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The nuclear envelope (NE) defines the interface between nuclear and cytoplasmic 

compartments. It features both inner and outer nuclear membranes (INM and ONM), separated 

by a narrow lumen, the perinuclear space (PNS). The INM contains a unique array of integral 

proteins, including the SUN domain proteins, Sun1 and Sun2. While the ONM is continuous 

with the ER, it nevertheless contains several resident proteins of the nesprin family. These 

ubiquitous proteins interact with the cytoskeleton via their NH2-terminal domains. Nesprin 

1Giant (Nesp1G) and nesprin 2Giant (Nesp2G) are actin -binding proteins while nesprin 3 binds 

plectin, a link to the intermediate filament system.  

The unique localization of nesprins in the ONM raised the question of how these proteins 

are anchored in the NE. Based on models proposed for homologues in C.elegans, we 

hypothesized that the SUN domain proteins in the INM tether Nesp2G (as well as Nesp1G and 

Nesp3) within the ONM by forming a trans-lumenal link that spans the PNS. We demonstrate 

here that actin-associated Nesp2G is tethered in the ONM through trans-lumenal interactions 

between the Nesp2G KASH domain and INM-localized Sun1 and Sun2.  Sun1 and 2 in turn, 

interact with the nuclear lamina. Theses molecules, therefore, represent links in a molecular 

chain that connects the cytoskeleton to the nuclear lamina and other nuclear components. We 
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now refer to this molecular chain as the LINC (linker of nucleoskeleton and cytoskeleton) 

complex. Various isoforms of the LINC complex appear to be essential for the maintenance of 

NE integrity as well as nuclear positioning and may integrate the NE into a system that transmits 

mechanical signals from the cell surface to the nuclear interior.   

Based upon homology with the Nesp2 KASH domain, we identified a novel epithelial-

specific protein, nesprin 4 (Nesp4). Nesp4 is functionally similar to other nesprins in that it 

depends on its KASH domain to localize to the ONM and forms connections to cytoskeletal 

structures, in this case, microtubules, via the plus-end directed motor protein, kinesin I (Kif5B). 

Like other nesprins, Nesp4 relies on SUN domain proteins for its localization. Introduction of the 

exogenous Nesp4 protein into HeLa cells leads to the detachment and separation of the 

centrosome and Golgi apparatus from the nucleus. Given the lateral arrangement of microtubules 

in epithelial cells, these clues have led us to propose a model for an alternate mode of nuclear 

positioning in epithelial cells. In this scenario, movement of the nucleus towards the basal 

surface of the cell is mediated by Nesp4-associated kinesin I.  

This thesis has defined a novel protein complex that for the first time provides a molecular 

mechanism for the coupling of the nucleus and cytoplasm. Furthermore it has provided new 

insight into nesprin function and localization. Through the discovery of Nesp4, we have 

uncovered a specialized role for nesprins in epithelial nuclear positioning. This discovery has 

laid the foundation for future investigations into the role of Nesp4 in epithelial morphogenesis 

and provided insights into the complex functions of the NE in defining not only nuclear 

architecture, but also that of the cytoplasm. 
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CHAPTER 1 
INTRODUCTION 

Introduction 

By definition, the eukaryotic cell partitions its genetic material into a separate 

compartment, the nucleus. It has become increasingly obvious that the nucleus has an elaborate 

organization that is key to maintaining many of its major functions. Several dynamic “domains” 

or subnuclear bodies serve as sites of pre-mRNA splicing and transcription while the nucleolus is 

involved in ribosome biosynthesis (Handwerger and Gall, 2006; Raska et al., 2006a; Raska et al., 

2006b). The most obvious architectural component is the nuclear envelope (NE) (Figure 1-1). 

The NE comprises a double membrane that delineates the nucleus and serves as a selective 

barrier between nuclear and cytoplasmic components. Protein components of the nuclear 

membranes and the underlying scaffold appear to be important in the regulation of gene 

expression by providing anchoring sites for chromosome territories. Certain nuclear membrane 

proteins that are components of nuclear pore complexes (NPCs) are involved in the control of 

nucleo-cytoplasmic transport of macromolecules.  

Members of the newly identified nesprin and SUN protein family members are now shown 

to be involved in the integration of the nuclear and cytoplasmic compartments of the cell. This 

finding has implicated the NE in more global functions, including the organization of the 

cytoskeleton and participation in nuclear positioning. We are only scratching the surface of the 

NE with such findings, as the discovery of at least 60 additional integral proteins of the NE 

(Schirmer et al., 2005) leaves us with a spectrum of functions still to be explored. 

The Nuclear Envelope  

 In the 1950s, the application of the electron microscope to investigate the fine structure of 

isolated interphase nuclei revealed that the nuclear envelope (NE) is composed of two concentric 



 

18 

lipid bilayers, the inner and outer nuclear membranes (INM and ONM, respectively) (Callan and 

Tomlin, 1950; Hartmann, 1953). The INM and ONM are separated by a fairly uniform lumen, 

between 20-40 nm wide, known as the perinuclear space (PNS) (Watson, 1955). Periodic annular 

junctions between the INM and ONM create aqueous channels that traverse the NE and are 

occupied by nuclear pore complexes (NPCs). NPCs, numbering between 1,000 and 10,000 in a 

vertebrate somatic cell, are massive (~60 MDa) multi-protein complexes that dictate the 

bidirectional passage of macromolecules across the NE (Burke, 2006; Watson, 1955). Ions and 

small molecules can diffuse freely through pores while larger molecules (>40kD proteins) 

require more complex mechanisms of active transport to cross the NE (Stewart, 2007).  Models 

for the pathways involved in nucleo-cytoplasmic transport are constantly being refined and are 

the subject of extensive reviews described elsewhere (Burke, 2006; Fried and Kutay, 2003; 

Pemberton and Paschal, 2005; Peters, 2006; Stewart, 2007; Tran and Wente, 2006; Weis, 2003).   

 Despite their connections at the periphery of each NPC, the INM and ONM are 

biochemically distinct. The INM contains its own unique repertoire of integral membrane 

proteins, is ribosome free and maintains close contacts with chromatin (Wiese and Wilson, 

1993). The ONM, the cytoplasmically opposed membrane, is continuous with the rough 

endoplasmic reticulum (rER) and, like the rER, is studded with ribosomes. In effect, the cisternal 

space of the ER communicates directly with the PNS. Only in recent years has it been 

established that proteins, some as big as 1000kD, reside in the ONM, but not in the peripherial 

ER (Padmakumar et al., 2004; Zhen et al., 2002).   

The Nuclear Lamina 

Underlying the INM is the nuclear lamina, the major structural element of the NE. It plays 

a critical role in maintaining interphase nuclear morphology by providing mechanical stability 

and determining the spatial arrangement of NPCs in the NE (Aebi et al., 1986; Gerace and 
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Burke, 1988; Liu et al., 2000; Mounkes et al., 2003; Ris, 1997; Schirmer and Gerace, 2004; 

Stuurman et al., 1998). The nuclear lamina has also been shown to be an important determinant 

in DNA replication, transcription, chromatin organization and apoptosis (Burke, 2001; Glass et 

al., 1993; Goldman et al., 2002; Gruenbaum et al., 2000; Lazebnik et al., 1995; Liu et al., 2000; 

Starr and Han, 2002; Starr et al., 2001; Zastrow et al., 2004). Many functions of the lamina 

involve interactions with INM proteins and a provision for anchoring chromatin at the nuclear 

periphery (Gerace and Burke, 1988). The lamina appears as a dense meshwork of intermediate-

like filaments (IF) ranging in size from 10-20nm and, like cytoplasmic IF meshworks, is highly 

resistant to biochemical extraction (Aebi et al., 1986; Mounkes et al., 2003; Stuurman et al., 

1998).  

The major components of the lamina are type V IF family members known as lamins 

(Moir et al., 2000; Stuurman et al., 1998). Like all IFs, lamins have a central alpha-helical rod 

domain of about 40kD flanked by globular head (NH2-terminal) and tail (COOH-terminal) 

domains (Fisher et al., 1986; McKeon et al., 1986).  The core of the lamin tail consists of a 

hydrophobic Ig-fold (Krimm 2002). The central rod domain enables lamin monomers to 

intertwine with one another as coiled-coil homodimers in a parallel, unstaggered fashion. These 

structures can then assemble into head-to-tail linear polymers that can in turn associate laterally 

to form higher order 10 nm filamentous structures that make up the lamina meshwork. Features 

that distinguish lamins from other IFs include a basic domain nuclear localization signal (NLS) 

and highly conserved phosphoacceptor sites (P-sites) in the head and tail domains (Haas and 

Jost, 1993; Loewinger and McKeon, 1988). P-sites act as substrates for a protein kinase which 

phosphorylates lamins at the end of prophase and promotes nuclear lamina disassembly in 

mitosis (Dessev et al., 1990; Gerace and Blobel, 1980).   
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 Lamins, classified generally as A-type or B-type, are found only in metazoans. The lamin 

isoforms are products of three genes in vertebrates:  LMNA, LMNB1 and LMNB2.  Alternate 

splicing of a single LMNA transcript yields at least four variants:  lamins A, C, AΔ10 and C2 

(Goldman et al., 2002; Lin and Worman, 1993; Mounkes et al., 2001). The two major B-type 

lamins (B1 and B2) are encoded by LMNB1 and LMNB2, respectively. Lamin B3 is expressed as 

a minor splice variant of LMNB2 (Goldman et al., 2002; Mounkes et al., 2003). The two major 

A-type lamins A and C are identical for the first 566 amino acids (Zastrow et al., 2004). While 

lamin C has a unique six residue COOH-terminal tail, lamin A has a 98 amino acid COOH-

terminal extension and includes a CaaX box (where C=cystine, a=aliphatic amino acid, X=any 

amino acid; methionine in vertebrate lamins) at its C-terminus. The CaaX motif is common to all 

lamins except lamin C and lamin C2 and is subject to a series of post-translational modifications 

to generate the mature proteins (Zastrow et al., 2004) (Figure 1-2). Shortly after synthesis, all 

CaaX motif lamins (prelamin A or B) are farnesylated on Cys, proteolytically cleaved to remove 

the aaX sequence and then carboxymethylated (Kitten and Nigg, 1991). The prelamin A is then 

imported through NPCs into the nuclear interior by means of a nuclear localization signal (NLS). 

Farnesylation is apparently required for the delivery of lamin A to the NE, but the mechanism by 

which lamin A maintains stable associations with the nuclear periphery is not yet clearly 

understood. After assembly into the lamina, prelamin A undergoes a second cleavage catalyzed 

by endoprotease Zmpste24 (also called FACE-1), releasing 15 extra residues (Bergo et al., 

2002). Lamin B does not undergo the second cleavage by Zmpste24 and, therefore, retains its 

farnesylated tail which mediates its interaction with the INM (Navarro et al., 2006). Defects in 

lamin A processing lead to progeria, a severe disease phenotype that resembles premature aging.  



 

21 

 Lamins are classified by biochemical properties, expression pattern and sequence 

homology (Broers et al., 1997; Gruenbaum et al., 2000). A-type lamins have a neutral isoelectric 

point and are temporally expressed upon differentiation in a tissue-specific manner (Mattout-

Drubezki and Gruenbaum, 2003; Rober et al., 1989; Zastrow et al., 2004). Interestingly, a recent 

study suggests that lamins are also expressed transiently during embryogenesis, through the 

eight-cell stage in porcine embryos, but apparently not in mice (Foster et al., 2007; Stewart and 

Burke, 1987). Lamina enriched in lamin A (an A-type variant) are the most stable and require 

harsh conditions to be solubilized (Schirmer and Gerace, 2004). A-type lamins can also be found 

freely distributed in the nuclear interior or associated with intranuclear foci. B-type lamins, on 

the other hand, are characterized by an acidic isoelectric point and are nearly ubiquitous, with at 

least one B-type lamin being expressed at all stages of differentiation in mammalian somatic 

cells (Burke et al., 2001; Gerace and Burke, 1988; Mounkes et al., 2003; Nigg, 1989). Moreover, 

B-type lamins are crucial for cell survival at the organismal level (Sullivan et al., 1999), whereas 

A-type lamins have been identified as non-essential in mouse embryos and in HeLa cells which 

have been depleted of lamin A by RNAi (Harborth et al., 2001; Sullivan et al., 1999). Some cells 

types, such as stem cells of the immune and hematopoetic systems, never express A-type lamins 

(Guilly et al., 1990; Rober et al., 1990). However, A-type lamins are not entirely dispensable, as 

postnatal growth is severely compromised in Lmna-/- mice lacking lamins A and C. These 

animals invariably develop muscular dystrophy and die within eight weeks of birth (Raharjo et 

al., 2001; Sullivan et al., 1999). Recent research suggests the functional redundancy of lamins A 

and C, as lamin-C only mice (LmnaLCO/LCO) maintain phenotypes indistinguishable from wild-

type mice (Fong et al., 2006) 
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Inner Nuclear Membrane Proteins 

Most, if not all, integral membrane proteins of the INM interact with lamins and/or 

chromatin. For instance, lamin B receptor (LBR) indirectly associates with chromatin through 

lamin linkages and also forms complexes with DNA, chromatin-associated HA95, 

heterochromatin protein 1 (HP1) and histone H3/H4 (Gruenbaum et al., 2005). The LEM domain 

proteins, named for lamin-associated polypeptide-2 family members (LAP 2β, LAP2γ,LAP2δ 

and LAP2ε) emerin and MAN1, share a common nucleoplasmic motif that confers direct binding 

to BAF (barrier-to-autointegration factor) (Lee and Wilson, 2004; Lin et al., 2000). BAF is an 

essential DNA and lamin-binding protein that may provide a link between the LEM proteins and 

chromatin (Lin et al., 2000; Segura-Totten and Wilson, 2004). LAP1 family members, which 

lack a LEM domain, interact with all three lamins (A,B and C) and may serve as lamin anchors.  

Several INM proteins may be involved in signaling networks. Virtually all the INM 

proteins characterized to date bind to regulatory molecules (Stewart et al., 2007). A prime 

example is MAN1, which antagonizes TGFβ/activin and bone morphogenetic protein (BMP) 

signaling pathways by virtue of its binding to regulatory SMADS (Lin et al., 2005; Osada et al., 

2003; Pan et al., 2005; Raju et al., 2003).  

Until recently, only about a dozen integral membrane proteins were known to reside in the 

nuclear envelope. In 2003, a subtractive proteomics study of purified nuclear envelopes 

uncovered a catalogue of at least 50 additional putative NE transmembrane proteins (NETs) 

(Schirmer et al., 2005), the bulk of which appear to be enriched within the INM. Certain of these 

novel proteins have been identified as potential disease candidates by genetic mapping (Wilkie 

and Schirmer, 2006). The known properties of several INM proteins are summarized in Table 1-

1. 
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Targeting of Integral Membrane Proteins to the INM: After mitosis, the interphase 

nuclear envelope continues to increase in surface area, achieving expansion by the continual 

addition of membranes. This is concomitant with the insertion of additional NPCs and the 

accumulation of newly synthesized integral membrane proteins at the INM (Prunuske and 

Ullman, 2006). 

 One model proposed to explain the mechanism of transit of integral membrane proteins 

to the INM involves a process of selective retention that depends on the interconnected nature of 

ER, ONM and INM membranes (Gerace and Burke, 1988; Newport and Forbes, 1987). Newly 

synthesized integral proteins move into the ONM by lateral diffusion and gain access to the INM 

via membrane continuities of the nuclear pore complexes. Those proteins that are capable of 

binding to stable nuclear ligands are subsequently concentrated within the INM.  

 Several lines of evidence are consistent with the selective retention model of targeting. 

Nucleoplasmic domains that are essential for binding the nuclear lamina or chromatin domains 

have been defined for several INM localized proteins, including emerin, MAN1, LAP2 and LBR 

(Furukawa et al., 1995; Ohba et al., 2004; Ostlund et al., 1999; Smith and Blobel, 1993; Soullam 

and Worman, 1995; Wu et al., 2002). It appears that it is this binding affinity for nuclear 

components and not a specific sorting signal that is required for proper targeting to the INM. 

Fusing a nuclear localization signal to LBR, for example, is insufficient for access to the NE 

(Soullam and Worman, 1995).   

 This mechanism of localization predicts a considerable reduction in mobility of INM 

proteins in the NE relative to the ER. Indeed, quantitative fluorescence recovery after 

photobleaching (FRAP) of INM proteins fused to GFP demonstrate a significant difference in 

mobility of INM proteins in ER and NE membrane pools.  Recovery kinetics indicate that GFP-
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LBR and GFP-emerin in the ER diffuse with unrestricted mobility in interphase cells while the 

large fraction localized to the INM is virtually immobilized (Ellenberg and Lippincott-Schwartz, 

1999; Ostlund et al., 1999). Similar results have been obtained for other INM proteins using this 

approach (Ellenberg and Lippincott-Schwartz, 1999; Ohba et al., 2004; Wu et al., 2002). In 

addition, loss of a ligand will also alter mobility. FRAP experiments showed that emerin and 

MAN1 experience increases in mobility at the NE of Lmna-/- cells, while LBR is not affected, 

indicating at least a partial dependence of MAN1 and emerin on lamin A for retention at the 

INM (Ostlund et al., 2006).  

 The size restriction imposed by the NPC supports a function as a conduit for integral 

membrane protein movement through its channels.  Extension of the nucleoplasmic domain of an 

INM resident, LBR, to 70kD prevents the chimeric protein from accessing the INM entirely 

(Soullam and Worman, 1995). It is remarkable that the nucleoplasmic domains of all known 

INM proteins fall below 60 kD (Burke, 1990; Holmer and Worman, 2001; Ostlund et al., 1999; 

Powell and Burke, 1990; Wu et al., 2002). Furthermore, the passage of integral proteins to the 

INM is strongly hindered by antibodies to the cytoplasmic domain of the pore protein, gp210, 

likely due to a steric impediment (Ohba et al., 2004). Gp210 is one of three transmembrane 

components of NPCs thought to facilitate tethering of the NPC to the pore membrane. 

Interestingly, antibodies to the gp210 tail inhibits overall nuclear expansion (Drummond and 

Wilson, 2002). Perhaps this suggests a “flow” of membranes from the ER and ONM through 

pores to achieve growth.  

 Recent work demonstrates both an energy and temperature requirement for INM 

targeting. This study found that in vitro depletion of ATP or cooling to 20oC strongly inhibited 

movement of a reporter from the ER to the INM (Ohba et al., 2004). This does not necessarily 
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pose a challenge to the diffusion model, but may indicate an additional element of regulation.  

The authors propose that targeting requires an energy-dependent restructuring of the NPC that 

involves the reorganization or conformational changes in NPC proteins, thus allowing for lateral 

diffusion of integral membrane proteins between the ONM and INM via pore membranes (Ohba 

et al., 2004). Others studies that suggest a role for the nuclear import receptor, 

karyopherin/importin α in INM protein transit also supports the existence an active transport 

pathway in addition to passive diffusion (King et al., 2006; Saksena et al., 2006).  

The Nuclear Envelope and Disease  

To date, at least 18 human diseases and syndromes with wide-ranging phenotypes have 

been linked to a plethora of inherited or de novo defects in proteins of the NE (Worman and 

Bonne, 2007), more than half of which arise from mutations in the LMNA gene alone (detailed in 

Table 1-2). The first of these to be demonstrated as linked to NE-specific defects was Emery-

Dreifuss Muscular Dystrophy (EDMD). In 1994, Bione et al showed that defects in a nearly 

ubiquitous INM protein, emerin, was responsible for X-linked EDMD (Bione et al., 1994).  

Emerin mutations associated with X-EDMD consistently result in a loss of emerin from the NE. 

The disease is characterized by muscle atrophy, flexion deformities of the elbows, and cardiac 

conduction defects (Emery, 1987). At the time it was discovered, the link between muscular 

dystrophy and a NE protein came as a surprise as the majority of dystrophies up to that point had 

been linked to deficiencies in either cytoskeletal or structural proteins (Maidment and Ellis, 

2002).  

Interestingly, a phenotypically indistinguishable autosomal dominant form of EDMD (AD-

EDMD) was later mapped to mutations in the LMNA gene (Bonne et al., 1999). Multiple diseases 

caused by defects in the LMNA gene, specifically referred to as laminopathies, have since been 
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described. These include dilated cardiomyopathy with conduction defects (DCM-CD1) (Fatkin et 

al., 1999), limb-girdle muscular dystrophy type 1B (LGMD1B) (Muchir et al., 2000), Dunnigan-

type familial partial lipodystrophy (FPLD2) (Cao and Hegele, 2000; Shackleton et al., 2000; 

Speckman et al., 2000), mandibuloacral dysplasia (MAD) (Novelli et al., 2002), autosomal 

recessive Charcot-Marie-Tooth type 2B1 disorder (CMT2B1) (De Sandre-Giovannoli et al., 

2002), Hutchinson-Gilford progeria syndrome (HGPS) (De Sandre-Giovannoli et al., 2003; 

Eriksson et al., 2003), restrictive dermopathy (RD) (Navarro et al., 2004) and atypical Werner’s 

syndrome (WS) (Chen et al., 2003). 

The wide variety in clinical presentation of LMNA-associated diseases has raised the 

question of how multiple mutations in a single gene can generate such a diverse range of 

diseases. Equally perplexing is that LMNA is expressed in most somatic cells, but frequently 

yields tissue-specific pathologies. To date, over 200 different LMNA mutations have been 

identified in patients with a variety of laminopathies (Broers et al., 2006). This seemingly multi-

faceted paradox has been addressed by two major theories, which are not necessarily mutually 

exclusive, as it is becoming increasingly apparent that multiple mechanisms are involved in 

laminopathy pathogenesis (Worman and Courvalin, 2004).  

The Structural Hypothesis 

One mechanism proposed to explain the pleiotropy of laminopathies highlights the lamina 

and nuclear envelope as an architectural unit, important for maintaining the structural integrity of 

the nucleus. Mutations in the LMNA gene are frequently manifested as defects in nuclear 

morphology, including irregular shape and lobulations. Fibroblasts derive ,d from Lmna-/- mice 

exhibit herniations in which the ONM and INM separate and INM proteins, B-type lamins, NPCs 

and chromatin are withdrawn from one pole of the nucleus (Roux and Burke, 2006; Sullivan et 

al., 1999).  The structural hypothesis posits that abnormalities in the nucleus account for greater 
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nuclear fragility. Given that skeletal and cardiac muscle are especially subject to mechanical 

stress, damage to these particular cell types seen in EDMD, DCM and LGMD1B are likely to 

occur in the event that the supportive nuclear structure is disrupted (Broers et al., 2004).   

 Along those lines, studies using biomechanical techniques demonstrated that embryonic 

fibroblasts (MEFs) from Lmna-/- mice, as opposed to Lmna+/+ littermates, show increased 

nuclear deformation, decreased mechanical stiffness, impaired mechanotransduction and 

increased susceptibility to nuclear rupturing when subjected to mechanical loads (Broers et al., 

2004; Lammerding et al., 2004a). Emerin-/- MEFs exhibit similar, but milder, nuclear distortions 

and mechanical weakness (Lammerding et al., 2005). Emerin deficiency also results in decreased 

nuclear elasticity, a probable cause for the fragmented nuclear envelopes observed in X-EDMD 

patients (Rowat et al., 2006). 

 On an molecular level, mutations in LMNA that encode residues that are part of  the Ig-

fold within the COOH-terminal domain can affect higher order lamin assembly or disrupt 

interactions with other proteins. Mutations that cause FPLD are clustered tightly within the Ig-

fold and tend to segregate spatially from those causing muscular dystrophies (Dhe-Paganon et 

al., 2002). FPLD mutations, such as R482W/Q, do not affect the structure, but due to changes in 

surface charge, are known to reduce the affinity of lamin A for the adipocyte differentiation 

factor, SREBP1 and DNA (Lloyd et al., 2002; Stierle et al., 2003). On the other hand, mutations 

associated with EDMD, LGMD1B and DCM cause general destabilization of the Ig domain 

(Krimm et al., 2002). Disrupted interactions with lamins due to mutations in partner proteins are 

thought to be the causative link to some disease phenotypes. The R690C LAP2α mutation, found 

in patients with dilated cardiomyopathy, has been shown to significantly compromise the in vitro 

interaction of LAP2α with the prelamin A tail (Taylor et al., 2005). 



 

28 

 On a larger scale, disruption of the lamina leads to disorganization of the cytoskeleton 

and deformation of the cell as a whole (Broers et al., 2004). Pretreatment of chondrocytes with 

cytochalasin D causes the nuclei to respond differently to compression, indicating a connection 

between actin and the nucleus (Guilak, 1995). Furthermore, Lmna -/- cells display abnormal 

actin networks, suggestive of a link between actin and the nucleus. Vimentin filaments and 

microtubules, also important for cellular resilience and cytoskeletal stiffness, are disorganized in 

Lmna-/- cells, with the most obvious impact on vimentin (Broers et al., 2004). Desmin, an 

intermediate filament protein specific to muscle cells, is disorganized and detached from the 

nucleus in cardiomyocytes of Lmna-/- mice (Piercy et al., 2007). 

The observation that the rigidity of the cytoskeleton is impacted by nuclear stability points 

to potential interactions at the nuclear surface. The large isoforms of the nesprins (discussed in 

the following section), a new family of nuclear envelope proteins with actin binding domains, are 

likely candidates for completing links with the actin cytoskeleton (Zhang et al., 2002).  In muscle 

cells, actin and desmin filaments are linked to the dystrophin-dystroglycan complex. This 

complex connects to the extracellular matrix through laminins and is thought to stabilize the 

sarcolemma during contraction. Mutations that disrupt the dystrophin-dystroglycan complex can 

result in Duchenne muscular dystrophy and several recessive forms of limb girdle muscular 

dystrophy (Ehmsen et al., 2002). This points to the possibility that mechanical stress effected by 

muscle contraction is impacting interconnected nuclear and cytoskeletal components.   

The Gene Expression Model 

The structural model presents a strong case for striated muscle diseases, but does not 

entirely support a mechanism for laminopathies with other phenotypes.  Mutations in lamina 

proteins are also proposed to affect chromatin organization and alter cell-type specific gene 

expression patterns. A recent in vivo study in D. melanogaster showed that B-type lamins bind to 
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some 500 genes. These genes are transcriptionally silent, late replicating, lack active histone 

marks, and cluster within the genome (Pickersgill et al., 2006). Spatial repositioning of 

chromatin to central regions of the nucleus typically correlate with loss of gene repression and, in 

fact, induction of gene expression is consistently associated with the reduction in lamin binding 

(Feuerbach et al., 2002). Altered heterochromatin distribution has been identified in emerin 

associated X-EDMD as well as LMNA-linked laminopathies, including AD-EDMD, LGMD1B, 

FPLD, MAD and HGPS (Maraldi et al., 2006).    

Evidence suggests that the nuclear lamina can function on a direct level by interacting with 

specific gene regulatory proteins or with the RNA transcriptional machinery. Lamins form 

complexes with integral inner nuclear membrane proteins that may immobilize transcription 

factors and other gene regulatory proteins such as  retinoblastoma protein (pRb), 

heterochromatin protein 1 (HP1), sterol response element binding protein (SREBP1), germ cell-

less (GCL), Oct1, YT521-B, c-fos and MOK2 (reviewed in Worman, 2005). pRb is a tumor 

suppressor protein involved in the repression of cell cycle genes and regulation of differentiation. 

Lamin A complexed with LAP2α binds to the hypophosphorylated form of pRb and serves to 

retain it in the nucleus and protect it from degradation. Through this interaction, the lamin A/C-

LAP2α complex not only contributes to the repressive role of pRB, but its function may extend 

to the control of cell cycle progression and differentiation by sequestering proteins such as 

PCNA, p21, CDK4, and cyclin D3 (Dorner et al., 2006; Pekovic et al., 2007). 

Apart from the lamins, other NE proteins participate in gene regulatory functions. Emerin 

and MAN1 have been reported to bind to gene repressors GCL and Btf and emerin appears to 

attenuate both Lmo7 and β-catenin mediated gene expression (Holaska et al., 2006; Holaska and 

Wilson, 2007). By directly binding to Yt521-B, emerin can influence mRNA splicing in vivo 
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(Wilkinson et al., 2003).  One compelling study supporting the gene expression theory showed 

that the loss of emerin, which exhibits no overt pathology in mice, leads to defective 

differentiation during muscle regeneration, due to the perturbation of the Rb1/E2F and MyoD 

transcriptional pathways (Cohen et al., 2007). 

 Some recent findings can reconcile aspects of both models. Lammerding et al. 

demonstrated that the mechanosensitive genes egr-1and iex-1 in response to mechanical 

stimulation was impaired in Lmna–/– fibroblasts (Lammerding et al., 2004b). Additionally, the 

activity of NF-ĸB, a transcription factor that normally protects the cell from stress by responding 

to mechanical or cytokine stimulation, is reduced in Lmna-/- mouse fibroblasts, and thus 

contributes to the cell’s susceptibility to mechanical strain (Lammerding et al., 2004b).  

Deficiency in A-type lamins is associated both with reduced viability, defective nuclear 

mechanics and impaired mechanically activated gene transcription.   

The ambiguities on the etiology and tissue specificity of various laminopathies may be 

explained by the functional interactions between proteins concentrated within the NE.  It is 

striking that mutations in two genes, encoding NE components known to interact, separately give 

rise to virtually the same disease.  EDMD can be linked to mutations in both emerin and lamin 

A; defects in Lap2α and lamin A lead to DCM (Bione et al., 1994; Bonne et al., 1999; Fatkin et 

al., 1999; Taylor et al., 2005). A recent study demonstrated that variations in genes encoding 

nesprin 1α and nesprin 2β, which bind to both emerin and lamin A, were shown to be involved 

in the pathogenesis of EDMD, even in the absence of mutations in either EMD (which encodes 

emerin) or LMNA (Zhang et al., 2007a). Furthermore, the severity of diseases may be affected by 

other genetic or environmental factors. One indicator of this comes from a study in C.elegans in 

which depletion of emerin yielded no detectable phenotype, but was found to be synthetic lethal 
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with the depletion of MAN1 (Brachner et al., 2005; Liu et al., 2003). MAN1 and emerin bind 

directly to lamin and to each other and are partially mislocalized from the NE when lamin A is 

lost from the NE (Clements et al., 2000; Liu et al., 2003; Mansharamani and Wilson, 2005; 

Ostlund et al., 2006). 

The apparent interconnectedness of proteins in the NE and effects of external strain on the 

nucleus give us some clues about the mechanisms involved in mechanotransduction 

(Lammerding et al., 2004b). It seems that defects of any of the interacting partners involved in 

mechanical coupling at the NE could impair mechanotransduction to varying degrees depending 

on the particular interactions that are disrupted as a result. Taken together, evidence gleaned 

from human diseases and animal models suggests there are complex interactions at the nuclear 

periphery involving not only nuclear proteins but cytoplasmic components as well.  

Nesprin Targeting and SUN Domain Proteins 

The recent identification of ONM-specific integral membrane proteins (summarized in 

Table 1-3) has raised the question of how these proteins are anchored in the NE (Padmakumar et 

al., 2004; Zhang et al., 2001; Zhen et al., 2002). Assigning the same mode of selective retention 

applied to INM proteins is insufficient to explain the mechanism of ONM protein localization. 

The problem still remains: given that the ONM and ER membranes are contiguous, what 

prevents ONM proteins from simply drifting into the peripheral ER? This issue was originally 

addressed in C. elegans when the localization of ANC-1, a large type II ONM protein implicated 

in actin-dependent nuclear positioning, was found to be dependent on the presence of Unc-84, an 

integral membrane protein of the INM. (Starr and Han, 2002). Localization of Unc-84 itself was 

found to be dependent upon the single C. elegans lamin, a practical example of selective 

retention (Lee et al., 2002). Based upon these findings, Starr, Han, Gruenbaum and colleagues 

proposed a novel model in which Unc-84 would function as a trans-lumenal tether for ANC-1. 
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This would be accomplished through interactions between their respective lumenal domains, 

whether directly or indirectly, across the PNS (Lee et al., 2002; Starr and Han, 2003) (Figure 1-

3). 

ANC-1, Drosophila msp-300, and mammalian nesprin 1 (Syne-1) and nesprin 2 (Syne-2) 

contain a motif that is highly conserved within the C-terminus of the Drosophila klarsicht 

protein. This ∼60 residue sequence, known as the KASH domain (for Klarsicht, ANC-1 and 

Syne homology), comprises a single transmembrane spanning sequence and a small lumenal 

domain which projects into the PNS. The KASH domain has consistently been shown as 

necessary and sufficient for targeting to the NE. Other proteins, such as C. elegans Unc-83 and 

Zyg-12 also contain KASH domains.  

The large NH2-terminal domains of ONM localized KASH proteins are central in bridging 

the communication gap between the nucleus and cytoskeletal components, namely actin, 

microtubules (MT) and intermediate filaments (IF), and play an important role in nuclear 

anchorage and positioning. Positioning of the nucleus is crucial for many cellular events such as 

cell migration, differentiation, polarization and mitosis. ANC-1, Unc-83 and the INM protein, 

Unc-84, were originally isolated in genetic screens for nuclear positioning mutants in the 

syncytial hypodermis of worms.  It follows that nuclei that are normally spaced apart float freely 

and aggregate in clusters in anc-1 mutants (Starr and Han, 2002). Similarly, developing oocytes 

in germ-line msp-300 null flies have a strong dumping phenotype caused by a lack of nurse cell 

nuclear anchorage (Yu et al., 2006). During the late stages of oogenesis, nurse cells within the 

egg chamber contract and dump their contents through narrow rings canals into oocytes. An 

array of actin bundles that normally extend from the plasma membrane to nurse cell nuclei 

shorten during this dumping process, pulling the nuclei away from the canals (Guild et al., 1997). 
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Yu et al. hypothesized that msp-300 might serve as a mediator between the actin cytoskeleton 

and nuclei and demonstrated that nurse cell nuclei become detached in msp-300 null mutants. 

These mispositioned nuclei can enter the oocyte or obstruct the ring canal during cytoplasmic 

flow, resulting in smaller eggs.  The single oocyte nucleus in msp-300 null flies is also 

mispositioned.  

Msp300 was first found associated with actin in embryonic fly muscle, where it is required 

for normal myogenesis (Rosenberg-Hasson et al., 1996; Volk, 1992). Both ANC-1 and msp-300 

anchor nuclei through associations with actin (Starr and Han, 2002; Volk, 1992; Yu et al., 2006). 

Gomes et al showed that movement of the nucleus is coupled to actin retrograde flow in 

migrating cells. In this scenario, the nucleus itself is reoriented, while the microtubule organizing 

center (MTOC) remains stationary (Gomes et al., 2005). This finding would serve to reinforce 

the physiological significance of actin-binding KASH domain proteins in nuclear positioning.  

Both the Drosophila Klarsicht and C. elegans ZYG-12 are known to link the nucleus and 

centrosome. Klarsicht is involved in proper nuclear positioning in the developing compound eye. 

Nuclei in klarsicht mutants fail to migrate toward the apical edge of the eye imaginal disc and 

results in distorted photoreceptor morphology (Patterson et al., 2004). The NH2-terminus of 

klarsicht attaches to microtubules, likely via the motor protein dynein, to ultimately associate 

with the centrosome (Fischer et al., 2004). Isoforms of ZYG-12 contain degenerate KASH 

domains to anchor them to the ONM and are thought to dimerize with a KASH-less form, ZYG-

12A, via a coiled-coil domain at the centrosome (Malone et al., 2003). ZYG-12 interacts with a 

subunit of dynein and so may link to centrosomes in this way as well. Interestingly, defects in a 

dynein regulator, LIS1, are associated with lissencephaly, a condition in which neurons fail to 

properly migrate to the cortex of the brain (Gleeson et al., 1998; Keays et al., 2007; Reiner et al., 
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1993; Vallee and Tsai, 2006). Lissencephaly, which literally means smooth brain, is 

characterized by generalized agyria (the absence of convolutions over the surface of the brain), 

severe mental retardation and seizures (Wynshaw-Boris, 2007). Recent data suggests that LIS1 is 

important for nuclear movement during neuronal migration. Neurons from  LIS1+/- mice display 

increased nuclear-centrosomal spacing and slowed migration while inhibition of dynein produces 

a similar phenotype (Tanaka et al., 2004). Thus, LIS1 is thought to function with dynein to 

mediate the coupling of the nucleus to the centrosome through MTs. LIS1 is also known to 

regulate nuclear positioning in Drosophila and fungi (Lei and Warrior, 2000; Morris, 2000; 

Swan et al., 1999). 

Mammalian orthologs of ANC-1 and msp-300 are two giant actin-binding proteins, 

recently identified as type II integral membrane proteins of the ONM. Because they were 

discovered in independent laboratories, they are variously termed nesprin 1 giant 

(Nesp1G)/Enaptin/Syne-1/Myne-1 and nesprin 2 Giant (Nesp2G)/NUANCE/Syne-2. (Apel et al., 

2000; Mislow et al., 2002a; Padmakumar et al., 2004; Zhang et al., 2001; Zhen et al., 2002).  

Nesp1G and Nesp2G have predicted sizes of 1.1 MDa and 796 kD, respectively. The giant 

nesprin (nuclear envelope spectrin repeat) proteins feature a paired calponin homology (CH) 

actin binding domain (ABD), a large cytoplasmic domain containing multiple dystrophin related 

spectrin repeats, and a COOH-terminal KASH domain. The cytoplasmic domains of these large 

proteins could extend 300-500 nm into the cytoplasm (Starr and Fischer, 2005). Nesp1G and 

Nesp2G contain 46 and 18 spectrin repeats (SR) respectively (Warren et al., 2005). Each repeat 

is composed of a bundle of three α-helices and may govern the length of the SR containing 

domain or confer elastic properties to the protein (Djinovic-Carugo et al., 2002; Grum et al., 

1999; Lenne et al., 2000). They are often found in structures that endure extensive mechanical 
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stress, particularly red blood cells, the muscle sarcomere and stress fibers (Djinovic-Carugo et 

al., 2002). As the principal component of the erythrocyte cytoskeleton, spectrins maintain the 

biconcave shape of the cells and enable them to withstand the stress on the membranes as they 

are forced through narrow capillaries (Bennett and Gilligan, 1993; Elgsaeter et al., 1986). SRs 

are found in a diverse number of proteins and have various specialized functions, such as 

forming homo- and heterotypic dimers or regulating interactions with multiple proteins 

(Djinovic-Carugo et al., 2002). 

The giant nesprins arise from the nesprin 1 and nesprin 2 genes that encode a vast array of 

isoforms brought about by alternative initiation and termination of transcription, as well as by 

alternative splicing (Starr and Han, 2002; Zhang et al., 2001; Zhen et al., 2002). About 20 

isoforms have been identified, ranging in size from 40kD to 1.1 MDa. Immunogold EM has 

given us indications that nesprins are localized to both the INM and ONM (Zhang et al., 2005; 

Zhang et al., 2001). Some of the smaller isoforms, such as nesprin 1α, nesprin 2α, and nesprin 

2β likely localize to the INM, given that they are known to bind to emerin and lamin A/C 

(Mislow et al., 2002a; Mislow et al., 2002b; Zhang et al., 2005). Both nesprins 1 and 2 are 

ubiquitously expressed, although some transcripts are more highly expressed in cardiac, skeletal 

and smooth muscle (Zhang et al., 2005; Zhang et al., 2001; Zhen et al., 2002).  

Nesprin 1 (originally named syne-1 for synaptic nuclear envelope) was first identified in a 

yeast two-hybrid screen as a binding partner for muscle-specific tyrosine kinase (MuSK), a core 

component of the post-synaptic membrane at the neuromuscular junction (NMJ) (Apel et al., 

2000). Vertebrate skeletal muscle fibers are syncytial; each fiber forms from the fusion of 

hundreds of myoblasts and therefore contains hundreds of nuclei (Englander and Rubin, 1987). 

Most nuclei are evenly spaced throughout the fiber with the exception of 3-6 nuclei, which 
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aggregate beneath the postsynaptic membrane at the NMJ (Sanes and Lichtman, 2001).  Apel et 

al. showed that nesprin 1 is associated with the envelopes of myonuclei, with significantly higher 

levels in synaptic versus nonsynaptic nuclei. This led the authors to speculate on a role for 

nesprin 1 in anchorage of synaptic nuclei (Apel et al., 2000). Subsequent studies revealed this 

nesprin to be a smaller, specialized isoform among the many transcripts encoded by the nesprin 1 

gene (Zhang et al., 2001). Nesprin 2 was described as a homolog of nesprin 1 with a distinct but 

overlapping expression profile. (Apel et al., 2000; Zhang et al., 2001). 

Two recent studies have begun to delve into the functions of nesprins 1 and 2 at both 

cellular and organismal levels. Grady et al. tested the notion that nesprin 1 anchors synaptic 

nuclei at the NMJ using transgenic mice overexpressing a dominant-negative form of nesprin 1 

consisting of only the conserved KASH domain (Grady et al., 2005). The dominant negative 

approach displaced endogenous KASH containing isoforms of nesprin 1 and resulted in a 

substantial decrease in nuclei beneath the NMJ in transgenic muscles with no effect on 

extrasynaptic nuclei. However, no severe physiological defects were cited. Overexpression of the 

nesprin 2 KASH domain displayed a similar effect (Zhang et al., 2007b).  Zhang et al. later 

created mice in which the KASH domains of nesprin 1 and/or nesprin 2 were knocked out, 

leading to a deficiency in KASH containing nesprins (Zhang et al., 2007b).  Depletion of nesprin 

1 abolished nuclei clustering under the NMJ and disrupted the organization of non-synaptic 

nuclei in skeletal muscle. Depletion of nesprin 2 showed no apparent effect on positioning of 

myonuclei. Although depletion of either nesprin 1 or 2 had no effect on viability or fertility, 

double depletion of both proteins proved lethal within 20 minutes of birth due to respiratory 

failure. Of note, non-synaptic nuclei were occasionally seen in the center of a cross-section of a 
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myotube depleted of nesprin 1, a phenotype associated with regeneration and disease pathology 

(Starr, 2007; Zhang et al., 2007b).  

Because of the preponderance of nesprins in cardiac and skeletal muscle, it is not 

surprising that nesprin gene variants are linked to EDMD pathology.  Knockdown of either 

nesprin in normal fibroblasts recapitulates the same nuclear morphological changes and 

mislocalization of emerin and Sun1 observed in fibroblasts of EDMD patients that tested positive 

for nesprin 1 or 2 missense mutations (Zhang et al., 2007a). A new study cites mutations in 

nesprin 1 as the causative link to the neurodegenerative disease, autosomal recessive cerebellar 

ataxia type 1 (ARCA1) (Gros-Louis et al., 2007). It follows that synaptic nuclei were 

mispositioned at neuromuscular junctions in ARCA1. A similar phenotype has been observed in 

skeletal muscle of mice in which nesprin 1 was depleted or displaced through a dominant 

negative approach (Grady et al., 2005; Zhang et al., 2007b).  

In mammalian cells, the giant nesprins could be anchored at the ONM in a manner 

analogous to ANC-1 in the suggested C. elegans model, thus linking the actin cytoskeleton to the 

NE. Thus, a role for a mammalian homolog to Unc-84 would be in order.  

One of the defining features of Unc-84 is a region of homology, consisting of about 200 

amino acids, with Sad1p, an S. pombe protein that is associated with the spindle pole body 

(Hagan and Yanagida, 1995). This region of homology is known as the SUN domain (for Sad1p, 

UNc-84) and is believed to extend into the PNS.  In all cases studied thus far, SUN domain 

proteins contain at least one predicted transmembrane (TM) domain and most localize to the NE 

(Dreger et al., 2001; Hagan and Yanagida, 1995; Hodzic et al., 2004; Malone et al., 1999; 

Malone et al., 2003). SUN domain proteins are found across all eukaryotes, conserved from rice 

and protozoa to humans (Jaspersen et al., 2006; Shao et al., 1999). The C. elegans Unc-84 is 
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required for the proper localization of both ANC-1 and Unc-83 to the NE (McGee et al., 2006; 

Starr and Han, 2002). A second germline specific SUN domain protein, Matefin/Sun-1 is 

required for proper NE localization of Zyg-12 (Fridkin 2004). In contrast to Unc-84, matefin 

localization to the INM is not dependent on the presence of the C. elegans lamin (Fridkin et al., 

2004; Lee et al., 2002). 

 Mammalian cells are known to contain as least five SUN domain proteins (described in 

Figure 1-4): Suns 1-2, Sunc1 (Sun3), Spag4 (Sun4) and Spag4-like (Sun5).  Suns 3-5, of which 

little are known, are testis specific (Shao et al., 1999; Xing et al., 2003). Suns 1 and 2, on the 

other hand, show ubiquitous gene expression patterns in both mouse and humans (Ding et al., 

2007). Human Sun2 has been shown to be a type ll membrane protein (like Sad1 and Unc84) that 

resides within the INM (Hodzic et al., 2004). A limited mutagenesis study has revealed that 

appropriate localization of Sun2 requires only the transmembrane and cytoplasmic 

(nucleoplasmic) domains (Hodzic et al., 2004). 

 Evidently the SUN domain, which resides within the PNS, is dispensable with respect to 

targeting. While A-type lamins have been suggested as binding partners for Sun2, they are not 

absolutely required for Sun2 localization within the INM (Hodzic et al., 2004). The orientation 

and localization of Sun2 would be consistent with a role for these proteins as tethers for ONM 

proteins, particularly the giant nesprins, as proposed in the model of Starr and Han (2003).  Due 

to its significant homology to Sun2, Sun1, which exists as multiple spliced isoforms, may well 

function in a similar manner.  

Since the discovery of Nesp1G and Nesp2G, other mammalian nesprins have since been 

identified. Nesprin 3 (Nesp3), like nesprins 1 and 2, also resides on the ONM, anchored by a 

KASH domain, and contains a cytoplasmic domain with spectrin repeats (Wilhelmsen et al., 
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2006). Nesp3 was found to bind to the actin-binding domain (ABD) of plectin in a yeast two-

hybrid screen, suggesting a novel role for ONM nesprins in linking intermediate filament 

networks to the nucleus (Wilhelmsen et al., 2005).   

Plectin is a cytoskeletal crosslinker protein known to interconnect intermediate filaments 

(IFs) and to tether the cytoskeleton to certain membrane structures (Sonnenberg et al., 2007). It 

has a tripartite structure, consisting of an NH2-terminal ABD domain, a long coiled-coil domain 

and a COOH-terminal linker preceded by a plakin repeat domain (PRD). The PRD confers 

binding to IFs and has been found to contain spectrin repeats, which may contribute to the elastic 

properties of the protein (Sonnenberg et al., 2007). The ABD can alternatively interact with 

integrin β4 at the plasma membrane (Borradori and Sonnenberg, 1999). This, along with recent 

evidence showing that nesprin 3 can compete with integrin β for binding to plectin, suggests a 

continuous protein scaffold that extends from the extracellular matrix to the nuclear membranes 

(Wilhelmsen et al., 2005). Due to the existence of a KASH domain, we suspect nesprin 3 would 

also be anchored in the same manner suggested by the ANC-1 model. If this scaffold exists, 

nesprin 3 may be an important component of a specialized mechanical signaling pathway. 

Interestingly, no obvious adverse phenotype has been observed in nesprin 3 knockout mice 

(personal communication, Colin Stewart). 

There were two major aims for this thesis. The first goal was to determine the precise 

mechanism by which nesprins are anchored in the ONM. In the course of this investigation, we 

identified a novel mammalian protein that contains a KASH domain. Our second objective, 

therefore, was to characterize this protein, nesprin 4, as the fourth member of the nesprin family 

of proteins. 
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           (Stewart CL, Roux KJ and Burke B. Science. 2007; 318:1408-12) 
 
Figure 1-1. Current overview of nuclear envelope organization in a eukaryotic interphase cell. 

Some selected INM proteins, including lamina-associated polypeptides 1 and 2 
(LAP1 and LAP2) and LBR, are shown; these proteins interact with HP1 and BAF 
and provide links to chromatin. The nuclear lamina, composed of A-type and B-type 
lamins, is thought to provide a structural framework for the NE. The INM and ONM 
are joined at the periphery of each NPC with the ONM being continuous with the ER, 
forming a continuous membrane system. Consequently, the PNS and ER lumen are 
continuous. The ONM is characterized by cytoskeleton-associated nesprin proteins 
that are tethered by SUN domain proteins in the INM. 



 

41 

 
 

Figure 1-2. Lamin A Processing. Lamin A is synthesized as the precursor protein prelamin A. 
Prelamin A contains a C-terminal CaaX motif that accepts a farnesyl group added by 
the action of the enzyme, protein farnesyltransferase. Following farnesylation, the last 
three amino acids (-AAX) of prelamin A are cleaved by the endoprotease Zmpste24 
and the newly exposed cysteine is carboxyl-methylated. Subsequently, the terminal 
15 amino acids of the maturing lamin A are cleaved by Zmpste24 and degraded, 
releasing the mature lamin A. Arrows indicate cleavage sites.  
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Figure 1-3. Proposed model for outer nuclear membrane protein localization in C. elegans. The 

conserved KASH domain of ANC-1 (green) is targeted to the ONM through 
interactions with the SUN domain of the INM protein, UNC-84. These interactions 
could occur directly (A) or indirectly (B) through an intermediate protein or complex 
across the PNS. ANC-1 binds actin in the cytoplasm and UNC-84 binds A-type 
lamins on the nuclear face of the NE. Thus, an argument could be made for a trans-
lumenal bridge that connects cytoskeletal and nuclear components.  
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Figure 1-4. Mammalian SUN protein family. Sun1 features four hydrophobic sequences, H1–H4, 

each of roughly 20 amino acid residues. Its membrane-spanning domain is contained 
within the H2–H4 region. The Sun1 N-terminus, including H1, is nucleoplasmic. The 
C-terminal SUN domain resides in the PNS. Murine but not primate Sun1 contains a 
predicted C2H2 zinc finger. Several splice isoforms of mouse Sun1 have been 
identified that feature the loss of sequences encoded by exons 6–8, including H1. 
Four other mammalian SUN proteins are known. Sun2 is ubiquitously expressed and 
localizes to the INM. Sun3 (SUNC1), Sun4 (SPAG4), and Sun5 (SPAG4L) appear to 
be expressed primarily in testis (unpublished data). When expressed in HeLa cells, 
Sun3 localizes to the NE (Liu et al, 2007), whereas Sun4 (Hasan et al., 2006) and 
Sun5 (unpublished data) localize primarily to the ER.  



 

 

44

Table 1-1 Properties of Representative Inner Nuclear Membrane Proteins  
Name Size 

 
Lamin binding 
 

Chromatin 
interactions 

Other properties 

     
LAP1A 75kD 

 
A/B-type lamins   

 
 

LAP1B 68kD A/B-type lamins   Splice variant of LAP1A  
 

LAP1C 57kD A/B-type lamins ?  Type 2 membrane protein. 173 residue lumenal domain, 
311 residue nucleoplasmic domain. 
Splice variant of LAP1A  
 

LAP2β 50kD B-type lamins  BAF, HA95 Type 2 membrane protein. 
Large 410 residue nucleoplasmic domain. LEM domain.  
 

LAP2ε,δ,γ 38,43,46 kD Most likely B-type  
lamins  

Probable chromatin  
binding via BAF 

Type 2 membrane proteins. Splice variants of LAP2β. 
Two other splice variants, LAP2α,ζ are soluble proteins.  
 

LBR  71kD B-type lamins  HP1, HA95 Multi-spanning protein. Sterol C-14 reductase activity.  
 

Emerin 29kD A-type lamins  
lamin B1 

BAF Defects in emerin linked to Emery-Dreifuss muscular 
dystrophy. LEM domain.  
 

Nurim 29kD   Multi-spanning membrane protein  
 

MAN1 82kD A/B type lamins Probable chromatin 
binding via BAF 
 

LEM domain; attenuates TGFβ signaling 

Otefin 47kD Drosophila Dm lamin 
 

YA LEM domain 

LUMA 
 

45kD 
 

  Multi-spanning  
 

Lem2 
 

56kD 
 

A/B-type lamins BAF 
 

LEM domain  
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Table 1-2. Nuclear Envelope Associated Diseases 
Disease Representative Mutations Description 

Striated Muscle Disorders   
Emery Dreifuss Muscular Dystrophy, X-
linked (X-EDMD) 

EMD (P183H, Q43X, P183T) 
Nesp1 (R257H),  
Nesp2 (T89M) 

Progressive atrophy and weakness of skeletal muscles; 
flexion deformities; cardiac conduction defects 

Emery Dreifuss Muscular Dystrophy, 
Autosomal Dominant (AD-EDMD) 

LMNA (H222P, R527P, 
E112del, R249Q, 261del, 
R453W, T528R)  

Progressive atrophy and weakness of skeletal muscles; 
flexion deformities; cardiac conduction defects 

Emery Dreifuss muscular dystrophy,  
autosomal recessive (AR-EDMD) 

LMNA (H22Y, E358K/ 
R624H) 

Progressive atrophy and weakness of skeletal muscles; 
flexion deformities 

Dilated cardiomyopathy with conduction 
defects (DCM-CD1) 

LMNA (N195K, E161K) 
R60G, R571S) 
LAP2 (R690C) 

Enlarged heart; reduced systolic function 

Limb-girdle muscular dystrophy type 1B 
(LGMD1B) 

LMNA (R377H, delK208, 
E536fsX571)  

Age-related atrioventricular cardiac conduction 
disturbances and dysrhythmias; absence of early 
contractures. 

Lipodystrophies   
Dunnigan-type familial partial lipodystrophy 
(FPLD2) 

LMNA (R482W, R482Q, 
R482L, R62G) 

Accumulation of fat in neck and face; adipocyte 
degeneration in limbs and trunk after puberty; often 
associated with insulin resistance and dyslipidaemia 
 

Lipoatrophy with insulin-resistant diabetes, 
leukomelanodermic papules, liver steatosis 
and hyperthrophic cardiomyopathy 
(LIRLLC) 

LMNA (R133L, T10I) 
 

Loss of subcutaneous fat; insulin-resistant diabetes; 
hypertriglyceridemia; hepatic steatosis; hypertrophic 
cardiomyopathy with valvular involvement; 
disseminated papules 

Mandibuloacral dysplasia (MAD) LMNA (R527H, K542N, 
A529V, R527C/R471C) 
ZMPSTE24 (W340R, 
F361fsX379) 

Postnatal growth retardation; craniofacial anomalies; 
skeletal malformations; mottled cutaneous 
pigmentation; lipodystrophy 
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Table 1-2. (continued) 
Barraquer-Simons acquired partial 
lipodystrophy (APL) 

LMNB2 (R215Q, A407T) Progressive lipodystrophy, predominantly in females; 
fat loss limited to the face, trunk, and upper extremities; 
fat hypertrophy in lower extremities; may develop 
nephropathies 

Neuropathies   
Autosomal recessive Charcot-Marie-Tooth 
type 2B1 disorder (CMT2B1) 

LMNA (R298C) Reduced axon density; demyelinated axons; pelvic 
girdle weakness  

Autosomal dominant leukodystrophy 
(ADLD) 

LMNB1 duplication Progressive symmetrical widespread myelin loss in the 
CNS; cerebellar, pyramidal, and autonomic 
abnormalities 

Cerebellar Ataxia Nesprin 1 (R2609X, 
Q7640X) 

Late-onset cerebellar ataxia; dysarthria; dysmetria; 
occasional brisk lower-extremity tendon reflexes  

Progeroid Syndromes   
Hutchinson-Gilford progeria syndrome 
(HGPS) 

LMNA (G608G, G608S, 
E145K) 
 

Symptoms of premature aging (alopecia, loss of 
subcutaneous fat, reduced bone density); death in 
second decade due to coronary artery disease or stroke 

Restrictive dermopathy (RD) LMNA (splicing mutation 
with loss of exon 11) 
ZMPSTE24 (frameshift with 
premature stop codon)  

Intrauterine growth retardation; tight skin with 
hyperkeratosis; dysplastic clavicles; mineralization 
defects; multiple joint contractures, early neonatal death 
 

Atypical Werner’s syndrome (WS) LMNA (A57P, R133L, 
L140R) 

Premature aging beginning in the second decade; 
cataracts, sclerodermatous skin; premature 
atherosclerosis; cancer predisposition 

Skeletal Diseases   
Pelger-Huët anomaly (PHA) LBR (P119L, splicing 

mutations) 

Benign in heterozygotes with abnormal nuclear shape 
and chromatin organization in neutrophils; homozygotes 
can exhibit variable degrees of epilepsy, developmental 
delay and skeletal abnormalities 

Greenberg skeletal dysplasia (HEM) LBR (7 bp substitution 
resulting in premature stop) 

Lethal “moth-eaten” skeletal dysplasia; fetal hydrops; 
short limbs; abnormal chondro-osseous calcification  

Osteopoikilosis LEMD3 (loss-of-function 
mutation) 

“spotted bones”-circumscribed sclerotic areas occuring 
near the ends of bones; spotty skin lesions 
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Table 1-3. Outer Nuclear Membrane Localized Proteins 
Name Cytosk 

mutation)eletal 
Interaction 

Proposed 
SUN 

Interaction 

Proposed nevi Function References 

C. elegans     
ANC-1 Actin UNC-84 Nuclear positioning and migration; 

mitrochrondrial positioning 
 

(Starr and Han, 2002; Starr and Han, 
2003) 

UNC-83 Microtubules ? UNC-84 Nuclear positioning and migration 
 

(Lee et al., 2002; McGee et al., 2006; 
Starr et al., 2001) 
 

Zyg-12 Dynein/Centrosomes Matefin/Sun
1 

Nuclear migration; centrosome/NE 
attachment 

(Gonczy, 2004; Malone et al., 2003; 
Penkner et al., 2007) 

D. melanogaster     
Klarsicht Dynein/Centrosomes Klaroid Nuclear positioning in eye 

development; centrosome/NE 
attachment 
 

(Fischer et al., 2004; Kracklauer, 2007; 
Patterson et al., 2004) 

MSP-300 Actin CG18584 Nuclear positioning/anchorage (Starr and Han, 2003; Yu et al., 2006) 
Mammals     
Nesprin 1G 
ENAPTIN 
 

Actin Sun1/2? Nuclear anchorage; actin/NE tethering 
 

(Padmakumar et al., 2004) 

Nesprin 2G 
NUANCE 
 

Actin Sun1/2 Nuclear Anchorage; actin/NE 
tethering 

(Zhen et al., 2002) 

Nesprin 3 Plectin Sun1/2  IF/NE connection; sequestration of 
plectin 

(Ketema et al., 2007; Wilhelmsen et 
al., 2005) 

Nesprin 4 ? ? unknown  
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CHAPTER 2 
COUPLING OF THE NUCLEUS AND CYTOPLASM: ROLE OF THE LINC COMPLEX  

Note 

Reproduced from The Journal of Cell Biology, 2006, 172: 41-53. Copyright 2006 The 

Rockefeller University Press. 

Abstract 

The nuclear envelope (NE) defines the barrier between the nucleus and cytoplasm and 

features inner and outer membranes (INM and ONM) separated by a perinuclear space (PNS). 

The INM contains specific integral proteins that include Sun1 and Sun2. While the ONM is 

continuous with the ER, it is nevertheless enriched in several integral membrane proteins, 

including nesprin 2 Giant (Nesp2G), an 800kD protein featuring an N-terminal actin-binding 

domain. Recently Padmakumar et al. (2005, J. Cell Sci. 118:3419-30) have shown that 

localization of Nesp2G to the ONM is dependent upon an interaction with Sun1. Here we 

confirm and extend these results by demonstrating that both Sun1 and Sun2 contribute to 

Nesp2G localization.  Co-depletion of both of these proteins in HeLa cells leads to loss of ONM-

associated Nesp2G, as does overexpression of the Sun1 lumenal domain. Either treatment results 

in expansion of the PNS. These data, together with those of Padmakumar et al. (2005) support a 

model in which Sun proteins tether nesprins in the ONM via interactions spanning the PNS. In 

this way, Sun proteins and nesprins form a complex that links the nucleoskeleton and 

cytoskeleton (the LINC complex). 

Introduction 

The existence of distinct nuclear and cytoplasmic compartments is dependent upon the 

presence of a selective barrier, the nuclear envelope (NE). The NE consists of several structural 

elements (Burke and Stewart, 2002; Gruenbaum et al., 2005), the most prominent of which are 
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the inner and outer nuclear membranes (INM and ONM respectively). In most cells, these two 

membranes are separated by a regular gap of ~50nm known as the perinuclear space (PNS). 

Periodic annular junctions between the two membranes form aqueous channels between the 

nucleus and the cytoplasm that accommodate nuclear pore complexes (NPCs), and which 

therefore permit the movement of macromolecules across the NE. 

In addition to its connections to the INM at the periphery of each NPC, the ONM also 

exhibits numerous continuities with the ER, to which it is functionally related. In this way, the 

INM, ONM and ER form a single continuous membrane system. Similarly, the PNS represents a 

perinuclear extension of the ER lumen. 

The final major structural feature of the NE is the nuclear lamina. This is a relatively thin 

(~50nm) protein meshwork associated with the nuclear face of the INM. The major components 

of the lamina are the A- and B-type lamins (Gerace et al., 1978). These are members of the larger 

intermediate filament (IF) family and like all IF proteins feature a central coiled-coil flanked by 

non helical head and tail domains (Gerace and Burke, 1988). The lamins are known to interact 

with components of the INM as well as with chromatin proteins. In this way the lamina provides 

anchoring sites at the nuclear periphery for higher order chromatin domains. 

In mammalian somatic cells there are two major A-type lamins, lamins A and C, encoded 

by a single gene, Lmna (in mice). The B-type lamins, B1 and B2, are encoded by two separate 

genes (Hoeger et al., 1988; Hoeger et al., 1990; Lin and Worman, 1993; Lin and Worman, 1995). 

While B-type lamins are found in all cell types, expression of A-type lamins is developmentally 

regulated (Roeber et al., 1989; Stewart and Burke, 1987). Typically, A-type lamins are found in 

most adult cell types, but are absent from those of early embryos. Mutations in the LMNA gene 

have been linked to a variety of human diseases (Burke and Stewart, 2002), many of which are 
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associated with large-scale perturbations in nuclear organization. These observations have 

reinforced the view that the lamina is an important determinant of nuclear architecture and has an 

essential role in the maintenance of NE integrity. 

Despite their numerous connections, the INM and ONM are biochemically distinct. 

Proteomic studies have revealed the existence of at least 50 integral membrane proteins that are 

enriched in NEs. Many of these appear to reside within the INM (Schirmer et al., 2003). Proteins 

become localized to the INM via a process of selective retention (Ellenberg et al., 1997; Powell 

and Burke, 1990; Soullam and Worman, 1995). In this scheme, membrane proteins synthesized 

on the peripheral ER or ONM may gain access to the INM by lateral diffusion via the 

continuities at the periphery of each NPC, utilizing an energy dependent mechanism (Ohba et al., 

2004). However, only those proteins that can interact with nuclear or INM/lamina components 

are retained and concentrated. 

The recent identification of ONM-specific integral membrane proteins has raised some 

puzzling issues (Padmakumar et al., 2004; Zhang et al., 2001; Zhen et al., 2002). In particular, 

what prevents ONM proteins from simply drifting off into the peripheral ER? This question was 

originally addressed in C. elegans where the localization of Anc-1, a very large type II ONM 

protein involved in actin-dependent nuclear positioning, was shown to be dependent upon Unc-

84, an INM protein (Starr and Han, 2002). Localization of Unc-84 itself was found to be 

dependent upon the single C. elegans lamin (Lee et al., 2002). Based upon these findings, Starr, 

Han, Gruenbaum and colleagues proposed a novel model in which Unc-84 and Anc-1 would 

interact across the PNS via their respective lumenal domains (Lee et al., 2002; Starr and Han, 

2003). In this way, Unc-84 would act as a tether for Anc-1. 
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In mammalian cells two giant (up to 1MDa) actin binding proteins have been identified 

(variously termed NUANCE, nesprin 2 Giant (Nesp2G), nesprin 1, enaptin, Syne 1, Syne 2, 

myne 1) as integral proteins of the ONM (Apel et al., 2000; Mislow et al., 2002; Padmakumar et 

al., 2004; Zhang et al., 2001; Zhen et al., 2002). These belong to a very large family of proteins 

encoded by the nesprin 1 and nesprin 2 genes (Zhang et al., 2001) and consist of a bewildering 

variety of alternatively spliced isoforms. The nesprins are related to Anc-1, as well as to a 

Drosophila ONM protein, Klarsicht (Mosley-Bishop et al., 1999; Welte et al., 1998), in the 

possession of a 60 amino acid C-terminal KASH domain (Klarsicht, Anc-1, Syne Homology). 

This domain comprises a single transmembrane anchor and a short segment of about 40 residues 

that resides within the PNS. 

One of the defining features of Unc-84 is a region of homology, consisting of about 200 

amino acids, with Sad1p, an S. pombe protein that is associated with the spindle pole body 

(Hagan and Yanagida, 1995). This region of homology is known as the SUN domain (for Sad1p, 

UNc-84) and is believed to extend into the PNS. Mammalian cells also contain several SUN 

domain proteins. At least one of these, Sun2 has been shown to be an INM protein with the 

appropriate topology in which the SUN domain is localized in the PNS (Hodzic et al., 2004). It is 

tempting to speculate, based upon the model of Starr and Han (2003), that SUN domain proteins 

function as tethers for ONM-associated nesprins in mammalian cells.  

Recently Padmakumar et al. (2005) have shown that localization of Nesp2G to the ONM is 

dependent upon an interaction with another mammalian SUN domain protein, Sun1. In this 

manuscript we provide evidence that Sun1 is inserted into the INM in such a way that its SUN 

domain, like that of Sun2 faces the PNS. In this way we can conclusively demonstrate that Sun1 

does indeed have the appropriate orientation, as assumed by Padmakumar et al (2005), for its C-
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terminal domain to interact with the Nesp2G KASH domain. The N-terminal region of both 

Sun1 and Sun2 face the nucleoplasm and interact with lamins. Surprisingly, our results indicate 

that Sun1 has a very strong preference for pre-lamin A. Sun1 is the only nuclear membrane 

protein described to date that exhibits such binding activity. This raises the distinct possibility 

that Sun1 may be involved in the targeting and assembly of newly synthesized lamin A. Finally 

we demonstrate that Sun1 and Sun2 share some degree of functional redundancy, and that both 

of these proteins cooperate in tethering Nesp2G in the ONM. This tethering involves the 

establishment of molecular interactions that span the PNS and contributes to the remarkably 

regular spacing that is observed between the ONM and INM. Based upon our findings and upon 

those of Padmakumar et al. (2005) we are able to conclude that Sun1 and Sun2 function as key 

links in a molecular chain that connects the actin cytoskeleton, via giant nesprin proteins, to 

nuclear lamins and other components of the nuclear interior. We now refer to this assembly as 

the LINC complex (for LInker of Nucleoskeleton and Cytoskeleton). 

Results 

We have previously shown that Sun2 is an inner nuclear membrane protein featuring an N-

terminal nucleoplasmic domain and a significantly larger C-terminal domain that is localized 

within the PNS (Hodzic et al., 2004). This lumenal region of Sun2 contains a C-terminal SUN 

domain that is also found in C. elegans Unc-84. The SUN domain is found in at least two 

additional mammalian proteins (Figure 2-1A) Sun1 (Accession number: BC048156) and Sun3 

(Accession number: BC026189). 

Sun1 transcripts are present in a variety of tissues and cell types (Figure 2-1B). 

Comparison of Sun1 sequences in Genbank reveal that it exists in multiple alternatively spliced 

isoforms. This conclusion is supported by the northern blot analysis, which reveals at least four 

or five discrete Sun1 transcripts in different tissues. We have not however, surveyed these tissues 
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for Sun1 isoforms. Immunofluorescence experiments employing a polyclonal antibody raised 

against recombinant human Sun1 suggests that like Sun2, Sun1 is localized largely if not 

exclusively to the nuclear envelope (Figure 2-1C). This is consistent with the appearance of 

Sun1, as well as Sun2, in a proteomic screen for NE specific membrane proteins (Schirmer et al., 

2003). 

To further address the issue of Sun1 localization we fused an HA epitope to the N-terminus 

of the largest isoform of mouse Sun1. Following transfection into HeLa cells, the exogenous 

protein was found by immunofluorescence microscopy to be enriched at the nuclear envelope 

(Figure 2-1D). At high expression levels, while still concentrated in the NE, HA-Sun1 began to 

appear in the peripheral ER (Figure 2-1D). Taken together, these observations confirm that Sun1 

is a nuclear membrane protein. Similar experiments with HA-tagged Sun3, revealed a 

distribution that was more typical of an ER protein (data not shown). Furthermore, northern blot 

analysis suggests that Sun3 is found primarily in testis (data not shown).  Consequently, all of 

our subsequent experiments focused on Sun1 and Sun2. 

The primary structure of mouse Sun1 reveals no N-terminal signal sequence. However, 

two distinct hydrophobic domains, H1 and H2, are present (Figure 2-2A). H1 lies between 

residue 241-258 while the second and larger, H2, lies between residues 356-448. The presence of 

extended hydrophobic regions clearly raises questions concerning the topology of Sun1 within 

the nuclear membranes. Earlier work on Sun2 has shown that the SUN domain resides within the 

PNS (Hodzic et al., 2004). Is this also the case for Sun1? To address this, we used in vitro 

transcription/translation of Sun1 (tagged an untagged) both in the presence and absence of 

microsomes (Figure 2-2B). Digestion of Sun1 translation products with proteinase K revealed 

the existence of a 65-70kD protected fragment in samples containing microsomes. Proteinase K 
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digestion in the presence of Triton X-100 to permeabilize the microsomal membranes resulted in 

the complete loss of the protected fragment. Given the size of this protected fragment and the 

location of potential transmembrane domains, the most reasonable orientation for Sun1 would 

place its C-terminus, including its SUN domain, within the microsome lumen.  By extension the 

Sun domain should thus reside within the PNS in vivo. This orientation is supported by 

additional experiments described below. 

In order to examine the roles of the two hydrophobic segments in Sun1 membrane 

anchoring, we took advantage of naturally occurring splice isoforms. Searches of Genbank reveal 

several mammalian Sun1 cDNAs lacking sequences within the N-terminal domain. Comparison 

with genomic sequences indicate that at least one splice isoform of Sun1 lacks exons 6 through 

8, corresponding to a deletion of residues 222-343 (Figure 2-2C). This particular Sun1 isoform is 

missing the first hydrophobic segment, H1. When this isoform (Sun1Δ6-8) was tagged with HA 

and transfected into HeLa cells, its localization at the NE was found to be indistinguishable from 

full length Sun1 (Figure 2-2D). Translation of Sun1Δ6-8 in vitro in the presence of microsomes 

revealed a protease resistant fragment identical in size with that derived from full length Sun1 

(Figure 2-2C). This finding presents us with two conclusions. Firstly, it proves that the protected 

fragment must be derived from the C-terminal portion of the molecule. Secondly, if this first 

hydrophobic segment in Sun1 were to represent a transmembrane domain, then its removal 

should logically alter the topology of the subsequent membrane spanning sequences of Sun1 (i.e. 

H2) within the ER or nuclear membranes. This might potentially lead to the flipping of lumenal 

segments of newly synthesized Sun1 to the cytoplasmic aspect of the ER membrane or failure to 

insert H2 sequences into the membrane. Evidently this does not happen in any detectable way.  

Our conclusion therefore is that given this first hydrophobic sequence in Sun1 is dispensable 
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with respect to membrane insertion, it does not function as an obligate membrane spanning 

domain. Further secondary structure analyses of Sun1 using HMMTOP (Tusnady and Simon, 

2001) indicate that the larger hydrophobic segment, H2, is capable of spanning the ER/nuclear 

membranes three times. While this conformation for H2 still requires biochemical confirmation, 

it suggests that Sun1 is a multispanning protein in which the N-terminal domain faces the 

cytoplasm while the C-terminal domain (including the SUN domain) is localized to the lumenal 

space. 

To further examine Sun1 distribution and orientation in vivo we prepared a form of mouse 

Sun1 that was tagged with an HA epitope at the N-terminus and a Myc epitope at the C-terminus 

(HASun1Myc, Figure 2-3). These analyses took advantage of the fact that low concentrations of 

digitonin can be used to selectively permeabilize the plasma membrane of cells while leaving the 

nuclear membranes and ER intact (Adam et al., 1990). For these experiments, HeLa cells 

expressing HASun1Myc were fixed with formaldehyde and then permeabilized on ice for 15min 

with 0.003% digitonin. The cells were then labeled with either rabbit anti-Myc or rabbit anti-HA. 

Following PBS washes to remove unbound antibodies, the cells were refixed, permeabilized with 

Triton X-100 and then further incubated with mouse antibodies against either HA or Myc. In this 

way, the first tag could be assayed for accessibility at the nuclear surface while the second tag 

could be used to define the localization and expression level of HASun1Myc. As shown in 

Figure 2-3 the Myc tag was never visible at the nuclear surface (or at any other location) 

following digitonin permeabilization, regardless of the expression level of HASun1Myc. The HA 

tag was also undetectable at the nuclear surface following digitonin permeabilization of cells 

expressing low levels of HASun1Myc. At high expression levels, however, the tag was 

detectable at the nuclear surface as well as associated with a cytoplasmic reticular structure 
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corresponding to the peripheral ER. Clearly ER-associated Sun1 has its N-terminal domain, but 

not its C-terminal domain, exposed to the cytoplasm. Taken together, these findings are 

consistent with the view that Sun1 is a component of the INM and that its C-terminal domain 

resides with the PNS. 

The data described above, as well as our previously published work (Hodzic et al., 2004), 

indicate that the N-terminal domains of Sun1 and Sun2 are exposed to the nucleoplasm and 

consequently are accessible for interaction with nuclear components. Given the role that such 

interactions play in the appropriate targeting of inner nuclear membrane proteins, it is not 

surprising then that the lumenal domain of Sun1 is entirely dispensable with respect to Sun1 

localization (Figure 2-4A). In this respect Sun1 mimics Sun2 (Hodzic et al., 2004). Additional 

experiments suggest that Sun1 and Sun2 share overlapping interactions. Overexpression of HA-

Sun1 in HeLa cells causes displacement of endogenous Sun2 from the NE (Figure 2-4B). The 

converse, however, is not the case (M. Crisp and B. Burke, data not shown). The implication is 

that Sun1 and Sun2 share a subset of interactions that are required for Sun2 localization. Sun1 

retention, however, must be dependent upon additional binding partners.  

With what proteins might the Sun1and Sun2 nucleoplasmic domains interact? Our initial 

thoughts were that the Sun proteins might associate with lamina components. To address this, we 

first adopted an in vitro approach to determine whether A- and B-type lamins could interact with 

the N-terminal domain of either protein. We prepared a GST fusion protein containing the first 

165 amino acids of the Sun2 sequence (Sun2 N165). This represents most of the Sun2 

nucleoplasmic domain. A similar although slightly larger (the first 222 amino acids) fusion 

protein was also prepared using Sun1 sequences that encompassed the bulk of the non-

alternatively spliced region of the nucleoplasmic domain (Sun1N222). This region of Sun1 
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exhibits significant sequence similarity to the N-terminal domain of Sun2 over a region of about 

120 residues (Figure 2-4C), although Sun1 does display a unique 50 residue N-terminal 

extension. Both of these fusion proteins, as well as a GST control, were employed in pull down 

experiments using in vitro translated lamins as targets. 

Four lamin species were employed in these experiments (Figure 2-4D); lamin B1 (LaB1), 

lamin C (LaC) full length lamin A (FL LaA) and mature lamin A. FL LaA contains a CaaX motif 

and should be farnesylated in the reticulocyte lysate (Vorburger et al., 1989). It does not, 

however undergo detectable C-terminal proteolysis since the microsome-free in vitro translation 

mix lacks the appropriate processing enzymes.  The mature lamin A cDNA contains a premature 

stop codon at position 647. In this way it mimics processed (i.e. mature) lamin A. As shown in 

Figure 2-4D, GST-Sun2N165 bound all four lamin species, although the interaction with lamins 

B1 and C appeared barely more than the background observed with GST alone. Similarly, GST-

Sun1N220 was also found to interact with all four lamin species. As was the case with 

Sun2N165, the interactions with lamins B1 and C were relatively weak.  However, Sun1N220 

showed a very strong preference for unprocessed (FL-lamin A) versus mature lamin A. 

To determine whether these in vitro interactions might have any relevance in vivo, we 

prepared HA tagged versions of both Sun1N220 and Sun2N165. Upon introduction into HeLa 

cells both proteins accumulated within the nucleoplasm (Figure 2-4E), although a significant 

cytoplasmic pool was always present. We also prepared a form of lamin A (pre-LaA) containing 

a L647R mutation. This lamin A mutant is cleavage resistant and therefore retains its 

farnesylated C-terminal peptide. Co-transfection of HeLa cells with pre-LaA along with either 

HA-Sun1N220 or HA-Sun2N165 lead to a dramatic decline in the nucleoplasmic concentration 

of both Sun protein fragments coincident with recruitment to the nuclear periphery. Lamin B1 on 
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the other hand had no such effect. These results indicate that the Sun proteins do indeed have the 

capacity to interact with lamin A in vivo. 

To determine whether this interaction with lamin A is required for Sun2 retention at the 

NE, we first performed immunofluorescence experiments on fibroblasts derived from both wild 

type and Lmna null mouse embryos (MEFs). While Sun2 was detected at the NE of all wild type 

cells, in the majority of Lmna null MEFs, Sun2 was dispersed throughout cytoplasmic 

membranes (Figure 2-5A). At first sight these results do indeed implicate A-type lamins in the 

appropriate localization of Sun2 within the INM. However, there is clearly a minority of Lmna 

null cells in which Sun2 is fully retained at the NE (Figure 2-5A inset). Furthermore, loss of 

Sun2 from the INM is not reversed simply by introducing lamin A and/or C by transfection into 

Lmna null MEFs (data not shown). Evidently, while A-type lamins could contribute to Sun2 

localization they are not the only determinants. This suggestion is reinforced by experiments in 

HeLa cells where we eliminated A-type lamins by RNA interference. Following 48-72h of RNAi 

treatment lamin A/C was undetectable in many cells. However, the NE localization of Sun2 was 

barely affected (Figure 2-5C). 

In contrast to Sun2, we could find no evidence whatsoever for any lamin dependent 

localization of Sun1. We took the approach of introducing HA-Sun1 into both wild type and 

Lmna null MEFs. In either case, exogenous Sun1 was always found at the nuclear periphery 

(Figure 2-5B). Similarly, in HeLa cells depleted of A-type lamins by RNA interference, 

endogenous Sun1 always remained concentrated at the NE (Figure 2-5C). Regardless of A-type 

lamin content, we have never observed cells in which Sun1 is substantially mislocalized. Thus 

while Sun proteins demonstrably interact with A-type lamins, this interaction is not required for 

their localization in the INM. 
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Studies in C. elegans have shown that the prototype SUN domain protein, Unc-84, is 

required for the appropriate localization of Anc-1 in the ONM (Lee et al., 2002; Starr and Han, 

2002). Giant nesprin family members are also known to localize to the ONM (Padmakumar et 

al., 2004; Zhang et al., 2001; Zhen et al., 2002) and like Anc-1 feature a C-terminal KASH 

domain. We therefore examined the role that mammalian SUN domain proteins might play in the 

localization of one of these nesprin proteins, Nesp2G (~800kD). 

To accomplish this we raised an antibody against the N-terminal actin-binding domain 

(ABD) of Nesp2G. The affinity purified antibody recognized a very large (>400kD) protein on 

western blots of HeLa cell lysates (Figure 2-6A). At longer exposure times lower molecular 

weight bands appeared, possibly corresponding to smaller nesprin 2 isoforms (Zhang et al., 

2001) or to degradation products. Immunofluorescence microscopy employing digitonin 

permeabilization revealed that the anti-Nesp2G antibody decorated the cytoplasmic surface of 

the NE (Figure 2-6B, Mock). This labeling pattern was abolished by RNAi treatment of cells 

using nesprin 2-specific SmartPool™ oligonucleotides. Clearly our antibody recognizes a very 

large ONM-associated nesprin 2 isoform, almost certainly Nesp2G. Permeabilization of non-

RNAi-treated cells with Triton X-100 yielded additional intranuclear labeling (data not shown). 

This confirms previous studies suggesting that smaller nesprin 2 variants reside within the 

nucleus (Zhang et al., 2005). For all of our subsequent experiments we employed the digitonin 

permeabilization to ensure that we were looking exclusively at Nesp2G that was localized in the 

ONM. 

To explore the roles of Sun1 and Sun2 in Nesp2G localization we first adopted an RNAi-

based approach. When we depleted HeLa cells of either Sun1 or Sun2 (Figure 2-6C, D) we could 

find little effect on the localization of Nesp2G at the ONM (Figure 2-6C, E). However, co-
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depletion of Sun1 and Sun2 led to the elimination of Nesp2G from the ONM (Figure 2-6C, E). 

Quantitative analysis indicated an 80% reduction in the number of cells with detectable NE-

associated Nesp2G following co-depletion of Sun1 and Sun2 versus mock RNAi treatment 

(Figure 2-6E). Ultrastructural analyses revealed changes in NE morphology in cells co-depleted 

of both Sun proteins. Mocked treated cells displayed the usual uniform spacing between the 

ONM and INM of ~50nm. In the double RNAi treated cells however, the ONM was clearly 

dilated with obvious expansion of the PNS to 100nm or more (Figure 2-6F). 

If SUN and KASH domain proteins form a molecular link across the PNS (Starr and Han, 

2003) then it should be possible to use a dominant negative approach to break this linkage. In 

this strategy we used almost the entire lumenal domain of Sun1, tagged at its N-terminus with 

HA (HASun1L), which we introduced in soluble form into the lumen of the ER and PNS (Figure 

2-7A). To accomplish this we fused the signal sequence and signal peptidase cleavage site of 

human serum albumin onto the N-terminus of the HASun1L to yield SS-HASun1L. To prevent 

its secretion, we fused a KDEL tetrapeptide to the C-terminus of SS-HASun1L forming SS-

HASun1L-KDEL (Figure 2-7A). Synthesis of this chimeric protein in vitro in the presence of 

microsomes yielded a protein product of the appropriate size, which was resistant to digestion by 

proteinase K (Figure 2-7B). Clearly the signal sequence directs HASun1L to the microsome 

lumen. The shift up in molecular weight of latent HASun1L-KDEL is likely due to N-linked 

glycosylation (Sun1 has two potential glycosylation sites in its lumenal domain). Upon 

transfection into HeLa cells HASun1L-KDEL was found to accumulate intracellularly within the 

peripheral ER and PNS. Examination of the distribution of Nesp2G in transfected cells revealed 

that it was completely eliminated from the ONM (Figure 2-7C). EM analysis of these cells 

exposed clear dilation of the ONM and expansion of the PNS (Figure 2-7D). This phenotype is 
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indistinguishable from that associated with Sun1/2 co-depletion by RNA interference (Figure 2-

6F). 

In experiments we took advantage of a cDNA encoding a chimeric protein in which GFP is 

fused to the N-terminus of the nesprin 2 KASH domain (Zhang et al., 2001). This fusion protein 

localizes to the NE with the GFP exposed to the cytoplasm/nucleoplasm. The KASH domain is 

integrated into the NE with its 40 residue C-terminal domain residing within the PNS. We 

prepared a HeLa cell line harboring GFP-KASH under the control of a tetracycline –inducible 

promoter (HeLaTR GFP-KASH). In the absence of tetracycline, GFP-KASH is present at low 

levels and localizes exclusively to the NE (Figure 2-8A, -Tet). Following tetracycline induction, 

large amounts of GFP-KASH may be observed in both the NE and the peripheral ER (Figure 2-

8A, +Tet). Introduction of SS-HASun1-KDEL into these cells leads to the complete loss of NE-

associated GFP-KASH. Indeed all of the GFP-KASH, regardless of expression level, appears to 

be recruited into vesicular structures, potentially as a prelude to degradation (Figure 2-8B, top 

row, arrows). Conversely, when full length Sun1 is introduced into tetracycline induced cells, it 

leads to the recruitment of GFP-KASH from the peripheral ER to the NE (Figure 2-8B, middle 

and bottom row, arrows). This is exactly what one would predict if Sun proteins function as 

tethers for KASH domain proteins. A similar effect was also observed when HA-Sun2 was 

introduced into the tetracycline-induced cells (Figure 2-8C), with GFP-KASH recruited to and 

stabilized at the NE. Taken altogether, these results can only be interpreted in terms of lumenal 

interactions between SUN domain and KASH domain proteins. Furthermore, they suggest that 

both Sun1 and Sun2 can interact in vivo with the nesprin 2 KASH domain, consistent with our 

RNAi results indicating that both SUN domain proteins contribute to Nesp2G anchoring. 
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To further define Sun1/2-KASH interactions we set out to identify Sun-KASH complexes 

both in vivo and in vitro. For the former we carried out immunoprecipitation analyses of Sun2. 

As shown in Figure 2-9B a high molecular weight protein recognized by our antibody against 

Nesp2G was found to co-immunoprecipitate with Sun2 from HeLa cell lysates. As a complement 

to these experiments we synthesized SS-HASun1-KDEL and GFP-KASH in vitro. Interactions 

between these proteins were then analyzed by immunoprecipitation employing antibodies against 

GFP. As revealed in Figure 2-9A, only when the SUN and KASH domain proteins were co-

synthesized in vitro in the presence of microsomes could we detect HASun1-KDEL in 

immunoprecipitates performed with the anti-GFP antibody. Taken together, all of these data 

provide strong evidence for the interaction, either direct or indirect, between Sun1/2 and 

Nesp2G. Such an interaction spanning the PNS provides an obvious mechanism for the Sun1/2 

dependent tethering of Nesp2G in the ONM. 

Discussion 

We have shown that Sun1 is an inner nuclear membrane protein with an N-terminal 

nucleoplasmic domain of about 350 amino acids and a larger C-terminal domain of ~500 amino 

acids, including the SUN domain, that resides in the PNS. In this way, the topology of Sun1 

matches that of another INM protein Sun2 to which it is related.  Based upon structural 

predictions it is likely that Sun1 possesses three closely spaced transmembrane domains between 

residues 356-448. A separate hydrophobic region, H1, that is situated closer to the N-terminus 

does not appear to function as a membrane anchor. This conclusion based upon the behavior of 

naturally occurring splice isoforms that lack this hydrophobic sequence. A third mammalian Sun 

protein, Sun3, is also an integral membrane protein with a lumenal C-terminal SUN domain and 

a relatively small cytoplasmic N-terminal domain (M. Crisp and B. Burke unpublished 
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observations). In this way Sun3 conforms to the general topological organization of other SUN 

family members. 

The organization of the lumenal domains of Sun 1 and 2, bears some comment. The 

membrane proximal sequences of both proteins is predicted to form a coiled coil. The 

implication is that these proteins may form homodimers. Given the number of residues within 

the Sun1 coiled-coil region this could potentially project approximately 25-30nm into the PNS 

and would terminate in a pair of globular SUN domains. The coiled-coil domain of Sun2 is of a 

similar size. In both cases, the overall conformation of the Sun protein lumenal domain would be 

that of a flower on a stalk, which could potentially bridge the gap between the lumenal faces of 

the INM, and ONM.  

The exact mechanism by which Sun1 and Sun2 are localized to the INM has yet to be 

resolved, although it is likely to involve the type of selective retention that has been observed for 

other INM proteins. What is clear is that the lumenal domain of both proteins is entirely 

dispensable for appropriate localization. This is exactly the reverse of what is observed for 

nesprin proteins (including Nesp2G) of the ONM where the lumenal and transmembrane 

domains (comprising the KASH domain) are essential for their retention at the nuclear periphery 

(Zhang et al., 2001).  

On the nucleoplasmic side of the INM the Sun1 and 2 N-terminal domains contain regions 

of similarity within the first ~200 amino acid residues. This common N-terminal region interacts, 

to a greater or lesser extent, with A-type lamins. In the case of Sun2 there is some evidence that 

A-type lamins might contribute to Sun2 localization in the INM. However, whether this requires 

a direct interaction with A-type lamins is less clear. Certainly concentration of Sun2 in the INM 

is A-type lamin independent in some cells. Furthermore, even in Lmna null MEFs where Sun2 is 
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mislocalized, mere re-introduction of A-type lamins fails to recruit Sun2 to the INM, at least 

within a period of ~24h (data not shown). It seems more likely to us that A-type lamins may 

have indirect effects on Sun2, perhaps by altering the accessibility of chromatin proteins with 

which Sun2 might interact. 

In the case of Sun1, there is no evidence that lamins play any role in its localization to the 

INM. However, Sun1 displays an extremely robust interaction with pre-lamina A. Newly 

synthesized lamin A undergoes extensive C-terminal  processing (Sinensky et al., 1994). This 

involves farnesylation of the C-terminal CaaX (single letter code, where C is cysteine, a is any 

amino acid with an aliphatic side chain and X is any amino acid) motif followed by 

endoproteolysis to remove the aaX residues and carboxy methylation of the farnesyl cysteine. 

Once incorporated into the nuclear lamina a second cleavage event after Y646 yields mature 

lamin A (Weber et al., 1989). This cleavage of pre-lamin A at Y646 abolishes any strong 

interaction with Sun1. Since pre-lamin A exists only transiently in normal cells, it seems unlikely 

that its interaction with Sun1 could contribute to Sun1 localization. In our opinion it is more 

likely that Sun1 might function in the organization of newly synthesized lamin A within the 

nuclear lamina. This suggestion is currently under investigation. 

(Starr and Han, 2002), have shown that the C. elegans  SUN domain protein, Unc-84, is 

required for the localization of Anc-1 in the ONM. They have proposed a model in which the 

lumenal domain of Unc-84, which itself is retained in the INM through interactions with the 

single C. elegans lamin, forms a complex with the lumenal KASH domain of Anc-1. In this way 

Unc-84 and Anc-1 would provide links in a molecular chain that spans the PNS and connects the 

actin cytoskeleton to the nuclear lamina. Since similar SUN and KASH domain molecules are 

widely represented in the animal kingdom we attempted to determine whether the Unc-84/Anc-1 
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paradigm was applicable in mammalian systems. We used a combination of RNA interference 

and a dominant negative form of Sun1 to test this model. We found that both Sun1 and Sun2 

contribute to the tethering of Nesp2G in the ONM. Elimination of either Sun protein by RNAi 

had little or no effect on Nesp2G localization in HeLa cells. However, co-depletion of Sun1 and 

Sun2 leads to loss of Nesp2G from the ONM. This was accompanied by separation of the ONM 

and INM leading to expansion of the PNS. The implication here is that links between the Sun 

proteins in the INM and KASH proteins in the ONM help to maintain the remarkably regular 

spacing of the nuclear membranes. This view was reinforced by the findings that overexpression 

of a soluble form of the lumenal domain of Sun1 (SS-HASun1L-KDEL) induced essentially the 

same phenotype: loss of Nesp2G from the ONM and expansion of the PNS. 

In a complementary series of experiments, SS-HASun1L-KDEL expression was also found 

to lead to loss of GFP-KASH from the nuclear envelopes of HeLa cells. This effect can only be 

accounted for by perturbation of lumenal interactions. Conversely, overexpression of full length 

Sun1 (or Sun2) leads to the recruitment of GFP-KASH to the NE. All of these results are 

predictable on the basis of SUN domain proteins functioning as trans-lumenal tethers for KASH 

domain proteins. 

Our final experiments demonstrated the existence of Sun/KASH complexes. 

Immunoprecipitates of Sun2 from HeLa extracts were found to contain Nesp2G. Similarly in 

vitro translation of SS-HASun1L-KDEL and GFP-KASH lead to the formation of HASun1L-

KDEL/GFP-KASH complexes provided that microsomes were present in the translation mix. 

While this manuscript was in preparation, Karakesisoglou and colleagues published a study that 

demonstrated a similar interaction between SUN domain and KASH domain proteins 

(Padmakumar et al., 2005). Their results suggest, however, that rather than interacting with the 
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SUN domain itself, the KASH domain actually bound to a region of the polypeptide chain that is 

proximal to the SUN domain. This region is present in our Sun1L based dominant negative 

mutant. 

All of our data suggests that it is the two Sun proteins that are the key to the appropriate 

localization of Nesp2G in the ONM. In contrast to previously published findings (Libotte et al., 

2005), we could find no evidence of a role for A-type lamins. This is not surprising given that in 

our HeLa cells the localization of Sun1 and Sun2 appear relatively insensitive to A-type lamin 

expression (or depletion). Padmakumar and colleagues reached exactly the same conclusion with 

respect to Sun1 (Padmakumar et al., 2005). However, in Lmna null MEFs Sun2 is frequently lost 

from the NE. Given that expression levels of Sun1 appear to vary somewhat between different 

tissues, it is conceivable that in at least some cells types Nesp2G localization to the ONM might 

be sensitive to A-type lamin expression. 

Taken together, our findings, and those of Noegal, Karakesisoglou and colleagues 

(Padmakumar et al., 2005) are entirely consistent with the model proposed by (Starr and Han, 

2003) in which SUN and KASH domain proteins form a link across the PNS (Figure 2-9C). In 

addition, in C. elegans a similar mechanism may well operate in the tethering of Zyg-12, a NE 

protein that is required for dynein-mediated centrosome positioning (Malone et al., 2003).  As 

well as tethering ONM proteins, our data would suggest that SUN-KASH linkages further 

contribute to the structural integrity of the NE in maintaining the precise separation of the two 

nuclear membranes. Furthermore, given that the giant nesprins are actin binding proteins the 

SUN-KASH links provide direct molecular connections between the actin cytoskeleton and the 

nuclear interior. We now refer to this molecular chain as the LINC complex (LInker of 

Nucleoskeleton and Cytoskeleton).  
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Numerous studies have documented mechanical coupling between the nucleus and the 

cytoplasm. Maniotis et al. (1997) used microneedle mediated deformation of the cytoplasm of 

cultured cells to demonstrate mechanical connections between integrins, cytoskeletal filaments, 

and nucleoplasm. More recently Lammerding et al. (2004) were able to show that fibroblasts 

derived from Lmna null mouse embryos have impaired mechanically activated gene 

transcription. In related studies, Broers et al. (2004) have shown that these same cells exhibited 

reduced mechanical stiffness and perturbations in the organization of the cytoskeleton. The 

existence of the LINC complex provides a basis for these various observations in that it may 

integrate the nucleus into a protein matrix that includes the cytoskeleton, extracellular matrix and 

cell-cell adhesion complexes. This mechanical link not only provides structural continuity within 

and between cells, it also allows for a direct physical signaling pathway from the cell surface to 

the nucleus, potentially facilitating rapid and regionalized gene regulation. 

Materials and Methods 

Cell Culture 

HeLa cells and mouse embryonic fibroblasts (MEFs, both Lmna +/+ and Lmna -/-) 

(Sullivan et al., 1999) were maintained at 7.5% CO2 and 37 0C in DMEM (GIBCO BRL 

Gaithersberg, MD) plus 10% fetal bovine serum ( Hyclone, Logan UT), 10% 

penicillin/streptomycin (GIBCO BRL) and 2mM glutamine .  

Antibodies  

The following antibodies were used in this study. The monoclonal antibody against lamins 

A and C (XB10) has been described previously (Raharjo et al., 2001). The monoclonal 

antibodies 9E10 and 12CA5 against the Myc and HA epitope tags were obtained from the ATCC 

and Covance (Berkeley CA) respectively. Rabbit antibodies against the same epitopes were 

obtained from AbCam (Cambridge UK). Rabbit antibodies against Sun1 and Sun2 were raised 
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against GST fusion proteins as previously described (Hodzic et al., 2004). The chicken antibody 

against the actin binding domain (ABD) of nesprin 2 Giant was raised against an ABD-GST 

fusion protein by Aves Labs Inc (Tigard, OR). Affinity purification of the IgY was carried out in 

two stages. In the first step an affinity column was prepared consisting of glutathione-S-

transferase (GST) cross-linked to glutathione agarose (Sigma, St. Louis MO) using 40mM 

dimethyl pimelimidate in 0.2M borate buffer pH9.0 for 1h at 4˚C. 5ml IgY solution was passed 

over this column (1ml bed volume) and the flow through collected. This flow through was 

applied to a second 1ml column prepared from ABD-GST, also crosslinked to glutathione 

agarose. Antibody bound to the column was eluted at pH2.8 in 0.2M glycine HCl. The antibody 

eluate was neutralized with 3M Tris pH8.8 and stored at 4˚C with 1mM sodium azide. Secondary 

antibodies, conjugated with Alexa dyes, were from Molecular Probes (Eugene OR). Peroxidase 

conjugated secondary antibodies were obtained from Biosource International (Camarillo CA) 

Immunofluorescence Microscopy 

Cells were grown on glass coverslips and fixed in 3% formaldehyde (prepared in PBS 

from paraformaldhyde powder) for 10 min followed by a 5min permeabilization with 0.2%TX-

100. The cells were then labeled with the appropriate antibodies plus the DNA-specific Höchst 

dye 33258. For experiments involving selective permeabilization, the cells were first fixed in 3% 

formaldehyde. This was followed by permeabilization in 0.003% digitonin in PBS on ice for 

15min (Adam et al., 1990). The cells were then labeled with appropriate primary and secondary 

antibodies. For certain double label experiments, a single primary antibody was applied 

following the digitonin permeabilization. After removal of unbound antibody with three PBS 

washes, the cells were refixed for 5min (in 3% formaldehyde) and subjected to a further 

permeabilization step in 0.2% Triton X-100. The second primary antibody was then applied, 

followed by appropriate secondary antibodies. Specimens were observed using a Leica DMRB 
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microscope. Images were collected using a Photometrics CoolSnap HQ CDC camera linked to an 

Apple Macintosh G4 computer running IP Lab Spectrum software (Scanalytics Inc. Fairfax, 

VA).  

Electron Microscopy 

Cells grown in 35mm petri dishes were fixed in 3% glutaraldehyde and 0.2% tannic acid in 

200 mM sodium cacodylate buffer for 1 hour at room temperature. Postfixation was in 2% OsO4 

for 20 min. The cells were dehydrated in ethanol, lifted from the culture dish using propylene 

oxide, and then infiltrated with Polybed 812 resin. Polymerization was carried out at 600 C for 24 

hr. Silver-gray sections were cut using a Leica ultramicrotome equipped with a diamond knife. 

The sections were stained with uranyl acetate and lead citrate and examined in a Hitachi electron 

microscope.  

siRNA Methods 

HeLa cells were depleted of Sun1, Sun2, nesprin 2 and lamins using appropriate 

SmartPool™ oligonucleotide duplexes (Dharmacon , Lafayette CO). Cells were exposed to each 

siRNA in the presence of Oligofectamine (Invitrogen, Carlsbad CA) precisely as recommended 

by the manufacturer. Cells were subjected to siRNA treatment for periods up to four days . 

However, most of our analyses were carried out following 2-3 day treatments.  

Immunoblotting and Gel Electrophoresis 

Cells (siRNA- or mock-treated) grown in 35mm tissue culture dishes were washed once in 

PBS and then lysed in a buffer containing 50mM Tris.HCl pH 7.4, 500mM NaCl, 0.5% Triton 

X-100, 1mM DTT, 1mM PMSF and 1:1000 CLAP (10mg/ml in DMSO of each of the following, 

chymostatin, leupeptin, antipain and pepstatin, CLAP). The lysate was centrifuged for 5min in an 

Eppendorf centrifuge at 4˚C. Proteins in the supernatant were precipitated by the addition of 

trichloroacetic acid (TCA) to a final concentration of 10%. The precipitate was washed with 
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ethanol/ether and then solubilized in SDS-PAGE sample buffer. Protein samples were 

fractionated on polyacrylamide gels (7.5%, 10%, or 4-15% gradient, as appropriate) (Laemmli, 

1970) and then transferred onto nitrocellulose filters, usually BA85 from Schleicher and Schuell 

(Keene, NH), employing a semi-dry blotting apparatus manufactured by Hoeffer Scientific 

Instruments Inc. (San Francisco CA). Filters were blocked, labeled with primary antibodies and 

peroxidase conjugated secondary antibodies exactly as previously described (Burnette, 1981). 

Blots were developed using ECL (Amersham Biosciences, Piscataway NJ) and exposed to X-

OMAT film (Kodak Inc., Rochester NY) for appropriate periods of time.  

Immunoprecipitations 

For Sun2/Nesp2G co-immunoprecipitations, three subconfluent 35mm dishes of HeLa 

cells were each extracted with 1ml each of  PBS containing 0.1% Triton X-100, 1:1000 CLAP, 

2.5mM sodium pyrophosphate, 1mM b-glycerophosphate and 1mM sodium vanadate. The dishes 

were rocked at 4˚C for 15 min and then the cell lysates centrifuged for 10min at maximum speed 

and at 4˚C in a microcentrifuge. The pellets were then extracted in a total volume of 3ml RIPA 

buffer for 15min also at 4˚C. Following centrifugation at 4˚C for 10min the supernatants were 

pooled and then divided into 500µl aliquots. Each aliquot was then incubated for 14h at 4˚C with 

appropriate combinations of immune and pre-immune sera and protein A-Sepharose beads. At 

the end of this period the beads were collected by brief centrifugation, washed three times in 

PBS containing 0.1% Triton X-100 and once in PBS alone. Finally the beads were suspended in 

SDS-PAGE sample buffer, heated to 95˚C for 5min and then analyzed by SDS-PAGE and 

western blot. 

All other immunoprecipitations were carried out in TNX (50mM Tris.HCl,  pH7.4, 100mM 

NaCl and 0.5% Triton X-100) containing 1:1000 CLAP. Incubation with antibodies and protein 

A-Sepharose beads was for 1h at 4˚C with continuous gentle mixing. At the end of this period 
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the beads were collected by brief centrifugation, washed three times in TNX and once in 50mM 

Tris.HCl,  pH7.4. Finally the beads were processed for electrophoresis as described above. 

In vitro Translations 

In vitro translations were carried out in 25µl reaction volumes employing the T7 TNT 

coupled transcription translation system (Promega Inc., Madison WI). Each translation reaction 

contained 20µl of TNT master mix and was programmed with 1µl plasmid DNA at a 

concentration of 0.1µg/µl. Labeling of translation products was accomplished by inclusion of 

10µCi 35S Translabel (MP Biolabs, Irvine CA). Where appropriate, up to 3µl of canine 

pancreatic microsomes (Promega) was also included in each reaction. Translation reactions were 

assembled on ice prior to incubation at 30˚C for 90min. At the end of this period, translation 

mixes were further processed for in vitro binding studies (below) or were subjected to digestion 

with proteinase K in order to define Sun protein topology. Proteinase K digestions were carried 

out on ice for periods of up to 1h. Each digestion mix (10µl total volume) contained 5µl of the 

complete in vitro translation reaction, 1µl of proteinase K (from a 1mg/ml stock solution), 1µl of 

10X compensation buffer (containing 0.5M sucrose, 50mM Tris.HCl  pH7.6, 200mM potassium 

acetate) and where appropriate, 1µl of a 10% solution of Triton X-100. Termination of digestion 

was accomplished by the addition 100µl of 10% trichloroacetic acid (TCA) to precipitate the 

proteins. Precipitates were washed in ethanol/ether, air dried and then dissolved in 25µl of SDS-

PAGE sample buffer by incubation at 37˚C. 

Plasmids 

A mouse Sun1 cDNA (IMAGE clone ID: 5321879) was obtained from Invitrogen Inc. 

(Carlsbad, CA). To generate Sun1 tagged at the N-terminus with an HA epitope, Sun1 cDNA 

flanked by 5’Sal1 and 3’Afl2 restriction sites was amplified by PCR using primers 5’-

GAACGTCGACTTTTCTCGGCTGCACACGTACACC-3’ and 5’-
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CTGGCTTAAGCTACTGGATGGGCTCTCCG-3’. The PCR product was digested with Sal1 

and Afl2 and inserted downstream of an HA tag sequence in the vector pCDNA3.1(-). This 

vector was prepared from pcDNA3.1(-) containing HA-lamin A (Raharjo et al., 2001) by 

digestion with Xho1 and Afl2. The resulting plasmid was pcDNA3.1(-)HASun1. 

pcDNA3.1(-)HASun1 was used as a template for generating further Sun1 constructs.  The 

Sun1 splice isoform Δ6-8 was created by inverse PCR using primers 5’-

CGTGGTTTGAGAGTCCTGTCTCTGG-3’ and 5’-

GACCTCTTGGTTCAAGCACTGCGAAGG-3’ to amplify the entire plasmid outside of the 

deleted region. The PCR product was digested with the Klenow fragment of DNA polymerase 

and then circularized by ligation. A double epitope tagged Sun1 constuct, HASun1myc, was 

made by PCR using primers (5’-GCATCTGAAGACCAGCTGAG-3’ and 

TAAACTTAAGCTAGAGATCCTCTTCTGAGATGAGTTTTTGTTCCTCAGCCTGGATGG

GCTCTCCGTGGACTCG-3’ to insert a 3’ myc tag followed by an AflII restriction site. The 

fragment was then cloned back into the HindIII/AflII site of the original template.  

In order to prepare a form of EGFP-KASH that could be translated in vitro, the 

BamHI/Nhe1 digested fragment of pEGFP-KASH, was subcloned into the BamHI/Nhe1 site of 

pCDNA3.1(-) to yield pcDNA3.1EGFP-KASH. EGFP-KASH was also inserted in to the 

tetracycline-inducible expression vector pcDNA4TO. This was accomplished by amplifying 

EGFP-KASH by PCR using the primers 5’- 

TAAACTTAAGCACCATGGTGAGCAAGGGCGAGGAGC-3’ and 5’- 

TAAAGCGGCCGCCTATGTGGGGGGTGGCCCATTGGTGTACC-3’. The 1003bp product 

was cut with Afl2 and Not1 and then ligated into similarly cut pcDNA4TO. 
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The soluble Sun1 lumenal domain construct, SS-HASun1L-KDEL, that was targeted to the 

ER and PNS, was prepared in three stages. The first step involved ligation of a double stranded 

oligonucleotide encoding the entire N-terminal signal sequence of human serum albumin, was 

ligated in to pcDNA3.1(-) between Nhe1 and Apa1 sites to yield pcDNA3.1SS. In the second 

intermediate step, the 5’end of HA-lamin A was amplified by PCR using the pair of primers 5’-

AATTGGGCCCGCTTACCCTTACGATGTACCG-3’ and 5’-

ATATCTTAAGCAGCGCATCCGCCAGCCGGCTC-3’. The 787bp PCR product was ligated 

downstream of the signal sequence in pcDNA3.1SS between the Apa1 and Afl2 sites to yield 

pcDNA3.1SS-HALaA5’. For the final step, the lamin A sequences were excised using Xho1 and 

Afl2. To prepare the Sun1 lumenal domain sequence incorporating a KDEL motif, PCR was 

carried out using mouse Sun1 cDNA as template and using the primers 5’- 

AGAGGGTCGACGATTCCAAGGGCATGCATAG-3’ and 5’- 

CTGGCTTAAGCTACAACTCATCTTTCTGGATGGGCTCTCCGTGGAC-3’. The resultant 

1403bp product was cut with Sal1 and Afl2 and then ligated into the Xho1/Afl2 cut vector. The 

resulting plasmid was pcDNA3.1SS-HASun1L-KDEL. All enzymes were obtained from New 

England Biolabs (Ipswich MA) 

Transfections 

Plasmids were introduced into HeLa cells using the Polyfect reagent as described by the 

manufacturer (Qiagen, Valencia CA). Transfections were normally carried out in 6-well plates. 

Briefly, 1.5µg plasmid DNA were combined with 100µl of serum free medium and 12µl 

Polyfect. After a 10min room temperature incubation this mixture was combined with 600µl of 

complete medium. The entire volume was then placed on the cells with an additional 1.5ml of 

complete medium. The cells were then returned to the tissue culture incubator 12-24h. At the end 

of this period the cells were processed as appropriate. 
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Preparation of Glutathione S-transferase Fusion Proteins 

GST-Sun1 and Sun2 fusion proteins were prepared using the plasmids pGEX-

4T3Sun1N220 and pGEX-4T3Sun2NP. These plasmids were created by amplifying 5’ sequences 

of Sun1 and Sun2 by PCR. The Sun1 PCR product encoded the first 222 amino acids of the N-

terminal domain while the Sun2 sequences encoded the bulk of N-terminal domain of 165 amino 

acids. These PCR products were inserted into pGEX4T3 (Amersham Biosciences, Piscataway 

NJ)  between BamHI and  EcoRI sites. The primers used for Sun1 were 5’-

CGCGGATCCGACTTTTCTCGGCTGCAC-3’ 5’-

CCGGAATTCTTAGCGTGGTTTGAGAGTCCT-3’, while the  Sun2 primer pair consisted of 

5’-CGCGGATCCTCCCCGAAGAAGCCAGCGCCTCACG-3’ and 5’- 

CCGGAATTCTTAGGAGCCCGCCCGTGAGACGGC-3’. A single colony of Bl-21 cells 

transformed with either plasmid was grown overnight in 10ml LB containing 100µg/ml 

Ampicillin and induced with 0.1mM IPTG (isopropyl -D-thiogalactopyranoside) for 4 hours at 

37˚C.  The cells were harvested by 15min centrifugation at 4˚C and at 3200 x g in an Eppendorf 

table top centrifuge. The bacterial pellets were resuspended by trituration in 1ml of a lysis buffer 

consisting of STE (150mM NaCl, 10mM Tris pH8.0, 1mM EDTA) containing 5mM DTT and 

0.25% sarkosyl (N-laurylsarcosine). The suspension was sonicated to achieve maximum cell 

breakage and then centrifuged at maximum speed in microcentrifuge for 10 min at 4˚C. The 

supernatant was then transferred to a fresh microcentrifuge tube containing 30µl of a 50% 

suspension, in PBS, of swollen glutathione agarose beads. The cleared bacterial lysate and beads 

were then incubated with continuous mixing at 4˚C for 1 hour. At the end of this period the 

beads were washed 3-5 times with ice-cold STE and then twice with ice-cold Binding Buffer 

(50mM Tris pH 7.4, 100mM NaCl, 0.1% TritonX-100, 1mM DTT).  
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In vitro Pulldown with GST Fusion Proteins 

1.5µg of plasmid DNA (pcDNA3.1HA-lamin A, -mature lamin A,  -lamin B1, -lamin C) 

were each included in 25µl of TNT coupled transcription/translation mixes containing 10µCi 35S 

Trans Label and incubated at 30˚C for 90 min. 1ul of each reaction was retained for the analysis 

of total translation products while the remainder was incubated with 10ul of GST-agarose beads 

in 600µl Binding Buffer (containing 10µg/ml of chymostatin, leupeptin, antipain, pepstatin and 

1mM PMSF) for 30 min at room temperature with constant mixing. After a low speed 

centrifugation at 800g, the supernatant was split into 3 tubes containing 5ul GST-agarose beads, 

GST-Sun1N220-beads or GST-Sun2NP-beads. The suspensions were then incubated for 45min 

at room temperature with constant mixing. Finally the beads were 3-5 times with Binding Buffer 

containing 1mM DTT. After the final wash the Binding Buffer was replaced with 20µl of SDS-

PAGE sample buffer. The samples were subsequently fractionated by SDS-PAGE. The gels were 

stained with Coomassie blue R-250, impregnated with Amplify (Amersham Biosciences, 

Piscataway NJ), dried and exposed to Kodak X-OMAT film.  

Northern Blot Analysis 

Double stranded DNA probes consisting of the 5’ (650bp) and 3’  (860bp) fragments of 

mSun1 and the full length human Sun3 (1050bp) were generated by PCR. Incorporation of 32P-

dCTP into the PCR products was accomplished by random priming using the Rediprime II 

Random Primer Labeling System (Amersham Biosciences, Piscataway NJ) using 15ng (in 45µl 

TE buffer) denatured DNA. A mouse multiple tissue northern blot (BLOT-2, Sigma) containing 

2 ug of polyA+ (per lane) RNA isolated from 10 different mouse organs (brain, heart, liver, 

kidney, spleen, testis, lung, thymus, placenta and skeletal muscle tissues of BALB/c mice) was 

hybridized independently with each of the prepared probes, including one against 

glyceraldehyde-3-phosphate dehydrogenase (1.4ng/ml in 6ml PerfectHyb Plus hybridization 
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buffer) for 17 hours (Sigma, St Louis MO). Between each hybridization, the blot was stripped of 

the probe according to manufacturer’s instructions.  
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Figure 2-1. Sun1 is a ubiquitously expressed NE protein featuring a conserved COOH-terminal 

SUN domain. (A) ClustalW alignment of the COOH-terminal region of human Sun1–
3 and C. elegans Unc-84 reveals the homology of the SUN domains. (B) Northern 
blot analysis of mRNA from multiple mouse tissues illustrates widespread expression 
of Sun1. A GAPDH probe was used as a loading control. (C) The NE localizations of 
Sun1 and 2 were determined by immunofluorescence microscopy using rabbit 
antibodies raised against recombinant Sun proteins. (D, left) HeLa cells transiently 
transfected with HA-tagged Sun1 confirm the predominant NE localization. HA-Sun1 
was detected using an anti-HA monoclonal antibody. (D, right) Upon overexpression, 
HA-Sun1 is also detected in the ER. In each case, Sun protein localization is shown in 
red, whereas DNA, visualized using Höchst dye 33258, appears in blue. 



 

 78

 
 
Figure 2-2. Sun1 is a transmembrane protein with a lumenal COOH-terminal domain. (A) 

Hydropathy plot (Sweet and Eisenberg, 1983) of Sun1 reveals two hydrophobic 
domains (H1 and H2) upstream of the COOH-terminal coiled-coil and SUN domain. 
(B) When translated in vitro either in the presence or absence of microsomes, HA-
tagged mouse Sun1, labeled with [35S]methionine/cysteine, appears as a 100-kD band, 
as revealed by SDS-PAGE. Subsequent proteinase K digestion of HA-Sun1 that had 
been translated in the presence of microsomes lead within 30–60 min to the 
quantitative loss of the full-length HA-Sun1 and the appearance of a 65–70kD 
protected fragment (arrowhead). Inclusion of Triton X-100 in the digest to 
permeabilize the microsomes leads to the complete degradation of HA-Sun1 within 
60 min. (C) An alternatively spliced isoform of Sun1 (Δ 6–8) lacks the first 
hydrophobic domain (H1). When translated in vitro in either the presence or absence 
of microsomes, HA-Sun1Δ6–8 appears as a band that is predictably smaller than the 
full-length protein. However, both full-length HA-Sun1 and HA-Sun1Δ6–8 that were 
translated in the presence of microsomes and subjected to digestion with proteinase K 
yield identically sized protected fragments (arrowhead). Inclusion of Triton X-100 in 
the digestion reaction results in degradation of both proteins. (D) Immuno-
fluorescence microscopy of HeLa cells transfected with HA-Sun1Δ6–8 reveals that 
the exogenous protein is localized at the NE. In this respect, HA-Sun1Δ6–8 is 
indistinguishable from full-length HA-Sun1. HA-Sun1Δ6–8 is detected with an anti-
HA monoclonal antibody. The corresponding field labeled with Höchst dye to reveal 
cell nuclei is also shown. 
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Figure 2-3 The SUN domain of Sun1 is located within the PNS, whereas the NH2-terminal 

domain is exposed to the nucleoplasm. To examine the orientation of Sun1, HA and 
myc epitope tags were placed at the NH2 and COOH termini, respectively. HeLa cells 
were transfected with the double-tagged construct and processed for 
immunofluorescence microscopy after 24 h. After fixation, the cells were 
permeabilized with 0.003% digitonin and incubated with an anti-epitope tag antibody 
(mouse monoclonal). Subsequently, the cells were refixed and permeabilized with 
Triton X-100 to expose the lumenal compartment to a second anti-epitope tag 
antibody (rabbit polyclonal). Neither epitope tag was significantly detectable after 
digitonin permeabilization in HeLa cells expressing low to moderate levels of HA-
Sun1–myc. After Triton X-100 permeabilization, both myc and HA were readily 
detected at the NE. In HeLa cells with elevated expression of HA-Sun1–myc, the HA 
but not myc epitope tag was detected at the ER after digitonin permeabilization. Both 
myc and HA tags were identifiable after treatment with Triton X-100. These data 
indicate that the NH2- and COOH-terminal domains of Sun1 reside on opposite sides 
of the INM, with the COOH-terminal domain located in the PNS. 
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Figure 2-4. Interactions between the nucleoplasmic domains of Sun1 and 2 with A-type lamins. 

(A) An HA-Sun1ΔL construct lacking the SUN domain and most of the lumenal 
coiled coil localizes to the NE in a manner similar to the full-length protein. Anti-HA 
labeling is in red, whereas DNA, visualized with Höchst dye, is in blue. (B) 
Overexpression of HA-Sun1 leads to the loss of endogenous Sun2 in HeLa cells, 
suggesting that these two proteins share common binding partners. (C) A ClustalW 
alignment of the NH2-terminal sequences of mouse Sun1 and 2 identifies multiple 
clusters of homologous amino acids within a region of ••120 residues. Sun1 exhibits 
a unique NH2-terminal extension of 50 amino acid residues. (D) The first 222 
residues of Sun1 or the first 165 residues of Sun2 (this represents the entire 
nucleoplasmic domain of the latter) were fused to GST and, with GST alone 
(Coomassie stain, bottom), were used to pull down 35S-labeled, in vitro translated 
lamins B1, C, mature A, and full-length (FL) A (Total). Unlike GST alone, 
Sun1N220 and Sun2N165 pulled down lamins B1, C, and mature A at similar levels. 
However, Sun1N222 displayed a higher affinity for FL LaA than did Sun2N165. 
Evidently, Sun1 has a very strong preference for full-length (or pre) lamin A over 
mature lamin A (or full-length lamins C and B1). (E) An HA tag was inserted at the 
NH2 terminus of the same nucleoplasmic segments of both Sun1 and 2 (as described 
in D), and the tagged proteins were expressed in HeLa cells. Both of these exogenous 
proteins appear enriched in the nucleoplasm (top). As observed by deconvolution 
microscopy, cotransfection of the myc-tagged full-length lamin A (green) with HA-
Sun1N222 or HA-Sun2N165 (red) resulted in the recruitment of both HA-Sun 
proteins to the NE (middle). Myc–lamin B1, in contrast, fails to produce such an 
effect. Evidently, the nucleoplasmic domains of Sun1 and 2 can interact with lamin A 
in vivo. 
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Figure 2-5. A-type lamin independent retention of SUN domain proteins at the NE. (A) En-
dogenous Sun2 is frequently, but not always (inset), lost from the NE in Lmna-null 
MEFs. In wild-type MEFs, Sun2 is always found at the NE. (B) When HA-Sun1 was 
introduced by transfection into either wild-type or Lmna-null MEFs, it was always 
found to localize appropriately to the NE. (C) Depletion of HeLa cells of A-type 
lamins by RNAi had no significant effect on endogenous Sun1 or 2 localization. In 
the merged images, Sun protein localization is shown in red, A-type lamin 
localization (lamin A/C) is shown in green, and nuclei are revealed in blue using 
Höchst dye. The inference is that A-type lamins have, at best, a limited role in the 
retention of Sun2 at the NE and no significant role at all in the retention of Sun1. 
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Figure 2-6. Retention of Nesp2G at the ONM requires the expression of SUN domain proteins. 

(A) Western blot of a HeLa lysate fractionated by SDS- PAGE and probed with an 
affinity-purified antibody raised against the ABD of human Nesp2G identifies a very 
large (400 kD) protein. (B) Immunofluorescence microscopy of digitonin-
permeabilized HeLa cells using the anti-ABD antibody reveals labeling of the 
cytoplasmic face of the NE. Depletion of nesprin 2 (all splice isoforms) in HeLa cells 
by RNAi leads to a loss of ONM labeling in the majority of cells (bottom). These data 
are consistent with the recognition of Nesp2G by the anti-ABD antibody. (C) The 
reduction of either Sun1 or 2 levels by RNAi had only a marginal effect on Nesp2G 
localization. However, the combined depletion of both Sun1 and 2 induced a dramatic 
loss of Nesp2G from the ONM (arrowheads). Overall, we observed an 80% decline in 
the number of cells exhibiting NE-associated Nesp2G (E). In total, 100–200 cells 
were scored for each category in three separate experiments. Error bars represent 
SEM. (D) Western blot analysis reveals that both Sun1 and 2 RNAi treatments lead to 
a substantial decline in Sun1 and 2 protein levels. The same blots were probed with 
an anti-actin antibody to confirm equal loading. (F) Thin section EM of cells 
subjected to the double (Sun1 and 2) RNAi treatment revealed frequent expansion of 
the PNS and increased separation of the INM and ONM (arrowheads). No such effect 
was observed in mock-treated cells. The nuclear interior (N) and cytoplasm (Cy) is 
indicated in each panel. 
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Figure 2-7. A soluble form of the Sun1 lumenal domain causes a loss of nesp2G from the ONM. 

(A) A signal sequence (SS), HA tag, and KDEL motif were added to the NH2 and 
COOH termini, respectively, of the Sun1 lumenal domain (SS–HA-Sun1L–KDEL). 
(B) SS–HA-Sun1L–KDEL, when translated in vitro in the presence of microsomes, is 
completely resistant to digestion by proteinase K. If Triton X-100 is included in the 
digestion reaction to permeabilize the microsomes, the 50kD SS–HA-Sun1L–KDEL 
translation product (arrow) is completely degraded. These data demonstrate that the 
signal sequence is fully functional in directing HA-Sun1L–KDEL to the microsomal 
lumen. (C) When introduced by transfection into HeLa cells, the SS–HA-Sun1L–
KDEL localizes both to the peripheral ER and to the PNS, which is revealed by 
immunolabeling with an anti-HA monoclonal antibody. Cells expressing SS–HA-
Sun1L-KDEL (red in merged images) exhibit a very obvious loss of Nesp2G (green 
in merged images) from the ONM. (D) Thin section EM of HeLa cells expressing 
SS–HA-Sun1L–KDEL (Transf.) revealed increased separation between the INM and 
ONM and expansion of the PNS (arrowheads). This effect was not observed in 
nontransfected cells (NT). The effects of SS–HA-Sun1L–KDEL expression were 
identical to those observed after codepletion of Sun1 and 2 by RNAi (Fig. 6). 
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Figure 2-8. The nesp2G KASH domain interacts with the Sun1 lumenal domain. (A) 

Fluorescence microscopy of HeLa cells expressing a tetracycline-inducible GFP-
KASH fusion protein (HeLaTR GFP-KASH). In the absence of tetracycline (Tet), 
GFP-KASH is expressed at low levels and is localized exclusively to the NE. After 
induction with tetracycline for 24 h (+Tet), GFP-KASH is found throughout the 
peripheral ER as well as the NE. Expression levels of GFP-KASH within the cell 
population are extremely uniform both before and after induction. (B) Transfection of 
SS–HA-Sun1–KDEL into the HeLaTR GFP-KASH cells after tetracycline induction 
resulted in the complete loss of GFP-KASH from the NE. This was accompanied by 
the formation of cytoplasmic aggregates (arrows, top). Conversely, introduction of 
full-length HA-Sun1 into these cells resulted in the recruitment of GFP-KASH to the 
NE (arrows, middle and bottom). (C) HA-Sun2 was found to have a similar effect 
(arrows). In the merged images in B and C, GFP-KASH is presented in green, 
whereas HA-Sun is shown in red. 



 

 85

 
 

Figure 2-9. Identification of an in vitro interaction between KASH and SUN domains. (A) GFP-
KASH, SS–HA-Sun1–KDEL, or both proteins was translated in reticulocyte lysate 
containing [35S]methionine/cysteine in either the presence or absence of microsomes 
(Totals). Anti-GFP immunoprecipitation of a fraction of each sample revealed the 
pull-down of SS–HA-Sun1–KDEL by GFP-KASH when both proteins were 
cotranslated in the presence of microsomes (arrow). A slightly faster migrating band 
(asterisk) was detected in the absence of microsomes. However, this band originates 
in the GFP-KASH translation and is unrelated to HA-Sun1L–KDEL. Molecular 
masses are indicated in kD (B) Immunoprecipitation of HeLa cell lysates with anti-
Sun2 antibodies coprecipitates a very large anti-Nesp2G immunoreactive protein 
(arrow). HC indicates the position of immunoglobulin heavy chains. These data 
suggest a significant interaction between KASH and Sun proteins that must involve 
their lumenal domains. These findings allow us to propose a model for the LINC 
complex (C) in which nuclear components, including lamins, bind to the INM SUN 
domain proteins. They, in turn, bind to the KASH domain of the actin-associated 
giant nesprins on the ONM. Thus, the LINC complex establishes a physical 
connection between the nucleoskeleton and the cytoskeleton.. 
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CHAPTER 3 
NESPRIN 4:  A NOVEL EPITHELIAL SPECIFIC MEMBER OF THE NESPRIN FAMILY OF 

PROTEINS  

Abstract 

The nuclear envelope (NE) delineates the cell nucleus and serves as a barrier between 

nuclear and cytoplasmic components. It consists of a pair of membranes, the inner and outer 

nuclear membranes, separated by a thin lumen. The outer nuclear membrane (ONM) is known to 

accommodate three related members of the nesprin (nuclear envelope spectrin repeat) family of 

proteins. These proteins are ubiquitously expressed and interact with cytoskeletal components 

through their NH2-terminal domains. Nesprins 1 and 2 connect to the actin cytoskeleton through 

their actin-binding domains and nesprin 3 contains a plectin-binding domain that links it to the 

intermediate filament system. We have now identified a fourth ONM localized nesprin family 

member, which we call nesprin 4. This 42kD protein is unique in its specific expression in 

secretory epithelial cells and preferential binding to the microtubule motor protein, kinesin I. 

Nesprin 4 is noticeably upregulated when the HC11 mammary epithelial cell line is induced to 

differentiate in culture. When expressed exogenously, it exhibits a polarized distribution pattern 

within the NE and results in a significant separation of centrosomes from the nucleus. Thus, a 

specialized process involving Nesprin 4 could be suggested for proper positioning of the nucleus 

in secretory epithelial cells.  

Introduction 

The nuclear envelope serves as a selective barrier between the nucleus and cytoplasm. 

Several structural features (Burke and Stewart, 2002; Gruenbaum et al., 2005) make up the NE, 

the most prominent being a pair of lipid bilayers, the inner and outer nuclear membranes (ONM 

and INM, respectively). The ONM and INM are separated by a thin, uniform lumen of about 

50nm. Periodically, channels which traverse both membranes allow the INM and ONM to 
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become continuous at these junctions. These channels are occupied by nuclear pore complexes 

(NPCs), which serve as molecular sieves for controlling the trafficking of molecules between the 

nucleus and cytoplasm (Tran and Wente, 2006).   

 Despite connections at the periphery of NPCs, the INM and ONM are biochemically 

distinct. The ONM is continuous with the ER, to which it is functionally similar. The INM 

contains it own unique set of integral membrane proteins, including the SUN domain proteins, 

Sun1 and Sun2. The ONM, INM and ER are all interconnected, and so, form a single continuous 

membrane system.  

 Underlying the INM is an intermediate filament meshwork composed of A-type and B-

type lamins known as the nuclear lamina (Gerace et al., 1978). The nuclear lamina is thought to 

provide the structural framework for the NE and to provide anchoring sites for chromatin 

domains at the nuclear periphery. The lamins are known to interact with integral membrane 

proteins of the INM as well as soluble nuclear proteins and claim many functions, including 

nuclear envelope assembly (Shumaker et al., 2005), nuclear size and shape, DNA replication, and 

cell signaling (Stewart et al., 2007). Defects in the LMNA gene, which encodes A-type lamins, 

have been implicated several diseases that frequently result in misshapen nuclei, nuclear 

herniations and increased nuclear fragility (Broers et al., 2004; Lammerding et al., 2004).   

 In recent years, a handful of related integral membrane proteins, known as the nesprins, 

have been identified as residents specific to the ONM in vertebrate cells. These include two large 

actin-binding proteins, Nesprin 1 Giant (nesp1G) and Nesprin 2 Giant (Nesp2G) with molecular 

masses of 1.1 MD and 796kD respectively (Apel et al., 2000; Padmakumar et al., 2004; Zhang et 

al., 2001; Zhen et al., 2002). Nesprin 3 (108 kD), on the other hand, binds to the plakin family 

member plectin, a cytoskeletal linker that can associate with the intermediate filament system 
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(Wilhelmsen et al., 2005). These nesprins share common characteristics. Nesprins are type II 

membrane proteins which feature a cytoplasmic domain containing multiple spectrin repeats, and 

a highly conserved COOH-terminal (KASH) domain. The KASH (Klarsicht, Anc-1, and Syne 

homology) domain comprises a single transmembrane anchor and a short lumenal segment of 

about 40 residues that extends into the PNS. Several nesprin relatives, including the 

Caenorhabditis elegans ANC-1, Unc-83 and Zyg-12 and Drosophila melanogaster klarsicht and 

msp-300, share similar KASH domains that anchor them in the ONM (Fischer et al., 2004; 

McGee et al., 2006; Starr and Fischer, 2005; Starr and Han, 2002; Zhang et al., 2002). 

We previously presented evidence that Nesp2G is tethered to the ONM through trans-

lumenal interactions between the Nesp2G KASH domain and INM-localized proteins, Sun1 and 

Sun2 (Crisp et al., 2006). Nesp2G forms an essential part of the LINC (linker of nucleoskeleton 

and cytoskeleton) complex, a molecular chain formed when actin-associated nesprin proteins 

form links across the PNS by virtue of interactions between the nesprin KASH domain and the 

lumenal SUN domains of Sun1 and Sun2. SUN domain proteins, in turn, interact with the 

nuclear lamina, completing the nucleo-cytoplasmic connection (Crisp et al., 2006; Liu et al., 

2007). A subsequent study found that the mechanism for targeting nesprin 3 to the nuclear 

envelope is mediated in the same manner (Ketema et al., 2007). The LINC complex was based 

on a model in C.elegans which suggested that the nesprin homolog, ANC-1, is tethered in the 

ONM through interactions with the SUN domain protein, Unc-84 (Lee et al., 2002; Starr and 

Han, 2002). Unc-84 is now known to tether another KASH domain protein, Unc-83, within the 

ONM (McGee et al., 2006).  

 The NH2-terminal cytoplasmic domains of KASH domain containing proteins associate 

with cytoskeletal networks. The presence of an actin-binding domain (ABD) in some nesprins 
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has implicated them in actin-based nuclear positioning. Positioning of the nucleus is crucial for 

many cellular events such as cell migration, differentiation, polarization and mitosis. The nesprin 

homolog, ANC-1 is required for proper anchorage and uniform spacing of nuclei in the syncytial 

hypodermis of worms (Starr and Han, 2002). In mice, the disruption or depletion of the KASH 

domains of nesprins 1 and 2 misplaces synaptic nuclei that are normally clustered beneath 

neuromuscular junctions and sometimes disrupts the organization of non-synaptic nuclei in 

skeletal muscle (Grady et al., 2005; Zhang et al., 2007). 

 Both D. melanogaster klarsicht and C. elegans Zyg-12 link the nucleus to centrosomes 

by attaching to microtubules, likely through the microtubule motor, dynein (Fischer et al., 2004; 

Malone et al., 2003). Nesprin 1 has also been cited as an important player in cytokinesis by 

functioning with the motor protein, kinesin II, to carry and assemble vesicles at the spindle 

midbody (Fan and Beck, 2004). Several unpublished reports suggest that nesprins associate with 

microtubules by binding to kinesins and kinesin-associated proteins (H. Petersen et al., 2007; M. 

Schneider et al., 2007).  

In most cells, a radial array of polar microtubules is nucleated at the centrosome or MTOC 

at their minus ends so that the plus ends grow outward toward the cell periphery (Vorobjev and 

Nadezhdina, 1987) . These astral microtubules serve as “tracks” for the movement of molecular 

motors such as dynein or any of a number of kinesins. The conventional kinesin motor is a 

protein homodimer consisting of two heavy chains, a central coiled-coiled region and a cargo-

binding domain associated with light chains (Woehlke and Schliwa, 2000). The globular NH2-

terminal region of the heavy chains comprises the motor domain.  The motor domain binds 

microtubules and contains an ATP binding site. The hydrolysis of ATP changes the 

conformation of the motor domain and orients the molecule, allowing the kinesin to “walk” 
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along the microtubule, while transporting its attached cargo (Mather and Fox, 2006; Rice et al., 

1999; Schnitzer and Block, 1997). Typically, kinesins travel unidirectionally toward the plus 

ends of polar microtubules, which, in most cases, direct cargo toward the periphery of the cell. 

Minus-end directed kinesins do exist but are less common.  

 Microtubules networks differ in polarized epithelial cells in that most microtubules are 

non-centrosomal and align along the apical-basal axis of the cell (Bre et al., 1990). They create 

asymmetry by orienting their minus ends at the apical membrane and the plus ends at the basal 

surface (Musch, 2004). This arrangement is quite suitable for the columnar morphology of this 

cell type and has been shown to be essential for proper sorting of membrane components and 

directing of vesicle traffic (Keating and Borisy, 1999). 

 We now have identified a fourth member of the nesprin family of proteins that localizes 

at the ONM. Nesprin 4 is detected specifically in secretory epithelial cells in vivo and becomes 

upregulated when epithelial cells are induced to differentiate in vitro.  This protein contains a 

single spectrin repeat, a predicted leucine zipper and a COOH-terminal KASH domain that is 

necessary and sufficient to target it to the NE. Preliminary evidence suggests SUN domain 

proteins may be involved in the anchorage of Nesprin 4 at the ONM in a manner similar to other 

KASH domain nesprins. Surprisingly, when the protein is introduced into certain cell types, it 

adopts a polarized distribution within a region of the nuclear envelope that is most distant to the 

centrosome and leads to the dissociation of the centrosome and Golgi apparatus from the 

nucleus. An association of nesprin 4 with the microtubule network could explain this. Indeed, the 

nesprin 4 cytoplasmic domain was found in a complex with the heavy chain of the conventional 

plus end directed motor protein, kinesin I (Kif5B), in an in vivo pull-down assay. Furthermore, a 

yeast two-hybrid (Y2H) screen using the nesprin 4 cytoplasmic domain revealed that Nesprin 4 
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binds directly to kinesin I light chains. These findings suggest that Nesprin 4, through its 

association with kinesin I, may be involved in the basal positioning of the nucleus in polarized 

epithelial cells by guiding it to the minus ends of microtubules.  

Results  

Our initial aim was to identify other possible members of the nesprin protein family. To 

accomplish this we carried out a BLAST search employing the KASH domain of mouse nesprin 

2 (KASH2) as a probe. This search identified a single uncharacterized protein (AI428936) of 388 

amino acid residues and predicted molecular weight of 42kDa (Fig 3-1A). Examination of both 

cDNA (accession number BC004761) and genomic sequences (NC_000073.5) suggest that this 

represents the full-length protein. The region of homology with KASH2 resides at the C-

terminus, as would be expected for a KASH domain protein, and overall displays 38% identity. 

For comparison the KASH domains of Nesprins 1-3 display identities of 64-79% in pair-wise 

alignments. Thus this novel protein contains what appears to be a degenerate C-terminal KASH 

domain (Fig 3-1B). Like all KASH domains it features a putative transmembrane sequence.  

Further sequence analysis of AI428936 revealed little similarity with other proteins, 

although it does feature a single spectrin repeat. There is also a short leucine zipper or coiled-coil 

sequence that could potentially mediate dimerization (Fig 3-1C). The absence of an N-terminal 

signal sequence coupled with the presence of the C-terminal KASH domain suggests that 

AI428936, like nesprins 1-3, is a type II membrane protein. 

We obtained a full-length cDNA encoding AI428936 through the IMAGE consortium 

(Clone ID 5036575). We subsequently expressed a version of AI428936 bearing an N-terminal 

HA epitope tag in either HeLa or human salivary gland  (HSG) cells. Immunofluorescence 

microscopy employing an anti-HA antibody, in conjunction with antibodies against either Sun2 

or the NPC protein Nup153, revealed localization of AI428936 to the NE (Fig 3-1). Given this 
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localization, combined with the presence of both a spectrin repeat and a C-terminal KASH 

domain, we propose that AI428936 represents a fourth member of the mammalian nesprin 

protein family. We now refer to it as nesprin 4 (Nesp4). 

The Nesp1G, Nesp2G and Nesp3 proteins are each tethered in the ONM. Is the same true 

of Nesp4? As a first approach to address this question we prepared a stable HSG cell line that 

constitutively expresses HA-Nesp4 (HSG-HAN4). We then took advantage of the fact that low 

concentrations of digitonin will selectively permeabilze the plasma membrane but will leave the 

nuclear membranes intact. Immunoflurescence microscopy of HSG-HAN4 permeabilized with 

digitonin versus Triton X-100 revealed that the N-terminal domain of HA-Nesp4 must be 

exposed on the cytoplasmic face of the NE and therefore that HA-Nesp4 behaves as an ONM 

protein (Fig 3-3). 

Localization of Nesp4 to the ONM, as is the case with other members of the nesprin 

family, appears to be KASH-dependent. Transfection of a GFP fused version of Nesp4 in which 

the KASH domain is deleted (Nesp4ΔKASH-GFP) leads to a diffuse cytoplasmic and nuclear 

localization in HeLa cells (Fig 3-4B). Replacement of the lumenal portion of the KASH domain 

with GFP to yield Nesp4ΔLum-GFP also results in loss of association with the NE (Fig3-4C). In 

this case however, the mutant protein becomes distributed throughout what appears to be 

membranes of the peripheral ER. Conversely, fusion of KASH4 to the C-terminus of GFP is 

sufficient to recruit GFP to the ONM (Fig3-4D). Overexpression of GFP-KASH4 will displace 

HA-Nesp4 as well as endogenous Nesp2G from the ONM (Fig 3-5A; Kyle Roux, personal 

communication). Similarly, overexpression of GFP-KASH2 will also displace HA-Nesp4 from 

the ONM (Fig3-5B). Evidently, the localization of Nesp4 within the ONM shares a common 

mechanism with Nesp2G, and in all likelihood other nesprin family members. 
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Localization of GFP-KASH4 to the ONM can be inhibited by overexpression of a Sun 

protein dominant negative mutant (SS-HASunLKDEL) (Fig. 3-6B). This mutant (Fig. 3-6A) 

consists of the Sun1 lumenal domain bearing an N-terminal HA tag as well as the signal 

sequence of human serum albumin to direct it into the ER/PNS. Retention and concentration in 

the ER/PNS system is mediated by a C-terminal KDEL tetrapeptide. This soluble protein 

competes with endogenous INM localized Sun1 and Sun2 for interactions with KASH domain 

proteins and in this way prevents their tethering within the ONM. The inference is that Nesp4, 

like other nesprin family members is tethered in the ONM by SUN-KASH interactions that span 

the PNS. 

We raised polyclonal antibodies against a mouse Nesp4-GST fusion protein. While this 

antibody detected HA-Nesp4 expressed in HeLa cells immunofluorescence microscopy and 

western blot (Fig. 3-7A,B), it could not detect endogenous Nesp4 in any common tissue culture 

cell line. We therefore decided to survey multiple mouse tissues for Nesp4 expression. This was 

accomplished by immunofluorescence microscopy of mouse tissue cryosections. To our surprise, 

the vast majority of mouse tissues displayed little evidence of Nesp4 expression. However, 

strong Nesp4 labeling of NEs was observed in salivary gland (parotid and submaxillary), 

exocrine pancreas, bulbourethral gland (Cowper’s gland in humans) and mammary tissue (Fig. 3-

7C,D). Taken together, these data suggest that in the mouse, Nesp4 expression is restricted to 

secretory epithelial cells. 

Based upon these findings, we examined Nesp4 expression in the mouse mammary cell 

line HC-11. Following appropriate hormonal induction, HC-11 cells will differentiate to yield 

cells that secrete milk proteins. Immunofluorescence microscopy reveals that in undifferentiated 

HC-11 cultures only a few cells appear positive for Nesp4 expression. However, during the 1-2 
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week differentiation process Nesp4 positive cells accumulate until they represent 40-50% of the 

population. In all of these positive cells, Nesp4 is localized exclusively at the NE (Fig. 3-8). 

Immunoprecipitation analysis of   HC-11 cells confirmed that the endogenous Nesp4 is similar in 

size to the recombinant HA-Nesp4 (personal communication, Kyle Roux). 

Other members of the mammalian nesprin family interact with cytoskeletal proteins; actin 

in the case of Nesp1 and Nesp2, and plectin in the case of Nesp3. However, with the exception 

of its single spectrin repeat, Nesp4 displays no obvious cytoskeletal binding features. To identify 

proteins that might interact with Nesp4 we adopted an approach based upon co-

immunoprecipitation. To circumvent problems associated with insolubility of full-length Nesp4 

we fused the coding sequence for the Nesp4 cytoplasmic domain to the 5’ end of the GFP coding 

sequence. The resultant fusion protein, Nesp4ΔKASH-GFP was expressed in HEK293 cells 

employing a retroviral vector. The fusion protein was subsequently recovered by 

immunoprecipitation using an anti-GFP antibody and the immunoprecipitates analysed by SDS 

polyacrylamide gel electrophoresis. In pilot experiments employing 35S-labeled cells, a faint 

band of ~120kD was consistently observed in GFP-Nesp4ΔKASH immunoprecipitates. This 

band was absent from control GFP immunopreciptates. These experiments were subsequently 

scaled up and the 120kD protein band excised from silver stained SDS polyacrylamide gels. 

Analysis by mass spectrometry revealed that the 120kD band contained Kif5B, the conventional 

kinesis 1 heavy chain. 

A parallel yeast two hybrid analysis employing part of the Nesp4 cytoplasmic domain as 

bait was carried out by Myriad Genetics Inc. This screen revealed kinesin light chains 1, 2 and 3 

as a possible Nesp4 binding partners. Taken together, the co-immunoprecipitation and two 

hybrid data strongly imply that Nesp4 is a kinesin binding protein. To confirm this we carried 
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out transient transfections of HeLa cells with two different Nesp4 cytoplasmic domain 

constructs. The first was Nesp4ΔKASH-GFP while the second contained an additional module 

consisting of glutathione-S-transferase (GST) located between GFP and the Nesp4 sequence 

(Nesp4ΔKASH-GST-GFP). In contrast to Nesp4ΔKASH-GFP, this second fusion protein is 

located exclusively within the cytoplasm. Presumably its additional bulk prevents nuclear entry. 

As before, GFP alone functioned as a negative control. Transfected cell extracts were processed 

for immunoprecipitation employing an anti-GFP antibody. Immunoprecipitates were fractionated 

by SDS-PAGE and then analyzed by western blot using an anti-Kif5B antibody. Figure 3-9 

clearly shows that kinesin heavy chain is found in a complex with the Nesp4 cytoplasmic 

domain. In all likelihood, complex formation is mediated by the kinesin light chains given the 

two-hybrid interaction. 

Can kinesin binding be linked to Nesp4 function in vivo? KASH domain proteins have 

well documented functions in nuclear positioning or anchoring. We speculate that Nesp4 could 

have a role in nuclear positioning in secretory epithelial cells. Epithelial cells typically contain 

bundles of non-centrosomal microtubules that extend from the apical to the basal surface and 

which are organized along the lateral membranes. These microtubule bundles are oriented with 

their plus ends directed towards the basal membrane. Recruitment of kinesin, a plus end directed 

motor protein, to the nuclear surface by Nesp4 would be predicted to cause the nucleus to move 

towards the base of the cell (Figure 3-16). 

While we do not at present have a suitable epithelial cell system in which to examine the 

function of Nesp4, we can employ non-polarized cells to determine how Nesp4 might affect the 

interaction of the nucleus with microtubules. When expressed in HSG cells, both HA-Nesp4 and 

GFP-Nesp4 usually display a uniform distribution about the nuclear surface (Figs. 3-2 and 3-



 

96 

4A). However, in a minority of cells, particularly those at the periphery of epithelial-like islands, 

HA- and GFP-tagged Nesp4 tends to accumulate at one pole of the nucleus (Fig. 3-10). This 

Nesp4 positive pole is invariably distal to the centrosome. Polarization of Nesp4 in this way is 

frequently accompanied by elongation of the nucleus and the adoption of a wrinkled appearance. 

These latter effects may be abrogated by brief treatment with nocodazole (Fig. 3-11).  

The appearance of polarized nuclei is far more prevalent in HeLa cells expressing HA- or 

GFP-tagged Nesp4. As was the case with the HSG cells, Nesp4 accumulated at a pole of the 

nucleus that is distal to the centrosomes (Fig 3-12A). Since microtubules are anchored at the 

centrosome by their minus ends, the polarization of Nesp4 could be explained by its kinesin 

mediated movement away from the centrosome. Sun proteins, the tethers for nesprins, are known 

to be relatively immobile. Consequently the polar distribution of Nesp4 would be relatively slow 

to dissipate upon treatment of the cells with nocodazole. Apparently, treatment of HeLa cells 

with nocodazole during transfection with HA- or GFP-Nesp4 prevents Nesp4 polarization from 

occuring (Kyle Roux, personal communication). If the nucleus is engaged with centrosome-

attached microtubules via Nesp4 and kinesin, a consequence of this should be separation of the 

nucleus from the centrosome (Figure 3-15). This in fact is what occurs (Fig. 3-12A). In non-

transfected HeLa cells or in HeLa cells expressing GFP-KASH4, the centrosome is located on 

average less than 2µm from the nuclear surface (Fig. 3-12B). In cells expressing Nesp4, the 

average separation is approximately 11µm. As shown in Figure 3-12B, centrosomes have been 

measured almost 50µm from the nucleus in the presence of Nesp4. Such a separation is never 

observed in control cells. 

Based upon the results in Figure 3-12, we would predict that Nesp4 should induce a similar 

relocalization of the Golgi apparatus, which is anchored at the centrosome. In nontransfected or 
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GFP-KASH4 transfected HeLa cells the Golgi apparatus resides immediately adjacent to the 

nucleus in association with the centrosomes (Fig. 3-13A). Expression of Nesp4 results in the 

movement of the Golgi apparatus away from the nucleus (Fig 3-13B). As is the case with the 

centrosome, separation of the Golgi apparatus and the nucleus may be on the order of 20-30µm 

or more. Indeed,we have observed Nesp4 expressing cells in which the Golgi apparatus is 

adjacent to the plasma membrane in cell processes or pseudopods (data not shown). Evidently 

expression of a single ONM protein, Nesp4, can induce a drastic change in the cytoplasmic 

organization of non-polarized cells. These effects would be consistent with major role for Nesp4 

in secretory epithelial morphogenesis.  

Note: I would like to acknowledge Kyle Roux, Ph.D who conducted many of the later 

experiments presented in this chapter pertaining to the Nesp4-kinesin I interaction and 

polarization of Nesp4 in HeLa cells. This work has helped to advance our understanding of 

Nesprin 4 function in the cell.    

Discussion 

Several proteins that localize to the ONM of the nuclear envelope have been identified, 

including the mammalian nesprin 1G, nesprin 2G and nesprin 3. We have now identified and 

characterized nesprin 4 (Nesp4) as the fourth member of the ONM-localized nesprin family of 

proteins. This 42kD protein has several structural features in common with nesprins 1-3, 

including a cytoplasmic domain containing a single spectrin repeat and a degenerate COOH-

terminal KASH motif. Nesprins 1-3 are all type II integral membrane proteins which contain a 

single transmembrane domain within the KASH sequence followed by a small luminal segment. 

We show here that the KASH domain is required to target exogenously expressed Nesp4 to the 

ONM. In all likelihood, Nesp4 adopts the same topology as other nesprins in which the short 

NH2-terminal KASH domain projects into the PNS.  
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The KASH domain has been shown to be necessary and sufficient for targeting nesprins 1-

3 to the ONM (Apel et al., 2000; Crisp et al., 2006; Ketema et al., 2007; Padmakumar et al., 

2004; Zhang et al., 2001; Zhen et al., 2002). The same appears to be true for Nesp4 as well. The 

Nesp4 KASH segment fused to GFP will localize appropriately to the NE. Conversely, Nesp4 

fragments lacking the KASH domain (Nesp4ΔKASH-GFP) no longer associate with the NE and 

become dispersed in the cytoplasm. Deletion of only the COOH-terminal luminal segment 

(Nesp4ΔLum-GFP) leads to the dispersal to what appears to be the peripheral ER.  This is likely 

the case because the transmembrane domain is still intact. 

Previously, we demonstrated that Nesp2G is tethered to the ONM through transluminal 

interactions between the KASH domain of Nesp2G and the SUN domains of INM proteins, Sun1 

and Sun2, as part of an assembly known as the LINC complex (Crisp et al., 2006). Nesprin 3 and 

the C.elegans KASH domain protein, Unc-83, have since been shown to localize to the ONM in 

a similar manner (Ketema et al., 2007; McGee et al., 2006). The exact mechanism whereby 

Nesp4 is tethered to the ONM is unknown, but preliminary data point to SUN domain proteins as 

a possible link. The expression of a dominant-negative form of Sun1, SS-HA-Sun1L-KDEL, 

leads to the displacement of GFP-KASH4 from the NE to the peripheral ER. However, the INM 

protein, Sun1, is not the primary determinant of Nesp4 localization. Our recent publication 

showed that the SUN domain proteins, Sun1 and Sun2 are spatially separated within the NE (Liu 

et al., 2007). Sun2 displays a roughly uniform distribution while Sun1 is concentrated at NPCs. 

We have observed that Nesp4 does not co-localize with NPCs, but instead assumes a distribution 

pattern more similar to that of Sun2 (Figure 3-14). This data, along with the necessity for the 

KASH domain in Nesp4 anchoring, lends weight toward the notion that Nesp4 is tethered in the 

ONM through similar mechanisms represented by the Nesp2G LINC complex. Further work, 
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including RNAi of the SUN proteins and co-immunoprecipitation assays will need to be done to 

properly assess Nesp4 tethering.  

We observed that both GFP-KASH2 and GFP-KASH4 displaces stably expressed HA-

Nesp4 from the NE. However, what struck us was that the GFP-KASH4 was far more efficient in 

doing so, sometimes resulting in the complete obliteration of the full-length Nesp4. One could 

speculate that the proper dimer-/oilgomerization of Nesp4 is required to create a stable tertiary 

structure or else the protein is marked for degradation. Oligomerization could potentially be 

achieved through the coiled-coil motif of the leucine zipper predicted to occupy the Nesp4 NH2-

terminus or via the membrane-spanning domain. It may be that oligomer formation is initially 

facilitated by the KASH domain and later stabilized through associations between Nesp4 

cytoplasmic domains. 

Nesprins are renowned for their role in nuclear positioning. Several lines of evidence point 

to a specialized positioning role for Nesp4 in epithelial cells. Our discovery that Nesp4 binds to 

the plus-end directed motor kinesin I (Kif5B), allows for the attachment of Nesp4 to 

microtubules. Given that microtubule plus ends typically terminate at the basal surface of 

epithelial cells, it is possible that kinesin I mediates the movement of the nucleus in this direction 

to achieve the typical cellular organization characteristic of epithelial cells, with the centrosome 

located between the nucleus and the apical membrane (Figure 3-16). One indication of this 

movement is that we are able to bring about an extensive separation of the both the centrosome 

and Golgi apparatus from the nucleus by introducing exogenous Nesp4 into fibroblasts. The 

effect is quite dramatic, with an average separation of 11μm.  Gomes et al. (2005) demonstrated 

that during centrosomal polarization in fibroblasts, the nucleus was repositioned while the 

centrosomes remained stationary. This mechanism may apply here as well. 
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In some fibroblasts transiently transfected with tagged Nesp4 constructs, Nesp4 

accumulates in one pole of the NE furthest from the centrosome. Apparently, treatment of cells 

with nocodazole during the transfection  process precludes Nesp4 polarization (Kyle Roux, 

personal communication), pointing to a role for microtubules in this phenomenon. In HSG cells 

that stably express Nesprin 4, Nesp4 itself becomes polarized in cells found at the periphery of 

HSG epithelial islands. This occurs after a few days in culture and is perhaps linked to 

morphological changes in the cells.  The polarization of Nesp4 appears to occur more frequently 

in HeLa cells as opposed to epithelial cultures. The ability of  exogenous Nesp4 to polarize in 

cell-types which normally do not express the protein is almost certainly related to kinesin 

binding properties of Nesp4. 

The lack of a direct epithelial system severely limits the extent of understanding Nesp4 in 

culture. Studies are currently underway employing Nesp4 knockout mice (Colin Stewart, 

personal communication). Comparative studies against wild type mice on the organismal, tissue 

and cellular levels may help us to gain tremendous insight into Nesp4 function. We predict that 

the secretory function in Nesp4 expressing tissues (mammary, salivary, bulbourethral and 

exocrine pancreas) may be hindered. Furthermore, following mammary gland development in 

theses mice during pregnancy could prove useful for understanding the role of Nesp4 in 

epithelial morphogenesis.   

Nesprin 4 appears to be functionally similar to other nesprins in that it localizes to the 

ONM and binds to the cytoskeleton. Unlike other nesprins, which are generally ubiquitous, 

Nesp4 is expressed only in epithelial cells. We have extracted strong clues as to how this protein 

functions uniquely in epithelial cells by observing the peculiar effects the exogenous protein 

exerts on cells that do not normally express Nesp4.  This suggests roles for Nesp4 in proper 
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positioning of the nucleus in epithelial cells and, through interactions with microtubules, may 

implicate Nesp4 in epithelial morphogenesis. More importantly, our findings emphasize the 

increasingly complex and specialized roles that are being attributed to nesprins and further 

highlights the NE, that was previously viewed as simply an architectural barrier for the nucleus, 

as an important multi-functional organelle within the cell. 

Materials and Methods  

Cell Culture and Transfections 

HeLa, HSG, and HEK293 cells were maintained in 6.0% CO2 and at 37oC in DMEM plus 

10% FBS, 10% penicillin/streptomycin and 2 mM L-glutamine. Cells were transfected with 

Lipofectamine 2000 as previously described for 6-well plates (Liu et al., 2007)  

HC-11 cells (a gift from Kermit Caraway, University of Miami) were grown in RPMI 1640 

medium containing 10% fetal bovine serum, 1X ITS media supplement (Sigma) containing 10 

µg/ml insulin, 10 ng/ml EGF, 2 mM L-glutamine and 10% penicillin/streptomycin.  To promote 

differentiation, the cells were grown to confluence and rendered competent for hormonal 

induction by cultivation in medium lacking insulin for 4 days after reaching confluency. 

Subsequently the cells were induced by incubation for 4 days in a medium containing 1 µM 

dexamethasone (Sigma), 10 µg/ml insulin, and 5 µg/ml prolactin (Sigma). Differentiation was 

monitored by following the formation of blister-like structures or "domes" that appear in 

confluent cultures. 

Generation of Stable Cell Lines 

Chosen cell lines (HSG or HEK293) were transfected with plasmids containing a 

neomycin resistance gene. Twenty-four hours post-transfection, these were selected with ~600 

μg/ml G418 Sulfate (Invitrogen). Growth medium was replaced with fresh medium containing 

G418 every 2 to 3 days to maintain the concentration of active G418. After 10 to 12 days of 
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G418 selection, individual surviving clones were isolated with cloning cylinders and expanded in 

six-well dishes and checked by fluorescence microscopy. If needed, the G418-resistant clones 

were subjected to another round of selection, in which clones that expressed moderate levels 

(resembling endogenous levels observed elsewhere) of the protein of interest were preferentially 

selected for further analysis. Stably transfected clones were maintained in medium containing 

600µg/ml G418. 

Histology 

Mice were sacrificed by CO2 overdose and rapidly dissected.  Extracted tissues were 

frozen in 2-methyl butane, and stored at -80 °C. Serial sections (~10μm) were cut through the 

tissues with a cryostat microtome. Slide mounted tissue sections were fixed with 3% PFA for 10 

minutes, washed with PBS and permeabilized for 10 minutes with 0.2% Triton X-100. The 

coverslips were then blocked in PBS containing 10% adult bovine serum for 30 minutes. The 

sections were then labeled with the appropriate primary and secondary antibodies diluted in 

blocking buffer for one hour each plus the DNA-specific Höchst dye 33258. The slides where 

then evaluated using a Zeiss confocal laser microscope.  

Antibodies 

 The following antibodies were used in this study: the monoclonal antibody against lamins 

A and C (XB10) has been described previously (Raharjo et al., 2001). The monoclonal mouse 

antibody 12CA5 against the HA epitope tag was obtained from Covance. A polyclonal rabbit 

antibody against the same epitope was obtained from AbCam. Rabbit antibodies against Sun 2 

were raised against GST fusion proteins as described by Hodzic et al. (2004). Mouse monoclonal 

anti-nup153 (clone SA1) used to detect NPCs was described previously (Pante et al., 1994; 

Bodoor et al., 1999). The mouse monoclonal antibody 53FC3 to mannosidase II (Burke et al. 

1982) was used to detect Golgi membranes. Both α- and λ-tubulin were obtained from AbCam. 
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Polyclonal antibodies against GFP and Kif5B and the monoclonal antibody to β-actin were also 

obtained from AbCam. Secondary antibodies conjugated with AlexaFluor dyes were obtained 

from Invitrogen. Peroxidase-conjugated secondary antibodies were obtained from Biosource 

International.  

A rabbit poloyclonal specific to GST-Nesp4(1-90) was raised against a Nesp4-GST fusion 

protein by Rockland Immunochemicals. Affinity purification was performed as described in 

Crisp et al. (2006). 

Immunofluorescence Microscopy 

Cells were grown on glass coverslips and fixed in 3% formaldehyde (prepared in PBS 

from PFA powder) for 10 min followed by a 5-min permeabilization with 0.2% Triton X-100. 

The cells were then labeled with the appropriate antibodies plus the DNA-specific Höchst dye 

33258. For experiments involving selective permeabilization, the cells were first fixed in 3% 

formaldehyde. This was followed by permeabilization in 0.003% digitonin in PBS on ice for 15 

min (Adam et al., 1990). The cells were then labeled with appropriate primary and secondary 

antibodies. Specimens were observed using a microscope (model DMRB; Leica) set to either 

phase contrast or fluorescence illumination. Images were collected using a CDC camera 

(CoolSNAP HQ; Photometrics) linked to a Macintosh G4 computer running IPLab Spectrum 

software (Scanalytics). For assessing detachment of the centrosome/Golgi apparatus, images of 

transfected cells were taken at 63X. The distance from the centrosome to the nearest point on the 

nucleus was measured using IPLab software calibrated to the 63X objective with a stage 

micrometer. Centrosomes that appeared to overlap with the nucleus were excluded for this 

analysis. 
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Immunoblots and Immunoprecipitations 

For immunoblots, cells were lysed with SDS sample buffer. Proteins were separated by 

SDS-PAGE and analyzed by Western blot as described in Liu et al., 2007. 

For immunoprecipitations, 10cm2 plate of HEK293 cells stably expressing either 

NespΔGFP or GFP alone were lysed in 1ml of buffer (50mM NaCl, 50mM Tris pH  7.4, 2.5mM 

MgCl2, 0.5% TX-100, 1mM DTT,  1:1000 CLAP and 1:200 PMSF) before being passed 10 

times through a 21-gauge needle and centrifuged 16000xG for 10 min at  4oC. The supernatants 

were rotated for 4 h at 4oC with protein A Sepharose beads coupled to rabbit anti-GFP. 

Following centrifugation (800xG) the beads were washed 3X with lysis buffer prior to 

suspension in SDS sample buffer for SDS-PAGE analysis (Liu et al., 2007). Bands unique to the 

NespΔKASH-GPF IP were excised and submitted to the University of Florida’s ICBR 

proteomics laboratory for mass spectrometry analysis. 

Plasmids 

A mouse nesprin 4 cDNA (clone ID 5036575) was obtained through the IMAGE 

Consortium. To generate nesprin4 tagged at the NH2 terminus with an HA epitope, nesprin 4 

cDNA flanked by 5’ XhoI and 3’ AflII restriction sites was amplified by PCR using primers 5’-

AATTCTCGAGCTGGTTCCACCTCTTGGCCG-3’ and 5’-GATGCTTAAGTCAGATTGG 

AGGGAGACCATTG-3’. The PCR product was digested with XhoI and AflII and inserted 

downstream of an HA tag sequence in the vector pCDNA3.1(-). This vector was prepared from 

pcDNA3.1(-) containing HA–lamin A (Raharjo et al.,2001) by digestion with Xho1 and Afl2. 

The resulting plasmid was pcDNA3.1(-)HA-Nesp4. 

The following GFP-tagged constructs were made using nesprin 4 cDNA as a template and 

primers were constructed to contain flanking restriction sites corresponding to sites indicated in 

javascript:popup('http://clones.invitrogen.com/details.php?id=5036575&cn=MGC+IRAV+Mouse&seqid=',%20'_ref');�
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the vector. To prepare EGFP-KASH4, the KASH domain of nesprin 4 using primers 5’-

TTGCTCGAGGGACCATGGTCCCAGCTCCTGCATCC-3’ and 5’-ATGGGATCCTCAGATT 

GGAGGGAGACCATTGAC-3’. This product was digested with BamHI and XhoI and ligated 

into expression vector pEGFP-C1 between BamHI and XhoI sites to yield pEGFP-KASH4. 

Nesp4ΔLum was PCR amplified using primers 5’-

AATTCTCGAGACCATGGCCCTGGTTCCACC-3’ and 5’-TAAAGCTTGGAGACC 

CCCGACAA-3’ and ligated into XhoI and HindIII sites of the EGFP-N1 vector to yield 

Nesp4ΔLum-GFP. EGFP-Nesp4 was made using primers 

5’AATTGCTCGAGTTCCACCTCTTGGCCG-3’ and 5’- GATGAAGCTTTCAGATTGGAG 

GGAGACCATTG-3’  and ligated into the XhoI and HindIII sites of the EGFP-C1 vector. 

Nesp4ΔKASH-EGFP was generated by PCR amplifying Nesp4ΔKASH from HA-Nesp4 

with primers 5’- AATTCTCGAGACCATGGCCCTGGTTCCACC-3’ and 5’-AATTGGATCC 

GCAGGAGCTGGGACCCC-3’ that incorporated flanking BamHI and XhoI restriction sites. 

The PCR product was digested and cloned into the XhoI and BamHI sites of Sun1N220-GFP 

(Liu et al., 2007). 

To generate Nesprin4-GST, Nesp4 flanked by 5’ BamHI and 3’ XhoI was amplified from 

Nesp4 cDNA using PCR primers 5’-TTCCGGATCCCCACCTCTTGGCCGTGAATTTCC-3 

and 5’-AATTCTCGAGTCAACTGTCCTGTTCAGCTTC-3’followed by ligation into the 

BamHI and XhoI sites of the PGEX 4-T3 vector.  

To make Nesprin4(1-90)-GST Nesp4 flanked by 5’ BamHI and 3’ XhoI was amplified 

from Nesp4 cDNA using PCR primers 5’- was generated by 5’-TTCCGGATCCCCACCTC 

TTGGCCGTGAATTTCC-3’ AND 5’-AATTCTCGAGTCAACTGTCCTGTTCAGCTTC-3’ 
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Nesp4-GST-GFP was made by amplifying GST from the PGEX 4-T4 vector using primers 

5’-ATTAGGATCCTATACTAGGTTAT-3’ and 5’-TTAAAACCGGTACCAGATCCGA-3’and 

ligating the product into the BamHI and AgeI sites of Nesp4ΔKASH-EGFP.  

GFP-KASH2 was a gift from Catherine Shanahan, University of Cambridge. 
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Figure 3-1. Nesprin 4 is a novel member of the nesprin family of KASH domain proteins. (A) A 

BLAST search against the KASH domain of nesprin 2 identified a novel 388 residue 
nesprin homolog, nesprin 4. (B) ClustalW alignment of the nesprin 4 C-terminus with 
the KASH domains of C.elegans ANC-1 and mammalian nesprin proteins 1-3 
generated a degenerate KASH domain. Hydropathy plots (not shown) predict a single 
hydrophobic region that corresponds to a traditional transmembrane domain 
contained within KASH motifs. (C) In addition to the C-terminal KASH domain, 
nesprin 4 features a single spectrin repeat and predicted leucine zipper in the N-
terminal domain.  
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Figure 3-2. Nesprin 4 is a nuclear envelope protein. Full length nesprin 4 with an N-terminal HA 

epitope tag localizes to the NE where it colocalizes with other NE proteins, Sun2 and 
Nup153. HA-Nesp4 was detected with a monoclonal mouse antibody (upper panel) or 
a polyclonal rabbit antibody (lower panel) to the HA epitope tag.   
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Figure 3-3. Nesprin 4 localizes to the outer nuclear membrane. HSG cells stably expressing HA-

nesprin 4 were processed for immunofluorescence microscopy by selective 
permeabilization of the plasma membrane  with .003% digitonin. Nesprin 4 was 
detected at the ONM by a polyclonal antibody raised against nesprin 4 or by an anti-
epitope tag antibody (not shown). Lamin A/C was not accessible to antibodies on the 
nucleoplasmic side of the nuclear envelope until the NE was completely 
permeabilized with Triton X-100. Actin served as a positive control in all cases.  
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Figure 3-4. The C-terminal KASH domain is sufficient to target Nesprin 4 to the nuclear 

envelope. Various nesprin 4 constructs fused to GFP were prepared and transfected 
into HeLa cells to determine the role of the KASH domain in nesprin 4 localization. 
(A) Full-length GFP-Nesp4, like HA-Nesp4, localizes to the NE. (B) Removal of the 
KASH domain (Nesp4ΔKASH-GFP) results in the diffuse dispersal of Nesp4 
throughout the cytoplasm. (C) Deletion of only the lumenal portion of the KASH 
domain, with the transmembrane region is retained (Nesp4ΔLum-GFP), results in the 
dual localization of Nesp4 at the NE and the peripherial ER. (D) The nesprin 4 KASH 
domain alone (GFP-KASH4) is targeted to the nuclear envelope in a manner 
comparable to that of full-length nesprin 4. 
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Figure 3-5. Nesprin 4 can be displaced by GFP-KASH2 but is preferentially eliminated by GFP-

KASH4. HSG cells stably expressing HA-Nesp 4 were transfected with GFP fusion 
proteins (green in merged images) consisting of the KASH domains of (A) nesprin 4 
(GFP-KASH4) or (B) nesprin 2 (GFP-KASH2). HA-Nesp 4 localization is detected 
by a monoclonal antibody to the HA epitope tag (red in merged images).  Nuclei are 
counterstained with a DNA-specific Höchst dye 33258. 
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Figure 3-6. A soluble form of the Sun1 lumenal domain causes a loss of GFP-KASH4 from the 

ONM. (A) A signal sequence (SS), HA tag, and KDEL motif were added to the NH2 
and COOH termini, respectively, of the Sun1 lumenal domain (SS–HA-Sun1L–
KDEL). (B) When introduced by transfection into HeLa cells, the SS–HA-Sun1L–
KDEL localizes both to the peripheral ER and to the PNS, which is revealed by 
immunolabeling with an anti-HA monoclonal antibody. Cells expressing SS–HA-
Sun1L–KDEL (red in merged images) exhibit a very obvious loss of GFP-KASH4 
(green in merged images) from the ONM.  
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Figure 3-7. Nesprin 4 is expressed in secretory epithelial cells. (A,B)An antibody directed to an 

N-terminal epitope of nesprin 4 recognizes the exogenous protein. (A) A 42 kD band 
corresponding to HA-Nesprin 4 is detected by the mouse anti-nesprin 4 antibody on a 
western blot from a HSG stable line. (B) HA-Nesprin 4 stably expressed in HSG 
labeled with DNA-specific Höchst dye 33258 (first panel), monoclonal antibody 
12CA5 against the HA epitope tag and anti-nesprin 4. (C) Cryosections from the 
indicated tissues of adult Balb/c mice were stained with mouse anti-nesprin 4 
antibody (panels on right) and counterstained with DNA-specific Höchst dye 33258 
(left column). Sections were imaged by confocal microscopy. (D) At least 17 
different tissues were tested for nesprin 4 expression.  
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Figure 3-8. Nesprin 4 expression is upregulated in HC11 cells when induced to differentiate. 
HC11 mammary epithelial cells differentiate in response to lactogenic hormones. 
Cells were fixed and stained with anti-nesprin 4 upon full confluency (left panel) in 
culture and at four days post induction (right panel).  
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Figure 3-9. Nesprin 4 interacts with kinesin I (Kif5B). HeLa cells transfected with 

Nesp4ΔKASH-GFP, Nesp4ΔKASH-GST-GFP, or GFP alone were lysed and 
immunoprecipitated with anti-GFP. Western Blot with anti-GFP indicates that the 
proteins were successfully expressed and retrieved from whole cell lysates (left 
panel). A 120 kD protein recognized by the anti-Kif5B antibody was found to 
coimmunoprecipitate with both Nesp4ΔKASH-GFP and Nesp4ΔKASH-GST-GFP 
(right panel), indicating that Nesp4 can be found in a complex with Kinesin I. GFP 
alone served as a negative control.  
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Figure 3-10. HA-Nesprin 4 adopts a polarized distribution in human salivary gland (HSG) cells. 
(A) Clustered growth of HSG cells stably expressing HA-nesprin 4 with polarization 
of HA-nesprin 4 in peripheral cells as detected by a monoclonal anti-nesprin 4 
antibody. Polarization is accompanied by membrane folding.  See inset for 20X view 
of HSG islands. (B) Immunofluorescence of polarized nesprin 4 with (B’) 
corresponding phase-contrast image. (B’’) Merged image shows relative position of 
nesprin 4 (red) within the cell.  
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Figure 3-11. Nuclear membrane folding that accompanies Nesprin 4 polarization can be 

abrogated by disrupting microtubules. HSG cells stably expressing Nesp4 were 
grown on coverslips for 2-3 days until Nesp4 was observed to polarize within the NE 
and the nuclear membranes took on a wrinkled appearance. At this point, the cells 
were treated with 3μ/ml nocodazole and processed for microscopy at the following 
time points: 0h, 2h, 3.5h, 4.5h, 6.5h, and 9h. All cells were stained antibodies to 
Nesp4 and α tubulin (not shown). Some representative time points are depicted 
above. After 9 hours of treatment, the folding phenotype was completely abolished in 
contrast to untreated cells, which experienced no change (first panel). Some nuclei 
still retained a polar distribution of Nesp4 at this point. 
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Figure 3-12. Nesprin 4 expression in HeLa cells detaches centrosomes from the nuclear 

envelope. (A) HeLa cells transfected with GFP-Nesp4 were labeled with an antibody 
to γ-tubulin to detect centrosome location (red in the merged images). Nuclei, 
pictured in blue, are counterstained with a DNA-specific Höchst dye 33258. A wide 
separation between the nucleus and centrosome is observed in these cells in contrast 
to the close association seen in non-transfected cells (nuclei without green labeling) 
(B) HeLa cells were transfected with GFP-Nesp4 or GFP-KASH4. Non-transfected 
cells served as a control. For each, distances between the centrosome and the closest 
point on the nucleus were measured for at least 45 cells. The top panel illustrates this 
separation (scale is in microns), for each cell measured (represented by a red dot). 
GFP-Nesp4 expression resulted in distances up to ~50μm with an average distance of 
11μm (lower panel). Introduction of GFP-KASH4, which lacks a cytoplasmic 
attachment site for kinesin I, had little effect on centrosome proximity to the nucleus. 
Mean distances for both GFP-KASH4 expressing cells and control cells were ~2μm.  
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Figure 3-13. Expression of Nesprin 4 in HeLa cells leads to significant mislocalization of the 

Golgi apparatus. (A,B) GFP-KASH4  or GFP-Nesp4 transfected HeLa cells were 
immunolabeled with monoclonal Golgi antibody, 53FC3 (red in merged images). 
Nuclei (blue in merged images), were counterstained with a DNA-specific Höchst 
dye 33258. (A) The Golgi apparatus is closely associated with the nucleus in both 
nontransfected cells (without green labeling) and GFP-KASH4 transfected HeLa cells 
(B) Expression of GFP-Nesp4 results in a considerable separation of the Golgi 
apparatus and nucleus, consistent with the effect on centrosome proximity. To 
illustrate this phenomenon, yellow arrows indicate the nucleus and corresponding 
Golgi apparatus in a cell transfected with GFP-Nesp4.  
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Figure 3-14. Nesprin 4 exhibits a distribution pattern within the NE similar to Sun2. (A,B) Sun1 

and Sun2 are segregated within the plane of the NE. Immunofluorescence microscopy 
of HeLa cells stably expressing mouse Sun1-GFP or human Sun2-GFP using anti-
NUP153 (SA1) and anti-SUN protein antibodies. (A) Images of the nuclear surface 
reveal Sun1-GFP colocalization with Nup153. (B) In contrast, the more diffuse Sun2-
GFP is found in NPC-free regions. (C) Immunofluorescence of cells stably expressing 
HA-Nesprin4 using anti-epitope tag and anti-nucleoporin (NUP153) antibodies 
reveals that HA-Nesp4, like Sun2, is found in NPC-free regions.  

 
 



 

121 

 
Figure 3-15. Model for nuclear-centrosome separation induced by Nesprin4 in HeLa cells. 

Nesprin 4 (pink) frequently becomes polarized within the NE and guides the nucleus 
(blue) to the plus-ends of centrosomal microtubules (green) through its association 
with kinesin I (Kif5B). 
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Figure 3-16. Model for nuclear positioning in epithelial cells. Nesprin 4 (pink) expression in 
epithelial cells allows for the association of the nucleus (blue) with lateral 
microtubules (light green) through an interaction with kinesin I (Kif5B). Kinesin I 
walks toward the plus-ends of the microtubules, pulling the nucleus to the epithelial 
basal domain.   
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CHAPTER 4 
CONCLUSION 

Overview of Findings 

Within the past decade, the discovery of KASH domain proteins in multiple species has 

generated a great deal of research pertaining to the mechanisms by which membrane-bound 

organelles are linked to cytoskeletal components. At the time these studies began, only two 

mammalian KASH domain proteins, Nesp1G and Nesp2G were known to associate with both the 

actin cytoskeleton and the nuclear periphery (Padmakumar et al., 2004; Zhen et al., 2002). More 

recently a third KASH domain protein, nesprin 3, was found to link the nucleus to the 

intermediate filaments through interactions with plectin (Wilhelmsen et al., 2005). The 

attachment of KASH domain proteins to cytoskeletal structures have implicated them in an array 

of functions related to nuclear anchoring and positioning.  

The finding that Nesp2G distinguished the ONM from the ER, unlike other proteins 

detected in the ONM, raised the question of a unique tethering mechanism for nesprins. NPCs 

were quickly ruled out as anchors due to lack of colocalization. However, clues provided by 

homologous systems led us to propose a tethering mechanism for mammalian nesprins (Lee et 

al., 2002; Starr and Han, 2003).  

The data presented in this thesis represents two major contributions to our understanding of 

nesprin tethering and function.  

The LINC Complex Provides a Mechanism for Nucleo-cytoplasmic Communication 

First, this work has resulted a working model, named the LINC (linker of nucleoskeleton 

and cytoskeleton) complex, which provides a mechanism for mechanical coupling between the 

nucleus and cytoplasm. The LINC complex is a molecular chain that forms when actin-

associated Nesp2G forms links across the PNS by virtue of interactions between the nesprin 
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KASH domain and the lumenal SUN domains of Sun1 and Sun2 at the INM. SUN domain 

proteins, in turn, interact with the nuclear lamina completing the nucleo-cytoplasmic connection 

(Lee et al., 2002; Starr and Han, 2003). Our data confirmed the KASH-SUN interaction 

originally proposed for related proteins in a C.elegans model (Lee et al., 2002; Starr and Han, 

2003). At the same time this work was published, Padmakumar et al. (2005) released a paper that 

reached the same conclusions involving Sun1, thus validating this work. Later manuscripts 

revealed that similar mechanisms are utilized in tethering other KASH domain proteins to the 

NE, including C.elegans Unc-83 and a recently identified mammalian protein, nesprin 3 (Ketema 

et al., 2007; McGee et al., 2006). Due to the high conservation among KASH and SUN 

sequences, it is possible that the LINC complex provides a general model that applies to all 

KASH domain proteins on the ONM.  

Nesprin 4 Positions the Nucleus in Polarized Epithelial Cells 

Second, this work has extended the nesprin family of proteins to include nesprin 4 

(Nesp4), a KASH containing protein that is found exclusively in secretory (exocrine) epithelial 

cells and which is upregulated in differentiating mammary epithelial cells. Polarized epithelial 

cells have a specific internal organization. The nucleus is positioned near the basal domain while 

the centrosome lies between the nucleus and Golgi apparatus. The positioning of the Golgi 

apparatus might facilitate the effective delivery of secretory proteins to the apical surface. 

Microtubules typically align along the apico-basolateral axis with plus ends oriented toward the 

basal surface. We have observed a polarized distribution of exogenous Nesp4 in fibroblasts that 

coincides with a dramatic separation of the centrosome and Golgi apparatus from the nucleus. 

We have also shown that Nesp4 binds to the plus-end directed microtubule motor, kinesin I 

(Kif5B). Taken together, these data have led us to suggest a mechanism for nuclear positioning 

in polarized epithelial cells by which Nesp4 directs the nucleus to the plus ends of microtubules 
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in a kinesin I –dependent fashion. Thus, it appears that Nesp4 appears plays a role in the 

maintenance of nuclear positioning relative to the centrosome. 

Significance 

The LINC Complex and Mechanotransduction 

As discussed earlier (chapter 1), mechanical coupling between the nucleus and the 

cytoplasm has been documented in many studies. Maniotis et al. (1997) first demonstrated this 

by showing that the micromanipulation of integrins at the plasma membrane engaged 

cytoskeletal filaments in transmitting force to the nucleus. Broers and Lammerding went on to 

show that the integrity of this system is disrupted in Lmna-/- cells (Broers et al., 2004; 

Lammerding et al., 2004). Not only are cytoskeletal rigidity and nuclear integrity impacted in 

these cells, but the transcription of mechanosensitive genes is impaired as well. The LINC 

complex may explain theses observations by integrating the nucleus into a continuous protein 

matrix that extends from the cell surface to the nuclear interior via cytoskeletal components. 

Such a complex would serve several purposes.  It would first allow for a direct signaling 

mechanism to the nuclear interior, which would facilitate rapid gene transcription and regulation. 

For example, re-positioning of the nucleus may occur in response to extracellular or cell surface 

events, such as the establishment of focal adhesions in a migrating cell. My prediction is that 

nuclear positioning is much more highly regulated than what current data reveals. Additionally, 

it also provides a solid anchor at the nuclear envelope that can withstand exterior forces when the 

nucleus must be repositioned inside the cell. It likely stabilizes the regular spacing between the 

INM and ONM and preserves the NE in such cases. In support of this, our work showed that 

breakage of the SUN-KASH interaction resulted in a dramatic dilation of the ONM (Crisp et al., 

2006). Also, in accordance with the Lmna-/- experiments described above, the LINC complex 

likely plays an essential role in allowing the cell as a whole to cope with stress. If this were the 
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case, disruption of key interactions anywhere along the LINC assembly would result in the same 

stress-induced cytoskeletal instability observed in Lmna-/- fibroblasts. Possibly, the reverse may 

be true if a cytoskeletal break increases nuclear fragility. However, this notion must be tested. In 

all likelihood, studies testing the effects of nesprin deficiency or disruption of the KASH-SUN 

linkage are currently underway.  

Laminopathies and the LINC Complex 

The LINC complex may provide some insight to understanding the peculiar pleiotropy of 

the LMNA gene. Over a dozen different laminopathies arise from defects in the LMNA gene 

alone. In all likelihood, what we are observing is the downstream effects of LMNA mutations on 

associated partners. Defects in both A-type lamins and emerin lead to emery-dreifuss muscular 

dystrophy (EDMD). Interestingly, nesprins 1 and 2, which are predominant in cardiac and 

skeletal muscle, have also been linked to EDMD pathology (Zhang et al., 2007). Additionally, 

knockdown of nesprins in normal fibroblasts can recapitulate the EDMD phenotype on a 

subcellular level (refer to chapter 1). The giant nesprins, which contain numerous spectrin 

repeats, are well equipped to withstand the extensive mechanical stress experienced by 

contracting muscles. Thus, a disruption in Nesp1G or Nesp2G may weaken the overall 

cytoskeletal structure and help to explain the muscle deterioration observed in EDMD patients. 

The interconnected nature of NE proteins represented by the LINC complex may tell us that 

mutations in the LMNA gene may not only affect the A-type lamins but may result in the 

disruption of other partner proteins or regulatory molecules, as of yet unknown, that may act on 

LINC complex proteins.  Additionally, signal transmission through the LINC complex may be 

hampered if any components are affected. The downstream effect, manifested as a laminopathy, 

may depend on the particular functions of proteins within this complex. As we now know, 
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nesprins assume many roles through their interactions with an increasing repertoire of 

cytoplasmic partners.  

The LINC and Regulation 

The LINC complex gives us a general model with which to build on. The extent and nature 

of the interactions within the LINC complex remain to be elucidated and very likely involve 

other regulatory components. A recent report presented data that shows that the AAA+ ATPase, 

Torsin A, functions with LAP1 to maintain Nesp2G in the NE of fibroblasts (Luxton et al., 

2007). Loss of Torsin A results in impeded cell migration, nuclear movement and centrosome 

polarization (Luxton et al., 2007). Additionally, Torsin A was also reported to bind to Nesp3 

(Nery et al., 2007). As a soluble protein, Torsin A could act as an intermediate protein within the 

PNS that regulates SUN-KASH interactions. 

As the field uncovers more potential binding partners for LINC complex constituents, we 

are developing a more complex view of mechanical coupling and discovering added layers of 

regulation, such as with Torsin A. This may help to explain specialized nesprins or nesprins with 

multiple functions and help to elucidate the diverse phenotypes observed for laminopathies.  

Specialization of Nesprins  

The discovery of multiple splice isoforms of nesprins 1 and 2 suggests that different 

species are specialized for discreet functions. This notion has been reinforced by the isolation of 

Nesp3, which forms connections to the intermediate filament system, and now Nesp4, which 

provides links to microtubules. Nesp4 is the first mammalian nesprin shown to interact 

exclusively with a motor protein, although kinesin binding had been reported for Nesp2G (Fan 

and Beck, 2004). It is yet to be determined how interactions between kinesin and Nesp4 are 

regulated. There is the issue that some microtubules are in fact oriented with their plus ends at 

the apical domain in polarized epithelial cells.   
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One could also argue that nesprin structure plays an important role in function as well. For 

example, the largest nesprins, Nesp1G and Nesp2G contain actin-binding domains. Zhen et al. 

(2002) created a chimera by deleting the large central region of Nesp2G between the actin-

binding domain (ABD) and the KASH motif.  Transfection of this construct into cells resulted in 

the ectopic recruitment of actin to the nuclear membrane, suggesting that there is a selective 

advantage in spatially separating the ABD from the nuclear surface (Starr and Han, 2003). The 

backbone of Nesp1G and Nesp2G also accommodates a large number of spectrin repeats. Given 

that spectrins are known to confer elasticity to a protein, the large size of the nesprins may also 

allow for flexibility. How this relates to function remains to be seen. In the same vein, the small 

size of Nesp4 may limit its flexibility. This would be a sensible characteristic, as a more rigid 

linkage could potentially facilitate movement of the nucleus with motor proteins. Thus, it could 

be presumed that nesprin structure is also tailored to meet the needs of a cell-type specific 

function. 

Unique Qualities of Nesprin 4 

Certain global aspects of mammalian nesprins pertaining to general structure, anchorage, 

topology and localization have been described. Functionally, nesprins are known for their role in 

nuclear positioning. However, it appears that Nesp4 employs a distinct mechanism for nuclear  

positioning in epithelial cells. Also, the extent to which Nesp4 perturbs the separation of the 

nucleus and centrosome has never been demonstrated before. Given what is known about nuclear 

position relative to the centrosome and Golgi apparatus in epithelial cells, we could predict that 

Nesp4 plays a role in epithelial morphogenesis.  

The identification of nesprins has completely changed our view of the nuclear envelope. 

Not only is it involved in organizing and maintaining nuclear architecture but it has become clear 

that it is important in cytoplasmic organization as well. In particular, the interaction between the 
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SUN and KASH domains within the LINC complex appears to be critical to achieving those 

functions and represents an evolutionarily conserved strategy shared among multiple species. 

Future Directions 

Mechanical Coupling of the Nucleus and Cytoplasm 

Several approaches will need to be taken to fully understand the nucleo-cytoplasmic 

connection at the NE. First determine the complexity of the LINC complex. A prerequisite to 

understanding the function of a protein is to specify and characterize its interactions. This could 

serve several purposes:  

Identification of nesprin and SUN binding partners will help to uncover possible 

mechanisms of regulation. In the case of nesprins that have the capacity to bind to multiple 

cytoskeletal components this could expose spatial and temporal cues that may direct the function 

of a nesprin protein toward a particular function. For example, Nesp2G is now known to bind 

both to actin and kinesn I (M. Schneider et al., 2007; Zhen et al., 2002). This may imply that 

Nesp2G may require a regulatory switch to shift between mechanical signaling and nuclear 

positioning functions.  

Given that there are other nesprin isoforms and KASH domain proteins that associate with 

other organelles, such as the Golgi, centrosome or mitochondria (Gough et al., 2003; Hedgecock 

and Thomson, 1982; Malone et al., 2003), defining a specific sequence that targets ONM-

localized nesprins to the NE would be useful in predicting the localizations of as yet 

uncharacterized nesprins.  

Our work has shown that SUN domain proteins are involved in the localization of Nesp2G 

and possibly Nesp4 to the ONM. It would be interesting to determine if all nesprins do indeed 

share a common tethering mechanism. Although recent studies consistently define SUN domain 
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proteins as nesprin tethers, the extent of those interactions and involvement of other minor 

players has not been determined.  

 Studies that perturb nesprin and SUN proteins both in vitro and in vivo would give us 

more insight into their function. To confirm those findings, it would be useful to reintroduce wild 

type genes into cells to determine if the phenotype cause by those perturbations can be rescued. 

Given that nesprin genes encode a large number of isoforms, experiments that target only the 

giant nesprins, for example, would require careful design if indeed they are even feasible.  

Another useful goal for the field in general would be to determine the role of nesprins and 

SUNS in disease pathology. One way to approach this would be to perform mutation screening 

of patients with known laminopathy syndromes. Alternatively, one could observe effects on 

nesprins, or other LINC complex constituents in mouse models bred to replicate theses diseases.    

Nesprin 4  

Nesprin 4 has proven to be a surprising and very interesting discovery and opens a door to 

understanding the broad scope of functions nesprins play in the cell. Overall, it seems that the 

functions of nesprins stem from the fundamental and necessary positioning of the nucleus in 

multiple cell and tissue contexts. We want to understand more clearly what makes this event 

unique to epithelial cells and how it actually takes place.  

Our work in fibroblasts has given us many clues about nesprin 4. However, since it is 

found only in epithelial cells in situ, this gives us only an indirect look at Nesp4 function. 

Unfortunately, an appropriate epithelial cell system does not currently exist.  

Many approaches can be taken to circumvent this problem. First of all, we plan to explore 

the physiological significance of Nesp4 by making use of Nesp4 null mice that have recently 

been bred. Homozygotes from this line are viable and show no overt pathology (Colin Stewart, 

personal communication). However, studies of comparative histology of mice with and without 
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Nesp4 have yet to be performed. Given that we have found Nesp4 expression only in pancreas, 

salivary, bulbourethral and mammary glands of mice, we would suspect that changes in these 

tissues might be apparent. Perhaps reduced enzymatic secretion may be detected in the pancreas 

and mouth or pregnant females may produce less milk.  

A very useful application offered here is to explore the possible role of Nesp4 in epithelial 

morphogenesis, and mammary morphogenesis in particular. Some preliminary data has indicated 

that Nesp4 may be upregulated at the onset of pregnancy in mice. Thus, the progression of 

mammary development, including normal milk production, could be assessed for normal and 

Nesp4 null mice.  

In all cases we would observe the Nesp4 function at cell and tissue levels. If cells are 

properly polarized within a tissue with no adverse effects on cytoskeletal arrangements, Nesp4 

may only be responsible for movement of the nucleus and may not be responsible for inducing 

global changes as epithelial cells differentiate and polarize. 

Our suspicion is that Nesp4 does play an important role in the induction of cellular changes 

associated with cell polarization. We observed the asymmetric distribution of Nesp4 in the NE in 

fibroblasts after transient transfected with HA-Nesp4. Likewise, human salivary gland (HSG) 

cells stably expressing HA-Nesp4 exhibit a similar polarized phenotype in cells located at the 

periphery of HSG “islands” which form after a few days in culture. The best approach would be 

to observe cells stably expressing a GFP-tagged Nesp4 construct or cells transiently transfected 

with GFP-Nesp4 in real-time. This would allow us to determine the course of nuclear movement 

as cells polarize. RFP labeling of other components, such as tubulin, could give us an indication 

as to the effects of Nesp4 expression on cytoskeletal organization, for example.  
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 We have traditionally viewed the nuclear envelope simply as a container for the genome. 

This view is slowly being changed, as the appearance of the nesprins has revealed that NE 

function is far more complicated than originally thought. Nesprins may enable the NE to serve as 

a conduit for the transmission of mechanical signals, a stabilizer of cellular integrity and a dock 

for cytoplasmic components that determine the position of the organelles within the cell. Besides 

the nesprins, only a dozen or so INM proteins have been characterized and only recently have we 

seen that some may serve more functions beyond architectural scaffolding. Given that at least 60, 

mostly uncharacterized, integral membrane proteins are now known to reside in the NE, it is 

clear that we are only starting to scratch the surface in understanding the complexity of the NE. It 

seems we have our work cut out for us for many years to come. 
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