Q8IV61 
Q99952 
 
Q8IWI9  

    Round IV MVRDHSV (100%) 

6834-MVRDH-6838  
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

 

 

http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
http://www.ncbi.nlm.nih.gov/protein/578820848?report=genbank&log$=prottop&blast_rank=60&RID=KK2S9WRV014
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Supplementary Table 4. High frequency peptides from phage display bio-panning on 

the C-terminal fragment of recombinant RBM20 protein with acid elution and their 

corresponding protein mimics, matching motifs and UniprotKB accession numbers. 

Round 
Peptide  
(% Frequency) 

Matching 
motif Protein Mimic 

UniprotKB 
Accession 
Number 

Round I  

TVNEGMT (86%) 
 

 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVKEGMT (4%) 
490-TVTDGMT-496 
647-VTEGMT-652 

Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 

Q7Z5N4 
Q8IWT3 

TVNEGMR (2%) 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

PVNEGMT (2%) 

1189-PVNAGMT-1195 
651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
67-PVSEGM-72; 79-EGM-81 
462-PVLEGMT-468 

Dedicator of cytokinesis protein 9 (DOCK9) 
Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein TANC2 (TANC2) 
Double-stranded RNA-specific adenosine deaminase 
(ADAR) 

Q9BZ29 
Q96J94 
Q04721 
Q4VNC0 
Q9HCD6 
P55265 

MVRDHSV (2%) 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

TVNEEMT (2%) 

2449-TANEEMT-2455;  
710-VNSKSEEMT-718; 
 482-TVNED-486;  
1060-TVGEE-1064  
2013-VNQEMT-2018  
 
1248-VNEEM-1252  

A-kinase anchor protein 9 (AKAP9)  
 
 
 
Small subunit processome component 20 homolog 
(UTP20)  
Calcium-dependent secretion activator 1 (CADPS) 

Q99996 
 
 
 
O75691 
 
Q9ULU8 

TVKDGMT (2%) 

490-TVTDGMT-496  
200-TVKDGKT-206  
3192-VKDGM-3196  
746-KDGMT-750  
34-TVRDGM-39  
318-TVRDGM-323  
31274-TVKDSM-31279; 2209-
KDGM-2212; 32514-DGMT-
32517; 23840-KDSMT-23844; 
26400-KDSMT-26404; 16559-
TVKDVGKT-16566; 2324-
TVKD-2327; 16404-TVKD-

Protein sidekick-1 (SDK1)  
60 kDa heat shock protein, mitochondrial (HSPD1) 
E3 SUMO-protein ligase (RanBP2)  
Ankyrin repeat domain-containing protein 50 
(ANKRD50)  
Serine/threonine-protein kinase A-Raf (ARAF)  
Aprataxin isoform e (APTX) 
Titin isoform IC (TTN) 

Q7Z5N4 
P10809 
P49792 
Q9ULJ7 
 
P10398 
Q7Z2E3 
Q8WZ42 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
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16407; 16704-TVKD-16707; 
17107-TVKD-17110; 18678-
TVKD-18681; 28416-TVKD-
28419; 6397-TEKDPMT-6403; 
26914-VKDG-26917; 30339-
DGM-30341; 22069-KDHMT-
22073; 35082-VKSQMT-35087  

Round II  

TVNEGMT (72%) 

651-INEGMT-656 
36-VNEGM-40 
228-VNEGM-232 
490-TVTDGMT-496 
647-VTEGMT-652 
1190-VNAGMT-1195 

Piwi-like protein 1 (PIWIL 1) 
Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 
Dedicator of cytokinesis protein 9 (DOCK9) 

Q96J94 
Q04721 
Q4VNC0 
Q7Z5N4 
Q8IWT3 
Q9BZ29 

TVKEGMT (21%) 
490-TVTDGMT-496 
647-VTEGMT-652 

Protein sidekick-1 (SDK1) 
Cullin-9 (CUL9) 

Q7Z5N4 
Q8IWT3 

TVNEGMA (4%) 

36-VNEGM-40 
986-VDEGMA-991 
228-VNEGM-232 
1906-NEGMA-1910 
209-NEGMA-213 
151-NEGMA-155 
 
170-VSEGMA-175 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
IARS protein (IARS) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
Kalirin (KALRN) 
DNA repair protein RAD51 homolog 4 (RAD51D) 
Transcription elongation factor A protein-like 4 
(TCEAL4) 
Protein-tyrosine kinase 2-beta (PTK2B) 

Q04721 
Q6P0M4 
Q4VNC0 
O60229 
O75771 
Q96EI5 
 
Q14289  

TVNEGMR (2%) 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

TVRDGMA (2%) 

34-TVRDGM-39 
4649-VREGMA-4654 
152-VREGMA-157 
203-RDGMA-207 
493-TVRNSMA 

Serine/threonine-protein kinase A-Raf (ARAF) 
E3 ubiquitin-protein ligase HERC2 (HERC2) 
Cyclin-A1 (CCNA1) 
Beta-spectrin (HSpTB1) 
Unconventional myosin-IXa (MYO9A) 

P10398 
O95714 
P78396 
Q71VG1 
B2RTY4 

Round III 

MVKDHMA (27%) 
 
 
 
 

47-LVKNHMA-53 
263-MVIEHMA-269 
167-MVIEHMA-173 
459-MVKDEM-464 
329-MLEDHMA-335 
1-MVKNQM-6 
6846-MVRDHL-6851 

Spermatogenesis-associated protein 7 (SPATA7) 
Thioredoxin reductase 1, cytoplasmic (TXNRD1) 
Selenoprotein K (SELK) 
Protein argonaute-2 (AGO2) 
TBCC domain-containing protein 1(TBCCD1) 
RNA-binding protein 28 (Rbm28) 
Nesprin-1 (SYNE1) 

Q9P0W8 
Q16881 
A8K0M9 
Q9UKV8 
Q9NVR7 
Q9NW13 
Q8NF91 

MVKDDMA (20%) 
 

459-MVKDEM-464 
922-MVKDD-926 
 
399-VKDDM-403 
324-MVKDD-328 
334-MVKDD-338 
627-MVVNGKDDM-635 

Protein argonaute-2 (AGO2) 
Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit alpha isoform (PIK3CA) 
Protein argonaute-2 (AGO1) 
Tubulin polyglutamylase TTLL11 (TTLL11) 
Intracellular hyaluronan-binding protein 4 (HABP4) 
Gamma-adducin (ADD3) 

Q9UKV8 
P42336  
 
Q9UL18 
Q8NHH1 
Q5JVS0 
Q9UEY8 

MVKDHIA (12%) 
 

376-MIKEHI-381 
167-VKDHI-171 
796-MTKDQIA-802 
1028-MIKDQI-1033 
414-MVKEH-418 

Importin-5 (IPO5) 
Cytokine receptor-like factor 3 (CRLF3) 
Protein FAM13A (FAM13A) 
Cytoplasmic dynein 2 heavy chain 1 (DYNC2H1) 
Rap guanine nucleotide exchange factor 2 (RAPGEF2) 

O00410 
Q8IUI8 
O94988 
Q8NCM8 
Q9Y4G8 

MVKDDMT (6%) 459-MVKDEMT-465 Protein argonaute-2 (AGO2) Q9UKV8 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/557948077?report=genbank&log$=prottop&blast_rank=49&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/557948077?report=genbank&log$=prottop&blast_rank=49&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/4378531?report=genbank&log$=prottop&blast_rank=14&RID=SMTNAET1014
http://www.ncbi.nlm.nih.gov/protein/212720861?report=genbank&log$=prottop&blast_rank=59&RID=SR9AU5JV01R
http://www.ncbi.nlm.nih.gov/protein/212720861?report=genbank&log$=prottop&blast_rank=59&RID=SR9AU5JV01R
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 922-MVKDD-926 
324-MVKDD-328 
334-MVKDD-338 

Phosphatidylinositol 4,5-bisphosphate 3-kinase (PI3K) 
Tubulin polyglutamylase TTLL11 (TTLL11) 
Intracellular hyaluronan-binding protein 4 (HABP4) 

P42336  
Q8NHH1 
Q5JVS0 

TVNDGMT (2%) 
 

490-TVTDGMT-496 
42-NDGMT-46 
 
20-VSDGMT-25 
1190-VNAGMT-1195 
329-TVNDG-333 

Protein sidekick-1 (SDK1) 
1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase delta-4 (PLCD4) 
Helicase SRCAP (SRCAP) 
Dedicator of cytokinesis protein 9 (DOCK9) 
Advillin (AVIL) 

Q7Z5N4 
Q9BRC7 
 
Q6ZRS2 
Q9BZ29 
O75366 

MARDQMA (2%) 

1-MSQDQMA-7  
432-MARDQ-436  
236-RDQMA-240  
 
264-MACPRDQM-271  
204-RDQMA-208;  
670-ARAIMA-675  
287-AREQMA-292  
346-MAEIRDQM-353  
1256-MSMDQMA-1262  

Zinc finger protein 324A isoform X1 (ZNF324)  
Apolipoprotein B-100 precursor, partial (APOB)  
Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 
(ATP2A1) 
Transcription regulator protein BACH2   
Catenin alpha-1 (CTNNA1) 
 
Zinc finger protein 64 (ZFP64) 
Lamin-B1 (LMNB1) 
Protein PRRC2C (PRRC2C) 

O75467 
P04114 
O14983 
 
Q9BYV9 
P35221 
 
Q9NTW7 
P20700 
Q9Y520 

MVNDHMT (2%) 

13-VNGHMT-18  
754-MVEEHM-759  
 
459-MVKDEMT-465  
252-VNSHMT-257  

Retinoic acid receptor beta (RARB) 
Structural maintenance of chromosomes protein 6 
(SMC6) 
Protein argonaute-2 (AGO2) 
CDKN2A-interacting protein (CDKN2AIP) 

P10826 
Q96SB8 
 
Q9UKV8 
Q9NXV6 

MVKDHMV (2%) 

844-KDHMV-848  
 
257-KDHMV-261  
177-KDHMV-181  
459-MVKDEM-464;  
135-EHMV-138   
1-MVKNQM-6  
473-IKEHMV-478  

Unhealthy ribosome biogenesis protein 2 homolog 
(URB2) 
H/ACA ribonucleoprotein complex subunit DKC1 
(DKC1) 
Zinc finger protein 511 (ZNF511) 
Protein argonaute-2 (AGO2) 
 
DNA-directed RNA polymerase III subunit RPC7 
(POLR3G) 
Chromatin assembly factor 1 subunit A (CHAF1A) 

Q14146 
 
O60832 
Q8NB15 
Q9UKV8 
 
O15318 
Q13111 

MVRDHMV (2%) 

6846-MVRDHL-6851; 7127-
DHMV-7130   
6 -MTRDHM-11  
 
515-VRDHM-519  
1-MPRDHM-6  
128-VRDNMV-133  
60-VRDHLV-65  

Nesprin-1 (SYNE1) 
 
Dual specificity tyrosine-phosphorylation-regulated 
kinase 2 (DYRK2) 
zinc finger MYM-type protein 2 (ZMYM2) 
Methyltransferase-like protein 8 (METTL8)  
Apoptosis-inducing factor 1, mitochondrial (AIFM1) 
Glycogen phosphorylase, liver form (PYGL) 

Q8NF91 
 
Q92630 
 
Q9UBW7 
Q9H825 
O95831 
P06737 

 

459-MVKDEMT-465 
72-MVEDEM-77  
28-MVNQEM-33  
507-NDEMT-511  
 
56-MVADEM-61  
 
181-MVSDDM-186  
 
1638-MVNPEM-1643  
344-INDEM-348  
 
19-MVSDGMT-25  
2013-VNQEMT-2018; 1813-
VNDE-1816   
326-MIDEDMT-332  

Protein argonaute-2 (AGO2) 
RING finger protein 10 (RNF10)  
HAUS augmin-like complex subunit 2 (HAUS2) 
NACHT, LRR and PYD domains-containing protein 10 
(NLRP10) 
DNA annealing helicase and endonuclease ZRANB3 
(ZRANB3) 
Mediator of RNA polymerase II transcription subunit 
18 (MED18) 
TPR and ankyrin repeat-containing protein 1 (TRANK1) 
Protein mono-ADP-ribosyltransferase PARP14 
(PARP14) 
Helicase SRCAP (SRCAP) 
Small subunit processome component 20 homolog 
(UTP20) 
Integrin-linked protein kinase (ILK) 

Q9UKV8 
Q8N5U6 
Q9NVX0 
Q86W26 
 
Q5FWF4 
 
Q9BUE0 
 
O15050 
Q460N5 
 
Q6ZRS2 
O75691 
 
Q13418 

http://www.ncbi.nlm.nih.gov/protein/62897967?report=genbank&log$=prottop&blast_rank=16&RID=SWK4NER601N
http://www.ncbi.nlm.nih.gov/protein/62897967?report=genbank&log$=prottop&blast_rank=16&RID=SWK4NER601N
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MVNDEMT (2%) 

459-MVKDEMT-465  
72-MVEDEM-77  
28-MVNQEM-33  
507-NDEMT-511  
 
56-MVADEM-61  
 
181-MVSDDM-186  
 
1638-MVNPEM-1643 
344-INDEM-348  
 
19-MVSDGMT-25  
2013-VNQEMT-2018; 1813-
VNDE-1816  
326-MIDEDMT-332  

Protein argonaute-2 (AGO2) 
RING finger protein 10 (RNF10)  
HAUS augmin-like complex subunit 2 (HAUS2) 
NACHT, LRR and PYD domains-containing protein 10 
(NLRP10) 
DNA annealing helicase and endonuclease ZRANB3 
(ZRANB3) 
Mediator of RNA polymerase II transcription subunit 
18 (MED18) 
TPR and ankyrin repeat-containing protein 1 (TRANK1) 
Protein mono-ADP-ribosyltransferase PARP14 
(PARP14) 
Helicase SRCAP (SRCAP) 
Small subunit processome component 20 homolog 
(UTP20) 
Integrin-linked protein kinase (ILK) 

Q9UKV8 
Q8N5U6 
Q9NVX0 
Q86W26 
 
Q5FWF4 
 
Q9BUE0 
 
O15050 
Q460N5 
 
Q6ZRS2 
O75691 
 
Q13418 

MVNDGMT (2%) 

19-MVSDGMT-25  
42-NDGMT-46  
 
92-MVNDG-96  
985-MVDEGM-990  
459-MVKDEMT-465  
244-MVNSGM-249  
91-MVNHGM-96  
 
491-VTDGMT-496  

Helicase SRCAP (SRCAP) 
1-phosphatidylinositol 4,5-bisphosphate 
phosphodiesterase delta-1 (PLCD1) 
Glutathione S-transferase P (GSTP1) 
Isoleucine--tRNA ligase, cytoplasmic (IARS) 
Protein argonaute-2 (AGO2) 
Serine/threonine-protein kinase RIO3 (RIOK3) 
DNA-directed RNA polymerase III subunit RPC1 
(POLR3A) 
Protein sidekick-1 (SDK1) 

Q6ZRS2 
P51178 
 
P09211 
P41252 
Q9UKV8 
O14730 
O14802 
 
Q7Z5N4 

MVKDEMR (2%) 

459-MVKDEM-464  
1-MVKNQMR-7  
 
2036-LVKNEMR-2042; 2398-
MVRDE-2402  
72-MVEDEM-77 
157-MVKDE-161  
124-VKDEM-128  
391-MVKDALR-397  
 
901-VKDELR-906  
67-MEKDEM-72   

Protein argonaute-2 (AGO2) 
DNA-directed RNA polymerase III subunit RPC7 
(POLR3G) 
Pericentrin (PCNT) 
 
RING finger protein 10 (RNF10) 
Mothers against decapentaplegic homolog 4 (SMAD4)  
Zinc finger protein 662 (ZNF662) 
N-alpha-acetyltransferase 35, NatC auxiliary subunit 
(NAA35) 
NFX1-type zinc finger-containing protein 1 (ZNFX1) 
TBC1 domain family member 16 (TBC1D16) 

Q9UKV8 
O15318 
 
O95613 
 
Q8N5U6 
Q13485 
Q6ZS27 
Q5VZE5 
 
Q9P2E3 
Q8TBP0 

MVKDHIV (2%) 18-IKDHIV-23 
 
376-MIKEHI-381 

Peroxisome proliferator-activated receptor gamma 
coactivator 1-alpha (PPARGC1A)    
Importin-5 (IPO5) 

Q9UBK2 
 
O00410 

MVRDEMG (2%) 327-LVRDEMG-333 
354-MVRAVGDEMG-363 
459-MVKDEM-464 
56-MVADEMG-62 
 
2398-MVRDE-2402 
2119-MVRDE-2123 
579-VREEMG-584 
402-VRDEM-406 
153-MVRDERR-159 

Dynein heavy chain 1, axonemal (DNAH1) 
Serine/threonine-protein kinase 4 (STK4) 
Protein argonaute-2 (AGO2) 
DNA annealing helicase and endonuclease ZRANB3 
(ZRANB3) 
Pericentrin (PCNT) 
Ubiquitin carboxyl-terminal hydrolase 24 (USP24) 
Protein flightless-1 homolog (FLII) 
Protein argonaute-3 (AGO3) 
Calumenin (CALU) 

Q9P2D7 
Q13043 
Q9UKV8 
Q5FWF4 
 
O95613 
Q9UPU5 
Q13045 
Q9H9G7 
O43852 

MVKDHMT (2%) 459-MVKDEMT-465 
22069-KDHMT-22073; 6399-
KDPMT-6403; 20187-EHMT-
20190; 35082-VKSQMT-35087; 
23840-KDSMT-23844; 26400-
KDSMT-26404; 27086-KDQM-
27089; 29583-MVSEHL-29588 

Protein argonaute-2 (AGO2) 
Titin (TTN) 
 
 
 
 
 

Q9UKV8 
Q8WZ42 
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1-MVKNQM-6 DNA-directed RNA polymerase III subunit RPC7 
(POLR3G) 

O15318 

MVNDDMT (2%) 459-MVKDEMT-465 
181-MVSDDM-186 
 
326-MIDEDMT-332 
158-NDDMT-162 
19-MVSDGMT-25 
1-MVNKDM-6 
59-MINIDMT-65 

Protein argonaute-2 (AGO2) 
Mediator of RNA polymerase II transcription subunit 
18 (MED18)  
Integrin-linked protein kinase (ILK) 
Anillin (ANLN) 
Helicase SRCAP (SRCAP) 
Serine/threonine-protein kinase Sgk1 (SGK1) 
E3 SUMO-protein ligase EGR2 (EGR2) 

Q9UKV8 
Q9BUE0 
 
Q13418 
Q9NQW6 
Q6ZRS2 
O00141 
P11161 

MVKDDIA (2%) 922-MVKDD-926; 130-MVKD-
133; 1017-DDIA-1020 
324-MVKDD-328 
334-MVKDD-338 
70-MVNKDDI-76 
642-IKDDIA-647 

Phosphatidylinositol 4,5-bisphosphate 3-kinase 
catalytic subunit alpha isoform (PIK3CA) 
Tubulin polyglutamylase TTLL11 (TTLL11) 
Intracellular hyaluronan-binding protein 4 (HABP4) 
sacsin isoform 1 (SACS) 
E3 ubiquitin-protein ligase Praja-2 (PJA2) 

P42336 
 
Q8NHH1 
Q5JVS0 
Q9NZJ4 
O43164 

TYLSSTS (2%) 555-TYLSST-560; 860-LSST-
863; 511-SSTS-514; 583-SSTS-
586 
1080-TYLSSKS-1086; 1760-
SSTS-1763; 1073-LSPTS-1077 
565-TYLAST-570 
415-TYLNST-420 

Protein HEG homolog 1 (HEG1) 
 
 
CDK5 regulatory subunit-associated protein 2 
(CDK5RAP2) 
Dipeptidyl peptidase 4 (DPP4) 
PHD finger protein 21A (PHF21A) 

Q9ULI3 
 
 
Q96SN8 
 
P27487 
Q96BD5 

MVKDEMM 162-MVKDEM-167 
471-KDEM-475 
157-MVKDE-161 
72-MVEDEM-77 
124-VKDEM-128 
274-IRDEMM-279 
67-MEKDEML-73 
2472-KDDMM-2476; 218-
VKSQM-222 
 
810-KDDMM-814; 
247-KDDM-250 
241-VKTEMM-246 
 
1-MVKNQM-6;  
19-VKKVMM-24 

Protein argonaute-2 (AGO2) 
Ras guanyl-releasing protein 3 (RASGRP3) 
Mothers against decapentaplegic homolog 4 (SMAD4) 
RING finger protein 10 (RNF10)  
Zinc finger protein 662 (ZNF662) 
Probable global transcription activator SNF2L1 
(SMARCA1) 
 TBC1 domain family member 16 (TBC1D16)  
 
 
Vacuolar protein sorting-associated protein 13A 
(VPS13A)  
LIM and calponin homology domains-containing 
protein 1 (LIMCH1)  
Zinc finger and BTB domain-containing protein 16 
(ZBTB16)  

Q9UKV8 
Q8IV61 
Q13485 
Q8N5U6 
Q6ZS27 
P28370  
 
Q8TBP0 
 
 
Q96RL7 
 
Q9UPQ0 
 
Q05516 

MVKDGMA (2%) 459-MVKDEM-464 
39-MVKDG-43 
3192-VKDGM-3196 
19-MVSDGM-24 
986-VDEGMA-991 
163-KDGMA-167 

Protein argonaute-2 (AGO2) 
E3 ubiquitin-protein ligase HERC2 (HERC2) 
E3 SUMO-protein ligase RanBP2 (RANBP2) 
Helicase SRCAP (SRCAP) 
Isoleucine-tRNA ligase, cytoplasmic (IARS) 
Obscurin-like protein 1 (OBSL1) 

Q9UKV8 
O95714 
P49792 
Q6ZRS2 
P41252 
O75147 

MVKDEIA (2%) 459-MVKDE-463 
157-MVKDE-161 
39-MVKDGEI-45 
106-LVKDDIA-112 
339-IKDEIA-344 
 
33-MTKDEI-38 
472-VKDEI-476; 
 147-MVADE-151 
796-MTKDQIA-802 
97-VKDEI-101 
390-VKDEI-394 
 

Protein argonaute-2 (AGO2) 
Mothers against decapentaplegic homolog 4 (SMAD4) 
E3 ubiquitin-protein ligase HERC2 (HERC2) 
Butyrophilin-like protein 9 (BTNL9) 
Inhibitor of nuclear factor kappa-B kinase-interacting 
protein (IKBIP) 
Heat-stable enterotoxin receptor (GUCY2C) 
Huntingtin (HTT) 
 
Protein FAM13A (FAM13A) 
Coiled-coil domain-containing protein 39 (CCDC39) 
Serine/threonine-protein phosphatase 2A regulatory 
subunit B'' subunit gamma (PPP2R3C) 

Q9UKV8 
Q13485 
O95714  
Q6UXG8 
Q70UQ0 
 
P25092 
P42858 
 
O94988 
Q9UFE4 
Q969Q6 
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359-VKDEI-363 Titin (TTN) Q8WZ42 

TVKDGMA (2%) 3192-VKDGM-3196 
34-TVRDGM-39 
 
318-TVRDGM-323 
31274-TVKDSM-31279; 2209-
KDGM-2212; 2324-TVKD-2327; 
16404-TVKD-16407; 
 16559-TVKD-16562; 16704-
TVKD-16707; 17107-TVKD-
17110; 18678-TVKD-18681; 
28416-TVKD-28419; 26914-
VKDG-26917; 2188-KDTMA-
2192; 30339-DGM-30341 
163-KDGMA-167 
 
163-KDGMA-167 
145-KDGMA-149  

E3 SUMO-protein ligase RanBP2 (RANBP2) 
V-raf murine sarcoma 3611 viral oncogene-like protein 
isoform 2 (ARAF) 
Aprataxin (APTX) 
Titin (TTN) 
 
 
 
 
 
 
 
 
 
 
Obscurin-like protein 1 (OBSL1)  
ETS-related transcription factor Elf-3 (ELF3) 

P49792 
A0A0S2Z3F2 
 
Q7Z2E3 
Q8WZ42 
 
 
 
 
 
 
 
 
 
 
O75147 
P78545 

Round IV 

TVNEGMR (6%) 
 

36-VNEGM-40 
228-VNEGM-232 
104-TVSEGAMR-111 
136-VNEGKKMR-143 
478-TVHEGLR-484 
56-TVNEAASMR-64 
27-VNEGVR-32 

Neurogenic locus notch homolog protein 2 (NOTCH2) 
Probable cation-transporting ATPase 13A5 (ATP13A5) 
MHC class II regulatory factor RFX1 (RFX1) 
Interleukin-6 receptor subunit beta (IL6ST) 
Scm-like with four MBT domains protein 1 (SFMBT1) 
Insulin-like growth factor 1 receptor (IGF1R) 
Intersectin-1 (ITSN1) 

Q04721 
Q4VNC0 
P22670 
P40189 
Q9UHJ3 
P08069 
Q15811 

MVRDHSV (2%) 
 

6834-MVRDH-6838 
346-MIRDHEV-352 
1650-MVVDHSV-1656 
173-VREHSV-178 
472-MVRQHS-477 
622-VREHSV-627 

Nesprin-1 (SYNE1) 
Rho GTPase-activating protein 25 (ARHGAP25) 
Protein furry homolog (FRY) 
Kinesin-like protein KIF13B (KIF13B) 
Zinc finger protein ZXDC (ZXDC) 
Protein FAM83G (FAM83G) 

Q8NF91 
P42331 
Q5TBA9 
Q9NQT8 
Q2QGD7 
A6ND36 

TVKEGMT (2%) 
 

2715-VKEGM-2719 
39-VKEGM-43 
273-KEGMT-277 
132-VKEGM-136 
647-VTEGMT-652 

Fibrocystin (PKHD1) 
Synaptotagmin-16 (SYT 16) 
Enoyl-CoA hydratase, mitochondrial (ECHS1) 
Peptidyl-prolyl cis-trans isomerase A (PPIA) 
Cullin-9 (CUL9) 

P08F94 
Q17RD7 
P30084 
P62937 
Q8IWT3 

TVKKGMT (2%) 
 

239-KKGMT-243 
2-VKKGM-6 
230-VKKGM-234 
332-KKGMT-336 
 
92-VKKAMT-97 
470-TVKKEPHESLGMT-482 
1016-VKKDMT-1021 
226-TVKKEM-231 
 
657-TVKTGM-662 

Kinetochore-associated protein 1 (KNTC1) 
Exportin-6 (XPO6) 
Inositol-trisphosphate 3-kinase B (ITPKB) 
Transient receptor potential cation channel subfamily 
V member 1 (TRPV1) 
Hepatocyte nuclear factor 4-alpha (HNF4) 
Ligand of Numb protein X 2 (LNX2) 
Rap guanine nucleotide exchange factor 6 (RAPGEF6) 
Chromodomain-helicase-DNA-binding protein 9 
(CHD9) 
Synaptojanin-1 (SYNJ1) 

P50748 
Q96QU8 
P27987 
Q8NER1 
 
P41235 
Q8N448 
Q8TEU7 
Q3L8U1 
 
O43426 

http://www.ncbi.nlm.nih.gov/protein/71052163?report=genbank&log$=prottop&blast_rank=26&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/119598483?report=genbank&log$=prottop&blast_rank=21&RID=K8T5Z9KV015
http://www.ncbi.nlm.nih.gov/protein/33568?report=genbank&log$=prottop&blast_rank=48&RID=KAY0G0AE014
http://www.ncbi.nlm.nih.gov/protein/256600196?report=genbank&log$=prottop&blast_rank=58&RID=SHFRDTPW01R
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CHAPTER IV 

THE ROLE OF RBM20 IN LAMIN A/C-RELATED 

CARDIOMYOPATHIES  
 

A. Abstract 

Cardiomyopathies are among the leading causes of premature sudden death with 

more than 60 genes linked to them, including LMNA which codes for the nuclear lamina 

proteins lamin A/C, and EMD which codes for the inner nuclear membrane protein emerin. 

Recently, mutations in RBM20 which codes for the muscle-specific splicing factor, RNA 

binding motif protein 20 (RBM20), have also been associated with familial 

cardiomyopathies. Studies have shown that lamin A/C regulates the expression and nuclear 

localization of several splicing factors, including matrin-3, a paralog to RBM20. Matrin-3 

was also shown to interact with lamin A/C and this interaction was disrupted by myopathic 

lamin A/C mutation. We have previously shown that lamin A/C interacts with Rbm20 both 

in vitro and in vivo. However, the functional relationship between lamin A/C and Rbm20 

has not been explored. Due to its muscle-specific function and implication in 

cardiomyopathy, we hypothesized that Rbm20 might contribute to the striated muscle 

phenotypes caused by most LMNA mutations. Accordingly, we aimed at investigating 

potential deregulations in RBM20 in the context of LMNA and EMD loss and/or mutation. 

We used mouse embryo fibroblast (MEF) lines derived from mice lacking the expression of 

lamin A/C (Lmna-/-) or emerin (Emd-/y) which have an Emery-Dreifuss Muscular Dystrophy 

(EDMD) phenotype, or mice expressing the Lmna N195K homozygote mutation 

(LmnaN195K/N195K) which have the Dilated Cardiomyopathy (DCM) phenotype in addition to 
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muscular dystrophy368. Real-Time PCR quantification, Western Blot analysis and 

immunofluorescence staining were performed on these cell lines versus WT controls. 

Rbm20 showed a significant reduction in transcript and protein levels in all three mutant 

MEFs, while there was no change in its subcellular localization (Dana Sedki, unpublished 

data). We also tested Lmna null MEFs that were transduced by retroviral infection to re-

express the Lmna WT or different mutant forms that result in EDMD (E358K, L530P). The 

reduction in Rbm20 was reversed, both at the transcript and protein levels, upon re-

expression of Lmna confirming the direct effect of lamina disruption on the expression of 

Rbm20. We validated these findings, in vivo, whereby a decrease in the protein expression 

levels of Rbm20 was noted in both the left ventricles and Tibialis Anterior (TA) muscles of 

Lmna-/- and LmnaN195K/N195K mice of both genders. In the LmnaH222P/H222P mouse model, 

which closely resembles human disease in terms of late onset EDMD and DCM, a 

significant decrease in Rbm20 transcript levels was noted in the left ventricles but not TA 

muscles of both genders. The reduction in Rbm20 was associated with a decrease in the 

N2B isoform of titin, a splicing target of Rbm20, in female mice only. Despite the decrease 

in Rbm20 expression at the transcript level, no significant change was noted at the protein 

level. Finally, we tested whether Rbm20 expression in Lmna-/- and LmnaN195K/N195K MEFs 

can be restored by insulin, an upstream regulator of Rbm20 through the PI3K-AKT-mTOR 

signaling pathway. While insulin treatment significantly increased AKT phosphorylation, it 

failed to upregulate Rbm20 transcript and protein levels in Lmna-/- and LmnaN195K/N195K 

MEFs, suggesting a defect in the PI3K-AKT-mTOR pathway downstream AKT 

phosphorylation. Our findings highlight the implication of Rbm20 in lamin A/C 
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cardiomyopathies and put it forward as an appealing target for pharmacological 

intervention. 

 

B. Introduction 

Lamins are nuclear intermediate filaments mainly localized to the nuclear 

envelope, and to a lesser extent in the nucleoplasm28,66. A-type lamins together with B-type 

lamins are the major components of the nuclear lamina, a protein meshwork underlying the 

inner nuclear membrane. The most common A-type lamins, lamins A and C are encoded by 

the LMNA gene, while the major B-type lamins, lamin B1 and B2 are encoded by the 

LMNB1 and LMNB2 genes, respectively29. Assembly of lamins into higher order filaments 

at the nuclear envelope, allows them to impart structural and mechanical support to the 

nucleus42,369. Moreover, the interaction of lamins with several nuclear envelope proteins, 

transcription factors, DNA-binding proteins as well as chromatin, allows them to have a 

plethora of functions that range from structural organization, transcriptional regulation as 

well as DNA replication and repair41. As such, it is not surprising that mutations in the 

LMNA gene are responsible for a wide range of human diseases collectively called 

Laminopathies, that are usually manifested as tissue-specific disorders, yet in some cases as 

multisystem diseases107,108. Tissues affected by LMNA mutations include muscular, nervous 

and adipose tissues112. However, most of the over 450 LMNA mutations 

(http://www.umd.be/LMNA/) result in striated muscle disorders such as Emery Dreifuss 

Muscular Dystrophy (EDMD) and Dilated Cardiomyopthay (DCM)104,106,370. EDMD is a 

slowly progressive muscle weakening and wasting disorder that primarily affects skeletal 

muscles and is often associated with joint deformities, rigid spine and cardiomyopathy371. 

http://www.umd.be/LMNA/
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DCM is a cardiac muscle disease characterized by ventricular dilation and conduction 

system defects in the absence of skeletal muscle involvement106. It remains unclear how 

mutations in the ubiquitously expressed LMNA gene result in tissue-specific phenotypes, 

particularly affecting striated muscle tissues. Evidence from previous studies has pointed 

out to the importance of lamin A/C interactions with nuclear envelope proteins, such as 

emerin, and their implications in the pathogenesis of muscle-specific effects in the presence 

of LMNA mutations. For instance, a recent study has shown that lamin A/C mutations cause 

mislocalization of emerin from the inner nuclear membrane171. Through a mechanism 

involving disturbed actin polymerization, emerin displacement resulted in decreased 

nuclear localization of Megakaryocytic Acute Leukemia (MKL1) and impaired MKL1/SRF 

signaling. The importance of this finding is illustrated by the role that Serum Response 

Factor (SRF) and its cofactor MKL1 play in regulating several muscle-specific genes, thus 

providing mechanistic insight into the muscle-specific effects of LMNA mutations372.  

Furthermore, lamin A/C mutations have been shown to disrupt lamin A/C-nesprin 

interactions thereby causing alterations in the Linker of Nuceloskeleton and Cytoskeleton 

(LINC) complex, nucleo-cytoskeletal coupling and mechanotransduction72,150,373. Similarly, 

mutations in nesprin and other LINC complex components such as SUN (Sad-1/UNC-84) 

proteins and emerin also disrupt nucleo-cytoskeletal coupling and mechanotransduction374. 

The implications of undermined nucleo-cytoskeletal coupling in the emergence of muscle-

specific disease could be attributed to altered nuclear morphology/increased nuclear 

fragility which might result in nuclear and cellular damage and/or altered mechanosensitive 

gene expression25,150. The effects of such defects are likely most pronounced in 

mechanically stressed tissues such as the heart and skeletal muscles. Supporting these 
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mechanistic insights are findings linking mutations in nesprin1/2, SUN1/2 and emerin to 

EDMD and/or DCM16,351,375. Despite the important mechanistic insights provided by these 

and other studies, a comprehensive understanding of the pathogenesis of laminopathies 

remains lacking, which justifies the lack of an effective treatment. Accordingly, studying 

other Lamin A/C interacting partners that are similarly affected by lamin A/C mutations 

would not only provide a deeper mechanistic insight into the disease pathogenesis but 

might also reveal potential drug targets. As such we screened for protein candidates whose 

mutations cause striated muscle disease. We refined our search to DCM-causing proteins 

characterized by nuclear localization and muscle-specific expression. A culprit that met 

these criteria was the alternative splicing factor RNA Binding Motif Protein 20 (RBM20). 

RBM20 is a nuclear RNA binding protein that is mainly expressed in striated muscle with 

the highest amounts in cardiac muscle208. Titin is the most prominent splicing target of 

RBM20208,212. Alternative splicing of titin results in many protein isoforms, the most 

common are N2B and N2BA isoforms217. N2B isoform is short and rigid while N2BA 

isoforms are longer and more compliant218. The relative ratio of short to long titin isoforms 

is developmentally regulated and is a determining factor of myocardial passive 

stiffness218,219. Cardiac N2BA is predominantly expressed during fetal life; however, N2B 

isoform becomes mainly expressed within few weeks after birth to adapt to the increasing 

filling pressure218,220,221. Mutations in RBM20 have been associated with DCM at a rate of 

3% of all DCM cases, thus making it one of the most commonly affected genes in DCM181. 

Furthermore, DCM-associated RBM20 mutations ranked first for the youngest mean age of 

heart transplantation and correlated with advanced disease195,376. Remarkably, DCM-

associated RBM20 loss or mutation caused a switch in the expression of titin isoforms, in 
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favor of the longer and more compliant isoforms208. Both LMNA and RBM20 mutations 

often caused phenotypically similar progressive DCM with conduction system defects, 

arrhythmias and poor outcome376. Moreover, lamin A/C has been shown to interact with 

various splicing factors including matrin-3, a paralog to Rbm20. LaminA/C-matrin-3 

interaction was disrupted by myopathic LMNA mutations377. In addition, lamin A/C knock 

down resulted in reduced expression levels and disrupted nuclear organization of matrin-3 

as well as other splicing activators and small nuclear ribonucleoproteins (snRNPs)378.  

We have previously shown that lamin A/C interacts with Rbm20 both in vitro and 

in vivo (Unpublished Data), but the implications of this interaction are not known. We 

sought to gain a better understanding of the mechanisms by which LMNA mutations result 

in the striated muscle phenotypes of EDMD and DCM by investigating potential 

deregulations in RBM20 in the context of LMNA cardiomyopathies. Rbm20 showed a 

significant reduction in transcript and protein levels in Lmna-/-, Emd-/y and LmnaN195K/N195K 

MEFs, while there was no change in its subcellular localization (Dana Sedki, unpublished 

data).  The reduction in Rbm20 was reversed, both at the transcript and protein levels, upon 

re-expression of Lmna confirming the direct effect of lamina disruption on the expression 

of RBM20. A decrease in the protein expression levels of Rbm20 was also noted in the left 

ventricles and TA muscle tissue from Lmna-/- and LmnaN195K/N195K mice of both genders. On 

the other hand, LmnaH222P/H222P mice of both genders showed a significant decrease in 

Rbm20 transcript levels in the left ventricles but not the TA muscle. This decrease was 

associated with a reduction in the N2B isoform of titin in female mice only. Surprisingly, 

no significant change was noted in Rbm20 protein levels in LmnaH222P/H222P mice of both 

genders. Finally, insulin treatment failed to upregulate Rbm20 transcript and protein levels 
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despite AKT activation in Lmna-/- and LmnaN195K/N195K MEFs, suggesting a defect in the 

PI3K-Akt-mTOR signaling pathway downstream AKT phosphorylation. Our findings 

provide a better insight into the mechanisms by which LMNA mutations result in EDMD 

and DCM and demonstrate, for the first time, the implication of Rbm20 in lamin A/C 

cardiomyopathies. 

 

C. Materials and Methods 

1. Cell Lines 

Immortalized mouse embryonic fibroblasts (MEFs) were a kind gift from Dr. Jan 

Lammerding (Cornell, NY). MEFs were isolated from Lmna knockout (Lmna-/-), 

LmnaN195K/N195K (Lmna N195K) and emerin deficient (EMD-/y) mice as well as from wild-

type (WT) control mice276,286. While Lmna-/- and EMD-/y are previously described mouse 

models of EDMD276,286, Lmna N195K is an established mouse model of DCM164. 

Additionally, a panel of lamin A/C-deficient MEF cell lines retrovirally transfected to 

express the LMNA WT or mutant forms that result in EDMD (E358K, L530P) were kindly 

provided by Dr. Jan Lammerding (Cornell, NY). Briefly, WT or mutant lamin A variants, 

E358K and L530P were cloned into a bicistronic retroviral vector (pRetroX-IRES-

ZsGreen1, Clontech). The expression vectors were then transfected into 293GPG retroviral 

packaging cell line (kind gift from Richard C. Mulligan, Harvard Medical School, 

Massachusetts) based on the manufacturer specifications. ZsGreen1 retroviral vector 

without lamin A insert was used to generate the mock control cells. Afterwards, viral 

supernatants were filtered and retrovirally infected into lamin A/C-deficient MEFs. The 

efficiency of gene transfer was assayed 5 days after retroviral infection by flow cytometric 
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probing of ZsGreen1 levels. Following cell sorting, genetically modified cells that 

expressed the LMNA WT were labelled Lmna-/- DJ1-WT-S and those that expressed the 

mutant forms of lamin A were termed Lmna-/- DJ1-E358K-S and Lmna-/- DJ1-L530P-S in 

comparison to their mock control Lmna-/- DJ1-mock-S. 

 

2. Cell Culture 

All cells were cultured in 37°C and 5% CO2 humidified incubators. Adherent 

MEFs were maintained in Dulbecco’s Modified Eagle’s Medium DMEM-AQ media 

(D0819, Sigma-Aldrich), supplemented with 1% penicillin-streptomycin (DE17-602E, 

Lonza), 10% Fetal bovine serum (FBS) (F9665, Sigma-Aldrich) and 1% sodium pyruvate 

(S8636, Sigma-Aldrich). Monolayer cells were propagated at 80% confluence. 1X 

Phosphate Buffered Saline without Ca and Mg (PBS) (17-517Q, Lonza) and 1X Trypsin 

(Cat Number, Lonza) were used for rinsing and detaching cells, respectively. Cells were 

visualized using a standard phase contrast microscope (Olympus microscope, Axiovert 200, 

Zeiss). 

 

3. Animals, Tissue Harvest & Tissue Lysate Preparation 

All animal work was conducted in the lab of Dr. Jan Lammerding (Cornell, NY) in 

accordance to the Cornell University Institutional Animal Care and Use Committee 

(IACUC). Mice were anesthesized with isofluorane and euthanized by cervical dislocation. 

All mice were harvested post disease onset. Lmna null mice and litter mate controls were 

harvested between 4 and 5 weeks of age. Lmna N195K mice and litter mate controls were 

harvested between 10 and 15 weeks of age. Lmna H222P mice and litter mate controls were 
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harvested at 28 weeks of age. Hearts were harvested, washed in PBS until blood was 

cleared, cut into right and left ventricles and snap frozen in liquid nitrogen. Tibialis anterior 

(TA) muscles were harvested and snap frozen in liquid nitrogen. Heart and TA tissues were 

stored at –80°C until needed. Tissue lysates were prepared by homogenizing 10 µg of 

tissues in 500 µl RIPA lysis buffer supplemented with phosphatase (PhosSTOP, Roche) 

and protease inhibitors (complete EDTA-free, Roche). The TissueLyser II from Qiagen and 

metallic beads from McMaster-Carr were used for tissue homogenization. Tissues isolated 

from a single mouse were considered a single replicate.  

 

4. RNA Extraction and Reverse Transcription 

RNA was extracted from MEF cell lines using the RNA isolation RNeasy kit 

(74104, Qiagen) according to the manufacturer’s instructions. RNA samples were 

quantified and assessed for purity and integrity using the Nanodrop Spectrophotometer 

(Thermonanodrop 2000C, Central Research Science Lab (CRSL) facility, AUB). 1μg of 

total RNA was reverse transcribed into cDNA using the iScript cDNA Synthesis Kit (170-

8891, Bio-Rad) following the manufacturer’s protocol. Briefly, each RNA sample was 

mixed with 4μl of the 5X iScript Reaction Mix, 1μl of iScript reverse transcriptase and 

adjusted to a total volume of 20μl with nuclease free sterile water (Amresco). Reverse 

transcription was carried out in the DNA engine machine (Peltier thermal cycler, Bio-Rad) 

following a protocol that consists of 5min annealing step at 25°C, 30min extension step at 

42°C and a final 5min step at 85°C to heat inactivate the iScript reverse transcriptase. 

cDNA samples were stored at -20°C. 
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For animal tissues, tissue lysates for RNA extraction were prepared by 

homogenizing 10 µg of tissues in 500 µl RIPA lysis buffer supplemented with phosphatase 

(PhosSTOP, Roche) and protease inhibitors (complete EDTA-free, Roche). The 

TissueLyser II from Qiagen and metallic beads from McMaster-Carr were used for tissue 

homogenization. Tissues isolated from a single mouse were considered a single replicate.  

 

5. Quantitative Real Time PCR 

Real-Time PCR quantification of gene expression was performed using the iQ 

SYBR Green Supermix (S4438, Sigma-Aldrich) with specific primer pairs for each gene 

(Table 5). Unless otherwise indicated, primer sequences were obtained from the 

MGH/Harvard Medical School Primer Bank Database 

(www.pga.mgh.harvard.edu/primerbank) which is a database of previously validated 

primers. cDNA samples and primers were diluted in nuclease free water into 1:20 and 1:10 

working dilutions, respectively. Subsequently, 4μl of cDNA were added to 1μl of each of 

the forward and reverse primers, 6.5μl of nuclease free water and 12.5μl of the iQ SYBR 

Green Supermix to a final volume of 25μl. The Real Time PCR reaction was performed 

using the c-1000 Touch thermal cycler (Bio-Rad, CRSL facility, AUB). The protocol 

consisted of an initial heating step to 50°C for 2min followed by a DNA denaturation or 

melting step at 95°C, an annealing step at 60°C for 1min and an extension step at 72°C for 

30sec. This process was repeated for 40 cycles before the final extension step at 72°C for 

10min. Experimental results were recorded and analyzed using the Bio-Rad CFX Manager 

Software. 

 

http://www.pga.mgh.harvard.edu/primerbank
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Table 5. Primer pairs used for Real Time PCR quantification of Rbm20 and titin 

isoforms. 

 

6. Western Blot Analysis 

MEF cell lines were lysed in RIPA lysis buffer (R-0278, Sigma-Aldrich) 

supplemented with Protease Inhibitor Cocktail (P-8340, Sigma-Aldrich) and phosphatase 

inhibitors (22020009-1, Bioworld). Protein quantification was performed using the Optiblot 

Bradford Reagent (ab119216, Abcam) and the SpectraMax ascent software (Multiskan EX, 

Thermo lab Systems). 15-30 µg of proteins were separated using 10% or 12% Tris-glycine 

polyacrylamide gels in Tris-glycine running buffer. The gels and buffers were prepared 

according to standard recipes and SDS-page was performed according to standard 

protocols. Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane (162-

0177, Bio-Rad). membrane at 4˚C for 2.5hrs at a voltage of 100 V. Membranes were 

blocked using 5% milk in phosphate-buffered saline containing 0.1% Tween-20. Primary 

antibodies (Table 6) were diluted in 1% milk in phosphate-buffered saline containing 0.1% 

 

 Forward Primer (5’-3’) Reverse Primer (5’-3’) Source 

Rbm20 

(mouse) 

GGCCAAAACAAGCCCGATATT CCCTGTCTGAGGTAGGCTCT Sigma 

Titin 

N2BA  

(mouse) 

CTCCAGCCAAAGACGGTGG GCAGTGAGAAGTTTATCGGGTTC Pair 1 

MGH 

Titin 

N2BA  

(mouse) 

GGCATCTCCAGGACGTTACTC TTCACTCTGCCTTGAGGTTTAAG Pair 2 

MGH 

 

Titin 

N2BA  

(mouse) 

Muscle 

specific 

GCCGGCACCTAAAGAAGTTG GTGGGGCTTCTGGCTTTTTG Pair 3 

Self-

designed 

Titin 

N2B  

(mouse) 

Heart 

Specific 

GGAGTACACCTGCAAAGCCT TGCGGCTTAGGTTCAGGAAG Self-

designed 
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Tween-20 and incubated overnight at 4˚C. HRP-conjugated secondary antibodies (ab97023, 

ab97110, abcam; 111-035-144, Jackson Immunoresearch) were used at a dilution of 

1:5000. Protein bands were detected using ECL western blotting substrate kit (ab65628, 

abcam) and visualized using the Molecular Imager Chemidoc XRS System (170-8070, Bio-

Rad) and the Quantity One 1-D Analysis Software (170-9600). Band intensities were 

quantified using the Image J software. Western blot analysis of animal tissue lysates was 

performed in the lab of Dr. Jan Lammerding (Cornell, NY). Protein quantification was 

performed using Bio-Rad Protein Assay Dye and 20-30 μg of protein lysates were 

separated using a 4-12% Bis-Tris polyacrylamide gel and MOPS running buffer following a 

standard SDS-Page protocol. Proteins were transferred to a polyvinylidene fluoride (PVDF) 

membrane at 4˚C for 2.5hrs at 100 V. Membranes were blocked using 3% BSA in tris-

buffered saline containing 0.1% Tween-20. Primary antibodies (Table) were diluted in the 

same blocking solution and incubated for either 1hr at room temperature or overnight at 

4˚C. Protein bands were detected using either IRDye 680LT or IRDye 800CW (LI-COR) 

secondary antibodies, imaged on an Odyssey® CLx imaging system (LI-COR) and 

analyzed in Image Studio Lite (LI-COR). 

 

Table 6. List of used antibodies, vendors and catalog numbers. 

Antibody  Vendor  Catalog Number  

Rbm20  Novus Biologicals  NBP2-27509 

H3 abcam ab195277 

Tubulin Alpha Hybridoma Bank 4A1 

Tubulin Betta Hybridoma Bank E7 

GAPDH (14C10) Cell Signaling 2118 

p-AKT (S473) (D9W9U) Cell Signaling 12694S 

AKT (2H10) Cell Signaling 2967S 
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7. Statistical Analysis 

All data is expressed as mean ± standard error of the mean (SEM) from at least 3 

independent experiments per group. Statistical analysis was performed using IBM SPSS 

Statistics 20. Comparisons between two groups were carried out using two-tailed student t-

test, while comparisons of several groups to a control were performed using one-way 

ANOVA followed by 2-sided Dunnett post hoc test. * denotes p ≤ 0.05, ** denotes p ≤ 

0.01, and *** denotes p ≤ 0.001.  

 

D. Results 

1. Rbm20 Transcript Levels in Lamin A/C Knockout and Retrovirally Transduced MEF 

Cell Panel 

 

Previous results from our lab showed that Rbm20 is significantly downregulated 

both at the transcript and protein levels in MEFs derived from mice lacking the expression 

of lamin A/C (Lmna-/-) or emerin (Emd-/y) which have the EDMD phenotype, or mice 

expressing the Lmna N195K homozygote mutation (LmnaN195K/N195K) which have the DCM 

phenotype379. To assess if this reduction is a direct effect of lamina disruption by Lmna loss 

or mutation, Rbm20 transcript levels were assessed by qPCR in Lmna-/- MEFs versus WT 

MEFs and upon retroviral transfection of Lmna-/- MEFs by WT lamin A (Lmna-/- DJ1-WT-

S) or different mutant lamin forms that cause EDMD (Lmna-/- DJ1-E358K-S and Lmna-/- 

DJ1-L530P-S) in comparison to Lmna-/- MEFs transduced with an empty vector (Lmna-/- 

DJ1-mock-S). Significant decrease in Rbm20 expression was observed in both Lmna-/- and 

Lmna-/- DJ1-mock-S MEFs in comparison to WT MEFs, whereby the mean fold change in 
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Rbm20 expression in Lmna-/- MEFs (0.16 ± 0.05) and Lmna-/- DJ1-mock-S MEFs (0.12 ± 

0.04) was significantly lower than that in WT MEFs; p=0.000 and p=0.000 respectively in 

one-way ANOVA followed by 2-sided Dunnett t-test (Figure 25a), hence indicating a 6.3-

fold and 8.3-fold decrease in Rbm20 expression respectively. On the other hand, significant 

increase in Rbm20 transcript levels was observed upon restoration of WT lamin A or lamin 

E358K mutant form, but not lamin L530P mutant form, whereby the mean fold change in 

Rbm20 expression in Lmna-/- DJ1-WT-S (1.97 ± 0.31) and Lmna-/- DJ1-E358K-S (1.96 ± 

0.23) was significantly higher than that in Lmna-/- DJ1-mock-S; p=0.043 and p=0.045 

respectively, hence indicating an approximate 2-fold increase in Rbm20 expression in both 

cell lines (Figure 25b). The results represent the mean fold change in Rbm20 expression 

relative to 18S ± SEM from six independent repeats; done in duplicates. 

 

 

 

Figure 25. Rbm20 Transcript Levels in Lamin A/C Knockout MEFs and Retrovirally 

Transduced MEF Cell Panel. 

Real-Time PCR quantification was performed in WT MEFs, lamin A/C knockout MEFs 

(Lmna-/- MEFs) and in MEF cell lines modified by retroviral transfection to re-express the 

Lmna WT or mutant forms that result in EDMD (E358K, L530P) & their mock control 

(Lmna-/- DJ1-mock-S). (a) Rbm20 transcript levels were significantly reduced in Lmna-/- 

MEFs relative to WT MEFs. Retroviral transfection by an empty vector did not have any 
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effect on the expression levels of Rbm20. (b) Re-expression of Lmna WT or the E358K 

mutant but not the L530P form significantly reversed the reduction in Rbm20 expression. 

Results represent mean fold change in relative Rbm20 expression normalized to 18S ± 

SEM of 6 independent experiments; done in duplicates (*p0.05; ***p0.001 by one-way 

Anova).  

 

 

2. Rbm20 Protein Expression Levels in Lamin A/C Knockout and Retrovirally Transduced 

MEF Cell Panel 

 

At the protein level, western blot analysis revealed a decrease in Rbm20 

expression in both Lmna-/- null and Lmna-/- DJ1-mock-S MEFs in comparison to WT MEFs, 

as obtained by Image J densitometry quantification of Rbm20 protein bands corresponding 

to the high (122 KDa) and low molecular weight (75 KDa) isoforms (Figure 26). 

Significant decrease in the high molecular weight isoform was noted in both Lmna-/- null 

and Lmna-/- DJ1-mock-S MEFs in comparison to WT MEFs, whereby the mean fold change 

in Lmna-/- MEFs (0.5 ± 0.1) and Lmna-/- DJ1-mock-S MEFs (0.6 ± 0.1) was significantly 

lower than that in WT MEFs; p=0.000 and p=0.001 respectively in one-way ANOVA 

followed by 2-sided Dunnett t-test, hence indicating a 2-fold and 1.7-fold decrease in 

expression of the high molecular weight isoform respectively. A significant 1.7-fold 

decrease in the mean fold change was also noted in the low molecular weight isoform in 

Lmna-/- DJ1-mock-S MEFs in comparison to WT MEFs (0.6 ± 0.1; p=0.035). Although a 

1.25-fold decrease was obtained in the low molecular weight isoform in Lmna-/- MEFs (0.8 

± 0.1) in comparison to WT MEFs, this decrease was not significant (p=0.431) (Figure 

26b). Significant increase in the protein expression levels of the high molecular weight 

isoform of Rbm20 was observed upon restoration of WT lamin A (1.4 ± 0.2; p=0.035) but 
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not lamin E358K (1 ± 0.1; p=0.999) or lamin L530P (1 ± 0.1; p=0.992) mutant forms 

(Figure 26c). Thus, the high molecular weight isoform of Rbm20 increased by 1.4 folds in 

Lmna-/- DJ1-WT-S. A slight nonsignificant increase in the low molecular weight isoform of 

Rbm20 was observed upon restoration of WT lamin A (1.3 ± 0.1) and lamin E358K mutant 

(1.3 ± 0.2) but not lamin L530P mutant (1.1 ± 0.2) form (Figure 26c). The results represent 

the mean fold change in Rbm20 expression relative to GAPDH ± SEM from seven 

independent repeats.  

 

 

Figure 26. Western Blot Analysis of Rbm20 Protein Expression Levels in Lamin A/C 

Knockout MEFs and Retrovirally Transduced MEF Cell Panel. 

(a) Western blot analysis was performed in WT MEFs, Lamin A/C knockout MEFs (Lmna-

/- MEFs) and in MEF cell lines modified by retroviral transfection to re-express the Lmna 

WT or mutant forms that result in EDMD (E358K, L530P) & their mock control (Lmna-/- 

DJ1-mock-S). (b) Protein expression levels of the 122KDa and the 75KDa isoforms of 

Rbm20 were reduced in Lmna-/- MEFs and Lmna-/- DJ1-mock-S relative to WT MEFs. 



164 
 

Significant reduction in the 122KDa isoform was observed in Lmna-/- Null MEFs and in 

both isoforms upon retroviral transfection by an empty vector. (b) Re-expression of Lmna 

WT but not the E358K or the L530P mutant forms significantly reversed the reduction in 

Rbm20 expression. Results represent mean fold change in relative Rbm20 densitometry 

signal normalized to GAPDH ± SEM of 7 independent experiments (* p0.05; **p<0.01; 

***p0.001 by one-way Anova).  

 

3. Rbm20 Protein Expression Levels in Striated Muscle Tissue from Lamin A/C Knockout 

(Lmna-/-) Mice 

 

To validate our results in vivo, we assessed the protein expression levels of Rbm20 

in striated muscle tissue from Lmna-/- mice. The homozygous deletion of Lmna in mice 

results in EDMD and DCM with conduction defects286. Lmna-/- mice appear similar to their 

WT littermates at birth; however, they soon suffer from skeletal muscle dystrophy, retarded 

growth and die by four to six weeks of age286. Hence, we performed western blot analysis 

on protein lysates from the left ventricle and Tibialis Anterior (TA) muscle of Lmna-/- mice 

(Mut) between 4-5 weeks of age in comparison to age and gender-matched Lmna+/- (Het) 

and WT mice. The main Rbm20 isoforms appeared at 75 and 37 KDa in both tissues 

(Figure 27). Interestingly, we noted a tissue-specific expression of Rbm20 whereby the 75 

KDa isoform was mainly expressed in the heart while the 37 KDa isoform was the main 

isoform in the TA muscle. A decrease in the protein expression levels of both isoforms was 

noted in the left ventricle of Lmna-/- mice of both genders (Figure 27a). Quantification of 

western blot densitometry signals revealed a 1.4-fold decrease in the 75 KDa isoform in the 

left ventricles of Lmna-/- mice of both genders. While the mean fold change in expression 

was significantly lower in female mice (0.7 ± 0.0; p=0.023), the decrease was not 

significant in male mice (0.7 ± 0.1; p=0.218), as determined by one-way ANOVA followed 
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by 2-sided Dunnett t-test (Figure 27b). Similarly, a significant decrease in expression of the 

37 KDa isoform of Rbm20 was observed in female Lmna-/- mice, whereby the mean fold 

change of expression of this isoform in Lmna-/- mice (0.6 ± 0.0) was significantly lower 

than that in WT mice; p=0.005;  hence indicating a 1.7-fold decrease in expression. 

Although a 1.7-fold decrease in the 37 KDa isoform was also obtained in male Lmna-/- mice 

relative to WT mice, this decrease was not significant (0.6 ± 0.1; p=0.255).  

 

 

Figure 27. Western Blot Analysis of Rbm20 Protein Expression in the Left Ventricle 

and TA Muscle of Lamin A/C Knockout (Lmna-/-) Mice. 

(a) Representative western blot. (b) A decrease in the expression of both isoforms of 

Rbm20 (75KDa and 37KDa) was noted in the left ventricle of Lmna-/- mice (Mut) relative 

to WT mice. This decrease was significant in female but not male mice. (c) A decrease in 

the expression of both isoforms of Rbm20 was also noted in the TA of Lmna-/- mice (Mut) 

relative to WT mice. This decrease was significant for the 37KDa but not the 75KDa 

isoform in both genders. Data represents mean fold change in relative Rbm20 densitometry 

signal normalized to tubulin alpha ± SEM from three independent repeats. (*p<0.05; 

**p<0.01 by one-way Anova). 
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In the TA, a significant decrease in the expression of the 37 KDa isoform of 

Rbm20 was observed in Lmna-/- mice of both genders in comparison to WT mice, whereby 

the mean fold change in expression in male (0.5 ± 0.1) and female (0.7 ± 0.0) Lmna-/- mice 

was significantly lower than that in WT mice; p=0.003 and p=0.009 respectively in one-

way ANOVA followed by 2-sided Dunnett t-test (Figure 27c), hence indicating a 2-fold 

and 1.4-fold decrease in the expression of the 37 KDa isoform respectively. Although a 

similar decrease in expression of the 75 KDa isoform was noted in Lmna-/- mice relative to 

WT mice of both genders, this decrease was not significant. The results represent the mean 

fold change in Rbm20 expression relative to tubulin alpha ± SEM from three independent 

repeats. Similar results were obtained by normalizing Rbm20 expression levels to H3 

house-keeping gene. 

 

4. Rbm20 Protein Expression Levels in Striated Muscle Tissue from Lmna N195K mice 

Next, we assessed the protein expression levels of RBM20 in knock-in mice 

carrying the Lmna N195K mutation LmnaN195K/N195K in a C57BL/6 background (Lmna 

N195K). Lmna N195K mice are an established model of DCM164. In the specific 

background used, these mice suffer from skeletal muscle dystrophy in addition to DCM 

and, on average, die by 10 weeks of age368. Rbm20 protein expression levels were tested in 

left ventricle and TA muscle tissues from Lmna N195K (Mut) mice between 10-15 weeks 

of age in comparison to age and gender matched LmnaN195k/+ (Het) and WT mice (Figure 

28a, Figure 29a). Interestingly, Rbm20 expression was downregulated in the left ventricles 
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of female Lmna N195K mice, whereby the mean fold change of expression of each of the 

75 KDa (0.53 ± 0.05; p=0.000) and the 37 KDa (0.51 ± 0.02; p=0.000) isoforms was 

significantly lower relative to WT mice, thus representing an approximate 2-fold decrease 

in each isoform. In addition, a significant 1.2-fold decrease in the 37 KDa (0.85 ± 0.03; 

p=0.004) but not the 75KDa isoform was noted in heterozygote female mice (Figure 28b).  

 

 

Figure 28. Western Blot Analysis of Rbm20 Protein Expression in the Left Ventricle 

of Knock-in Mice Carrying the Lmna N195K Mutation LmnaN195K/N195K (Lmna N195K). 

(a) Representative western blot. (b) A significant decrease in the expression of both 

isoforms of Rbm20 (75KDa and 37KDa) was noted in the left ventricle of female Lmna 

N195K (Mut) mice relative to WT mice. A significant decrease in the expression of the 

37KDa isoform was also noted in heterozygote (Het) mice relative to WT mice. (c) A 

decrease in the expression of both isoforms of Rbm20 was also noted in male Lmna N195K 

mutant mice relative to WT mice. This decrease was significant for the 75KDa but not the 

37KDa isoform. Data represents mean fold change in relative Rbm20 densitometry signal 

normalized to tubulin alpha ± SEM from three independent repeats for female mice and 

five independent repeats for male mice. (**p<0.01; ***p0.001 by one-way Anova). 
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Figure 29. Western Blot Analysis of Rbm20 Protein Expression in the TA Muscle of 

Knock-in Mice Carrying the Lmna N195K Mutation LmnaN195K/N195K (Lmna N195K). 

(a) Representative western blot. (b) A significant decrease in the expression of the 75 KDa 

isoform of Rbm20 was noted in the TA muscle of female Lmna N195K (Mut) mice relative 

to WT mice. (c) A significant decrease in the expression of the 37 KDa isoform of Rbm20 

was noted in male Lmna N195K mice relative to WT mice. Data represents mean fold 

change in relative Rbm20 densitometry signal normalized to tubulin alpha ± SEM from 

three independent repeats. (*p<0.05; ***p0.001 by one-way Anova). 

 

 

In the left ventricles of male mice, a significant decrease was observed in the 

75KDa isoform of Rbm20 (0.52 ± 0.14; p=0.006). This decrease was approximately 2-fold 

less than expression in WT mice and, therefore, very similar to the decrease observed in 
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female mice. A decrease in expression of the 37 KDa isoform was also noted in male left 

ventricles; however, this decrease was not significant (Figure 28c).  

In the TA muscle of female Lmna N195K mice, a significant 2-fold decrease in 

expression of the 75 KDa (0.49 ± 0.17; p=0.044) but not the 37 KDa isoform of Rbm20 

was noted relative to WT mice (Figure 29b). On the other hand, a significant decrease was 

noted in the 37KDa (0.62 ± 0.03; p=0.001) but not the 75KDa isoform of Rbm20 in the TA 

muscle from male Lmna N195K mice, thus representing a 1.6-fold decrease in expression 

relative to WT mice (Figure 29c). The results represent the mean fold change in Rbm20 

expression relative to tubulin alpha ± SEM from three independent repeats in case of 

female mice and 5 independent repeats in case of male mice. Similar results were obtained 

by normalizing Rbm20 expression levels to H3 house-keeping gene. Statistical significance 

was determined by one-way ANOVA followed by 2-sided Dunnett t-test. 

  

5. Transcript Levels of Rbm20 and Titin Isoforms in Left Ventricle and TA Muscle Tissues 

from H222P Mice 

 

Both Lmna-/- and LmnaN195K/N195K mice models have early disease onset and 

mortality, both of which are far from the kinetics observed in human disease. As such, we 

sought to determine if Rbm20 is similarly deregulated in a more relevant context with 

respect to disease pathogenesis. To that end, we utilized the knock-in mice model with the 

LmnaH222P/H222P mutation (Lmna H222P). These mice have delayed disease onset, 

diminished disease severity and a relatively long life expectancy with a 50% mortality rate 

of about 22-weeks368. Hence, Rbm20 expression levels in heart and TA muscle tissues from 

Lmna H222P (Mut) mice at 28 weeks of age were compared to age and gender matched 
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LmnaH222P/+ (Het) and WT mice. First, we assessed the expression of Rbm20 at the 

transcript level by real time PCR analysis of cDNA from left ventricle and TA muscle 

tissues. In the left ventricle, significant decrease in Rbm20 expression was observed in both 

male and female Lmna H222P mice in comparison to WT mice, whereby the mean fold 

change in Rbm20 expression in male (0.5 ± 0.1) and female (0.4 ± 0.1) mutant mice was 

significantly lower than in WT mice; p=0.033 and p=0.01 respectively in one-way 

ANOVA followed by 2-sided Dunnett t-test, hence indicating a 2-fold and 2.5-fold 

decrease in  Rbm20 expression respectively (Figure 30a). To test the effects of the decrease 

in RBM20 expression on its function as an alternative splicing factor, we assessed the 

expression levels of different isoforms of titin, a prominent target of Rbm20 splicing. In 

line with the decrease in Rbm20 expression in the heart, a significant decrease in the N2B 

isoform of titin was observed in the left ventricles of both heterozygous (0.8 ± 0.0; 

p=0.042) and mutant (0.5 ± 0.1; p=0.001) female mice but not male mice in comparison to 

WT controls, thus indicating a 1.25-fold and 2-fold decrease in expression respectively 

(Figure 30b). Surprisingly, a significant decrease in the N2BA isoform of titin was 

observed in the left ventricles of both heterozygous (0.7 ± 0.1; p=0.018) and mutant (0.3 ± 

0.1; p=0.001) female mice but not male mice in comparison to WT controls, thus indicating 

a 1.4-fold and 3.3-fold decrease in expression respectively (Figure 30c). Using a different 

primer pair to assess the expression of the N2BA isoform of titin, we did not obtain a 

significant change in expression in the left ventricles of Lmna H222P mutant or 

heterozygous mice relative to WT mice of both genders (Figure 30d). This result is 

reflective of the complex splicing of N2BA isoforms in the heart and is suggestive that 

different N2BA isoforms are affected differently by Rbm20 downregulation.  
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In the TA, no significant change in Rbm20 transcript levels was observed in both 

male and female Lmna H222P mice in comparison to WT mice (Figure 30e). Consistent 

with the absence of significant change in Rbm20 expression in the TA muscle of Lmna 

H222P mice, no significant change was obtained in the expression of the skeletal-muscle 

specific N2BA isoform in the TA muscle of Lmna H222P mice in comparison to WT mice 

of both genders (Figure 30f). The results represent the mean fold change in expression 

relative to GAPDH, 18S & Rn7sk ± SEM from three independent repeats.  
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Figure 30. Real-Time PCR Quantification of Rbm20 and Titin Isoforms in the Heart 

and TA Muscle of Knock-in Mice Carrying the Lmna H222P Mutation LmnaH222P/H222P 

(Lmna H222P). 

(a) Rbm20 transcript levels were significantly reduced in the left ventricle of Lmna H222P 

mice (Mut) relative to WT mice of both genders. (b) N2B transcript levels were 

significantly reduced in the left ventricle of female Lmna H222P mice but not male mice 

relative to WT mice. (c) N2BA transcript levels were significantly reduced in the left 

ventricle of female Lmna H222P mice but not male mice (using N2BA primer pair 1). (d) 

N2BA transcript levels assessed with a different N2BA primer (N2BA primer pair 2) were 

unchanged in the left ventricles of Lmna H222P mice of both genders. (e) In the TA, no 

significant change in Rbm20 transcript levels was noted in Lmna H222P mice relative to 

WT mice of both genders. (f) No significant change in N2BA transcript levels was noted in 

the TA muscle of Lmna H222P mice relative to WT mice of both genders (using the 

skeletal muscle specific N2BA primer pair 3). Results represent mean fold change in 
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relative expression normalized to GAPDH, 18S & Rn7sk ± SEM of 3 independent 

experiments; done in duplicates (*p0.05; **p0.01 by one-way Anova). 

 

6. Rbm20 Protein Expression Levels in Left Ventricle and TA Muscle Tissues from H222P 

Mice 

 

Second, we assessed the protein expression levels of Rbm20 in heart and TA 

muscle tissues from Lmna H222P mutant mice at 28 weeks of age in comparison to age and 

gender matched heterozygous and WT mice. Despite the downregulation in Rbm20 

transcript levels in the left ventricles of Lmna H222P mice relative to WT mice of both 

genders, no change was observed at the protein level in neither the 75KDa nor the 37KDa 

isoform (Figure 31a). In the TA muscle of Lmna H222P mice, no change in the protein 

expression levels of both isoforms of Rbm20 was also noted (Figure 31b); nonetheless, this 

was consistent with the absence of deregulation in Rbm20 transcript levels in the TA 

muscle of Lmna H222P mice of both genders. The results represent the mean fold change in 

Rbm20 expression relative to H3 ± SEM from three independent repeats. Statistical 

significance was determined by one-way ANOVA followed by 2-sided Dunnett t-test. 
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Figure 31. Western Blot Analysis of Rbm20 Protein Expression in the Heart and TA 

Muscle of Knock-in Mice Carrying the Lmna H222P Mutation LmnaH222P/H222P (Lmna 

H222P). 

(a) Representative blot. No significant change in expression of the 75 KDa and the 37 KDa 

isoforms of Rbm20 was noted in the left ventricle (b) or the TA muscle (c) of Lmna H222P 

(Mut) or heterozygous (Het) mice relative to WT mice of both genders. Data represents 

mean fold change in relative Rbm20 densitometry signal normalized to H3 ± SEM from 

three independent repeats. Statistical significance was determined by one-way Anova. 

 

7. The Ratio of p-AKT/AKT Protein Expression Levels in Lmna Knockout, N195K Mutant 

and WT MEFs in Response to Insulin 
 

Although upstream regulation of RBM20 has been poorly understood, recent work 

revealed that insulin increases the expression of both Rbm20 and the N2B titin isoform in 

neonatal rat cardiomyocytes through the PI3K-AKT-mTOR kinase axis238. As such, we set 

out to test whether insulin treatment can restore Rbm20 protein levels in Lmna-/- and 
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LmnaN195K/N195K MEFs. Accordingly, we serum starved Lmna-/-, LmnaN195K/N195K and WT 

MEFs for 14-16hrs and treated them with 180nM insulin for different timepoints (15 min, 

2hrs, 24hrs and 48hrs). To assess the activation levels of AKT, a key effector kinase in the 

insulin signaling pathway380, we performed western blot analysis of protein of protein 

expression levels of p-AKT relative to AKT. The ratio of p-AKT/AKT was quantified by 

image J densitometry analysis in cells at baseline conditions, in serum starved cells and in 

insulin treated cells. In WT MEFs, serum starvation resulted in a decrease in baseline AKT 

phosphorylation levels (2.9 ± 0.5). Treatment of serum starved cells with 180nM of insulin 

caused an increase in AKT activation levels, reaching a peak at 15 min whereby the mean 

fold change in p-AKT expression (10.6 ± 3.9; p=0.05) was significantly higher than in 

serum starved cells, hence indicating a 10.6-fold increase in p-AKT expression. AKT 

phosphorylation levels deteriorated beyond 15 min but stayed higher than levels in serum 

starved cells; however, the increase in p-AKT/AKT levels at 2hrs (10.1 ± 4.1), 24hrs (4.4 ± 

0.8) and 48hrs (7 ± 0.9) relative to serum starved cells was not significant (Figure 32a). In 

Lmna Null MEFs, serum starvation also resulted in a decrease in baseline AKT 

phosphorylation levels (5.6 ± 2.8); however, the response to insulin treatment was 

amplified in comparison to WT MEFs, whereby the mean fold change in p-AKT/AKT 

expression at 15 min (17.1 ± 2.5), 2hrs (26.4 ± 4.8) and 24hrs (18.8 ± 4.3) was significantly 

higher than that in serum starved controls; p=0.017, p=0.001 and p=0.009 respectively. 

Accordingly, the peak of AKT activation occurred at 2hrs, followed by a decrease at 24hrs 

until reaching low levels (8.3 ± 2.8) at 48 hrs (Figure 32b).  
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Figure 32. Western Blot Analysis of p-AKT/AKT Protein Expression Levels in WT 

MEFs, Lamin A/C Knockout MEFs and LmnaN195K/N195K MEFs in Response to 

Treatment with 180 nM Insulin. 

(a) In WT MEFs, baseline p-AKT/AKT levels dropped upon serum starvation, then 

increased significantly at 15min of insulin treatment. p-AKT/AKT activation levels 

remained high at 2hrs and then dropped at 24 and 48hrs. (b) In lamin A/C knockout MEFs, 

a decrease in baseline p-AKT/AKT levels was also noted upon serum starvation, followed 

by a significant increase at 15min, 2hrs and 24hrs of insulin treatment. p-AKT/AKT levels 
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started to drop at 24hrs, but only returned to low levels at 48hrs. (c) In LmnaN195K/N195K 

MEFs, baseline p-AKT/AKT levels were significantly higher than in serum starved cells. 

Insulin treatment induced a significant increase in p-AKT/AKT levels at 2 and 24hrs of 

insulin treatment, after which cessation in AKT activation was noted at 48hrs. Results 

represent mean fold change in p-AKT densitometry signal normalized to AKT 

densitometry signal ± SEM from three independent experiments. (* p0.05; **p<0.01; 

***p0.001 by one-way Anova). 

 

 

In Lmna N195K MEFs, p-AKT/AKT levels at baseline were significantly higher 

than in serum starved Lmna N195K MEFs, whereby the mean fold change in p-AKT/AKT 

expression at baseline was (6.2 ± 1.3; p=0.045). Accordingly, baseline levels of p-

AKT/AKT were the highest in Lmna N195K MEFs followed by Lmna Null MEFs followed 

by WT MEFs with a significant change in Lmna N195K MEFs only. In addition, the peak 

of AKT activation was also delayed but the intensity of response to insulin treatment was 

comparable to WT MEFs, whereby the mean fold change in p-AKT/AKT expression at 

2hrs (9.8 ± 2.2) and 24hrs (6.1 ± 1.0) was significantly higher than that in serum starved 

controls; p=0.001 and p=0.05 respectively. Although an increase was noted in p-

AKT/AKT expression levels at 15 min (5.8 ± 1.2), it was not significant; and the levels of 

AKT activation dropped beyond baseline levels at 48hrs (5.8 ± 3.5) (Figure 32c). Results 

represent the mean fold change in p-AKT expression relative to AKT ± SEM from three 

independent repeats. Statistical significance was determined by one-way Anova followed 

by Dunnett t-test. 
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8. Rbm20 Transcript Levels in WT, Lmna Knockout and N195K Mutant MEFs in 

Response to 180nM Insulin 

 

To determine if insulin treatment can induce Rbm20 transcription in WT, Lmna-/- 

and LmnaN195K/N195K MEFs, Rbm20 transcript levels were assessed by real time PCR 

following serum starvation and treatment with 180 nM of insulin for 15min, 2hrs, 24hrs and 

48hrs. Rbm20 transcript levels were also assessed at baseline conditions and after 14-16hrs 

of serum starvation. In all three cell lines, there was no change in Rbm20 expression levels 

between baseline and serum starved cells (Figure 33). Insulin treatment triggered an 

increase in the expression levels of Rbm20 in WT MEFs but not in Lmna-/- and 

LmnaN195K/N195K MEFs. The increase in Rbm20 expression occurred as early as 15min and 

stayed at high levels up to 2hrs after insulin stimulation. Although not significant, the mean 

fold change in Rbm20 expression at 15 min (3.4 ± 1.8) and 2hrs (3.5 ± 2.3) was notably 

higher than that in serum starved cells, hence indicating a 3.4-fold and 3.5-fold increase in 

expression, respectively. At 24hrs, the expression levels of Rbm20 declined (1.6 ± 0.5) but 

were still higher than levels in serum starved cells. By 48hrs, the insulin-induced boost in 

Rbm20 transcription died out and Rbm20 transcript levels became comparable to serum 

starved levels (0.8 ± 0.3). No significant change in Rbm20 transcript levels was noted in 

response to insulin treatment in Lmna-/- MEFs (Figure 33b) or LmnaN195K/N195K MEFs 

(Figure 33c) relative to their corresponding serum starved cells. Results represent the mean 

fold change in Rbm20 expression relative to 18S ± SEM from three independent repeats. 

Statistical significance was determined by one-way Anova followed by Dunnett t-test.  
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Figure 33. Rbm20 Transcript Levels in WT, Lmna Knockout and Lmna N195K 

Mutant MEFs in Response to 180nM Insulin. 

Real-Time PCR quantification was performed in WT, Lmna-/- and LmnaN195K/N195K MEFs at 

baseline conditions, after 14-16hrs of serum starvation and upon insulin treatment for 

15min, 2hrs, 24hrs and 48hrs. (a) Rbm20 transcript levels were induced in WT MEFs at 

15min and 2hrs of insulin treatment. No significant change in Rbm20 transcript levels was 

noted in response to insulin treatment in Lmna-/- MEFs (b) or LmnaN195K/N195K MEFs (c) 

relative to serum starved cells. Results represent the mean fold change in Rbm20 

expression relative to 18S ± SEM from three independent repeats. Statistical significance 

was determined by one-way Anova followed by Dunnett t-test. 
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Figure 34. Rbm20 Protein Expression Levels in WT, Lmna Knockout and Lmna 

N195K Mutant MEFs in Response to 180nM Insulin. 

Western blot analysis was performed in WT, Lmna-/- and LmnaN195K/N195K MEFs at baseline 

conditions, after 14-16hrs of serum starvation and upon insulin treatment for 15min, 2hrs, 

24hrs and 48hrs. (A) Protein expression levels of the 112KDa isoform of Rbm20 were 

significantly increased in WT MEFs 24hrs post insulin treatment. (B) No significant change 

in Rbm20 protein expression levels was noted in response to insulin treatment in Lmna-/- 

MEFs. (C) In LmnaN195K/N195K MEFs a significant decrease in expression of the 112 KDa 

isoform of Rbm20 was observed between baseline and serum starved cells, but no 

significant change in Rbm20 protein expression levels was noted in response to insulin 

treatment. Results represent the mean fold change in Rbm20 expression relative to Actin ± 
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SEM from three independent repeats. Statistical significance was determined by one-way 

Anova followed by Dunnett t-test. 

 

9. Rbm20 Protein Expression Levels in WT, Lmna Knockout and Lmna N195K Mutant 

MEFs in Response to 180nM Insulin 

 

To assess if insulin treatment can upregulate Rbm20 protein expression levels, 

MEFs were serum starved for 14-16 hrs and treated with 180 nM of insulin for different 

timepoints (15 min, 2hrs, 24hrs and 48hrs). Rbm20 protein expression levels were assessed 

by western blot analysis at baseline, after serum starvation and following insulin treatment. 

In WT MEFs, a significant increase in the expression of the 112KDa isoform of Rbm20 

was noted at 24hrs post insulin treatment, whereby the mean fold change in expression 

(1.43 ± 0.03; p=0.014) was significantly higher than in serum starved cells, hence 

indicating a 1.43-fold increase in expression (Figure 34a). In Lmna-/- and LmnaN195K/N195K 

MEFs, no significant change in expression of either isoform of Rbm20 was observed at all 

timepoints of insulin treatment (Figure 34b, c). However; a notable decrease in expression 

of both isoforms of Rbm20 was observed between baseline and serum starved 

LmnaN195K/N195K MEFs, whereby the mean fold change in expression of the 112KDa isoform 

(1.51 ± 0.1) and the 75KDa isoform (1.57 ± 0.2) was higher than in serum starved MEFs. 

This decrease was statistically significant for the 112KDa isoform but not the 75KDa 

isoform; p=0.033 and p=0.077 respectively. Results represent the mean fold change in 

Rbm20 expression relative to Actin ± SEM from three independent repeats. Statistical 

significance was determined by one-way Anova followed by Dunnett t-test. 
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E. Discussion 

The question of how mutations in the ubiquitously expressed LMNA gene cause an 

array of tissue-specific diseases has always been a dilemma that provoked scientific 

research. The involvement of lamins in many cellular functions led to the emergence of two 

main hypothesis. The first postulates that mutations in lamins disrupt their interactions with 

tissue-specific transcription factors, hence leading to deregulation in gene expression. The 

second associates the striated muscle phenotypes from most LMNA mutations with 

increased nuclear fragility and damage in mechanically stressed tissues such as the heart 

and skeletal muscles29. While evidence supporting the “gene regulation” hypothesis mainly 

focused on deregulation in transcription factors, less attention was paid on splicing which 

represents an important aspect of gene regulation. Although lamin A/C has been associated 

with splicing factors and splicing factor compartments, the role of lamin A/C in splicing 

remains controversial381. Here we show that Rbm20, a muscle-specific splicing factor 

implicated in cardiomyopathy, is deregulated in the context of Lmna loss or mutation both 

in vitro and in vivo. Previous results from our lab have also shown deregulation in Rbm20 

both at the transcript and protein levels in an Emd null MEFs background. We also showed 

that lamin A/C interacts with Rbm20. Emerin is already known to interact with lamin A/C 

at the NE and this interaction is required for the correct localization of emerin at the inner 

nuclear membrane171,382. Taken together, this suggests the existence of a biofunctional 

interplay between lamin A/C, Rbm20 and emerin. The reduction in Rbm20 transcript levels 

in the context of emerin loss and lamin A/C loss or mutation may be linked to the roles that 

both lamin A/C and emerin play in genome organization and gene regulation. Spatial 

genome organization and chromosome positioning have been shown to be disrupted in cells 
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from patients with EDMD as well as other NE diseases383.  A very recent study also 

showed that loss of either lamin A/C or emerin affects the nuclear localization of nuclear 

myosin 1 (NM1), an emerin interacting protein; and their combined depletion alters 

chromatin organization and mobility through NM1 and actin polymerization, with effects 

on gene regulation384. 

The significant decrease in Rbm20 transcript levels in Lmna-/- MEFs in 

comparison to WT MEFs was rescued upon restoration of WT lamin A. This confirms the 

direct effect of lamina disruption on RBM20 gene regulation. The increased expression of 

RBM20 transcript levels upon restoring lamin E358K mutant form, but not lamin L530P 

mutant form, suggests that the E358K mutation is more tolerated in terms of Rbm20 gene 

regulation. While the E358K mutation localizes to the rod domain, the L530P mutation 

occurs in the tail of lamin A/C385. As such, it is not surprising that different mutations 

affecting different regions of the molecule have different consequences. In fact, five 

different rod domain mutations in lamin A/C, including the E358K mutation, were shown 

to influence lamina assembly but not interaction with emerin in nucleoplasmic foci. This is 

consistent with findings demonstrating an effect of the E358K mutation on lamin A/C 

dimerization386.  On the other hand, three mutations in the tail region of lamin A/C, 

including the EDMD R527P mutation located three amino acids away from the L530P 

mutation, disrupted binding to emerin while preserving lamin A/C localization at the 

nuclear rim385. A following study showed that the L530P mutation lowers the ability of 

lamin A but not lamin C from binding to emerin387. Furthermore, the L530P mutation was 

shown to reduce binding to F-actin as well as cross-linking actin filaments in vitro388. 

Given the role of nuclear actin polymerization in gene transcription389,390 and its 
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susceptibility to disrupted lamin A/C-emerin interaction171, the effect of the L530P 

mutation on both emerin and F-actin binding might explain the inability of the L530P lamin 

mutant to restore Rbm20 transcription. At the protein level, while restoration of WT lamin 

A to Lmna-/- MEFs resulted in significant increase in the protein expression levels of 

Rbm20 relative to mock-treated cells, both E358K and L530P mutations failed to induce 

Rbm20 protein expression. The increase in Rbm20 transcript but not protein levels upon 

restoration of the E358K mutant form might be suggestive that while lamin A/C NE 

localization is not essential for Rbm20 transcription, it might be important for mRNA 

processing, stability or export from the nucleus to the cytoplasm. These processes might be 

mediated by Rbm20 itself. Several RBP proteins including RBM10 have been reported to 

autoregulate their own mRNA splicing391-393. Furthermore, in addition to their canonical 

RNA splicing role, they are known to have roles in mRNA export and stability and 

translation394. As we have shown by different assays that Rbm20 interacts with lamin A/C 

as well as with other NE proteins, such as lamin B1 and nesprin1, it is tempting to speculate 

that in addition to being localized to the nucleoplasm, Rbm20 associates with these proteins 

at the nuclear envelope to mediate RNA export and/or stabilizes RNA in the cytoplasm. As 

such, the E358K mutation could possibly disrupt the interaction between lamin A/C and 

Rbm20 with consequent effects on other Rbm20 functions. 

Western blot analysis of protein lysates from mouse straited muscle tissues 

revealed a tissue-specific expression of Rbm20 isoforms whereby the 75 KDa isoform was 

mainly expressed in the left ventricles and the 37KDa isoform was mainly expressed in the 

TA muscle. A decrease in the protein expression levels of both isoforms was noted in left 

ventricles and TA muscle tissues from both Lmna-/- mice and Lmna N195K mice of both 
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genders. While the decrease in each isoform was statistically significant in the left 

ventricles of female Lmna-/- mice, it wasn’t significant in male mice due to increased 

variability in expression of Rbm20 isoforms. Such variability could be attributed to genetic 

differences between individual male mice and could be reduced by increasing the number 

of repeats to more than three mice per group. Furthermore, while a significant decrease in 

the expression of the 75 KDa isoform was noted in the TA of female Lmna N195K mice 

relative to WT mice, a significant decrease was noted in the 37KDa but not the 75KDa 

isoform in male Lmna N195K mice. This gender-dependent isoform expression was not 

observed in the left ventricles of Lmna N195K mice, whereby a reduction in both isoforms 

was observed in both genders. The initial study that introduced the Lmna N195K mice 

model reported an earlier death in homozygous male mice in comparison to female mice164. 

Although mice of both genders die from arrythmia, the significant reduction in the TA-

specific isoform of Rbm20 in the TA of male Lmna N195K mice but not female mice, 

might contribute to a more severe skeletal muscular dystrophy in male mice. Nonetheless, a 

better understanding of the role of each isoform of Rbm20 and whether they have 

overlapping roles, is needed to explain our results in the context of the reported gender-

based differences in the Lmna N195K mice model.  

Although a significant reduction was noted at the transcript level in the left 

ventricles of Lmna H222P mice of both genders, no decrease in expression of either Rbm20 

isoform was observed at the protein level. A possible explanation for this outcome is that 

increased stability of Rbm20 mRNA or protein might compensate for the reduction in 

Rbm20 transcript levels. Since a significant reduction in Rbm20 protein expression levels 

was noted in the left ventricles of both Lmna N195K and Lmna-/- mice of both genders, 
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increased stability of Rbm20 mRNA or protein is most likely to occur in the context of the 

H222P mutation only. This might be due to upregulation of signaling pathways in Lmna 

H222P mice that influence Rbm20 protein and/or mRNA turnover. Indeed, Lmna H222P 

mice are characterized by hyperactivation of mitogen activated signaling pathways 

including ERK1/2, JNK and p38α as well as PI3K/AKT pathway140,148,320,395. All of these 

pathways have been shown to be implicated in mRNA turnover by increasing mRNA 

stability396. For instance, the p38 pathway regulates the stability of mRNAs containing AU-

rich elements (ARE) in their 3’ untranslated region (UTR) by phosphorylating ARE-

binding proteins (ARE-BP) such as HuR, AUF, KSRP and TTP396. Phosphorylation of 

Tristetraprolin (TTP) and K-homology splicing regulator protein (KSRP) at serine and 

threonine residues, respectively, has been shown to decrease their binding affinity to ARE, 

thereby inhibiting their mRNA decay activities and promoting mRNA stability397,398. In 

addition to promoting mRNA stability, the p38 pathway has been shown to induce eIF-4E-

dependent mRNA translation399. Similarly, ERK dependent phosphorylation of AU-rich 

binding factor 1 (AUF1) induces its dissociation from its mRNA upon a conformational 

change catalyzed by the prolyl isomerase Pin1. As such, AUF1 dissociation prevents 

exosome recruitment and mRNA degradation and allows binding of stabilizing factors such 

as hnRNP C which reinforces mRNA stability400. Also, PI3K/AKT-dependent 

phosphorylation of KSRP and BRF1 prevents their mRNA decay activities401,402. While 

TTP, KSRP and AUF promote mRNA degradation, HuR activation increases mRNA 

stability and has been shown to be induced by AMPK and p38α pathways403 and recently 

by the mTORC2/AKT/HSF1 axis404. As such, hyperactivation of these pathways in Lmna 

H222P mice might contribute to increased stability and/or enhanced translation of Rbm20 
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mRNA, thus overcoming the reduction in Rbm20 transcript levels. Moreover, Lmna H222P 

mice have longer life span and slower disease progression than Lmna N195K and Lmna-/- 

mice141. Accordingly, putative deregulation in Rbm20 protein levels might be seen in the 

left ventricles at the onset of the cardiac phenotype, that is, around 20 weeks of age. Other 

compensatory mechanisms might be activated towards the end stage of the disease thus 

resulting in enhanced mRNA stability. It is note mentioning that no change in Rbm20 

protein expression was observed in the left ventricles of male Lmna H222P mice aged 10-

15 weeks, that is, before the onset of the cardiac phenotype (Data not shown). 

One of the most studied functions of Rbm20 is regulating titin mRNA splicing by 

favoring the expression of the short N2B isoform over the longer N2BA isoforms. Despite 

the absence of deregulation in Rbm20 at the protein level, the reduction in Rbm20 at the 

transcript level was associated with a significant reduction in the transcripts of the N2B titin 

isoform in the left ventricles of Lmna H222P mice, particularly in female mice. The 

reduction in the expression of the N2B isoform might be due to decreased phosphorylation 

and nuclear import of Rbm20 despite its constant protein expression. Although previously 

we did not observe any change in Rbm20 subcellular localization in Lmna-/- and 

LmnaN195K/N195K MEFs, different mechanisms might arise from different Lmna mutations 

and in different cellular contexts. As such, it would be interesting to assess the levels of 

phosphorylated Rbm20 in left ventricles of Lmna H222P mice as well as its subcellular 

localization. Moreover, cytoplasmic localization of Rbm20 would increase the stability of 

its own mRNA at the expense of its nuclear splicing function. Despite the reduction in N2B 

titin isoform expression, we did not obtain a significant change in expression of the N2BA 

isoform in left ventricles of Lmna H222P mice relative to WT mice of both genders. 
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Testing N2BA transcript expression levels with a different primer pair showed a reduction 

in expression with a similar expression pattern to the N2B isoform. Due to the wide range 

of sizes and complex alternative splicing of the N2BA isoforms, these results do not rule 

out increased expression in other longer N2BA isoforms that are not captured by the primer 

pairs used. In fact, Rbm20 deficiency in a rat strain with a spontaneous loss-of-function 

mutation in the Rbm20 gene shows persistent expression of the giant titin isoform N2BA-G 

that becomes the most predominantly expressed isoform208. However, it cannot be 

determined from our results whether the reduction in the transcript levels of the N2B 

isoform is due to reduced transcription or altered alternative splicing especially with recent 

evidence pointing to a role of Rbm20 in transcription405. Anyhow, the role of reduced 

expression or altered alternative splicing of the N2B titin isoform in the disease 

pathogenesis of Lmna H222P mice can only be determined after assessing its expression at 

the protein level.  

In the TA, no significant change in the transcript/protein levels of Rbm20 or the 

transcripts of the TA-specific N2BA titin isoform was observed in Lmna H222P mice at 28 

weeks of age. In Lmna H222P mice, the initial disease phenotype, characterized by 

deterioration in muscle function, first appears at around 10 weeks of age. However, these 

mice continue to live up to 24-28 weeks, until they eventually die of cardiac failure. Since 

the skeletal muscle phenotype precedes the cardiac phenotype in these mice, the 

deregulation in Rbm20 expression might occur earlier in the TA, coinciding with or shortly 

after the initial appearance of the skeletal muscle phenotype.  
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Insulin treatment has been shown to induce upregulation of RBM20 both at the 

transcript and protein levels in cultured neonatal rat cardiomyocytes238. This increase in 

RBM20 gene expression could result from the activation of mTOR via the PI3K/AKT 

pathway242.To assess whether insulin treatment can restore Rbm20 protein levels in Lmna 

Null and Lmna N195K MEFs, we first determined whether these cells are responsive to 

insulin by measuring AKT activation levels upon insulin stimulation. While p-AKT/AKT 

protein levels were similar between Lmna N195K MEFs and WT MEFs, we noted 

hyperactivation of AKT in Lmna Null MEFs. This result is in accordance with the reported 

hyperactivation of ERK1/2 and AKT/mTORC1 signaling pathways in the hearts of 

laminopathy patients as well as in hearts of Lmna H222P mice140,148. In vitro studies 

showed enhanced binding of total ERK1/2 to lamin A/C variant bearing the H222P amino 

acid substitution. In addition, sequestration of p-ERK1/2 was noted in the nuclear lamina of 

Lmna H222P mutant C2C12 myoblasts. This enhanced lamin A/C-ERK1/2 interaction was 

suggested to contribute to ERK1/2 activation in striated muscle tissue of Lmna H222P 

mice; and resulted in increased expression of the dual specific protein phosphatase 4 

(DUSP4) which linked ERK1/2 to hyperactivation of the AKT/mTORC1 signaling 

pathway320. DUSP4 upregulation correlated with an elevated expression of cardiomyopathy 

markers320 and its deletion attenuated the cardiac phenotype and improved survival406. 

Although this proposed disease mechanism falls short in explaining ERK1/2 

hyperactivation in Lmna null MEFs, the properties of the entire lamina could hypothetically 

be disrupted in the absence of lamin A/C which may also result in ERK1/2 nuclear 

sequestration and AKT hyperactivation. In addition, ERK1/2 hyperactivation in 

laminopathies have been shown to be a consequence of other factors, such as elevated 
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levels of transforming growth factor beta 2 (TGF β2) that has been detected in serum, 

myoblast and fibroblast cultures from EDMD patients as well as Lmna H222P mice407. The 

elevated TGF β2 levels were associated with the expression of fibrogenic markers and 

impairment of myogenic differentiation. Although TGF β2 is an important mediator of 

fibrosis161, which occurs at a later stage of the cardiac disease, hyperactivation of MAPK 

signaling has been noted before the appearance of significant cardiac phenotype, which 

suggests that induction of MAPK signaling by TGF β2 is a causative factor rather than a 

secondary effect of disease progression148. Moreover, AKT kinase activity regulates lamin 

A levels throughout the cell cycle. AKT enhances lamin A transcription in interphase to 

support lamin turnover and targets pre-lamin A for lysosomal degradation in dividing cells 

when the lamina dissociates408. Therefore, it is tempting to speculate that activation of AKT 

occurs as part of a physiological feedback mechanism in response to low levels of lamin A 

under normal conditions as well as in disease, thus explaining the elevated levels of AKT in 

Lmna deficient MEFs. 

Baseline levels of AKT activation were higher in both Lmna-/- and LmnaN195K/N195K 

MEFs in comparison to WT MEFs. In LmnaN195K/N195K MEFs, although p-AKT activation 

levels were comparable to WT levels, baseline p-AKT levels were significantly higher than 

in serum starved cells, which is suggestive that the AKT/mTORC1 signaling pathway is 

also activated in these cells. The absence of hyperactivation in p-AKT following serum 

starvation could be attributed to the sensitivity of these cells to serum starvation which was 

noted by increased cell death in serum starved cells relative to untreated cells at baseline 

conditions. On the other hand, serum starvation did not induce cell death in neither Lmna-/- 

MEFs nor WT MEFs.  
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In WT MEFs, p-AKT induction commenced at 15min then started to decline by 

24hrs. This was comparable to LmnaN195K/N195K MEFs. On the other hand, in Lmna-/- MEFs, 

although AKT activation also started to decline at 24hrs it remained at very high levels at 

24 and 48hrs in comparison to WT MEFs.  The PI3K/AKT/mTORC1 signaling pathway is 

controlled by well-established negative feedback loops that act at different levels of the 

pathway. Among these negative feedback loops is S6K1-dependent phosphorylation of 

IRS1 that targets it for proteasomal degradation and inhibits signaling downstream receptor 

tyrosine kinase receptor155. As such, defects in negative feedback mechanisms that control 

the PI3K/AKT/mTORC1 pathway might contribute to the prolonged activation of p-AKT 

in Lmna-/- MEFs. Moreover, termination of this pathway in a timely manner is essential for 

proper cellular function. For instance, it has been reported that prolonged AKT activation is 

involved in the development of cardiomyopathy as opposed to the beneficial effects of 

transient AKT activation in cardiac function409,410. In LmnaN195K/N195K MEFs, despite the 

significant p-AKT activation at baseline levels, the response to insulin treatment was not 

elevated as in Lmna-/- MEFs. As mentioned earlier, sensitivity of these cells to serum 

starvation might contribute to this outcome. On the other hand, the decreased response to 

insulin might be due to overactivation of p-AKT at baseline levels. A similar response has 

been reported in LMNA mutant myoblasts featuring hyperactivated YAP/TAZ pathway that 

gets paradoxically reduced in response to mechanical stimulation172. 

In WT MEFs, p-AKT induction at 15min and 2hrs of insulin treatment resulted in 

a concomitant increase in Rbm20 transcription. Consequently, a significant increase in 

Rbm20 protein levels was noted at 24 hrs. Despite the significant increase in p-AKT levels 
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in both Lmna-/- and LmnaN195K/N195K MEFs, insulin stimulation failed to induce Rbm20 

expression at both the transcript and protein levels in both cell lines. Due to the complexity 

of the PI3K/AKT/mTORC1 signaling pathway and its communication with other pathways, 

decoupling between different players of this pathway has been reported previously. For 

instance, while knockdown of Dusp4 in Lmna H222P mice counteracted AKT 

hyperactivation, it did not reduce mTORC1 levels320. Moreover, prolonged activation of p-

AKT signaling through overexpression of IRS1 in myoblasts prohibited myogenic 

differentiation through AKT-dependent phosphorylation and nuclear exclusion of 

FoxO1411. The same study showed that initial AKT activation, but long-term termination (at 

around 18hrs) is required for myogenic differentiation. Given the importance of Rbm20 in 

myogenic differentiation and its induction, along with other muscle-specific genes, in a 

timely manner with sarcomere assembly207,208, it is tempting to speculate that a similar 

mechanism downstream prolonged p-AKT activation prevents induction of Rbm20 in 

Lmna-/- MEFs. Moreover, reduction in Rbm20 expression levels in these cells and in animal 

tissues might be a direct effect of lamin A/C loss or mutation rather than prolonged p-AKT 

activation. This is supported by the finding that lamin A/C associates with Caveolin-2 at the 

inner nuclear membrane and that this association is required for oligomerization and 

activity of Caveolin-2 in epigenetic regulation of insulin responsive genes412. It is note 

mentioning that the increase in Rbm20 protein expression levels in response to insulin 

treatment of WT MEFs was modest, which could result from the low expression levels of 

Rbm20 in MEFs in comparison to skeletal muscle cells or cardiomyocytes that normally 

have high expression levels of Rbm20. As such, we cannot rule out an improved Rbm20 

response to insulin in a more relevant cell model such as primary skeletal muscle cells or 
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cardiomyocytes from Lmna Null or Lmna N195K mice. Improved Rbm20 expression in 

response to insulin in striated muscle cells with LMNA mutations would set forth a 

promising treatment for these disorders through restoring Rbm20 expression levels.  

Our findings provide insight into the pathogenic mechanisms of EDMD and DCM 

caused by LMNA mutations. This work shows that an intact nuclear lamina is required for 

proper regulation of Rbm20 expression and most likely function, thus highlighting the role 

of RBP and splicing regulation in the tissue-specific phenotypes of lamin A/C mutations. 

Whether deregulation in Rbm20 expression is a direct effect of lamin mutations or altered 

signaling pathways in laminopathies needs to be further investigated. Furthermore, 

assessment of Rbm20 phosphorylation levels as well as protein expression levels of titin 

isoforms is essential to validate the deregulation in Rbm20 function in the context of lamin 

mutations. 
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CHAPTER V 

CONCLUSION 
 

Mutations in lamins cause a wide array of tissue-specific diseases collectively 

called laminopathies413. Based on structural and functional roles of lamins, two main 

hypotheses were proposed to explain the cellular pathophysiological observations 

associated with LMNA mutations. The “structural hypothesis” postulates that lamin 

mutations confer nuclear fragility and mechanical instability in mechanically stressed 

tissues such as striated muscle tissues. The “gene regulation” hypothesis states that LMNA 

mutations cause disrupted gene regulation, either by direct interaction with chromatin and 

DNA-binding proteins or through interactions with tissue-specific transcription factors29. 

The pathogenesis in lamin A/C related cardiomyopathies is likely multifold, as various 

nuclear functions are affected including gene expression and nuclear morphology as well as 

many other cellular processes. In this work, we investigated the interplay between both 

structural and gene regulation hypotheses by studying the effect of lamina loss on both 

structural and regulatory proteins that home to the nuclear envelope. In addition, we 

investigated the role of the RNA splicing factor Rbm20 that regulates gene expression, both 

through its alternative splicing function and its newly discovered role in gene 

transcription405. Not only does Rbm20 affect gene regulation, but also sarcomere structure 

and function through splicing of several sarcomeric proteins such as titin208. As such, in 

addition to its gene regulatory role, it has an indirect effect on structural and mechanical 

stability of striated muscle cells.  

 



195 
 

Our results show that Lmna loss affects proteins that home to the nuclear envelope, 

including HuR, which shows decreased cytoplasmic localization and increased nuclear 

sequestration in the absence of lamin A/C. HuR is an RNA binding protein (RBP) that 

stabilizes several myogenic mRNA transcripts in the cytoplasm and prevents their 

degradation, hence playing a role in post transcriptional gene regulation414. A few studies 

have also reported a role of HuR in mRNA splicing, export and translation415. We also 

show that lamin A/C loss or mutation results in deregulated expression of Rbm20, another 

RBP, both in vitro and in vivo. Rbm20 gene deregulation was associated with potential 

alterations in its RNA splicing function. Using phage display screening and several 

validation assays for protein-protein interactions, we showed that Rbm20 interacts with 

lamin A/C, lamin B1 and nesprin-1. Thus, our findings highlight RBPs as a new class of 

proteins that interact with lamin A/C and that are affected by lamin A/C mutations.  

Lamin A/C mutations are associated with deregulation in many signaling pathways 

such as MAPK and PI3K/AKT/mTOR among other signaling pathways140. As such, it is 

intriguing to know whether disrupted expression or subcellular localization of these and 

other RBPs is a direct effect of lamin mutations or a consequence of disrupted signaling 

pathways in laminopathies. The PI3K/AKT/mTOR signaling pathway has been shown to 

regulate the expression and splicing function of Rbm20 through an unknown mechanism238. 

Our results show that stimulation of this pathway by insulin does not restore Rbm20 

expression levels in Lmna Null and N195K mutant MEFs despite p-AKT activation. While 

this result could be attributed to the role of lamin A/C in oligomerization and activation of 

epigenetic regulators of insulin responsive genes at the nuclear envelope (NE)412, an 

increase in Rbm20 expression might be needed to activate negative feedback mechanisms 
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that normally counteract activation of the PI3K/AKT/mTOR signaling pathway. As such, 

downregulation in Rbm20 expression might contribute to the deregulated 

PI3K/AKT/mTOR signaling pathway. In fact, this might not be far from true as 

homozygous knockout of Rbm20 in rats has recently been shown to significantly 

upregulate TGF β2405. TGF β2 has previously been reported to be hyperactivated in the 

context of lamin mutations, and was suggested to contribute to ERK1/2 activation in 

striated muscle tissue of Lmna H222P mice407. In addition, ERK1/2 has been linked to 

hyperactivation of PI3K/AKT/mTORC1 signaling pathway through increased expression of 

the dual specific protein phosphatase 4 (DUSP4)320. Thus, lamin A/C loss or mutation 

might lead to downregulation in Rbm20 through compromised epigenetic regulation in 

response to the PI3K/AKT/mTOR signaling pathway, and Rbm20 downregulation, in turn, 

might lead to the observed hyperactivation of this pathway in the context of Lmna loss or 

mutation. Interestingly, mTOR has been shown to directly phosphorylate HuR at a specific 

serine residue (S202)416. Phosphorylation of the same serine residue by Cyclin dependent 

kinase 1 (Cdk1) has been shown to promote HuR nuclear localization417. Therefore, it is 

tempting to speculate that while Rbm20 regulation by PI3K/AKT/mTOR is dependent on 

lamin A/C, phosphorylation of HuR by hyperactivated mTOR does not require lamin A/C, 

thus resulting in HuR nuclear sequestration. Accordingly, reduced cytoplasmic availability 

of HuR might result in compromised stability of myogenic mRNA. 

This work reveals novel lamin A/C and Rbm20 interacting partners and provides 

insight into novel disease mechanisms in laminopathies. Our work suggests that an 

interplay between lamin A/C, RBPs and deregulated signaling pathways might result in 

reduced expression, altered splicing and/or reduced mRNA stability of myogenic genes, 



197 
 

hence explaining the frequent muscle-specific effects of Lmna mutations and providing 

new promising targets for therapeutic intervention. 
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