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Background
Eukaryotic cells can be roughly divided into two compartments: the nucleus and the 
cytoplasm. Whereas the nucleus contains the DNA and therefore harbors the blueprint for 
tissue development, cellular integrity and a stable organ structure are not possible without 
one of the main components of the cytoplasm, i.e. the cytoskeleton. The cytoskeleton 
consists of actin filaments, intermediate filaments and microtubules. These three types of 
filaments cooperate to provide shape and structure to cells. In addition, actin filaments 
and microtubules have important functions in cell movement and intracellular transport, 
respectively.

The nucleus is surrounded by the nuclear envelope (NE). This double-layered 
membrane consists of an outer nuclear membrane (ONM) facing the cytoplasm and 
an inner nuclear membrane (INM) facing the nucleoplasm. Situated between these 
membranes is the perinuclear space, a lumen that is continuous with the cisternal space 
of the rough endoplasmic reticulum. Like the cytoplasm, also the nucleus is strengthened 
by a nucleoskeleton. One of the main determinants of the shape and structure of the 
nucleus is the nuclear lamina. This meshwork of lamin intermediate filaments underlies 
the INM and functions as a scaffold for transmembrane and chromatin binding proteins 
(Gruenbaum et al., 2005).

Although the nucleus and the cytoplasm are separate entities within the cell, they 
are actually the subjects of extensive cross-talk. Communication between these two 
compartments primarily takes place through nuclear pore complexes (NPC). These 
macromolecular protein assemblies form aqueous channels that span the NE at sites where 
the ONM and INM are fused (D’Angelo and Hetzer, 2008; Vasu and Forbes, 2001). Whereas 
ions and small metabolites can passively diffuse through the NPCs, larger molecules can 
only pass the NE via active transport mechanisms (Cook et al., 2007; Görlich and Mattaj, 
1996). As a consequence, the NE is an important regulator for the export of RNA from the 
nucleus and the import of proteins into the nucleus.

Besides the above-described chemical method of communication, the nucleus can 
also interact with the cytoplasm by more structural means. In fact, it has already been 
demonstrated in the early 1980s that intermediate filaments can associate with the 
nucleus (Capco et al., 1982; Lehto et al., 1978; Staufenbiel and Deppert, 1982; Woodcock, 
1980). This nuclear-cytoskeletal connection forms the basis of a filamentous protein 
scaffold that extends from the nuclear interior to cell-cell and cell-matrix junctions at the 
plasma membrane (Fey et al., 1984). Moreover, the functional significance of this protein 
scaffold was demonstrated several years later, when Maniotis and coworkers showed that 
forces applied to the cell surface could induce nuclear deformation (Maniotis et al., 1997).

Integrins and dystroglycan were well known at that time for their ability to connect 
the extracellular matrix to the cytoskeleton (Geiger et al., 2001; Michele and Campbell, 
2003). In contrast, the proteins responsible for the association of the cytoskeleton with 
the nuclear interior remained to be identified. As vertebrate NPCs can bind to B-type 
lamins and are anchored in the NE by their interaction with the nuclear lamina (Hutchison, 
2002), they have previously been suggested to contribute to the connection between 
the nucleus and the cytoskeleton (Ingber, 2006). However, extensive research in the past 
decade has identified a novel protein complex, the LINC complex, that establishes the 
LInk between the Nucleoskeleton and the Cytoskeleton (Crisp et al., 2006).
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LINC complexes consist of two main components: SUN proteins present in the INM 
and Klarsicht/ANC-1/Syne homology (KASH) domain-containing proteins located in the 
ONM. By interacting with each other in the perinuclear space, the proteins of these two 
families can bridge the NE (Razafsky and Hodzic, 2009; Starr and Fridolfsson, 2010). SUN 
proteins extend their N-termini into the nucleoplasm, where they can interact with both 
nuclear lamins and chromosomes (Crisp et al., 2006; Ding et al., 2007; Haque et al., 2006; 
Schmitt et al., 2007). KASH domain-containing proteins, in turn, have their N-termini in 
the cytoplasm and can bind either directly or indirectly to different components of the 
cytoskeleton (Padmakumar et al., 2004; Roux et al., 2009; Wilhelmsen et al., 2005; Zhen et 
al., 2002). Thus, based on their localization and binding partners, SUN and KASH domain-
containing proteins form the major complex that connects the nuclear interior to the 
cytoskeleton.

The role of LINC complexes is further exemplified by a number of in vitro studies in 
which a general disruption of the LINC complex appeared to be associated with a decrease 
in cytoskeletal stiffness and a reduction in the transfer of forces from the cytoskeleton to 
the nucleus (Lombardi et al., 2011; Stewart-Hutchinson et al., 2008). Furthermore, loss-
of-function studies in animal models have illustrated the importance of LINC complexes 
in a wide range of cellular activities, such as anchorage of muscle nuclei underneath the 
neuromuscular junction (Puckelwartz et al., 2009; Zhang et al., 2010; Zhang et al., 2007) 
and migration of nuclei during development of the brain and retina (Yu et al., 2011; 
Zhang et al., 2009). The specific KASH domain-containing proteins involved in these latter 
studies are well described. However, as the function of other family members remains to 
be determined, future research is required to extend our knowledge of the LINC complex. 
To make a contribution to this work, we initiated the studies described in this thesis.

Outline of the thesis
In chapter 1, a broad overview is provided on the initial identification of KASH domain-
containing proteins. Members of this protein family were first described in Caenorhabditis 
elegans and Drosophila melanogaster, and are required for both nuclear migration and 
anchorage. The vertebrate counterparts of the KASH domain-containing proteins are the 
nesprins (nuclear envelope spectrin repeat). To date, four nesprin family members have 
been described in the literature; three of which are discussed as part of this chapter.

One of the nesprins, nesprin-3, forms the main focus of this thesis. Nesprin-3α was 
initially identified as a binding partner of the cytoskeletal cross-linker protein plectin. 
Moreover, these two proteins are suggested to link the NE to the intermediate filament 
cytoskeleton (Wilhelmsen et al., 2005). The aim of our current studies was to gain insight 
into the function of nesprin-3 and to investigate its interactions with newly identified and 
established binding partners.

As described in chapter 2, we started our studies by determining how nesprin-3 is 
localized at the ONM. By utilizing siRNA-mediated knockdown and a KASH domain mutant 
of nesprin-3, we demonstrate that nesprin-3 is retained at the NE by interactions with both 
SUN1 and SUN2. Additionally, we provide evidence for a self-association of nesprin-3 and 
propose a model in which plectin dimers are recruited to the NE by dimers of nesprin-3α, 
thereby establishing the link between the nucleus and the intermediate filament system.
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We continued our studies in chapter 3 by investigating the function of nesprin-3 in 
zebrafish. Nesprin-3-deficient zebrafish were isolated from an ENU-mutagenized zebrafish 
library. In line with our model, we observed a dissociation of intermediate filaments from 
the NE in these zebrafish. However, loss of nesprin-3 did not result in gross abnormalities, 
which suggests that nesprin-3 is dispensable for zebrafish development. Notably, the 
identification of zebrafish nesprin-3β allowed us to detect two residues in nesprin-3α that 
are crucial for plectin binding. Similar mutagenesis studies for plectin indicate that the 
binding sites for nesprin-3α and the integrin β4 subunit partially overlap.

In chapter 4, an extensive overview is given of the expression pattern and binding 
partners of nesprin-3. More importantly, we speculate about the function of nesprin-3 
and point out the deficits in our current knowledge.

One of these deficits was further investigated in chapter 5. We analyzed the distribution 
pattern of nesprin-3 in mouse tissues and describe the generation of nesprin-3 knockout 
mice. Furthermore, we investigated the function of nesprin-3 at the cellular level. These 
studies demonstrate that nesprin-3 is strongly expressed in Sertoli cell of the testis and 
that nesprin-3 is required for the recruitment of both plectin and vimentin to the NE. 
However, as testicular morphology and tissue integrity in general were not affected in 
the nesprin-3 knockout mice, we conclude that nesprin-3 is dispensable under normal 
conditions in vivo.

The research described in this thesis is then summarized in chapter 6. We discuss 
the results and place them in a broader perspective by relating them to recent findings 
described in the literature.
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Summary
The nucleus in eukaryotic cells can move within the cytoplasm, and its position is crucial 
for many cellular events, including migration and differentiation. Nuclear anchorage 
and movement can be achieved through association of outer nuclear membrane (ONM) 
proteins with the three cytoskeletal systems. Two decades ago studies described C. 
elegans mutants with defects in such events, but only recently has it been shown that 
the strategies for nuclear positioning are indeed conserved in C. elegans, Drosophila, 
mammals and potentially all eukaryotes. The integral ONM proteins implicated in these 
processes thus far all contain a conserved Klarsicht/ANC-1/Syne homology (KASH) domain 
at their C-terminus that can associate with Sad1p/UNC-84 (SUN)-domain proteins of the 
inner nuclear membrane within the periplasmic space of the nuclear envelope (NE). The 
complex thus formed is responsible not only for association with cytoplasmic elements 
but also for the integrity of the NE itself.

Introduction
The contents of the nucleus are enclosed by two lipid bilayers, the inner (INM) and the 
outer (ONM) nuclear membrane, which together form the nuclear envelope (NE). The INM 
and the ONM fuse at the nuclear pore complexes (NPCs), and the lumen region between 
these membranes is called the periplasmic (or perinuclear) space (PS) (Gerace and Burke, 
1988). Beneath the INM is the nuclear lamina, a web of intermediate filament (IF) proteins 
composed of A- and B-type lamins. These proteins give shape and stability to the NE, in 
addition to associating with proteins bound to chromatin (Gruenbaum et al., 2005). The 
ONM, by contrast, is continuous with the endoplasmic reticulum (ER) and, in fact, these 
two structures share a set of proteins as well as ribosomes (Gerace and Burke, 1988).

The nucleus and other organelles can move within the cytoplasm. The position of the 
nucleus is important for processes such as mitosis, meiosis, cell migration and polarization, 
and nuclear positioning occurs in the cells of most eukaryotes (Morris, 2000). Interactions 
with the three cytoskeletal filament systems [i.e. F-actin, IFs and microtubules (MTs)] 
anchor the nucleus or allow it to move in the cytoplasm. The different filament systems, 
in turn, are connected to each other through members of the plakin family of cytoskeletal 
cross-linkers (Fuchs and Karakesisoglou, 2001; Leung et al., 2002). Although defects 
in nuclear positioning have been observed for a relatively long time, the mechanisms 
responsible are only now becoming evident.

Nuclear positioning in Caenorhabditis elegans
Nuclear migration and anchorage were initially studied in C. elegans. The positions 
of the nuclei within the developing embryo can be mapped in great detail because C. 
elegans has a transparent body (Sulston and Horvitz, 1977; Sulston et al., 1983). Nuclear 
migration has been extensively studied in hyp7-precursor and P-cells within the embryo 
and larvae, respectively. Prior to the cell fusion events that form the large, multi-nucleated 
hypodermal syncytium (the hyp7 syncytium), the hyp7 precursor cells go through a series 
of elongation and nuclear migration events, whereby the nuclei move past the dorsal 
midline to the opposing lateral side (Sulston et al., 1983; Williams-Masson et al., 1998). 
Similarly, the P cells, which ultimately develop into motor neurons and epithelial cells, 
have nuclei that migrate from the lateral sides of the newly hatched larva to form a single 
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row in the ventral cord (Sulston, 1976; Sulston and Horvitz, 1977).
The first worm strains shown to have defects in nuclear migration and anchorage in 

these two cell types, which result in uncoordinated movement, were unc-83 and unc-84 
(Horvitz and Sulston, 1980; Malone et al., 1999; Sulston and Horvitz, 1981). The unc-83, 
and some unc-84, worms also display defective nuclear migration in cells of the intestinal 
primordium (Starr et al., 2001). In the majority of the unc-84 mutants, the nuclei move 
slowly and do not migrate past the dorsal midline in the hyp7 precursor cells and float 
freely within the hyp7 syncytium. However, some unc-84 worms only display the migratory 
defects. In P cells, the nuclei fail to migrate to the ventral cord and the cells ultimately 
apoptose (Malone et al., 1999). The unc-83 worms have the same phenotype, except that 

Figure 1. Phenotypes of the C. elegans mutants anc-1, unc-83, unc-84 and zyg-12. (A) In C. elegans, hyp7 
precursor cells go through a series of elongation and alternating intercalation events on the dorsal side of the 
developing embryo. In the wild-type embryo, the nuclei (grey and black circles) then move to the opposite side 
of the embryo (S3). After fusion of the hyp7 precursors into the large multi-nucleated hyp7 syncytium, the nuclei 
are evenly anchored near the dorsal midline (DM) (S4). Unc-83 and some unc-84 mutant alleles result in failure of 
the nuclei to migrate past the DM (S3); these are therefore mispositioned in the syncytium, although they appear 
to be anchored (S4). In the anc-1 worms, the nuclei migrate normally (S3) but are unanchored and typically 
form clumps in the syncytium (S4). The majority of the unc-84 mutant alleles, and all the unc-83 anc-1 double 
mutants, result in incorrect positioning and anchorage of the nuclei in the syncytium (S4). For simplicity, only a 
few of the hyp7 precursor cells are depicted. (B). In the single-celled embryo of C. elegans, MTs associated with 
the two centrosomes pull the two pronuclei (black ovals) together; these then fuse and the nuclear envelope 
breaks down. At the start of the first mitosis, MTs associated with the centrosomes pull the paired chromosomes 
apart. In the zyg-12 worms, the centrosomes are detached from the pronuclei. As a result, the nuclei are not 
pulled together and do not fuse properly. The nuclear envelopes still break down and the chromosomes from 
each pronucleus still associate with MTs. Cytokinesis occurs but results in daughter cells that contain abnormal 
numbers of chromosomes.



20

chapter 1

chapter 1 | nuclear migration and anchorage 

the nuclei have never been observed to float freely within the cytoplasm of the hyp7 
syncytium (Starr et al., 2001) (Fig. 1A).

The unc-83 and unc-84 genes encode an ONM protein, UNC-83, and an INM protein, 
UNC-84, respectively. UNC-83 has a conserved C-terminal Klarsicht/ANC-1/Syne homology 
(KASH) domain, which contains a transmembrane region and residues that lie within the 
PS, and a cytoplasmic N-terminus that does not show sequence similarity to any known 
protein (McGee et al., 2006). UNC-84 contains several potential transmembrane domains 
and a C-terminal region that is homologous to the yeast protein Sad1p and, accordingly, 
is called the Sad1p/UNC-84 (SUN) domain (Malone et al., 1999; McGee et al., 2006). The 
localization of UNC-84 to the INM is not dependent upon its SUN domain but rather on 
the presence of nuclear lamins, which probably interact with its N-terminus (Lee et al., 
2002). Deletion of UNC-84, mutations in the UNC-84 SUN domain or mutations within the 
UNC-83 KASH domain can prevent the localization of UNC-83 at the ONM (McGee et al., 
2006; Starr et al., 2001), presumably because of a loss of direct interaction between the 
UNC-83 KASH and UNC-84 SUN domains within the PS (McGee et al., 2006) (Fig. 2). This 
explains why the nuclear migration defects in unc-83 and unc-84 mutant worms are very 
similar (Malone et al., 1999). Curiously, UNC-83 is present at the NE in a limited number 
of cell types (including P, hyp7, intestinal, pharyngeal and uterine cells), unlike UNC-84, 
which is localized at the NE in nearly all cells (Starr et al., 2001). 

UNC-83 and UNC-84 were originally proposed to tether the nucleus to centrosomes, 
which was hypothesized to drive nuclear migration (Malone et al., 1999; Reinsch 
and Gönczy, 1998); however, later studies showed a normal association between the 
centrosomes and nuclei in unc-83 and unc-84 mutant cells whose nuclei fail to migrate 
(Lee et al., 2002; Starr et al., 2001). The proteins that interact with the N-terminus of UNC-
83 to facilitate nuclear migration have not been identified. Recently, another ONM protein, 
ZYG-12, was shown to mediate an association between the centrosomes and the nucleus 
in C. elegans. In zygote defective (zyg)-12 mutant worms, the centrosome detachment 
defect in the developing embryo results in death as a consequence of chromosome 
segregation defects (Fig. 1B). ZYG-12 is a member of the Hook family and localizes to both 
the centrosomes, which is MT dependent, and the NE. Interestingly, its recruitment to the 
NE is dependent upon the expression of the only other SUN-domain-containing protein in 
C. elegans, Matefin/SUN-1 (Fridkin et al., 2004; Malone et al., 2003). This is consistent with 
the results of experiments showing that in unc-84-null cells the centrosomes are correctly 
associated with the NE (Lee et al., 2002). Unlike the case of UNC-84, nuclear lamins are 
not involved in the retention of Matefin/SUN-1 at the INM (Fridkin et al., 2004). There are 
three splice variants of ZYG-12 (A, B and C), two of which contain a KASH domain (B and 
C). Localization of these two variants at the ONM probably depends upon an association 
between their C-termini and that of Matefin/SUN-1 (Fig. 2).

Defects in nuclear anchorage were first detected in the hyp7 syncytium. Five mutant 
alleles of the anchorage defective 1 (anc-1) gene were isolated from mutant worms in 
which unanchored nuclei float freely in the cytoplasm of the syncytium (Hedgecock and 
Thomson, 1982). In these worms, mitochondria also appear unanchored, which suggests 
that the same mechanism is responsible for the anchorage of nuclei and mitochondria. 
The ANC-1 protein contains two N-terminal calponin homology (CH) motifs, which 
together comprise an actin-binding domain (ABD), and a C-terminal KASH domain 
(Starr and Han, 2002). The presence of a cytoplasmic ABD indicated that the defects in 
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nuclear and mitochondrial anchorage might be due to a loss of interaction with the actin 
cytoskeleton. Indeed, a direct association with F-actin has been demonstrated in vitro and 
an N-terminal fragment of ANC-1, containing the ABD, specifically decorates F-actin in 
cells (Starr and Han, 2002). ANC-1 is an enormous molecule of ~950 kDa. This size is due to 
a region of repetitive structural elements between the ABD and KASH domain. Therefore, 
it seems that a relatively large distance needs to be maintained between the nucleus 
and F-actin. The KASH domain of ANC-1 is necessary for its localization at the ONM and 
mutations within the SUN domain of UNC-84 prevent the proper localization of ANC-1 to 
the NE (Starr and Han, 2002). Additionally, overexpression of a construct containing the 
KASH domain alone results in nuclear anchorage defects in the hypodermal syncytium, 

Figure 2. Proposed protein complexes spanning the NE in C. elegans, Drosophila and mammals. The nuclear 
lamins of several species are proposed to interact with the N-terminal regions of the SUN-domain proteins of 
the INM. Within the PS, the SUN-domains (or regions immediately upstream of the SUN-domains) associate with 
the KASH domains of ONM proteins. Within the cytoplasm, the N-terminal regions of these proteins associate 
with the microtubule-organizing center (MTOC), MTs, F-actin or plectin (which can directly bind to the IFs). Thus, 
there is a continuous protein scaffold from the nuclear lamina, through the NE, to the different cytoskeletal 
systems in several different species. The SUN-domain proteins are shown as dimers. SUN1 crosses the INM three 
times, whereas the other SUN-domain proteins cross it at least once. The two Drosophila SUN-domain proteins 
identified in database searches (labeled Dm-SUN in this depiction) do not contain any recognizable membrane 
spanning regions, although these may not represent full-length sequences.
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which are probably due to a competition with endogenous ANC-1 for a limited number of 
UNC-84-binding sites (Starr and Han, 2002). Interestingly, an unc-84-null mutation has no 
effect on mitochondrial anchorage in muscle cells (Starr and Han, 2002). The SUN domain 
of UNC-84 is thus also responsible for the recruitment of ANC-1 to the ONM through its 
KASH domain, although note that in this case a direct interaction has not been detected 
(Starr and Han, 2002) (Fig. 2).

Worms with mutations in both anc-1 and unc-83 have a compound phenotype. The 
nuclei within the syncytium are misplaced as well as unanchored because they fail to 
migrate prior to fusion and are unable to interact with the actin cytoskeleton (Hedgecock 
and Thomson, 1982). Most of the unc-84 mutant alleles similarly produce nuclear migration 
and anchorage defects, but some only lead to defects in nuclear migration (Fig. 1A). The 
worms that show both defects either lack UNC-84 or have mutations in regions in or near 
the SUN domain; those that only display defects in migration have mutations within the 
nucleoplasmic N-terminus of UNC-84 (Malone et al., 1999), indicating that anchorage may 
not entirely depend only upon an interaction with the nuclear lamins.

The data thus support a model in which UNC-84 becomes localized at the INM by 
binding to the nuclear lamins with its N-terminus, which leaves its periplasmic SUN domain 
available for association with the KASH domain of either ANC-1 or UNC-83 to retain these 
proteins at the ONM. ANC-1 is responsible for nuclear anchorage through interactions 
with the actin cytoskeleton, whereas UNC-83 is necessary for nuclear migration, although 
how this is achieved is currently unknown (Fig. 2).

Nuclear positioning in Drosophila melanogaster
Two KASH-domain proteins have been identified in Drosophila, Klarsicht and Msp-
300/nesprin. Klarsicht, originally called Marbles, is important for the development of 
the compound eye in Drosophila. Mutation of the klarsicht gene results in the failure 
of the nuclei in photoreceptors to migrate to the apex of the developing eye imaginal 
disc and, therefore, most nuclei remain at the basal side, which results in oddly shaped 
photoreceptors (Fischer-Vize and Mosley, 1994). Importantly, this nuclear migration defect 
coincides with the detachment of the centrosome from the nucleus (Patterson et al., 2004) 
(Fig. 3A). Klarsicht is also involved in the transport of lipid droplets in Drosophila embryos 
(Welte et al., 1998), but this involves a different C-terminal splice variant (Klarsicht-β, rather 
than Klarsicht-α and Klarsicht-γ) (Guo et al., 2005). Interestingly, klarsicht-null mutants are 
viable and fertile and display major defects only in eye morphology (Mosley-Bishop et al., 
1999).

Klarsicht-α is ~251 kDa, whereas Klarsicht-γ is ~62 kDa. Both contain a C-terminal 
KASH domain and are localized at the NE in several cell types (Klarsicht-β does not have 
a KASH domain) (Guo et al., 2005). Klarsicht also associates with MTs in photoreceptors 
(Fischer et al., 2004; Patterson et al., 2004); the N-terminal region of Klarischt, which is 
not present in Klarsicht-γ and shows no sequence similarity to other known proteins, is 
responsible (Fischer et al., 2004). Analyses of fly phenotypes associated with mutations 
in the Drosophila B-type lamin Dm0 indicate that Klarsicht and lamin Dm0 are part of 
the same pathway (Patterson et al., 2004). Lamin Dm0 may therefore be required for the 
localization of an UNC-84-like protein to the INM and the consequent retention of Klarsicht 
at the ONM. The Drosophila genome encodes two uncharacterized SUN-domain proteins, 
although these are not predicted to have transmembrane regions (Malone et al., 2003; 
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Starr and Han, 2003) (Fig. 2). Moreover, overexpression of the Klarsicht KASH domain in 
photoreceptors does not result in a mutant phenotype (Fischer et al., 2004). This suggests 
that it does not compete with the endogenous protein for a limited number of binding 
sites at the NE, in contrast to the ANC-1 KASH domain (Starr and Han, 2002).

Although Klarsicht and ZYG-12 are both necessary for the association of the 
centrosome with the nucleus, these two proteins are not related except in the KASH 
domain. In Drosophila, only two proteins show some sequence similarity to ZYG-12. One 
is a member of the Hook family, dHk (Krämer and Phistry, 1996, 1999), and the other is 
a recently identified Hook-related protein, dHkRP (Simpson et al., 2005). Both contain a 
putative N-terminal MT-binding domain, but do not contain a KASH domain or localize 
to the NE. dHk is cytosolic and reported to play a role in endocytic trafficking (Krämer 
and Phistry, 1996, 1999). The Hook proteins and ZYG-12 therefore do not appear to have 
similar functions in the two species, although Klarsicht and ZYG-12 seem to have acquired 

Figure 3. Phenotypes of the Drosophila mutants klarsicht and Msp-300SZ-75. (A) In the wild-type eye imaginal 
disc, passage of the morphogenetic furrow (MF) initiates the differentiation of photoreceptors. Normally, the 
nuclei (black circles) are pulled up to the apical side through an association with the centrosome and MTs. In 
the klarsicht mutant flies, the centrosomes are no longer attached to the nuclei. As a result, the nuclei remain at 
the basal side. (B) At the start of stage 10B in wild-type Drosophila ovaries, the nurse cells (NCs) start to dump 
their cytoplasmic contents into the oocyte through the ring canals. By stage 13, most NCs, and their nuclei (large 
black ovals), have disappeared and the dorsal appendages are extruded at the anterior end. In Msp-300SZ-75 flies, 
the NC nuclei become detached once cytoplasmic dumping occurs and either form multi-nucleated cells, enter 
the oocyte or become mispositioned within individual cells. The germinal vesicle (GV) (the oocyte nucleus) (grey 
oval) is also mispositioned. For simplicity, only some of the NCs are depicted. A, anterior; P, posterior.
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analogous functions in some cells, given their retention at the NE by a KASH domain and 
their ability to tether the nucleus to the centrosome.

Msp-300/nesprin is another KASH-domain protein present in Drosophila. Msp-300 
(muscle-specific protein 300 kDa) was originally identified in a search for muscle-specific 
genes expressed during embryonic myotube migration and attachment (Volk, 1992). 
Given its localization to actin-rich muscle-attachment sites, Z-lines and the leading edge of 
migrating myotubes, Msp-300 was hypothesized to be crucial for muscle morphogenesis 
in the developing Drosophila embryo (Volk, 1992). Indeed, an embryonic lethal mutation 
in Msp-300 leads to defects in some of these processes. In the Msp-300SZ-75 mutant flies, 
the myotubes cannot extend towards the epidermal attachment sites and, as a result, 
the ability of the embryonic somatic muscle cells to contract is severely compromised 
(Rosenberg-Hasson et al., 1996).

Ten years after Msp-300 was characterized, a gene immediately downstream of Msp-
300, provisionally called nesprin (nuclear envelope spectrin repeat), was shown to encode 
a KASH domain (Zhang et al., 2002). Careful analysis revealed that Msp-300 and nesprin 
are in fact part of the same enormous gene spanning about 80 kb. Msp-300 encodes 
the N-terminal portion of the full-length protein and nesprin encodes the C-terminal 
region. A repetitive coding region lies between the two and, therefore, the complete 
gene can potentially encode a gigantic molecule of ~1300 kDa: Msp-300/nesprin (Zhang 
et al., 2002). Like ANC-1, Msp-300/nesprin contains a C-terminal KASH domain and an 
N-terminal ABD, which binds directly to F-actin in vitro and decorates these filaments 
in vivo (Rosenberg-Hasson et al., 1996; Volk, 1992). The region in between comprises a 
series of spectrin repeats (SRs) (Fig. 2) – three-helix bundles that can give proteins length 
and elasticity and mediate protein interactions, including homodimerization (Djinovic-
Carugo et al., 2002; Mislow et al., 2002a). Interestingly, the repetitive regions in ANC-1 
are not related to SRs, although they apparently have an analogous function. Msp-300/
nesprin appears to be localized predominantly at the NE in nurse cells and the oocyte, but 
some also appears to be present in the cytoplasm (Yu et al., 2006). Curiously, expression 
of a GFP-KASH domain fusion protein does not have any obvious detrimental defects on 
the position of the nuclei in these cells. This suggests that the docking sites for Msp-300/
nesprin, like those of Klarsicht, are not limited at the NE.

During oogenesis in Drosophila, one of the cells in the egg chamber becomes the 
oocyte; the other 15 become the supporting polyploid nurse cells. Eventually, the nurse 
cells ‘dump’ their cytoplasmic contents into the oocyte through ring canals and then 
undergo apoptosis (Spradling, 1993). The positions of the nuclei are thought to be crucial 
during this process because if they were to become detached they would block the canals 
(Yu et al., 2006). Since actin structures are important for nuclear anchorage in the nurse 
cells during dumping (Guild et al., 1997), Yu et al. investigated whether Msp-300/nesprin 
plays a role in this process by generating flies carrying the Msp-300SZ-75 allele only in the 
germ line (these flies are viable but do not contribute any wild-type Msp-300/nesprin to 
the developing Msp-300SZ-75 egg chamber) (Yu et al., 2006). Indeed, the egg chambers in 
these flies exhibit defects in cytoplasmic dumping and nuclear positioning (Yu et al., 2006) 
(Fig. 3B). Interestingly, they also have defective actin structures, which suggests that Msp-
300/nesprin also has a role in actin organization (i.e. bundling and/or cross-linking), a role 
attributed to other ABD-containing proteins (Winder and Ayscough, 2005).

Interestingly, the Msp-300SZ-75 mutation is lethal, unlike the deletion of ANC-1 in C. 
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elegans. Larvae die because they do not hatch from the chorion owing to previously 
mentioned defects in muscle attachment and contraction and not nuclear anchorage 
defects (Rosenberg-Hasson et al., 1996). By contrast, ANC-1 seems not to have crucial 
functions besides those associated with nuclear and mitochondrial anchorage.

The mammalian nesprins
The mammalian nesprins were originally identified in yeast two-hybrid screens for 
binding partners of a tyrosine kinase of the postsynaptic membrane in muscle (MuSK) 
(which yielded nesprin-1) (Apel et al., 2000) and for the cytoskeletal cross-linker protein 
plectin (which yielded nesprin-3) (Wilhelmsen et al., 2005). Nesprin-1, originally named 
synaptic nuclear envelope 1 (Syne-1) because of its presence at postsynaptic nuclei of 
neuromuscular junctions (Apel et al., 2000), is actually localized at the ONM of various 
cell types (Zhang et al., 2001; Zhang et al., 2002). It is also referred to as myocyte nuclear 
envelope 1 (Myne-1) (Mislow et al., 2002b) or enaptin (Padmakumar et al., 2004). Nesprin-2 
was identified in database searches for sequences related to nesprin-1 or the α-actinin 
ABD (Apel et al., 2000; Zhen et al., 2002). It is also known as Syne-2 (Apel et al., 2000) or 
NUANCE (Zhen et al., 2002).

Nesprin-1 and nesprin-2 are giant proteins of ~976 kDa and ~764 kDa, respectively 
(Zhang et al., 2002), and each contains an N-terminal ABD (Padmakumar et al., 2004; 
Zhen et al., 2002). Nesprin-3 is much smaller, ~110 kDa, and instead binds to plectin at its 
N-terminus to connect it to IFs (Wiche, 1998; Wilhelmsen et al., 2005). All three contain a 
series of homologous SRs and a C-terminal KASH domain (Fig. 4). In vitro binding assays 
and localization studies with the isolated N-terminal regions indicate that the nesprins 
can indeed interact with actin filaments and IFs (Fischer et al., 2004; Padmakumar et al., 
2004; Starr and Han, 2002; Wilhelmsen et al., 2005; Zhen et al., 2002). Interestingly, plectin 
is ~500 kDa and, when bound to nesprin-3, generates a bridge to IFs similar in size to that 
which nesprin-1 and nesprin-2 provide for F-actin. This suggests that it is important that 
there is a significant distance between the nucleus and both the IF and F-actin systems 
(Fig. 2).

Figure 4. Alignment of KASH domains from various proteins. The amino acid residues present in the 
predicted transmembrane regions are enclosed by yellow lines. The Zyg-12B KASH domain sequence is used 
because the Zyg-12C KASH domain sequence in the database lacks 16 residues encompassing part of the neck 
and transmembrane regions. Dark green, conserved amino acids; light green, amino acids with similar chemical 
properties in more than half of the KASH domains. Mm, Mus musculus; Hs, Homo sapiens.
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Nuclear functions
In transgenic mice overexpressing the nesprin-1 KASH domain in muscle cells, the nuclei 
do not aggregate beneath the postsynaptic membrane, because endogenous nesprin-1 is 
displaced from the NE (Grady et al., 2005). This implies that the number of KASH-domain-
binding sites at the NE is limited (as is the case for ANC-1). How nesprin-1 tethers nuclei to 
the postsynaptic membrane is not known, although an association with actin structures 
or MuSK is probably required (Apel et al., 2000; Grady et al., 2005). Surprisingly, although 
the nuclei are not properly localized, the neuromuscular junction functions normally.

Nesprin-1 and nesprin-2 exhibit a variety of isoforms produced through the use of 
different translational initiation and stop sites and alternative splicing (Cottrell et al., 
2004; Mislow et al., 2002b; Padmakumar et al., 2004; Zhang et al., 2001; Zhang et al., 
2005). Interestingly, some of these do not contain an ABD and/or a KASH domain. Several 
isoforms are localized and function at areas of the cell other than the ONM, such as the 
INM. For example, nesprin-1α might localize at the INM, because it can associate with the 
INM protein emerin and lamin A/C (Mislow et al., 2002a; Mislow et al., 2002b). Nesprin-1 
is also found within the nucleus, where it is associated with heterochromatin (Zhang et 
al., 2001). Additionally, expression of lamin A/C can influence the localization of certain 
nesprin-2 isoforms at the NE, and in vitro experiments suggested that these bind directly 
to lamin A/C and emerin within the nucleus. Indeed, ultrastructural analysis suggested 
that they are present at the INM (Libotte et al., 2005; Zhang et al., 2005). Notably, no splice 
variants of nesprin-3 have been detected at the INM (Wilhelmsen et al., 2005). The function 
of the nesprins at the INM is currently not known, although it is possible that they help to 
organize the nuclear lamina.

Membrane trafficking and organization
Nesprin-1 might also be involved in protein trafficking and it has been detected at the 
Golgi (Gough et al., 2003). Moreover, expression of certain SR fragments of nesprin-1 
in cells results in the collapse of the Golgi complex, prevents the recycling of protein 
disulfide isomerase and alters the localization of both the KDEL ER-retrieval receptor and 
β-COP [part of the COPI coat complex involved in ER-Golgi transport and NE breakdown 
(Liu et al., 2003; Nickel et al., 2002)] (Gough and Beck, 2004). The nesprin-1 splice variant 
Golgi-localized SR-containing protein 56 (GSRP-56) contains two SRs present in the central 
region of the full-length protein and lacks both the ABD and the KASH domain. GSRP-56 
is localized at the Golgi complex and, interestingly, its overexpression results in expansion 
of the Golgi complex (Kobayashi et al., 2006). The brain-specific splice variant CPG2 is also 
derived from the SR-rich region (Cottrell et al., 2004; Padmakumar et al., 2004). Detected 
in a screen for plasticity-related genes upregulated after neuronal excitation in rat brains 
(Nedivi et al., 1993), it is localized at the postsynaptic endocytic zones of excitatory synapses 
in neurons. CPG2 regulates the constitutive internalization of glutamate receptors and the 
activity-induced internalization of α-amino-3-hydroxy-5-methyl-isoxazole-4-proprionic 
acid (AMPA) receptors (Cottrell et al., 2004), and is thereby proposed to modify synaptic 
strength. Variants of nesprin-1 might thus function in protein trafficking, control of Golgi 
morphology and, possibly, NE breakdown.

Other functions
Several other roles of nesprin-1 isoforms have been described. For instance, nesprin-1α 
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can recruit muscle A-kinase anchoring protein (mAKAP) to the NE in striated myocytes 
through an association between their SRs (Pare et al., 2005). mAKAP is a scaffold protein 
that forms signaling complexes containing protein kinase A (PKA), the ryanodine receptor 
(RyR) Ca2+-release channel, protein phosphatase 2A and phosphodiesterase type 4D3 
(Kapiloff et al., 2001). Phosphorylation of the RyR by PKA augments the release of Ca2+ 
from the sarcoplasmic reticulum and other luminal areas associated with the NE (Bers and 
Perez-Reyes, 1999). Nesprin-1α might thus serve as a receptor on the nucleus.

Nesprin-1 has also been shown to be involved in cytokinesis. A non-SR central fragment 
of nesprin-1 interacts with the KIF3B subunit of the kinesin II motor. Overexpression of this 
fragment or the C-terminus of KIF3B prevents cytokinesis. Furthermore, the proteins are 
colocalized at the central spindle and midbody during cytokinesis. Their association might 
allow nesprin-1 to attach vesicles to the kinesin motor protein, bringing extra membrane 
to the cleavage site to increase the surface area available for the formation of the two 
daughter cells (Fan and Beck, 2004).

Finally, two splice variants of nesprin-3 have been characterized: nesprin-3α and 
nesprin-3β. Interestingly, nesprin-3β is unable to associate with the plakin family 
members (Wilhelmsen et al., 2005). This suggests that nesprin-3, like the smaller isoforms 
of nesprin-1 and nesprin-2, has functions in the cell other than tethering the nucleus to 
the cytoskeleton.

Links with microtubules
Like the Drosophila proteins dHk and dHkRP, the mammalian Hook and Hook-related 
(HkRP) family members share regions of similarity with ZYG-12, but lack a conserved KASH 
domain (Malone et al., 2003; Simpson et al., 2005; Walenta et al., 2001) and do not appear 
to be responsible for the association of the centrosome with the nucleus. Nesprin-3, 
however, has been shown to associate with the ABDs of the plakin family members MACF 
and BPAG1 (Wilhelmsen et al., 2005). These proteins interact with MTs (Leung et al., 2002) 
and, thus, nesprin-3 might provide the necessary link between the nucleus and this 
cytoskeletal system. However, an interaction between these proteins has not yet been 
demonstrated in cells.

Mammalian SUN-domain proteins
Two mammalian UNC-84 orthologues were discovered through an EST database search for 
sequences that share similarity with unc-84: SUN1 (UNC84A) and SUN2 (UNC84B) (Malone 
et al., 1999). SUN1 was independently discovered in a proteomic analysis of neuronal NE 
components (Dreger et al., 2001). Both SUN1 and SUN2 are INM components. Two other 
mammalian proteins containing a SUN domain have been identified, SUN3 and SPAG4, 
but they are instead primarily detected at the ER membranes (Crisp et al., 2006; Hasan et 
al., 2006). In common with matefin/SUN1, but not UNC-84, SUN1 does not require lamin 
proteins for its localization at the INM, although it does bind specifically to lamin A (Crisp 
et al., 2006; Haque et al., 2006; Hasan et al., 2006; Padmakumar et al., 2005). Lamin A is, 
however, partially responsible for the localization of SUN2. Interestingly, both SUN1 and 
SUN2 preferentially bind to the unprocessed (i.e. non-cleaved) form of lamin A in vitro 
and in vivo (Crisp et al., 2006), which suggests that they play a role in the recruitment and 
organization of these proteins at the nuclear lamina.

SUN1 and SUN2 each contain a conserved SUN domain that extends into the PS 
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and interacts with the KASH domains of nesprin-1, nesprin-2 and nesprin-3 (Crisp et al., 
2006; Haque et al., 2006; Padmakumar et al., 2005) (M.K. and A.S., unpublished data). 
However, a region just upstream of the SUN domain may mediate high-affinity binding 
to the KASH domain (Padmakumar et al., 2005). The importance of this interaction is 
highlighted in transgenic mice overexpressing the KASH domain of nesprin-1, which 
prevents the localization of endogenous nesprin-1 at the ONM in muscle cell nuclei at the 
neuromuscular junction (Grady et al., 2005). Additionally, RNAi-induced depletion of SUN1 
and SUN2 proteins in HeLa cells results in the mislocalization of nesprin-2γ away from 
the ONM. Importantly, this study also showed that interactions between nesprins and the 
SUN-domain proteins are crucial for maintenance of the NE because the absence of SUN1 
and SUN2 leads to an expansion of the PS (Crisp et al., 2006). The evolutionarily conserved 
interactions that take place between the conserved SUN and KASH domains within the PS 
are thus crucial not only for associations between the nucleus and cytoplasmic proteins 
but also for the integrity of the NE in mammalian cells.

Figure 5. In mammals, a continuous protein scaffold connects the extracellular matrix to the nuclear 
lamina via IFs and F-actin. Integrin α6β4, present in hemidesmosomes (HDs), and β1/β3 integrins, present 
in focal contacts (FCs), connect the extracellular matrix (ECM) to cytoplasmic IFs (via plectin) and F-actin (via 
talin), respectively. These two cytoskeletal systems are interconnected to each other via the plakins (yellow 
circles) or to themselves via filamin or α-actinin (red circles) and the plakins (grey circles). F-actin associates with 
the ABDs of nesprin-1 and nesprin-2; IFs associate with plectin dimers bound to nesprin-3. In turn, the ONM 
nesprins associate with either SUN1 or SUN2 within the PS. The INM SUN-domain proteins associate with lamin 
A through their N-termini within the nucleus. ER, endoplasmic reticulum; INM, inner nuclear membrane; ONM, 
outer nuclear membrane; PM, plasma membrane; PS, periplasmic space.
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Conclusions and perspectives
It is now clear that SUN-domain proteins of the INM retain the KASH-domain proteins 
at the ONM and these proteins probably directly interact within the PS. This generates a 
continuous protein scaffold that physically links the nucleoskeleton to the cytoskeleton: 
the so-called LINC complex (Crisp et al., 2006) (Figs 2, 5). However, other proteins present 
in the PS might influence these interactions.

It is intriguing that the ONM proteins in C. elegans, although unrelated to those 
of Drosophila and mammals, except for their KASH domains, have evolved similar 
mechanisms for nuclear anchorage and migration. ANC-1 has a function analogous to 
that of Msp-300/nesprin and the mammalian nesprins in nuclear anchorage, whereas 
ZYG-12 has a function analogous to that of Klarsicht in the attachment of the centrosome 
to the nucleus. Although no proteins related to UNC-83 have been identified, its role in 
migration is likely to be similarly conserved in higher organisms.

For several reasons, few studies have examined the importance of the mammalian 
nesprins in nuclear positioning. First, the genes and their mRNAs are very large (Zhang 
et al., 2002), which makes molecular, biochemical and cellular studies difficult. Second, 
there are many splice variants, some of which are cell-type specific, which complicates 
the interpretation of the results. Third, the three nesprins may be able to compensate for 
one another if one is absent or dysfunctional. Studies in which the function of all three 
nesprins is disrupted may ultimately prove their importance in nuclear positioning, but 
such studies are complicated by the fact that the nesprins have other crucial functions.

The only study to demonstrate that the mammalian nesprins are essential in nuclear 
positioning depended on the overexpression of the nesprin-1 KASH domain in muscle 
cells (Grady et al., 2005) and was based on similar experiments using the C. elegans ANC-1 
KASH domain (Starr and Han, 2002). Both studies suggest that the number of SUN-domain-
binding sites in the PS is limited. However, overexpressed KASH domains might displace 
other KASH-domain proteins from the ONM, such as nesprin-3 in mammals, which is 
also expressed in muscle cells (Wilhelmsen et al., 2005). Furthermore, overexpression of 
the Klarsicht and Msp-300/nesprin KASH domains in Drosophila does not affect nuclear 
positioning, or produce other phenotypic defects, in photoreceptors or the egg chamber, 
respectively (Fischer et al., 2004; Yu et al., 2006). Therefore one should be cautious when 
interpreting results from studies using KASH domain overexpression in higher organisms.

An intriguing theory called cellular tensegrity proposes that eukaryotic cells are 
pre-stressed through the concerted action of all three cytoskeletons (Ingber, 2003a,b). 
Importantly, it would explain how simultaneous changes in cytoskeletal, nuclear and 
other cellular structures can occur in response to localized force in the absence of any 
biochemical changes (Maniotis et al., 1997). We have known for a relatively long time 
that integrins can mediate cross-talk between the ECM and the different cytoskeletal 
systems (Geiger et al., 2001), and that integral INM proteins can mediate the interactions 
of the nuclear lamina with heterochromatin (Gruenbaum et al., 2005). The well-studied 
NPCs are known to bridge the nucleoskeleton and the cytoskeleton and have been 
suggested to mediate the mechanotransduction of signals from the cytoskeleton to the 
nuclear environment (Ingber, 2006). KASH-domain proteins may provide an alternative 
mechanism to direct forces into the nucleus (Fig. 5). There is no doubt that future studies 
on the architecture and positioning of the nucleus and cellular mechanotransduction will 
reveal many new, exciting functions for this family of proteins.
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Summary
The outer nuclear membrane proteins nesprin-1 and nesprin-2 are retained at the 
nuclear envelope through an interaction of their klarsicht/ANC-1/syne homology (KASH) 
domain with SUN proteins present at the inner nuclear membrane. We investigated the 
requirements for the localization of nesprin-3α at the outer nuclear membrane and show 
that the mechanism by which its localization is mediated is similar to that reported for 
the localization of nesprin-1 and nesprin-2: the last four amino acids of the nesprin-3α 
KASH domain are essential for its interaction with SUN1 and SUN2. Moreover, deletion of 
these amino acids or knockdown of the SUN proteins results in a redistribution of nesprin-
3α away from the nuclear envelope and into the endoplasmic reticulum (ER), where it 
becomes colocalized with the cytoskeletal crosslinker protein plectin. Both nesprin-3α 
and plectin can form dimers, and dimerization of plectin is required for its interaction with 
nesprin-3α at the nuclear envelope, which is mediated by its N-terminal actin-binding 
domain. Additionally, overexpression of the plectin actin-binding domain stabilizes the 
actin cytoskeleton and prevents the recruitment of endogenous plectin to the nuclear 
envelope. Our studies support a model in which the actin cytoskeleton influences the 
binding of plectin dimers to dimers of nesprin-3α, which in turn are retained at the nuclear 
envelope through an interaction with SUN proteins.

Introduction
The eukaryotic cell nucleus is surrounded by a nuclear envelope (NE), a double-layered 
membrane consisting of an outer nuclear membrane (ONM) and an inner nuclear 
membrane (INM) separated by a lumen called the periplasmic or perinuclear space 
(Gerace and Burke, 1988). The INM is characterized by a specific set of proteins, such as the 
lamin B receptor (LBR) and lamina-associated polypeptide 2 (LAP2) that can interact with 
lamins and/or chromatin structures (Dreger et al., 2001; Schirmer et al., 2003). By contrast, 
the ONM is continuous with the rough endoplasmic reticulum (RER) and shares most 
of its proteins with this compartment. The only proteins thus far identified as residing 
specifically at the ONM are members of the nesprin protein family (Padmakumar et al., 
2004; Wilhelmsen et al., 2005; Zhang et al., 2001; Zhen et al., 2002).

The mammalian nesprin protein family initially comprised two members, nesprin-1 
and -2, both of which have multiple isoforms (Padmakumar et al., 2004; Zhang et al., 
2005). The full-length isoforms of these proteins are characterized by an N-terminal 
actin-binding domain (ABD), a series of spectrin repeats and a C-terminal KASH domain 
(Padmakumar et al., 2004; Zhen et al., 2002). Nesprin-1 and -2 are retained at the ONM by 
interactions between their KASH domains and SUN proteins present at the INM (Crisp et 
al., 2006; Haque et al., 2006; Padmakumar et al., 2005). Nesprin-1 and -2 can bind to both 
SUN1 and SUN2, and the last four amino acids of the KASH domain (consensus sequence 
PPPX) are thought to be crucial for this interaction (Crisp et al., 2006; Padmakumar et al., 
2005). Moreover, the binding of nesprin-2 to SUN proteins connects the ONM to the INM 
and assists in the maintenance of the integrity of the NE (Crisp et al., 2006). 

The N-termini of nesprin-1 and -2 extend into the cytoplasm and can bind to actin 
filaments (Padmakumar et al., 2004; Zhen et al., 2002). Hence, nesprin-1 and -2 connect the 
ONM to the actin cytoskeleton and might play a role in nuclear migration or positioning. 
SUN1 and SUN2 extend their N-termini into the nucleoplasm, where they can interact 
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with A- and B-type lamins (Crisp et al., 2006). However, the localization of SUN proteins at 
the NE does not depend on the binding to lamins (Crisp et al., 2006; Haque et al., 2006). 
The interaction of SUN proteins with both lamins and nesprin-1 and -2 establishes a 
connection between the cytoplasmic actin cytoskeleton and the nuclear intermediate 
filament system; this complex is referred to as the LINC complex (linker of nucleoskeleton 
and cytoskeleton). A similar complex exists in lower organisms and plays an important 
role in nuclear migration and positioning (McGee et al., 2006; Starr and Han, 2002, 2003; 
Starr et al., 2001; Tzur et al., 2006; Wilhelmsen et al., 2006; Zhang et al., 2002).

We recently identified a third member of the nesprin protein family, nesprin-3 
(Wilhelmsen et al., 2005). Similar to the other nesprin proteins, nesprin-3 is characterized 
by a series of spectrin repeats and a C-terminal KASH domain. The protein is present at 
the ONM, and the KASH domain is both necessary and sufficient for its localization at that 
site. Furthermore, nesprin-3 has two isoforms, nesprin-3α and nesprin-3β, which differ in 
their N-termini. Although the structure of nesprin-3 is quite similar to that of nesprin-1 
and -2, there are two main differences. Nesprin-3 is much smaller, ~116 kDa, and lacks an 
N-terminal ABD. The N-terminus of nesprin-3α, but not that of nesprin-3β, can interact 
with the cytoskeletal crosslinker protein plectin (Wilhelmsen et al., 2005).

Plectin is a multi-domain protein of the plakin family that is characterized by an 
N-terminal ABD, a plakin domain, a coiled-coil rod domain and a C-terminal segment 
containing plakin repeats (Elliott et al., 1997; McLean et al., 1996; Sonnenberg and Liem, 
2007; Wiche, 1998). The protein can interact with intermediate filaments, actin stress fibers 
and microtubules (Foisner et al., 1988; Nikolic et al., 1996; Sánchez-Aparicio et al., 1997; 
Seifert et al., 1992) and mediates interactions between these three cytoskeletal systems 
(Seifert et al., 1992; Svitkina et al., 1996). Furthermore, plectin anchors intermediate 
filaments at cell-cell and cell-matrix junctional complexes, such as hemidesmosomes, 
desmosomes and focal contacts (Eger et al., 1997; Hieda et al., 1992; Seifert et al., 1992; 
Wiche, 1998). In this way, plectin influences the structural organization and integrity of 
the cytoskeleton and is thought to assist in the mechanical strengthening of cells (Andrä 
et al., 1997; Wiche, 1989).

Plectin has a strong tendency for self-association (Foisner and Wiche, 1987) and forms 
parallel dimers by means of its coiled-coil rod domain (Foisner et al., 1991; Green et al., 
1992; Uitto et al., 1996; Wiche, 1998; Wiche et al., 1991). Higher oligomeric states of plectin 
are also formed and might involve interactions of its globular end domains (Foisner and 
Wiche, 1987; Weitzer and Wiche, 1987). Indeed, it has been shown that the ABD of plectin 
can dimerize and cause the bundling or crosslinking of actin filaments (Fontao et al., 
2001). A role for plectin in the regulation of actin dynamics has also been demonstrated: 
plectin is required for short-term rearrangements of the actin cytoskeleton in response 
to extracellular stimuli that activate the Rho, Rac and Cdc42 GTPase signaling cascades 
(Andrä et al., 1998).

The interaction of plectin with nesprin-3α is mediated by the plectin N-terminal ABD 
(Wilhelmsen et al., 2005). We previously suggested that nesprin-3α and actin filaments 
compete for binding to the plectin ABD. This was supported by our observation that 
disruption of the actin network by latrunculin B led to an increased concentration of 
plectin at the NE. Moreover, this effect was dependent on the presence of nesprin-3α, 
as shown by the siRNA-mediated knockdown of nesprin-3 (Wilhelmsen et al., 2005). As 
plectin binds to nesprin-3α through its ABD and to intermediate filaments through its 
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C-terminus, we hypothesized that the interaction between nesprin-3α and plectin links 
the nucleus to the intermediate filament system.

In the present study, we further investigated the requirements necessary for the 
localization of nesprin-3 and plectin at the NE. We show that nesprin-3α is retained 
at the NE by an interaction with SUN proteins and that the last four amino acids of its 
KASH domain (PPPX consensus sequence) are involved in this interaction. Furthermore, 
we demonstrate that nesprin-3α can form dimers and that the dimerization of plectin is 
required for the interaction with nesprin-3α at the NE. In addition, overexpression of the 
plectin ABD stabilizes the actin cytoskeleton, which, in turn, influences the expression 
pattern of endogenous plectin.

Results
Nesprin-3 is retained at the NE in a manner similar to that retaining nesprin-1 and -2
To determine whether nesprin-3 is retained at the ONM by a mechanism similar to that 
retaining nesprin-1 and -2, we investigated the effect of overexpression of nesprin-1 
and -2 on the localization of endogenous nesprin-3. It was demonstrated previously 
that overexpression of a GFP-tagged nesprin-1 construct, containing the two C-terminal 
spectrin repeats and the KASH domain (GFP-dnNesprin-1), had a dominant-negative 
effect on the amount of endogenous nesprin-2 localized at the NE (Libotte et al., 2005). 
A similar construct has also been described for nesprin-2 (GFP-dnNesprin-2) (Libotte et 
al., 2005). To investigate the effect of these constructs on the localization of nesprin-3, 
NIH3T3 cells were transiently transfected with constructs encoding GFP-dnNesprin-1 or 
GFP-dnNesprin-2 and stained to determine the levels of endogenous nesprin-3. As shown 
in Fig. 1A, the amount of endogenous nesprin-3 at the NE of transfected cells decreased in 
comparison with that in untransfected cells. Quantification of this effect shows a decrease 
in the average gray value of nesprin-3 at the NE from 170 ± 3 in untransfected cells to 80 
± 3 and 98 ± 3 in cells transfected with constructs encoding GFP-dnNesprin-1 or GFP-
dnNesprin-2, respectively (P<0.001) (Fig. 1B). This indicates that nesprin-3 is retained at 
the NE by a mechanism similar to that retaining nesprin-1 and -2.

Nesprin-3α interacts with SUN proteins through its PPPX consensus sequence
Nesprin-1 and -2 are localized at the NE through an interaction with SUN proteins present 
at the INM (Crisp et al., 2006; Haque et al., 2006; Padmakumar et al., 2005). Moreover, 
the last four amino acids of the nesprin-2 KASH domain (consensus sequence PPPX) 
are essential for the interaction with SUN1 and the localization of nesprin-2 at the NE 
(Padmakumar et al., 2005). To investigate whether the last four amino acids of nesprin-
3α (PPPT) are likewise required for its retention at the NE through an interaction with 
the SUN proteins, a mutant of nesprin-3 lacking these amino acids, nesprin-3αΔPPPT, was 
generated. PA-JEB keratinocytes stably expressing GFP-nesprin-3α or GFP-nesprin-3αΔPPPT 
were stained for endogenous SUN1 or SUN2 and analyzed by confocal microscopy. GFP-
nesprin-3α colocalizes almost completely with both SUN1 and SUN2 (Fig. 2A), suggesting 
that it interacts with these proteins at the NE. By contrast, GFP-nesprin-3αΔPPPT is largely 
absent from the NE and instead distributes throughout the cytoplasm. Consequently, 
there is only limited colocalization of GFP-nesprin-3αΔPPPT with SUN1 and SUN2 (Fig. 
2A). This indicates that the last four amino acids of nesprin-3 are indeed essential for its 
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localization at the NE.
To determine the intracellular localization of GFP-nesprin-3αΔPPPT, PA-JEB cells stably 

expressing this tagged nesprin mutant were stained for plectin and several cellular 
components. GFP-nesprin-3αΔPPPT no longer concentrates at the NE but is primarily found on 
membrane structures in the cytoplasm, where it colocalizes with endogenous plectin (Fig. 
2B). Furthermore, GFP-nesprin-3αΔPPPT does not colocalize with markers for mitochondria 
(data not shown) or the Golgi complex (Fig. 2B) and only partially colocalizes with protein 
disulphide isomerase (PDI), a marker for the ER (Fig. 2B) (Luz and Lennarz, 1996). As the 
expression pattern of GFP-nesprin-3αΔPPPT resembled that of PDI, a possible localization of 
GFP-nesprin-3αΔPPPT at the ER was further investigated by electron microscopy. In PA-JEB 
cells stably expressing GFP-nesprin-3α or GFP-nesprin-3αΔPPPT, wild-type GFP-nesprin-3α 
is mainly found at the ONM and to some extent at the ER (Fig. 2C). By contrast, although 
some GFP-nesprin-3αΔPPPT still occurs at the ONM, the majority of the GFP-nesprin-3αΔPPPT 
associates with the ER (Fig. 2C). Hence, deletion of the last four amino acids of nesprin-3 
prevents its retention at the NE and leads to a dispersion of the protein over the ER.

The dispersion of GFP-nesprin-3αΔPPPT over the ER might be caused by its inability 
to interact with SUN proteins. Therefore, we investigated, by co-immunoprecipitation, 
whether GFP-nesprin-3αΔPPPT, in contrast to GFP-nesprin-3α, is unable to interact with SUN 
proteins. GFP-nesprin-3 was precipitated from whole-cell lysates of PA-JEB cells stably 

Figure 1. Nesprin-3 is dis-
placed from the NE upon 
overexpression of nesprin-1 
and nesprin-2. (A) NIH3T3 
cells were transiently trans-
fected with constructs en-
coding GFP-dnNesprin-1 or 
GFP-dnNepsrin-2, fixed in 
paraformaldehyde and stained 
for endogenous nesprin-3. 
Representative confocal ima-
ges are shown. Bars, 10 μm. 
(B) Quantitative analysis of the 
effect demonstrated in (A). The 
average gray value of endoge-
nous nesprin-3 at the NE was 
measured for individual trans-
fected and untransfected cells. 
Results are shown as the mean 
gray value ± s.e.m. (n=50). *, 
P<0.001.
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Figure 2. Nesprin-3α interacts with SUN proteins through its PPPX consensus sequence. (A) PA-JEB 
cells stably expressing GFP-nesprin-3α or GFP-nesprin-3αΔPPPT were fixed in paraformaldehyde, stained for 
endogenous SUN1 and SUN2 and analyzed by confocal microscopy. Bar, 10 μm. (B) PA-JEB cells stably expressing 
GFP-nesprin-3αΔPPPT were fixed in paraformaldehyde, stained for endogenous plectin (HD-121 antibody), the 
ER (PDI antibody) or the Golgi complex (Golgin97 antibody) and analyzed by confocal microscopy. Bar, 10 μm. 
(C) Ultrathin sections of PA-JEB cells stably expressing GFP-nesprin-3α or GFP-nesprin-3αΔPPPT were labeled with 
a pAb against GFP, followed by an incubation with 10 nm colloidal-gold-conjugated protein A. Nesprin-3α 
associates with the ONM (arrowhead) and the ER (arrow). N, nucleus; C, cytoplasm; NE, nuclear envelope; ER, 
endoplasmic reticulum. Bars, 200 nm. (D) Whole-cell lysates (WCLs) from PA-JEB cells stably expressing GFP-
nesprin-3α or GFP-nesprin-3αΔPPPT were immunoprecipitated with the nesprin-3 mAb Nsp3. Immunoprecipitates 
(IPs) and WCLs were probed with antibodies directed against SUN1, SUN2, nesprin-3, and lamins A and C.
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expressing either GFP-nesprin-3α or GFP-nesprin-3αΔPPPT and the precipitates were probed 
for the presence of GFP-nesprin-3, SUN proteins and lamins A and C. SUN1 and SUN2 were 
co-precipitated with GFP-nesprin-3α but not with GFP-nesprin-3αΔPPPT (Fig. 2D). This effect 
was specific for the SUN proteins, as LAP1 and LAP2, two other INM proteins, did not co-
precipitate with either form of nesprin-3α (data not shown). Furthermore, we were unable 
to co-precipitate lamin A and lamin C from cells expressing GFP-nesprin-3α and GFP-
nesprin-3αΔPPPT (Fig. 2D). Taken together, these results indicate that nesprin-3α interacts 
with SUN1 and SUN2 through its C-terminal four amino acids (PPPT).

SUN proteins are required for proper localization of nesprin-3α at the NE
The localization of nesprin-3αΔPPPT at the ER suggests that the interaction with SUN 
proteins is essential for the proper retention of nesprin-3α at the NE. SUN proteins were 
previously reported to interact with lamin A (Crisp et al., 2006; Haque et al., 2006). To 
investigate whether SUN proteins and lamin A are indeed required for the localization 
of nesprin-3α at the NE, we performed siRNA knockdown studies. PA-JEB cells stably 
expressing GFP-nesprin-3α were mock transfected or transfected with siRNAs directed 
against the expression of lamin A/C (LmnA), SUN1, SUN2 or a combination of SUN1 and 
SUN2. Knockdown efficiency was tested by western blot (Fig. 3A) and the effect on the 
localization of GFP-nesprin-3α was analyzed by immunofluorescence. The siRNA-mediated 
knockdown is specific as it has no effect on the expression of other INM proteins or lamin 
B (Fig. 3B). The decrease in the amount of lamins A and C has no, or only a limited, effect 
on the localization of SUN1 and SUN2 at the INM (data not shown). Similarly, knockdown 
of SUN2 or lamins A and C has no effect on the localization of GFP-nesprin-3α at the ONM 
(Fig. 3B,C). However, knockdown of SUN1 or a combination of SUN1 and SUN2 leads 
to a decrease in the amount of GFP-nesprin-3α at the NE of 27% and 40%, respectively 
(P<0.001) (Fig. 3B,C). This suggests that expression of SUN1, but not that of SUN2, is 
required for proper retention of nesprin-3α at the ONM.

The fact that no effect of SUN2 knockdown was observed on the localization of GFP-
nesprin-3α could be attributable to an incomplete knockdown of SUN2. To investigate 
the interaction between SUN2 and nesprin-3 in more detail, PA-JEB cells stably expressing 
GFP-nesprin-3α were transfected with a construct encoding the lumenal domain of 
SUN2, encompassing the nesprin interaction site, fused to an ER retention signal. In 
untransfected cells, the localization of GFP-nesprin-3α at the NE was normal (Fig. 3D). 
However, overexpression of the SUN2 lumenal domain results in a relocalization of GFP-
nesprin-3α away from the NE and into the ER, where it becomes colocalized with the SUN2 
lumenal domain (Fig. 3D). Based on this finding, we conclude that nesprin-3 is not only 
retained at the NE through an interaction with SUN1 but also with SUN2.

The results thus far show that nesprin-3 is retained at the NE by the same mechanism 
as that responsible for the retention of nesprin-1 and -2. Specifically, nesprin-3α interacts 
with both SUN1 and SUN2 through its PPPX consensus sequence. This interaction is 
required for the proper localization of nesprin-3α at the NE as deletion of the consensus 
sequence, knockdown of the SUN1 proteins and overexpression of a SUN2 lumenal-KDEL 
construct result in displacement of nesprin-3α from the NE to the ER.

Nesprin-3α can form dimers
Proteins containing spectrin repeats are thought to form dimers by means of an 
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Figure 3. Nesprin-3α is dependent on SUN1 and SUN2 for its localization at the NE. (A) PA-JEB cells stably 
expressing GFP-nesprin-3α were mock transfected or transfected with siRNA directed against lamin A/C (LmnA), 
SUN1, SUN2 or a combination of SUN1 and SUN2. 72 hours after transfection, cells were lysed and WCLs were 
analyzed for expression of the indicated proteins. (B) PA-JEB cells stably expressing GFP-nesprin-3α were mock 
transfected or transfected with siRNAs directed against LmnA, SUN1, SUN2 or a combination of SUN1 and SUN2. 
72 hours after transfection, cells were fixed in paraformaldehyde, stained for the indicated proteins and analyzed 
by confocal microscopy. Bar, 10 μm. (C) Quantitative analysis of the effect shown in (B). The gray values of GFP-
nesprin-3α at the nucleus and the complete cell were determined for individual siRNA- and mock-transfected 
cells. Results are shown as the mean ratio of the gray value in the nucleus to the gray value in the total cell ± 
s.e.m. (n=50). *, P<0.001. (D) PA-JEB cells stably expressing GFP-nesprin-3α were transiently transfected with a 
Myc-tagged SUN2 lumenal domain construct carrying an ER-retention signal (SUN2L-ER). After 72 hours, cells 
were fixed in paraformaldehyde and stained for Myc. Representative confocal images are shown. Arrows indicate 
a displacement of GFP-nesprin-3α over the ER. Bar, 10 μm.
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intermolecular interaction between their spectrin repeats (Djinović-Carugo et al., 2002; 
Djinović-Carugo et al., 1999; Imamura et al., 1988; Pascual et al., 1997; Yan et al., 1993). As 
nesprin-3 contains a series of spectrin repeats, the ability of nesprin-3α to self-associate 
was investigated by co-immunoprecipitation. COS7 cells were transiently transfected with 
constructs encoding nesprin-3α tagged with vesicular stomatitis virus (VSV) glycoprotein 
(VSV-nesprin-3α) and hemagglutinin (HA)-tagged HA-nesprin-3α, HA-plectin-1C ABD or 
HA-α-actinin ABD. The ABDs of plectin-1C and α-actinin served as a positive and a negative 
control, respectively, for nesprin-3α binding. The HA precipitates were subsequently 
analyzed for the presence of VSV-nesprin-3α. In support of our previous study (Wilhelmsen 
et al., 2005), the ABD of plectin-1C, but not that of α-actinin, could co-precipitate VSV-
nesprin-3α (Fig. 4). Furthermore, VSV-nesprin-3α co-precipitates with HA-nesprin-3α 
(Fig. 4), indicating that nesprin-3α can self-associate. Moreover, a high-molecular-mass 
variant of nesprin-3, double the size of nesprin-3α, is occasionally observed in western 
blots prepared from non-denaturing gels (data not shown), independently showing that 
nesprin-3α can exist as a dimer.

Plectin requires dimerization for its interaction with nesprin-3α at the NE
We previously demonstrated that overexpression of nesprin-3α, but not of nesprin-3β, 
results in the recruitment of endogenous plectin to the NE (Wilhelmsen et al., 2005). This 
interaction is mediated by the plectin ABD and requires the presence of the first spectrin 
repeat in nesprin-3α (Wilhelmsen et al., 2005). Like nesprin-3α, plectin is also thought 

Figure 4. Nesprin-3α can 
form dimers. COS7 cells 
were transiently transfected 
with a construct encoding 
VSV-nesprin-3α (lanes 1-3, 5) 
and expression constructs for 
HA-nesprin-3α (lane 1 and 4), 
HA-plectin 1C ABD (lanes 2 
and 6) or HA-α-actinin ABD 
(lanes 3 and 7). The cells were 
lysed in RIPA buffer, and HA 
precipitates were probed 
for VSV glycoprotein (upper 
panel) and HA (third panel). 
WCLs were probed for the 
expression levels of VSV-
nesprin-3α (second panel) and 
total nesprin-3 (lower panel).
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Figure 5. Plectin dimers are required for the interaction with nesprin-3α at the NE. (A) Schematic domain 
structure of a plectin molecule, containing an ABD (purple), a plakin domain (green), a rod domain (yellow) 
and a series of plakin repeats (blue). The length of the different plectin constructs used and their respective 
domains are indicated below. (B) PA-JEB cells stably expressing GFP-nesprin-3α or GFP-nesprin-3β were 
transiently transfected with HA-tagged constructs encoding plectin 1-399, plectin 1-606, plectin 1-2532 or full-
length plectin. 48 hours after transfection, cells were fixed in paraformaldehyde, stained for HA and analyzed by 
confocal microscopy. Bar, 10 μm. (C) PA-JEB, MD-EBS-1 and MD-EBS-2 keratinocytes were lysed and WCLs were 
analyzed by western blot for the expression of plectin (clone 31). Myosin heavy chain (MHC) served as a loading 
control. (D) PA-JEB cells expressing GFP-nesprin-3α and MD-EBS-1 cells stably expressing GFP-nesprin-3α or GFP-
nesprin-3β were fixed in paraformaldehyde, stained for plectin (clone 31) and analyzed by confocal microscopy. 
Arrows indicate the presence of plectin at the NE. Bar, 10 μm.
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to form dimers, which is achieved by means of an intermolecular interaction of the rod 
domain (Foisner et al., 1991; Green et al., 1992; Wiche, 1998). To test whether dimerization 
of plectin is necessary for the interaction with nesprin-3α at the NE, PA-JEB cells stably 
expressing GFP-nesprin-3α or GFP-nesprin-3β were transiently transfected with HA-
tagged plectin constructs encoding full-length plectin or C-terminal deletion mutants 
that either lack (plectin 1-399 and 1-606) or contain (plectin 1-2532) the rod domain (Fig. 
5A). The localization of these plectin proteins was subsequently analyzed by confocal 
microscopy. While full-length plectin and plectin 1-2532 colocalized with nesprin-3α at 
the NE, plectin 1-339 and plectin 1-606 did not (Fig. 5B). As expected, none of the HA-
tagged plectin proteins colocalized with nesprin-3β at the NE (Fig. 5B). As only those 
proteins containing the rod domain were localized at the NE, the results suggest that only 
plectin dimers are efficiently recruited by nesprin-3α.

To further confirm the essential role of the rod domain and the dimerization of plectin 
in the recruitment of plectin to the NE, we made use of the MD-EBS-1 cell line (Geerts et 
al., 1999; Koster et al., 2004). These cells were established from a patient with muscular 
dystrophy-associated epidermolysis bullosa simplex (MD-EBS), who was homozygous for 
an 8-base-pair duplication in exon 31 of plectin (Smith et al., 1996). As a consequence, 
the MD-EBS-1 cells do not have full-length plectin, but express a variant that lacks the 
rod domain (Fig. 5C). By contrast, MD-EBS-2 cells completely lack expression of plectin 
(Fig. 5C). To investigate the influence of the rod domain on the recruitment of plectin to 
nesprin-3α at the NE, PA-JEB cells expressing GFP-nesprin-3α and MD-EBS-1 cells stably 
expressing either GFP-nesprin-3α or GFP-nesprin-3β were stained for plectin and analyzed 
by confocal microscopy. As the HD-121 plectin antibody applied in the other experiments 
recognizes the rod domain, this antibody could not be used for the MD-EBS-1 cell line 
(Okumura et al., 1999). We therefore used a plectin antibody (clone 31) that recognizes 
an epitope in the plakin repeats. However, this antibody gives a considerable background 
staining of the nuclei, which renders an accurate identification of plectin at the NE more 
difficult. As shown in Fig. 5D, PA-JEB cells that lack GFP-nesprin-3α only show nuclear 
background staining, whereas PA-JEB cells expressing GFP-nesprin-3α demonstrate an 
additional rim of plectin around the nucleus, which indicates that full-length plectin 
is recruited to the NE. By contrast, although nuclear background staining could still be 
observed in the MD-EBS-1 cells, rod-less plectin only very limitedly colocalizes with GFP-
nesprin-3α and is absent from the NE in cells expressing GFP-nesprin-3β (Fig. 5D). This 
supports our notion that only plectin dimers can efficiently interact with nesprin-3α at 
the NE.

Overexpression of the plectin ABD stabilizes the actin cytoskeleton and has a dominant-
negative effect on the localization of endogenous plectin at the NE
Although the results in Fig. 4 indicate that the plectin ABD and nesprin-3α interact at the 
NE, this does not occur upon transient overexpression of the plectin ABD in cells (Fig. 5B). 
To investigate a potential effect of the plectin ABD on the localization of endogenous 
plectin, PA-JEB cells stably expressing GFP-nesprin-3α were transiently transfected with 
constructs encoding HA-plectin ABD or HA-plectin ABDE95S, a mutant of the plectin 
ABD that binds less strongly to nesprin-3α (Fig. 6). The cells were subsequently stained 
for endogenous plectin. Interestingly, while untransfected cells clearly show staining of 
endogenous plectin at the NE, plectin is absent from the NE in transfected cells (Fig. 7A). 
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This dominant-negative effect on the localization of endogenous plectin is observed, to 
a similar extent, with both the wild-type and the E95S plectin ABD (Fig. 7A). These results 
indicate that the dominant-negative effect is not caused through competition for nesprin-
3α binding between endogenous plectin and the plectin ABD.

As plectin has been implicated in the regulation of actin dynamics (Andrä et al., 
1997), we wondered whether the dominant-negative effect of the plectin ABD could 
be mediated through a stabilizing effect on the actin cytoskeleton. This was tested with 
cytochalasin D, a reagent known to disrupt actin filaments through the inhibition of actin 
polymerization. PA-JEB cells stably expressing GFP-nesprin-3α were transiently transfected 
with a construct encoding the HA-plectin ABD, treated with cytochalasin D and stained for 
either F-actin or endogenous plectin. In untransfected cells, actin filaments are lost upon 
cytochalasin D treatment and endogenous plectin is found associated with nesprin-3α 
at the NE (Fig. 7B). By contrast, when cells are transfected with a construct encoding the 
plectin ABD, actin fibers are still present after cytochalasin D treatment and endogenous 
plectin is found in the cytoplasm associated with them (Fig. 7B). This indicates that the 
plectin ABD stabilizes the actin cytoskeleton.

To confirm the effect of actin stabilization on the localization of endogenous plectin 
independent of the expression of the plectin ABD, we made use of the actin-stabilizing 
and polymerizing drug jasplakinolide. PA-JEB cells stably expressing GFP-nesprin-3α were 
treated with jasplakinolide and stained for F-actin and endogenous plectin. In untreated 
cells, endogenous plectin is found associated with GFP-nesprin-3α at the NE (Fig. 7C). 
Treatment with jasplakinolide results in the formation of peripheral actin aggregates 
that do not stain for phalloidin (Fig. 7C) as jasplakinolide competes with phalloidin for 

Figure 6. The E95S mutant 
of the plectin actin-binding 
domain (ABD) has a reduced 
affinity for nesprin-3α. COS7 
cells were transiently trans-
fected with a construct en-
coding VSV-nesprin-3α (lane 
1-3), VSV-nesprin-3β (lane 
4-6), HA-plectin ABD (lane 1, 
4 and 7) or HA-plectin ABDE95S 
(lane 2 and 5). The cells were 
lysed in RIPA buffer and HA 
precipitates were probed for 
nesprin-3 (upper panel) and 
HA (second panel). WCLs were 
probed for the expression level 
of nesprin-3 (lower panel). IP, 
immunoprecipitate; WB, west-
ern blot.
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the same binding site (Bubb et al., 1994). Moreover, jasplakinolide causes a change in 
the distribution of endogenous plectin, away from the NE and into the peripheral actin 
aggregates (Fig. 7C). Hence, stabilization of F-actin by jasplakinolide influences the 
localization of endogenous plectin and results in a redistribution of plectin to the actin 
cytoskeleton. This observation supports the idea that the dominant-negative effect of the 
plectin ABD is caused by a stabilizing effect on F-actin structures.

Figure 7. Expression of the 
plectin ABD stabilizes the 
actin cytoskeleton and has 
a dominant-negative effect 
on the localization of endo-
genous plectin at the NE. (A) 
PA-JEB cells stably expressing 
GFP-nesprin-3α were tran-
siently transfected with con-
structs encoding HA-plectin 
ABD or HA-plectin ABDE95S. 
48 hours after transfection, 
cells were fixed in paraform-
aldehyde, stained for HA and 
endogenous plectin (HD-121 
antibody) and analyzed by 
confocal microscopy. Bar, 10 
μm. (B) PA-JEB cells stably ex-
pressing GFP-nesprin-3α were 
transiently transfected with a 
construct encoding the HA-
plectin ABD. The cells were 
treated with cytochalasin D 
for 30 minutes, fixed in para-
formaldehyde and stained for 
HA and either endogenous 
plectin (HD-121 antibody) or 
F-actin. Bar, 10 μm. (C) PA-JEB 
cells stably expressing GFP-
nesprin-3α were treated with 
100 nM jasplakinolide for two 
hours. Treated and untreated 
cells were fixed in paraformal-
dehyde and stained for F-actin 
and endogenous plectin (HD-
121 antibody). Bar, 10 μm.
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Discussion
We have shown that nesprin-3 is retained at the ONM through an interaction of its PPPX 
consensus sequence with the INM proteins SUN1 and SUN2. This mechanism is identical 
to the one previously observed for nesprin-1 and -2 (Crisp et al., 2006; Padmakumar et 
al., 2005), indicating that all nesprin family members localize at the NE in a similar way. 
Furthermore, nesprin-3α can form dimers, and dimerization of plectin is required for its 
interaction with nesprin-3α at the NE. We also demonstrated that overexpression of the 
plectin ABD results in stabilization of the actin cytoskeleton, which in turn influences the 
localization of endogenous plectin. This suggests that actin dynamics can regulate the 
interaction between plectin and nesprin-3α.

Nesprin-1 and -2 are localized at the NE through a mechanism involving the INM 
proteins SUN1 and SUN2 (Crisp et al., 2006; Padmakumar et al., 2005). Overexpression of 
one of these two nesprin proteins influences the localization of the other and causes its 
displacement from the NE (Padmakumar et al., 2005; Zhang et al., 2007). We now extend 
these observations by demonstrating that nesprin-3 is also displaced from the NE upon 
overexpression of nesprin-1 or -2. Hence, identical protein interactions are responsible 
for the localization of all nesprin family members at the NE. Furthermore, the dominant-
negative effect of overexpression of nesprin-1 or -2 indicates that the number of SUN 
docking sites in the periplasmic space is limited. This warrants a careful interpretation of 
nesprin overexpression studies as the observed effects will be influenced by the presence 
or absence of other nesprin proteins at the NE.

In this study, we demonstrate that nesprin-3 binds to SUN1 and SUN2 and that these 
proteins are required for its localization at the NE. Knockdown of SUN1 or overexpression 
of a SUN2 lumenal-KDEL construct result in a reduced amount of GFP-nesprin-3α at the 
NE. A similar observation was made previously for nesprin-2, which was found to be 
dependent on SUN1 for its localization at the NE (Crisp et al., 2006; Padmakumar et al., 
2005). In addition, our results are in line with those of a previous study, showing that 
depletion of both SUN1 and SUN2 in HeLa cells causes a loss of full-length nesprin-2 from 
the NE (Crisp et al., 2006).

SUN1 can bind to lamin A and, more specifically, to the unprocessed form of lamin A 
(Crisp et al., 2006; Haque et al., 2006). However, SUN1 and SUN2 do not require functional 
A- or C-type lamins for their localization at the INM (Crisp et al., 2006; Hasan et al., 2006; 
Padmakumar et al., 2005). In addition, nesprin-1 binds to lamin A directly, and nesprin-2 is 
dependent on lamin A for its localization at the NE (Libotte et al., 2005; Mislow et al., 2002). 
However, these studies focused on smaller isoforms of nesprin-1 and -2 that are thought 
to reside at the INM instead of the ONM. In this study, we were unable to co-precipitate 
lamin A or lamin C with nesprin-3. This is not unexpected as, by extensive analysis, no 
nesprin-3 isoforms were found in the nucleus or associated with the INM. Hence, it is 
unlikely that nesprin-3 binds to lamin A or lamin C directly. However, this does not exclude 
the possibility of an indirect link with lamin A through the association with SUN proteins. 
This would require the formation of a protein complex containing nesprin-3, SUN proteins 
and lamin A that bridges the NE. However, although an interaction between lamin A and 
the SUN proteins might take place, lamin A and lamin C are not required for the localization 
of nesprin-3α at the NE.

In the interaction between nesprin-3α and the SUN1 and SUN2 proteins, the PPPX 
consensus sequence present in the KASH domain is involved. Similarly, the conserved 
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C-terminal four amino acids of nesprin-2, PPPT, are essential for the interaction of 
nesprin-2 with SUN1 (Padmakumar et al., 2005). The requirement of the PPPX consensus 
sequence for the localization of nesprin-3 at the NE is illustrated by the observation that 
nesprin-3αΔPPPT does not concentrate at the NE but is found instead dispersed over the 
ER. However, there is still some residual nesprin-3αΔPPPT at the ONM. This can be explained 
in two ways. First, as the ONM is continuous with the RER, the nesprin-3αΔPPPT molecules 
that are not able to bind to SUN proteins on the INM, but are synthesized on ribosomes 
associated with either membrane, will become distributed equally over the RER and 
the ONM. Second, as nesprin-3α can self-associate, GFP-nesprin-3αΔPPPT might form 
heterodimers with endogenous nesprin-3α at the NE. As the murine and human nesprin-3 
spectrin repeats are highly homologous, we can reasonably conclude that they might 
form heterodimers. However, only the KASH domain of the wild type nesprin-3α in the 
dimer can bind to SUN proteins, and therefore their interaction with SUN proteins is likely 
to be weakened. Consequently, this should result in the amount of GFP-nesprin-3αΔPPPT 
retained at the ONM being reduced.

Nesprin-3α can bind to the cytoskeletal crosslinker protein plectin. This interaction 
takes place between the N-terminal ABD of plectin and the first spectrin repeat of 
nesprin-3α (Wilhelmsen et al., 2005). The finding that some C-terminally truncated plectin 
fragments containing the ABD do no colocalize with nesprin-3α at first sight might seem 
to contradict the results from biochemical assays, in which nesprin-3α co-precipitates with 
the plectin ABD. However, it should be understood that, in biochemical assays, no F-actin is 
present to which the plectin ABD can bind and that therefore, under these circumstances, 
all the ABDs of plectin are free to bind to nesprin-3α. The plectin ABD can also bind to 
monomeric actin, but this binding is relatively weak and apparently does not have an 
impact on the binding of the plectin ABD to nesprin-3α (Fontao et al., 2001). However, 
in cells, the plectin ABD can bind to F-actin. Moreover, in the co-immunoprecipitation 
experiments, the amount of the plectin ABD could well exceed the amount that can bind to 
F-actin, and therefore the remainder will be available to bind to nesprin-3α. Interestingly, 
our data also indicate that the expression of the plectin ABD exerts a dominant-negative 
effect on the localization of endogenous plectin at the NE. This effect was not caused 
by direct competition with endogenous plectin for nesprin-3α binding sites but by a 
stabilizing effect of the plectin ABD on the actin cytoskeleton. Stabilization of the actin 
cytoskeleton increases the amount of actin filaments, thereby creating more binding sites 
for endogenous plectin. As a consequence, plectin is no longer found at the NE associated 
with nesprin-3α. Taken together, these results support previous observations that plectin 
is involved in the regulation of the actin cytoskeleton (Andrä et al., 1998; Fontao et al., 
2001) and suggest that actin dynamics are likely to influence the interaction between 
plectin and nesprin-3α at the NE.

In this study, we were able to show that nesprin-3α is capable of dimerization. This 
was not unexpected as spectrin repeats have previously been shown to mediate protein-
protein interactions as well as dimerization (Djinović-Carugo et al., 2002; Djinović-Carugo 
et al., 1999; Imamura et al., 1988; Pascual et al., 1997; Yan et al., 1993). Furthermore, one 
of the nesprin-1 isoforms was shown to self-associate. Mislow et al. showed, by yeast-
two-hybrid studies and blot overlay assays, that nesprin-1α can self-associate through 
an interaction between the third and fifth spectrin repeats (Mislow et al., 2002). Based 
on the known anti-parallel dimerization of other proteins containing spectrin repeats 
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(Djinović-Carugo et al., 1999; Imamura et al., 1988; Pascual et al., 1997; Yan et al., 1993), 
it has been suggested that the N-terminus of one nesprin-1α molecule can interact with 
the C-terminus of another nesprin-1α molecule. This would result in the intermolecular 
anti-parallel dimerization of nesprin-1α (Mislow et al., 2002). Although the actual spectrin 
repeats involved in the dimerization of nesprin-3α await further identification, these 
previous observations suggest that dimerization of nesprin-3α might also be anti-parallel.

Previous studies have shown that plectin can form dimers in solution (Foisner and 
Wiche, 1987; Weitzer and Wiche, 1987; Wiche, 1998). In fact, the dimerization of plectin 
is thought to be mediated by its coiled-coil rod domain (Foisner et al., 1991; Green et al., 
1992; Uitto et al., 1996; Wiche, 1998; Wiche et al., 1991). Our results indicate that plectin 
requires dimerization for its interaction with nesprin-3α at the NE. Shorter N-terminal 
plectin fragments, capable of binding nesprin-3α in co-immunoprecipitation studies, were 
not found at the NE in cells overexpressing nesprin-3α. Only plectin constructs containing 
the rod domain were found at the NE, indicating that the rod domain is essential for 
localization of plectin at the NE. Additionally, GFP-nesprin-3α stably expressed in MD-
EBS-1 cells, which only express a rod-less variant of plectin, was unable to efficiently 
recruit this plectin isoform to the NE. From these results, we conclude that only plectin 
dimers can efficiently interact with nesprin-3α at the NE.

In contrast to PA-JEB cells, which do not express the integrin β4 subunit, MD-EBS 
keratinocytes show normal expression of β4. Like its binding to nesprin-3α, plectin binds to 
β4 through its N-terminal ABD (Geerts et al., 1999). Hence, the absence of rod-less plectin 
from the NE in MD-EBS-1 cells overexpressing GFP-nesprin-3α might be a consequence 
of a competition for plectin binding between nesprin-3α and integrin β4. However, we 

Figure 8. Model illustrating the nesprin-3 LINC complex. Nesprin-3α dimers (blue) are retained at the ONM 
through an interaction with SUN1 (brown) or SUN2 (green) protein dimers. The binding of nesprin-3α to dimers 
of plectin (yellow) connects the nucleus to the intermediate filament system. A potential interaction of SUN 
proteins with lamin A (red), indicated by a question mark, establishes an indirect link between the cytoskeleton 
and the nucleoskeleton: the nesprin-3 LINC complex. ONM, outer nuclear membrane; INM, inner nuclear 
membrane; PS; periplasmic space; IF, intermediate filaments.
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do not consider this a likely explanation as we previously demonstrated that even if GFP-
nesprin-3α is overexpressed in PA-JEB-β4 cells (i.e. PA-JEB cells reconstituted with β4) full-
length plectin is still recruited to the NE (Wilhelmsen et al., 2005).

Using pulldown assays, we have previously shown that the ABD of MACF is also 
capable of interacting with nesprin-3α (Wilhelmsen et al., 2005). However, we were unable 
to show that overexpression of nesprin-3α causes a redistribution of MACF to the NE, 
unlike the effect on plectin. Interestingly, MACF does not contain a coiled-coil rod domain 
but, instead, has a spectrin-based central domain. It is therefore tempting to speculate 
that the inability of nesprin-3α to recruit MACF to the NE is due to an inability of this 
protein to form parallel dimers. This hypothesis will require further investigation.

In addition to nesprin-3α and plectin, SUN proteins are also thought to form dimers. 
Padmakumar and colleagues have mentioned yeast-two-hybrid data indicating that 
a region of SUN1 containing two coiled-coil domains is capable of self-interaction, 
suggesting that SUN1 forms dimers or oligomers (Padmakumar et al., 2005). Furthermore, 
it has recently been shown that SUN2 can form homodimers as well as forming 
heterodimers with SUN1 (Wang et al., 2006). Together with the dimerization of plectin 
and nesprin-3α, this implicates a model in which homo- or heterodimers of SUN proteins 
interact with dimers of nesprin-3α, which in turn can bind to dimers of plectin (Fig. 8). As 
plectin binds to nesprin-3α by its N-terminal ABD, the C-terminus is free to interact with 
intermediate filaments in the cytoplasm. By contrast, SUN proteins are thought to interact 
with nuclear lamins (Crisp et al., 2006; Haque et al., 2006). Taken together, this suggests 
that intermediate filaments in the cytoplasm are indirectly linked to the nuclear lamina 
(Fig. 8). Hence, the LINC complex not only connects the nucleoskeleton with the actin 
cytoskeleton but also might connect it to the intermediate filament system.

Materials and Methods
Constructs
GFP-tagged dominant-negative nesprin-1 and -2 constructs were kindly provided by 
Iakowos Karakesisoglou (University of Cologne, Germany) (Libotte et al., 2005). The 
lumenal domain of SUN2 that includes the whole C-terminal region downstream of the 
transmembrane domain was amplified by PCR and cloned in the SalI-NotI restriction sites 
of pShooter/Myc/ER (Invitrogen). This cloning resulted in the expression of a recombinant 
protein fused to an N-terminal signal sequence and a C-terminal Myc epitope, followed 
by a KDEL sequence for protein retention within the ER lumen. The HA-tagged plectin 
constructs and the constructs encoding VSV-nesprin-3α, VSV-nesprin-3β and HA-α-
actinin ABD have been described previously (Geerts et al., 1999; Litjens et al., 2003; 
Litjens et al., 2005; Wilhelmsen et al., 2005). Nesprin-3α was subcloned into pcDNA3-HA, 
a derivative of the eukaryotic expression vector pcDNA3 (Invitrogen) that contains an 
extra sequence 5’ of the multiple cloning site encoding the HA tag, by first inserting the 
C-terminal part using BamHI-XbaI restriction sites. The N-terminal part was subsequently 
inserted using a BamHI digest of nesprin-3α from pcDNA3-VSV. The VSV-nesprin-3αΔPPPT 
construct was made by inserting a PCR fragment containing the deletion [using primers 
5’-GCTGGACTCGAGACGCTG-3’ (forward) and 5’-GGTCCTCTAGACTAGCCATTGTACCG-3’ 
(reverse)] into the XhoI-XbaI restriction sites of pcDNA3-VSV-nesprin-3α. Nesprin-3αΔPPPT 
was subcloned into pEGFP-C3 (Clontech laboratories) using HindIII-XbaI sites. The Eco47III-
XbaI sites of this construct were used to obtain a GFP-nesprin-3αΔPPPT fragment for cloning 
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into the SwaI-SnaBI sites of pLZRS-IRES-zeo. All constructs were verified by sequencing, 
and protein expression and size were confirmed by western blotting.

Antibodies
The preparations of the rabbit polyclonal antibodies (pAbs) against nesprin-3 and SUN2 
have been described previously (Hodzic et al., 2004; Wilhelmsen et al., 2005). A murine 
nesprin-3 monoclonal antibody (mAb) Nsp3 was made by immunization of BALB/c 
mice with the GST fusion protein encoding the seventh spectrin repeat of nesprin-3α 
(Wilhelmsen et al., 2005). After five injections, the mice were sacrificed and isolated splenic 
lymphocytes were fused with Sp2/0 mouse myeloma cells. Hybridoma supernatants were 
collected and screened for antibodies by ELISA and western blot. Selected hybridomas 
were cloned three times by limiting dilution. The rabbit pAb directed against human SUN1 
was kindly provided by Sue Shackleton (University of Leicester, UK). The mouse mAb HD-
121 against plectin/HD1 was provided by Katsushi Owaribe (University of Nagoya, Japan) 
(Hieda et al., 1992). The mAb against lamins A and C (131C3) (MUbio Products BV) was a 
gift from Frans Ramaekers (University of Maastricht, The Netherlands). The rabbit pAbs 
directed against PDI and GFP were kindly provided by Hidde Ploegh (Whitehead Institute, 
Cambridge, MA) and Jacques Neefjes (The Netherlands Cancer Inst., Amsterdam, The 
Netherlands), respectively. Myc-tagged proteins were detected with the mAb 9E10. The 
mAb 12CA5 and pAb Y-11 recognizing HA were purchased from Santa Cruz Biotechnology. 
The mAb directed against actin was purchased from Chemicon International. The anti-
VSV glycoprotein mAb P5D4 was obtained from Sigma, the anti-Golgin-97 mAb CDF4 
from Molecular Probes, the anti-plectin mAb clone 31 from BD Biosciences Pharmingen 
and the anti-lamin B goat pAb M-20 from Santa Cruz Biotechnology. Goat anti-rabbit 
and goat anti-mouse TexasRed-conjugated antibodies were purchased from Invitrogen. 
Goat anti-mouse and donkey anti-goat Cy5-conjugated antibodies were obtained from 
Jackson ImmunoResearch. Alexa Fluor 568 phalloidin and BODIPY 650/660 phalloidin 
were purchased from Molecular Probes. The donkey anti-rabbit and goat anti-mouse 
horseradish peroxidase-conjugated antibodies were obtained from GE Healthcare.

Cell culture
NIH3T3 and COS7 cells were grown in DMEM (GIBCO Life Technologies) supplemented 
with 10% fetal calf serum, 100 U/ml penicillin and 100 U/ml streptomycin. PA-JEB, PA-
JEB-GFP-nesprin-3α, PA-JEB-GFP-nesprin-3αΔPPPT, PA-JEB-GFP-nesprin-3β, MD-EBS-GFP-
nesprin-3α and MD-EBS-GFP-nesprin-3β keratinocytes were grown in keratinocyte 
serum-free medium (GIBCO Life Technologies) supplemented with 50 μg/ml bovine 
pituitary extract, 5 ng/ml EGF, 100 U/ml penicillin and 100 U/ml streptomycin. MD-EBS 
keratinocytes stably expressing GFP-nesprin-3α or GFP-nesprin-3β have been described 
previously (Wilhelmsen et al., 2005). Stable integration of GFP-nesprin-3αΔPPPT was 
performed as described previously (Sterk et al., 2000). Briefly, retrovirus carrying the GFP-
nesprin-3αΔPPPT construct was produced by calcium phosphate-mediated transfection of 
amphotropic Phoenix packaging cells. PA-JEB cells were infected with the recombinant 
virus by the DOTAP method (Boehringer), selected on Zeocin (Invitrogen) and sorted for 
the expression of GFP-nesprin-3αΔPPPT by FACS. PA-JEB cells stably expressing GFP-nesprin-
3α were treated with 0.5 μg/ml cytochalasin D (Sigma-Aldrich) for 30 minutes at 37°C 
in a humidified atmosphere containing 5% CO2. Jasplakinolide (Molecular Probes) was 
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used at a concentration of 100 nM for 2 hours under similar conditions. Cells were fixed 
immediately after treatment and processed for immunofluorescence.

Transfection and siRNA
NIH3T3 cells were transiently transfected with Effectene transfection reagent (Qiagen) 
according to the instructions provided by the manufacturer. Cells were analyzed 24-48 
hours after transfection. Transient transfection of COS7 cells was achieved using the DEAE-
dextran method. Cells were lysed after 48-72 hours of transfection. Transfection of PA-JEB 
cells stably expressing GFP-nesprin-3α was mediated by Lipofectin (Invitrogen). PA-JEB 
cells stably expressing GFP-nesprin-3α were depleted of SUN1, SUN2 or lamin A and 
lamin C using appropriate SmartPool oligonucleotide duplexes (Dharmacon). Cells were 
transfected with siRNAs using DharmaFect1 transfection reagent (Dharmacon) according 
to the manufacturer’s instructions. Analysis took place after at least 72 hours of culture.

Cell lysis and immunoprecipitation
Cells grown to confluency in 10 cm tissue-culture dishes were lysed in 1 ml 
radioimmunoprecipitation (RIPA) buffer [10 mM sodium phosphate, pH 7, 150 mM NaCl, 
1% Nonidet P40, 1% DOC, 0.1% SDS, 2 mM EDTA, 50 mM NaF, 100 μM sodium vanadate 
and protease inhibitor cocktail (Sigma-Aldrich)]. Lysates were cleared by centrifugation 
at 20,000 g in a microcentrifuge at 4°C for 45 minutes. Nesprin-3 proteins were 
immunoprecipitated by incubation of cell lysates with 100 μl supernatant containing 
the nesprin-3 mAb Nsp3 for 1 hour on ice, followed by a subsequent incubation with 
100 μl of a 10% slurry of γ-bind-Sepharose (GE Healthcare) with rocking for 3 hours at 
4°C. For immunoprecipitation with anti-HA, cell lysates were incubated by rocking for 2 
hours at 4°C with 100 μl of a 10% slurry of anti-HA mAb prebound to γ-bind-Sepharose. 
Immunoprecipitates were washed four times with lysis buffer, boiled for 5 minutes in SDS-
sample buffer (50 mM Tris, pH 6.8, 10% glycerol, 1% SDS, 0.1% β-mercaptoethanol and 
0.025% bromophenol blue) and resolved by SDS-PAGE.

Immunofluorescence
Cells grown on glass coverslips were fixed in 1-3% paraformaldehyde in PBS for 10 
minutes and permeabilized with 0.5% Triton X-100 in PBS for 5 minutes. After blocking 
with 2% BSA in PBS, the cells were incubated with the primary antibody for 1 hour at room 
temperature. Cells were washed three times with PBS and incubated for 45 minutes at 
room temperature with the secondary antibody. After three washes with PBS, coverslips 
were mounted in Mowiol-DAPCO and viewed under a confocal laser scanning microscope 
(model TCS NT or SP-2 AOBS; Leica). Data was analyzed using Adobe Photoshop and 
ImageJ software. Quantification, based on maximal projection of z-stacks, was achieved 
by determining the gray value of nesprin-3 at the NE and relating it to the total gray value 
of nesprin-3 in individual cells.

Electron microscopy
PA-JEB cells stably expressing GFP-nesprin-3α or GFP-nesprin-3αΔPPPT were fixed for 2 
hours in a mixture of 2% paraformaldehyde and 0.2% glutaraldehyde in PHEM buffer (60 
mM PIPES, 25 mM HEPES, 2 mM MgCl2, 10 mM EGTA, pH 6.9) and processed for ultrathin 
cryosectioning, as described previously (Calafat et al., 1997). The sections were incubated 
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with a pAb against GFP for 60 minutes, followed by an incubation with 10 nm colloidal-
gold-labeled protein A for 30 minutes. After immunolabeling, the cryosections were 
embedded in a mixture of methyl cellulose and uranyl acetate and examined with a FEI 
Tecnai 12G2 electron microscope.

Statistical analysis
The results are shown as the mean ± s.e.m. Comparisons were made using the Student’s 
t-test, assuming equal variances. Statistical significance was defined as P<0.001.
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Summary
The outer nuclear membrane protein nesprin-3 binds the cytoskeletal linker protein 
plectin, which are proposed to anchor the intermediate filaments to the nuclear envelope. 
To investigate the function of nesprin-3 in vivo, we used the zebrafish as a vertebrate 
model system. Zebrafish nesprin-3 is expressed at the nuclear envelope of epidermal 
and skeletal muscle cells during development. Unexpectedly, loss of nesprin-3 did 
not affect embryonic development, viability or fertility. However, nesprin-3-deficient 
zebrafish embryos showed a reduced concentration of intermediate filaments around the 
nucleus. Additional analysis revealed the presence of two nesprin-3 isoforms in zebrafish, 
nesprin-3α and nesprin-3β. Nesprin-3β is only expressed during early development and 
lacks seven amino acids in its first spectrin repeat that are crucial for plectin binding and 
recruitment to the nuclear envelope. These seven amino acids are highly conserved and 
we showed that residues R43 and L44 within this motif are required for plectin binding. 
Furthermore, several residues in the actin-binding domain of plectin that are crucial 
for binding to the integrin β4 subunit are also important for the binding to nesprin-3α, 
indicating partial overlapping binding sequences for nesprin-3α and integrin β4. All this 
shows that nesprin-3 is dispensable for normal development in zebrafish, but important 
for mediating the association of the intermediate filament system with the nucleus in vivo.

Introduction
The outer nuclear membrane (ONM) of the nuclear envelope (NE) is continuous with the 
rough endoplasmic reticulum and is characterized by the presence of members of the 
nesprin protein family. To date, four members have been identified in mammals, nesprin-1 
(Padmakumar et al., 2004; Zhang et al., 2001), nesprin-2 (Zhang et al., 2001; Zhen et al., 
2002), nesprin-3 (Wilhelmsen et al., 2005) and the recently identified nesprin-4 (Roux et 
al., 2009). All these proteins are characterized by multiple spectrin repeats (SRs) and a 
C-terminal Klarsicht/ANC-1/Syne homology (KASH) domain (Wilhelmsen et al., 2006; 
Zhang et al., 2002). The KASH domain comprises a transmembrane region followed by 
a short luminal domain that extends into the periplasmic space, where it interacts with 
the inner nuclear membrane (INM) proteins SUN1 and SUN2 (Crisp et al., 2006; Haque et 
al., 2006; Padmakumar et al., 2005). The SUN-nesprin interaction is essential for retaining 
nesprins at the ONM and for maintaining a proper NE architecture (Crisp et al., 2006). 
Inside the nucleus, SUN proteins interact through their N-terminal domain with the 
nuclear lamina (Crisp et al., 2006; Haque et al., 2006).

The nesprin family members differ from each other in the number of SRs and in their 
N-terminal domain. The giant isoforms of nesprin-1 and nesprin-2 have an N-terminal 
actin-binding domain (ABD) through which they connect the NE to the actin cytoskeleton 
(Padmakumar et al., 2004; Zhen et al., 2002). Nesprin-3 and nesprin-4 are much smaller 
in size and lack an N-terminal ABD. However, these proteins can link the cytoskeleton to 
the NE in an indirect manner. Nesprin-3 binds the cytoskeletal crosslinker protein plectin, 
by which it can anchor the intermediate filaments (IFs) to the ONM (Wilhelmsen et al., 
2005). Furthermore, nesprin-4 binds to the microtubule motor protein kinesin-1 (Roux 
et al., 2009), thereby establishing a link between the nucleus and microtubules. The 
nesprin-SUN complexes thus establish a connection between the cytoskeleton and the 
nuclear lamina; a complex referred to as the LINC complex (linker of nucleoskeleton and 
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cytoskeleton) (Crisp et al., 2006; Stewart-Hutchinson et al., 2008).
The connection of the NE with the cytoskeleton suggests that nesprins have important 

functions in nuclear positioning and anchorage. Indeed, studies in Caenorhabditis 
elegans and Drosophila melanogaster showed nuclear anchorage defects upon loss of 
the nesprin-1 and nesprin-2 homologs ANC-1 and MSP-300, respectively (Starr and Han, 
2002; Wilhelmsen et al., 2006; Yu et al., 2006). Furthermore, various nesprin-1 mutant mice 
are characterized by an abnormal clustering of skeletal muscle nuclei and the absence 
of synaptic nuclei from the neuromuscular junction (Puckelwartz et al., 2009; Zhang et 
al., 2010; Zhang et al., 2007b). Although nesprin-2 mutant mice have no overt abnormal 
phenotype (Lüke et al., 2008; Zhang et al., 2007b), mice in which the KASH domains of 
both nesprin-1 and nesprin-2 are deleted die shortly after birth due to respiratory failure 
(Zhang et al., 2007b), indicating a redundancy of their function.

Nesprin-3 is the only family member currently known to anchor the IF system to 
the NE. We have previously described the presence of two nesprin-3 isoforms in mice, 
nesprin-3α and nesprin-3β, the latter not binding to plectin. These isoforms are produced 
as a result of alternative splicing (Wilhelmsen et al., 2005). Nesprin-3α contains eight SRs 
and a C-terminal KASH domain, and the nesprin-3β isoform differs only in that it lacks the 
first SR. Because the first SR is essential for plectin binding, only nesprin-3α can establish a 
connection with the IF system (Wilhelmsen et al., 2005). However, the function of nesprin-
3α in vivo is currently unknown.

Plectin is a cytoskeletal crosslinker protein of the plakin family that is highly versatile 
in its binding properties (Wiche, 1998). Similarly to other family members, plectin 
interconnects different components of the cytoskeleton and attaches them to junctional 
complexes at the plasma membrane (McLean et al., 1996; Sonnenberg and Liem, 2007). 
For example, plectin crosslinks the actin cytoskeleton with the IF system via its N-terminal 
ABD and C-terminal plakin repeats, respectively (Andrä et al., 1998; García-Alvarez et al., 
2003; Nikolic et al., 1996). In addition to its interaction with F-actin, the plectin ABD also 
mediates binding to the integrin β4 subunit and nesprin-3α, thereby connecting the IF 
system to both the plasma membrane and the NE (Geerts et al., 1999; Litjens et al., 2003; 
Wilhelmsen et al., 2005). Moreover, we have previously demonstrated that both nesprin-
3α and integrin β4 compete with F-actin for plectin binding (Geerts et al., 1999; Ketema 
et al., 2007; Wilhelmsen et al., 2005). Deficiency of plectin in both patients and mice leads 
to skin fragility and muscular dystrophy, illustrating its essential role in maintaining cell 
integrity (Andrä et al., 1997; McLean et al., 1996).

In the present study, we have investigated the function of nesprin-3 in vivo. Because 
nesprin-1, nesprin-2 and nesprin-3 are conserved in zebrafish (Simpson and Roberts, 
2008; Tsujikawa et al., 2007), we have used this organism as a vertebrate model system to 
study the distribution of nesprin-3 during embryonic development. In addition, we have 
generated and analyzed nesprin-3-deficient zebrafish using TILLING (targeted induced 
local lesions in genomes), an approach for the identification of null mutations from a 
randomly N-ethyl-N-nitrosourea (ENU)-mutagenized zebrafish library (Wienholds and 
Plasterk, 2004).
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Results
Nesprin-3 is expressed at the NE of epidermal and skeletal muscle cells during zebrafish 
embryonic development
Nesprins are expressed in various tissues such as brain, skin, skeletal muscle and heart (Lüke 
et al., 2008; Wilhelmsen et al., 2005; Zhang et al., 2001). However, the expression profile 
and the function of nesprin-3 are still largely unknown. Because nesprin-3 is conserved in 
zebrafish (Simpson and Roberts, 2008), we decided to use zebrafish to study the function 
of nesprin-3. To investigate the mRNA expression of nesprin-3 during zebrafish embryonic 
development, we performed whole-mount in situ hybridization (ISH) with a digoxigenin-
labeled antisense nesprin-3 probe on wild-type embryos of various developmental stages. 
Maternal nesprin-3 mRNA expression was observed during initial cellular division, before 
the start of zygotic transcription (Fig. 1A). At 24 hours post-fertilization (hpf ), nesprin-3 
mRNA appeared to be expressed ubiquitously (Fig. 1B). Strongest nesprin-3 expression 
was detected in skeletal muscle and the epidermis (Fig. 1C,D).

To study the distribution of nesprin-3 protein in zebrafish, we produced a rabbit 
polyclonal antibody directed against SR7 of zebrafish nesprin-3. Whole-mount 
immunohistochemistry on 3-day-old embryos revealed localization of nesprin-3 protein 
at the NE in epidermal (Fig. 1E) and skeletal muscle cells (Fig. 1E inset). In addition to the NE 
staining, we also observed staining at the myotendinous junctions and in the cytoplasm 
of skeletal muscle cells. However, because a similar staining pattern was found with the 
pre-immune serum (data not shown), we regarded this reaction as nonspecific. This 
nonspecific background staining hindered the study of nesprin-3 expression in skeletal 
muscle cells at most stages of development. Unlike in skeletal muscle cells, nesprin-3 
expression at the NE of epidermal cells was observed during all stages of development 
[1-6 days post fertilization (dpf )]. The localization of nesprin-3 at the NE in epidermal 
cells was confirmed by double labeling with the basal epidermal marker p63 (Fig. 1F-H) 
(Lee and Kimelman, 2002). However, a layer of nesprin-3-positive cells overlying the cells 
double-labeled with p63 and nesprin-3 was also observed (Fig. 1H inset). Because the 
zebrafish embryonic epidermis contains a basal and a peridermal cell layer at this stage 
of development (Le Guellec et al., 2004), we conclude that nesprin-3 is expressed in both 
epidermal cell layers. Furthermore, in a heterogeneous epidermal cell population derived 
from 21-day-old larvae, we observed nesprin-3 expression at the NE (data not shown). 
This suggests that nesprin-3 also resides at the NE of epidermal cells during later stages 
of development.

Complete loss of nesprin-3 does not affect embryonic development, viability or fertility in 
zebrafish
To study the function of nesprin-3 in vivo, we screened for mutant alleles in zebrafish. 
From a library of ENU-mutagenized zebrafish we isolated a nesprin-3 mutant allele, 
hu6448. The hu6448 allele carries a cytosine to thymine mutation in exon 4 of nesprin-3 
(ENSDARG00000023237), leading to the introduction of a premature stop codon at position 
195 (Fig. 2A). Because a premature stop mutation often affects the stability of mRNA by 
a process referred to as nonsense-mediated decay, we investigated the nesprin-3 mRNA 
expression in nesprin-3 mutant embryos. Whole-mount ISH was performed on a batch of 
embryos obtained from a cross between two heterozygous parents. This revealed that 
nesprin-3 mRNA is absent in homozygous nesprin-3 mutant embryos, whereas reduced 
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nesprin-3 mRNA expression levels were observed in heterozygous embryos as compared 
to those in wild-type siblings (Fig. 2B). In addition, whole-mount immunohistochemistry 
analysis was performed to determine whether nesprin-3 protein is present in the 
homozygous nesprin-3 mutant embryos. Indeed, nesprin-3 protein was absent from 
epidermal cells in 3-day-old homozygous nesprin-3 mutant embryos (Fig. 2C). Together, 
this shows that the hu6448 allele is a complete nesprin-3 null mutant.

The homozygous nesprin-3 mutant embryos showed no obvious defects during 
embryonic development and were fertile. Because nesprin-3 mRNA is expressed 
maternally (Fig. 1A), it is possible that the amount of nesprin-3 protein produced from 
this mRNA is sufficient to carry the embryo through early stages of development. To 
investigate the contribution of maternal nesprin-3 mRNA, we generated maternal-zygotic 
nesprin-3 mutant embryos from a cross between two homozygous nesprin-3 mutant 
parents. Western blot analysis demonstrated that the nesprin-3 protein was absent in 
the maternal-zygotic mutant embryos, whereas a 50% reduction in nesprin-3 protein 
level, compared to homozygous wild-type, was observed for a batch derived from two 
heterozygous parents (Fig. 2D). The maternal-zygotic nesprin-3 mutant embryos also 
developed normally and were fertile, thereby ruling out the possibility that maternally 
derived nesprin-3 compensates for a lack of nespin-3 in the developing knockout embryos.

Association of the IF system with the NE is reduced in nesprin-3-deficient zebrafish embryos
Previous in vitro studies have suggested that nesprin-3α, by binding to plectin, connects 
the IF system with the NE (Wilhelmsen et al., 2005). We predicted that, in epidermal cells 

Figure 1. Nesprin-3 is expressed at the NE of epidermal and skeletal muscle cells during zebrafish 
embryonic development. (A,B) Whole-mount ISH for nesprin-3 mRNA expression at the 16-cell stage (A) and 1 
dpf (B). (C,D) Semi-thin sections of 1-day-old embryos after ISH at the level of the trunk (C) and at the end of the 
tail (D). Asterisks indicate the nesprin-3 mRNA expression in the skeletal muscle, and black arrowheads indicate 
the nesprin-3 mRNA expression in the epidermis. Sections were counterstained with neutral red. (E) Whole-
mount immunostaining with anti-nesprin-3 antibody on 3-day-old wild-type embryos in the tail-fin and skeletal 
muscle (inset). The arrow marks nonspecific (pre-immune) background staining at the myotendinous junctions. 
Scale bars: 50 µm. (F-H) Co-staining with anti-p63 antibody (green, F) and anti-nesprin-3 antibody (red, G) in 
3-day-old wild-type embryos shows nesprin-3 localization at the NE of basal epidermal cells and peridermal cells 
(H). White arrows indicate nesprin-3 localization at the NE of peridermal cells. The inset shows an xz-projection 
of two basal epidermal cells (be) with p63 staining in the nucleus (green) and nesprin-3 staining at the NE (red), 
whereas in the peridermal cell (pe) only nesprin-3 staining is observed at the NE (red). Scale bar: 20 μm.
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Figure 2. Loss of nesprin-3 in zebrafish results in dissociation of the IF system from the nucleus in basal 
epidermal cells. (A) Sequence chromatograms of wild-type (upper panel) and nesprin-3hu6448 mutant (lower panel) 
nesprin-3 cDNA showing the cytosine to thymine mutation (black arrow) that induces a premature stop codon 
(X). (B) Whole-mount ISH for nesprin-3 mRNA expression in homozygous wild-type (upper panel), heterozygous 
(middle panel) and homozygous mutant embryos (lower panel) at 24 hpf. (C) Co-staining using anti-nesprin-3 
antibody (upper panels) and anti-p63 antibody (lower panels) in wild-type sibling (left panels) and nesprin-3hu6448/

hu6448 mutant embryos (right panels) at 3 dpf. (D) Western blot (WB) analysis for zebrafish nesprin-3 on lysates from 
a batch of wild-type embryos, a batch of embryos from a cross between two heterozygous carriers (zyg ko) and a 
batch of maternal-zygotic mutant embryos (mat-zyg ko). Lysates were prepared at 8 hpf. As a control we used a 
lysate of COS7 cells overexpressing zebrafish nesprin-3α (zfnesprin-3). Arrowhead indicates the size of zebrafish 
nesprin-3. Asterisks mark two nonspecific bands. Actin levels served as a loading control. (E) Whole-mount 
immunostaining using anti-pan keratin antibody in wild-type sibling (left panels) and nesprin-3hu6448/hu6448 mutant 
embryos (right panels) at 5 dpf. Asterisks mark basal epidermal cells in which keratin filament organization 
around the nucleus can be observed. The nuclei were visualized by counterstaining with DAPI (lower panels). 
(F) 5-day-old wild-type and nesprin-3hu6448/hu6448 mutant embryos were stained with phalloidin to visualize the 
F-actin cytoskeleton and immunostained using an anti-β-tubulin antibody to visualize the microtubule system. 
The nuclei were counterstained with DAPI. (G) Quantification of the percentage of basal epidermal cells in which 
we observed keratin filament organization around the nucleus in wild-type sibling (+/+), heterozygous sibling 
(+/–) and nesprin-3hu6448/hu6448 mutant embryos (–/–). n represents the number of embryos analyzed. Results are 
shown as the mean ± s.d. *P<0.05. (H) 3-day-old wild-type and nesprin-3hu6448/hu6448 mutant embryos were stained 
with phalloidin and counterstained with TO-PRO-3 iodide to visualize the positioning of nuclei in skeletal muscle 
cells. Scale bars: 20 μm; 10 μm (E, lower panels).

of nesprin-3 mutant embryos, the connection between the nucleus and IF system was 
disrupted, which could lead to potential disturbances in the organization of the IF system 
in the proximity of the nucleus. Because nesprin-3 is present at the NE of epidermal cells 
during zebrafish development, we studied the structure of keratin filaments in basal 
epidermal cells of 5-day-old wild-type sibling and nesprin-3 mutant embryos. Using whole-
mount immunohistochemistry with an anti-pan keratin antibody, we observed cytoplasmic 
keratin filaments in all epidermal cells of wild-type embryos. Furthermore, in many cells 
a dense filamentous keratin network around the nucleus could be distinguished (Fig. 2E). 
In nesprin-3 mutant embryos, this organization of keratin filaments around the nucleus 
was reduced, whereas the cytoplasmic keratin organization appeared unaffected (Fig. 2E). 
Organization of other cytoskeletal components such as actin filaments and microtubules 
was unaffected by the loss of nesprin-3 in epidermal cells (Fig. 2F). We quantified the 
percentage of epidermal cells in which a dense filamentous keratin network was observed 
around the nucleus in homozygous wild-type, heterozygous and homozygous nesprin-3 
mutant embryos. In homozygous wild-type and heterozygous embryos, keratin filaments 
were found around the nucleus in approximately 29% and 27% of the cells, respectively. 
By contrast, the percentage of epidermal cells with perinuclear keratin was only 7% in 
nesprin-3 mutant embryos (P<0.05) (Fig. 2G). Hence, nesprin-3 has no effect on the overall 
organization of the IF system, but is important for the association of the IF cytoskeleton 
with the nucleus in epidermal cells in vivo.

It has previously been demonstrated that nesprin-1 is involved in nuclear positioning 
and anchorage in skeletal muscle cells (Puckelwartz et al., 2009; Zhang et al., 2010; Zhang 
et al., 2007b). Because nesprin-3 is expressed in skeletal muscle and because loss of this 
protein affects the connection between the nucleus and the IF system in epidermal cells, 
we wondered whether loss of nesprin-3 influences the positioning and anchorage of nuclei 
in multinucleated skeletal muscle cells. To investigate this, we stained 3-day-old embryos 
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Figure 3. R43 and L44 in the first SR of nesprin-3 are essential for plectin binding. (A) Representation of 
the zebrafish nesprin-3α and nesprin-3β isoforms. The zebrafish nesprin-3β isoform misses seven amino acids 
in the first SR. TM, transmembrane domain. (B) As a control for their specificity, nesprin-3β primers were tested 
on a nesprin-3α cDNA construct (3α) and a nesprin-3β cDNA construct (3β). RT-PCR on cDNA from wild-type 
embryos of various stages of development: 4-cell (4c), 1 dpf (1d), 2 dpf (2d), 3 dpf (3d) and 4 dpf (4d) with the 
nesprin-3β-specific primers, primers for total nesprin-3 and primers for ef1α. (C) Alignment of the nesprin-3 
protein sequence containing the seven amino acid motif in several species. Residues indicated in green are 
conserved in all species. The amino acids present in the seven amino acid motif are enclosed by a red box. 
(D) COS7 cells were transiently transfected with constructs encoding HA-plectin-1C ABD, VSV-mouse-nesprin-
3αWT, VSV-mouse-nesprin-3αΔ7AA or point mutants of VSV-mouse-nesprin-3α. Cells were lysed and both input 
samples and nesprin-3 precipitates (IP) were probed for VSV glycoprotein and HA. WB, western blot; WT, wild-
type. (E) PA-JEB keratinocytes were transiently transfected with GFP-mouse-nesprin-3αWT, GFP-mouse-nesprin-
3αΔ7AA or point mutants of GFP-mouse-nesprin-3α. Cells were fixed in PFA and stained for endogenous plectin. 
Merged images also show counterstaining of the nuclei with TO-PRO-3 iodide. Arrows indicate the recruitment 
of endogenous plectin to the NE in cells expressing GFP-mouse-nesprin-3αL44A. Scale bar: 10 μm.

from a cross between two heterozygous parents for F-actin and the nuclear marker TO-
PRO-3 and examined the position of the nuclei by confocal microscopy. This revealed 
no significant alterations in the positioning of nuclei in skeletal muscle cells of nesprin-3 
mutant embryos as compared with wild-type siblings (Fig. 2H). Furthermore, we observed 
no motility defects in nesprin-3 mutant embryos or adult zebrafish. In summary, the data 
presented here indicate that nesprin-3 is dispensable for normal embryonic development 
in zebrafish, but is important for the efficient localization of IFs at the nuclear periphery 
in epidermal cells.

Zebrafish express two nesprin-3 isoforms: nesprin-3α and the plectin-binding-deficient 
nesprin-3β
Two nesprin-3 isoforms have been identified in mice, nesprin-3α and nesprin-3β, the 
latter not binding to plectin (Wilhelmsen et al., 2005). In murine nesprin-3β, the first SR 
important for plectin binding is absent due to alternative splicing of the nesprin-3 transcript 
(Wilhelmsen et al., 2005). To examine the presence of nesprin-3 isoforms in zebrafish, 
we prepared full-length zebrafish nesprin-3 cDNA from 2-day-old zebrafish embryos. 
Sequencing of several cDNA clones revealed the presence of two nesprin-3 transcripts: 
nesprin-3α (3300 base pairs) and nesprin-3β (3279 base pairs). Zebrafish nesprin-3α encodes 
1100 amino acids, including eight SRs and a C-terminal KASH domain (Fig. 3A). It is highly 
homologous to mouse nesprin-3α except for an additional stretch of 125 amino acids 
located between SR7 and SR8. Due to the presence of a cryptic splice donor site within 
exon 2, an alternative transcript can be generated that lacks 21 nucleotides. Translation of 
this nesprin-3β transcript resulted in a deletion of seven amino acids (VRLRETE) from the 
first SR, thereby producing the nesprin-3β protein (Fig. 3A). To examine the expression 
of nesprin-3β mRNA, we performed a PCR on cDNA from various stages of development 
(4-cell stage, 1-4 dpf ). By using nesprin-3β-specific primers, we showed that nesprin-3β is 
expressed during the early stages of development (until 2 dpf ), but not at later stages (Fig. 
3B). By contrast, when primers recognizing both the nesprin-3α and nesprin-3β transcripts 
were used, nesprin-3 mRNA was also detected during later stages of development (Fig. 
3B). These data indicate that nesprin-3α is the main isoform expressed during the later 
stages of zebrafish development.
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Mouse nesprin-3α binds plectin via its first SR, but the exact binding site on nesprin-
3α is not known. Because the seven amino acid motif (VRLRETE) deleted in zebrafish 
nesprin-3β is highly conserved among species (Fig. 3C), we investigated whether this 
motif is crucial for plectin binding. We therefore deleted the corresponding motif 
(ARLRETE) from mouse nesprin-3α (nesprin-3αΔ7AA) and tested whether plectin was bound 
by co-immunoprecipitation. COS7 cells were transiently transfected with constructs 
encoding hemagglutinin (HA)-tagged plectin-1C ABD and either vesicular stomatitis 
virus (VSV)-tagged nesprin-3α wild-type or nesprin-3αΔ7AA. Nesprin-3 precipitates were 
subsequently analyzed for the presence of HA-plectin-1C ABD. Whereas the plectin ABD 
co-immunoprecipitated with wild-type nesprin-3α, co-precipitation of the plectin ABD 
was hardly detectable in nesprin-3αΔ7AA precipitates (Fig. 3D). Because overexpression of 
nesprin-3α leads to the recruitment of endogenous plectin to the NE (Ketema et al., 2007; 
Wilhelmsen et al., 2005), we investigated the influence of deletion of the seven amino 
acids motif on plectin recruitment. Upon transient transfection of PA-JEB keratinocytes 
with a construct encoding GFP-nesprin-3αΔ7AA, no plectin was recruited to the NE (Fig. 
3E). These results indicate that the seven amino acid motif in the first SR of nesprin-3α 
is crucial for plectin binding. Moreover, they also suggest that the nesprin-3β isoform of 
zebrafish does not bind plectin.

Arginine 43 and leucine 44 of mouse nesprin-3α are essential for plectin binding and 
recruitment to the NE
To identify the actual residues involved in plectin binding, the amino acids comprising 
the seven amino acid motif in mouse nesprin-3α were mutated to alanine. These point 
mutants of nesprin-3α were subsequently tested for their ability to bind the plectin ABD in 
co-immunoprecipitation experiments. Upon co-transfection in COS7 cells, lesser amounts 
of the plectin ABD were co-precipitated with nesprin-3αR43A and nesprin-3αL44A than with 
the other point mutants of the seven amino acid motif (Fig. 3D). When the R43A and L44A 
mutations were combined, co-immunoprecipitation of the plectin ABD was reduced to 
the same extent as observed for the nesprin-3αΔ7AA mutant (Fig. 3D). To confirm these 
observations, the mutants were subsequently tested for their ability to recruit endogenous 
plectin to the NE. Upon transfection of the different GFP-tagged nesprin-3α mutants in 
PA-JEB keratinocytes, plectin recruitment to the NE was abrogated for the R43A and the 
R43A-L44A double mutant of nesprin-3α (Fig. 3E). The L44A mutation severely diminished 
plectin recruitment, but did not completely abrogate it. By contrast, other mutations in 
the seven amino acid motif had no effect on the recruitment of endogenous plectin to the 
NE (Fig, 3E; data not shown).

All this shows that residues R43 and L44 present in the first SR of mouse nesprin-3α 
are crucial for plectin binding and recruitment to the NE, thereby establishing an indirect 
link between the nucleus and the IF system.

Binding sites on the plectin ABD for nesprin-3α and the integrin β4 subunit partially 
overlap
Besides its interaction with nesprin-3α, the plectin ABD can also interact with F-actin and 
the integrin β4 subunit (Geerts et al., 1999; Litjens et al., 2003). The crucial residues in the 
ABD that mediate the interaction with integrin β4 were previously identified and found 
to overlap with those important for binding to actin (de Pereda et al., 2009; Litjens et 
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Figure 4. Partial overlapping 
binding sites for nesprin-
3α and the integrin β4 
subunit on the plectin ABD. 
(A) Binding of plectin-1C ABD 
point mutants to β41115-1436 and 
nesprin-3α in yeast two-hybrid 
assays. Plating efficiencies on 
selective SC-LTHA plates are 
expressed relative to those 
on nonselective SC-LT plates 
of the same transformation. 
++, >40%; +, 10-40%; and –, 
<10%. Plates were scored after 
5 and 10 days of growth. (B) 
COS7 cells were transiently 
transfected with constructs 
encoding VSV-mouse-nesprin-
3α, wild-type HA-plectin-1C 
ABD or point mutants of HA-
plectin-1C ABD. Cells were 
lysed and both input samples 
and nesprin-3 precipitates 
(IP) were probed for VSV 
glycoprotein and HA. WB, 
western blot; WT, wild-type. 
(C) Quantitative analysis of 
the effect demonstrated in 
(B). Intensities are corrected 
for nesprin-3 precipitation 
and normalized to the value 
for wild-type HA-plectin-1C 
ABD. Results are shown as the 
mean ± s.d. of three different 
experiments per mutant.

al., 2003; Litjens et al., 2005). Moreover, two arginine residues in integrin β4, R1225 and 
R1281, are of crucial importance for the interaction with the plectin ABD (Koster et al., 
2001). Because binding of nesprin-3α to the plectin ABD is also mediated via an arginine 
residue, we determined whether the binding sites for nesprin-3α and integrin β4 on the 
plectin ABD overlap with each other.

We initially used a yeast two-hybrid assay to test the interaction of several point 
mutants of the plectin-1C ABD with either nesprin-3α or part of the cytoplasmic domain 
of the integrin β4 subunit (β41115-1436). The point mutants were selected on the basis of their 
reported effects on the interaction with integrin β4 (de Pereda et al., 2009; Litjens et al., 
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2005). Most of these mutations abolished integrin β4 binding; only the E200R and D208L 
mutants did not. As shown in Fig. 4A, the binding profiles of nesprin-3α and integrin β4 
partially overlap. Both nesprin-3α and integrin β4 bound wild-type plectin ABD and the 
E200R and D208L point mutants (Fig 4A). Binding was not detected when residues E95, 
R148 and D151 of the plectin ABD had been mutated (Fig. 4A). However, there were also 
differences in plectin binding between integrin β4 and nesprin-3α. Whereas R98Q, R121W 
and R123W reduced binding to integrin β4, they did not influence the interaction with 
nesprin-3α  (Fig. 4A).

To confirm the role of these residues in the binding of the plectin ABD to nesprin-
3α, the point mutants were tested for their interaction with nesprin-3α in a co-
immunoprecipitation experiment. VSV-tagged nesprin-3α was coexpressed in COS7 cells 
together with HA-tagged wild-type plectin ABD or its point mutants. As expected, wild-
type plectin ABD as well as its R98Q, R121W, R123W, E200R and D208L point mutants 
co-precipitated with nesprin-3α (Fig. 4B,C). Similar to the results of the yeast two-hybrid 
assay, co-precipitation of the R148A and D151A mutants of the plectin ABD was strongly 
reduced. Interestingly, although the E95S mutation affected nesprin-3α binding in the 
yeast two-hybrid assay, mutation of E95 had no effect on the binding to nesprin-3α in the 
co-immunoprecipitation experiment (Fig. 4B,C).

The yeast two-hybrid and co-immunoprecipitation data demonstrate that residues 
R148 and D151 of the plectin ABD are required for both nesprin-3α and integrin β4 
binding, thereby indicating that the binding sites for these two proteins on the plectin 
ABD partially overlap (Fig. 5).

Figure 5. Comparison of the binding sites for nesprin-3α and the integrin β4 subunit on the structure 
of the plectin ABD. (A) Surface representation of the ABD of plectin (PDB code 3F7P), which consists of two 
calponin homology domains (CH1 and CH2). The integrin β4-binding surface is located in the CH1 and is colored 
in orange (darker for residues at the core of the interface). The labels indicate the point mutations that were 
analyzed and are colored indicating whether they compromised binding to nesprin-3α (red) or not (green). R148 
and D151 lay adjacent in the 3D structure and form part of the integrin β4-binding site. (B) Ribbon representation 
of the ABD in the same orientation as in A. For clarity, only the side chains of the residues analyzed are shown. 
The molecular representations were created with the program Pymol (DeLano, 2002).
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Discussion
In this study, we have characterized the localization of nesprin-3 in zebrafish and studied 
the consequences of its deficiency. Although nesprin-3 is expressed at the NE of epidermal 
and skeletal muscle cells during zebrafish development, nesprin-3-deficient zebrafish 
are viable, fertile and have no defects in their motility. Detailed analyses of nesprin-3 null 
mutant embryos revealed reduced localization of the IF system at the NE in epidermal 
cells. In addition, we showed that two residues (R43 and L44) in the first SR of nesprin-3α, 
which are lacking in nesprin-3β, are crucial for the recruitment of plectin to the NE and 
facilitate the connection between the NE and the IF system. This is the first in vivo model 
in which it could be demonstrated that the loss of nesprin-3 is associated with reduced 
anchorage of IFs to the NE.

Despite the fact that the association of the IF system with the NE was reduced in 
nesprin-3-deficient zebrafish, they unexpectedly did not display an overt abnormal 
phenotype. This result surprised us because: first, nesprin-3α is highly conserved and, as 
in mice, there is an isoform in zebrafish (nesprin-3β) that does not bind plectin; second, 
nesprin-3α and nesprin-3β are differentially expressed during zebrafish development; 
and third, nesprin-3α is the only nesprin family member currently known to mediate a 
connection of the NE with the IF system.

Although nesprin-3α is the main isoform expressed during later stages of development, 
nesprin-3β mRNA is expressed predominantly during the early stages. This suggests that 
the connection of the NE with the IF system needs to be prevented in certain cell types 
during the early stages of zebrafish development. For example, during skeletal muscle 
differentiation in the first days of zebrafish development, single myocytes need to fuse in 
order to form a multinucleated skeletal muscle fiber (Ochi and Westerfield, 2007). During 
this process, a complex reorganization of the cytoskeleton is needed to stabilize and 
anchor multiple nuclei in differentiating skeletal muscle cells (Peckham, 2008). However, 
because nuclear positioning and anchorage appear normal in muscles of zebrafish 
lacking the two nesprin-3 isoforms, it seems unlikely that the differential expression of 
the two isoforms has much influence on the connection of the NE with the IF system. 
Notably, in a recent study of mutant mice lacking the C-terminal SR and KASH domain 
of nesprin-1, nuclear positioning and anchorage were disturbed (Zhang et al., 2010). 
Moreover, several missense mutations in nesprin-1 and nesprin-2 have been associated 
with the pathogenesis of Emery-Dreifuss muscular dystrophy (Zhang et al., 2007a). Thus, 
in contrast to the role of nesprin-1 and nesprin-2 in normal muscle physiology, that of 
nesprin-3 seems to be limited.

It has previously been shown that disruption of a linkage similar to that of plectin 
and nesprin-3α, namely that between plectin and the integrin α6β4 at the plasma 
membrane, results in severe defects in cellular stability and integrity (Koster et al., 2001; 
Nakano et al., 2001; Pulkkinen et al., 1998). However, these defects were evident only in 
cells that have undergone severe mechanical stress. Cellular stress was induced in our 
zebrafish developmental model by raising nesprin-3 mutant embryos in viscous medium. 
Interestingly, induction of mechanical stress produced no obvious defects in epidermal 
or skeletal muscle cells (data not shown). Although this finding argues against a role of 
neprin-3α in maintaining cellular stability and integrity, it cannot be excluded that the 
strength of the mechanical stress applied in this experiment was insufficient to reveal 
such a role of nesprin-3. Furthermore, it should be understood that the binding of the IF 



76

chapter 3

chapter 3 | nesprin-3 in zebrafish

cytoskeleton to the NE was not completely lost, suggesting the existence of alternative 
mechanisms to anchor IFs to the NE. One possible example to support this idea is that 
the IF cytoskeleton can be connected indirectly to the NE through interactions between 
plectin and F-actin, which in turn bind nesprin-1 and nesprin-2.

Nesprins physically integrate the cytoskeleton with the nucleoskeleton through 
interactions with SUN proteins localized at the INM, which in turn bind lamins (Crisp et al., 
2006; Haque et al., 2006; Ketema et al., 2007). It has been suggested that nesprins play an 
important role in the transmission of mechanical signals from the cytoskeleton into the 
nucleus (Jaalouk and Lammerding, 2009; Wang et al., 2009). Notably, these signals might 
cause changes in the organization of lamins that affect their interaction with chromatin 
and DNA, thereby influencing gene transcription (Andrés and González, 2009). Moreover, 
because both the IF and actin cytoskeleton are anchored at the plasma membrane via 
integrins and dystroglycan, stress to which these cell surface receptors are submitted 
might lead to a direct transmission of mechanical signals into the nucleus via these 
protein networks (Geerts et al., 1999; Legate et al., 2009; Rezniczek et al., 1998; Rezniczek 
et al., 2007). However, the importance of this mechanical connection for the regulation 
of gene transcription and the role of nesprin-3 in this process await further investigation.

The identification of zebrafish nesprin-3β enabled us to further investigate the crucial 
residues in mouse nesprin-3α that mediate plectin binding. We have identified two 
residues (R43 and L44) in the first SR of nesprin-3α that are essential for efficient plectin 
binding. Both residues are conserved in other species, suggesting that the mechanism 
responsible for plectin binding by nesprin-3α is similar in these species. The fact that one 
of the residues is an arginine is of interest because arginines have also been identified 
as crucial residues in the binding of the integrin β4 subunit to the plectin ABD (Koster et 
al., 2001). Moreover, as for the binding of the plectin ABD to integrin β4, we found that 
residue D151 in the plectin ABD is important for binding to nesprin-3α. In the interaction 
of plectin with integrin β4, D151 forms a salt bridge with R1225 (de Pereda et al., 2009). 
Hence, it is tempting to speculate that this same residue also forms a salt bridge with R43 
on nesprin-3α.

The finding that D151 and R148 on the plectin ABD are important for its binding to 
both integrin β4 and nesprin-3 suggests that the binding sites for these two proteins on 
the plectin ABD overlap (Fig. 5). They, however, are not identical because several other 
residues important for binding to integrin β4 are not involved in nesprin-3 binding. We 
have previously shown that both integrin β4 and nesprin-3α compete with F-actin for 
binding to plectin (Geerts et al., 1999; Ketema et al., 2007). The overlap in nesprin-3α and 
integrin β4 binding sites reported in this study suggests that F-actin, nesprin-3α and the 
integrin β4 subunit all compete with each other for binding to plectin.

The binding of wild-type and mutant plectin ABD to nesprin-3α was determined in 
two independent assays, i.e., a yeast two-hybrid assay and a pull-down experiment. The 
results obtained with the two assays are in good agreement, except for the interaction 
of the E95S mutant with nesprin-3α. This interaction was readily detected in the co-
precipitation experiment, but was not observed in yeast. Differences in the ratio between 
the two interacting partners and/or the influence of the GAL4 binding domain on the 
structure of the E95S mutant might account for the discrepancy between the two 
assays. An alternative explanation is that, by replacing the glutamic acid with serine, we 
introduced a phosphorylation site for a kinase present in yeast. Phosphorylation of the 
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mutant ABD might have altered its conformation such that it can no longer interact with 
nesprin-3α. The exact explanation for this discrepancy, however, is unclear and requires 
further investigation.

In summary, this is the first study in which the loss of nesprin-3 in an animal model 
has been described and we have demonstrated that nesprin-3 is dispensable for zebrafish 
embryonic development. Nevertheless, nesprin-3α contributes to the establishment of a 
chain of proteins that connects the nucleus with the IF system in epidermal cells. Further 
study of this and other animal models yet to be developed should provide more detailed 
information on the function of nesprin-3 at the cellular level.

Materials and Methods
Fish strains and screening F1 ENU-mutation library
Embryos and adult fish were raised and maintained under standard laboratory conditions. 
An ENU-induced mutation library was screened for mutations in exon 4 of the nesprin-3 
gene as described (Wienholds and Plasterk, 2004). The mutant allele (nesprin-3hu6448) was 
outcrossed against the TL strain.

Constructs
Full-length zebrafish nesprin-3α was produced from cDNA with the following primers: 
forward 5’-CCATCGATACCATGACCCAGCAGGAGCAGCATG-3’, reverse 5’-GCTCTAGATTAA-
GTGGGTGGAGGACCGTCG-3’, and cloned into pCS2+ using ClaI and XbaI restriction sites. 
The nesprin-3 fragment for probe syntheses was produced with the following primers: 
forward 5’-CGTCTGTATGCTGACTGGAG-3’, reverse 5’-AGAGAAGTGTCCTCGACCAG-3’, and 
cloned into the pGEM-T Easy vector. The following primers were used to PCR nesprin-
3β: forward 5’-AGCACTGGAGAAAATCCACA-3’, reverse 5’-TCCTGTACGGTTGAACAGAG-3’; 
nesprin-3: forward 5’-AAGAGCTGACTCTCCAGCAC-3’, reverse 5’-GGAAGGATCTGCCTT-
TCAC-3’; and ef1α: forward 5’-GTGCTGTGCTGATTGTTGCT-3’, reverse 5’-TGTATGCGCT-
GACTTCCTTG-3’. The GST-zebrafish-nesprin-3-SR7 construct was produced by amplifying 
the coding region for SR7 from pCS2+-zebrafish-nesprin-3α using the following primers: 
forward 5’-CCGGAATTCCCGGAGAGCATGAGAGCTTTC-3’ and reverse 5’-GATAAGAATGCG-
GCCGCAGTGGTCTGAAGAAGCCTG-3’. The PCR product was cloned into pGEX-4T-2 (GE 
Healthcare) using the EcoRI and NotI restriction sites.

The GAL4 fusion plasmids used in this study are depicted in Fig. 4A. β41115-1436 and 
nesprin-3α in pACT2 and plectin-1C ABD in pAS2.1 have been described previously 
(Geerts et al., 1999; Schaapveld et al., 1998; Wilhelmsen et al., 2005). The various plectin 
point mutants were generated by the PCR overlap extension method or created previously 
(Litjens et al., 2005). The constructs encoding VSV-mouse-nesprin-3α, HA-plectin-1C 
ABDWT, HA-plectin-1C ABDE95S, HA-plectin-1C ABDR98Q and HA-plectin-1C ABDR123W have 
been described before (Geerts et al., 1999; Wilhelmsen et al., 2005). The other plectin-1C 
ABD point mutants were amplified from pAS2.1 and subcloned into pcDNA3-HA. The 
seven amino acid deletion was introduced into pcDNA3-2×VSV-mouse-nesprin-3α by PCR 
of the plasmid using the following primers: forward 5’-AAAATCTGCCAGCTGGAGTCTG-3’ 
and reverse 5’-CTCCAGGGCCGCTCGGGGC-3’. The PCR product was subsequently ligated 
to obtain the VSV-mouse-nesprin-3αΔ7AA construct. Point mutants of VSV-mouse-nesprin-
3α were generated either by the PCR overlap extension method or using the QuikChange 
Site-Directed Mutagenesis Kit (Stratagene). Mouse nesprin-3α, nesprin-3αΔ7AA and the 
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nesprin-3α point mutants were subcloned from pcDNA3-2×VSV into mGFP-C1 by first 
inserting the 3’ part using the BamHI-XbaI restriction sites. The 5’ parts were subsequently 
inserted using a BamHI digest of the nesprin-3 variants.

All PCR fragments were generated using the proofreading Pwo DNA polymerase 
(Roche). Plasmids were verified by sequencing, and protein expression, and size was 
confirmed by western blotting.

In situ hybridization
Embryos were fixed overnight in 4% paraformaldehyde (PFA) in PBS at 4°C, washed in PBS 
and stored in methanol at -20°C. Whole mount ISH was performed as described previously 
(Thisse et al., 1993). The RNA probe was produced according to standard protocols.

Plastic sectioning
Embryos stained by whole-mount ISH were transferred from benzyl benzoate/benzyl 
alcohol to 100% methanol, incubated for 10 minutes, washed twice with 100% ethanol for 
10 minutes and incubated overnight in 100% Technovit 8100 infiltration solution (Kulzer) 
at 4°C. Next, embryos were embedded overnight in Technovit 8100 embedding medium 
(Kulzer) at 4°C. Sections of 7 µm thickness were cut with a Reichert-Jung 2050 microtome, 
stretched on water and mounted on glass slides. Sections were dried overnight. 
Counterstaining was done by 0.05% neutral red for 12 seconds, followed by extensive 
washing with water. Sections were preserved with Pertex and mounted under a coverslip.

Yeast two-hybrid assay
Yeast strain S. cerevisiae PJ69-4A (a gift from Philip James, University of Wisconsin, Madison, 
WI), which contains the genetic markers W1-901, L2-3, H3-200, gal4Δ, gal80Δ, LYS2::GAL1-
HIS3, GAL2-ADE2 (James et al., 1996), was used as the host for the two-hybrid assay. The 
use of PJ69-4A was essentially as described previously (Geerts et al., 1999; Schaapveld et 
al., 1998). Cells were spread out on plates containing yeast synthetic complete medium 
lacking leucine and tryptophan (SC-LT plates) or leucine, tryptophan, histidine and 
adenine (SC-LTHA plates). Plates were scored after 5 and 10 days of growth at 30°C.

Zebrafish nesprin-3 antibody production
The GST-zebrafish-nesprin-3-SR7 construct was transformed in Rosetta cells. Fusion 
protein expression was induced by 100 mM isopropyl thio β-D-galactoside (IPTG) at 18°C 
overnight. Bacteria were lysed by sonication in resuspension buffer [50 mM Tris pH 8.0, 
100 mM NaCl, 0.05% β-mercaptoethanol and protease inhibitor cocktail (Sigma)]. Brij-
35 was added to a final concentration of 0.02% and insoluble material was removed by 
centrifugation. GST fusion proteins were purified by binding to glutathione Sepharose 
4B (GE Healthcare). The beads were washed four times with wash buffer [50 mM Tris pH 
8.0, 100 mM NaCl, 0.05% β-mercaptoethanol, 0.02% Brij-35 and protease inhibitor cocktail 
(Sigma)] and fusion proteins were eluted from the glutathione Sepharose beads using 
10 mM reduced glutathione in 50 mM Tris pH 8.0. Rabbit antiserum against zebrafish 
nesprin-3 was obtained by immunization with the recombinant GST-SR7 protein. The 
rabbit was immunized four times with 100 µg fusion protein per immunization before the 
antiserum was obtained.
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Antibodies
The rabbit polyclonal antibody (pAb) against mouse nesprin-3 has been described 
previously (Wilhelmsen et al., 2005). The following other primary antibodies were used: 
anti-VSV glycoprotein monoclonal antibody (mAb) (P5D4; Sigma), anti-HA mAb (12CA5; 
Santa Cruz Biotechnology), anti-plectin mAb (clone 31; BD Transduction Laboratories), 
anti-actin mAb (Chemicon International), anti-p63 mAb (1:100; 4A4; Santa Cruz 
Biotechnology), anti-β-tubulin mAb (1:100; N357; Amersham Life Science) and Ks pan 
1-8 mAb (1:10; Progen Biotechnik). The following secondary antibodies were used: goat-
anti-mouse FITC (Rockland Immunochemicals), goat-anti-mouse Texas Red (Invitrogen), 
goat-anti-rabbit Texas Red (Invitrogen), goat-anti-mouse horseradish peroxidase (GE 
Healthcare) and donkey-anti-rabbit horseradish peroxidase (GE Healthcare). Alexa Fluor 
488 phalloidin and TO-PRO-3 iodide 642/661 were obtained from Invitrogen, and DAPI 
was purchased from Sigma-Aldrich.

Cell culture and transfection
COS7 cells were grown in DMEM (GIBCO Life Technologies) supplemented with 10% fetal 
calf serum, 100 U/ml penicillin and 100 U/ml streptomycin. PA-JEB keratinocytes were 
grown in keratinocyte serum-free medium (GIBCO Life Technologies) supplemented 
with 50 μg/ml bovine pituitary extract, 5 ng/ml EGF, 100 U/ml penicillin and 100 U/ml 
streptomycin. PA-JEB cells were transiently transfected with Lipofectin (Invitrogen) 
according to the instructions provided by the manufacturer. Transient transfection of 
COS7 cells was achieved using the DEAE-dextran method. All cells were analyzed 24-48 
hours after transfection.

Immunofluorescence
Cells grown on glass coverslips were fixed in PBS containing 1% PFA for 15 minutes and 
permeabilized with 0.5% Triton X-100 in PBS for 5 minutes. After blocking with 2% BSA in 
PBS, the cells were incubated with the primary antibody for 1.5 hours at room temperature. 
Cells were washed three times with PBS and incubated for 1 hour at room temperature 
with the secondary antibody. After three washed with PBS, coverslips were mounted in 
Mowiol-DAPCO. Embryos were fixed overnight in PBS containing 2% PFA at 4°C, washed 
with 0.3% Triton X-100 in PBS, blocked with 1% BSA and 0.3% Triton X-100 in PBS, and 
incubated with the primary antibody. After overnight incubation at 4°C, embryos were 
washed for 3 hours with 0.3% Triton X-100 in PBS, blocked with 1% BSA and 0.3% Triton 
X-100 in PBS for 1 hour, and incubated with the secondary antibody for 3 hours. Embryos 
stained for keratin or β-tubulin were fixed in Dent’s fixative (80% methanol, 20% DMSO). 
Embryos and cells were viewed under a confocal laser scanning microscope (model SP-2 
AOBS; Leica).

Lysis and immunoprecipitation
Protein extracts were prepared from 100 deyolked embryos (8 hpf ) in radioimmuno-
precipitation (RIPA) buffer (2 μl/embryo). RIPA lysis buffer contained 10 mM sodium 
phosphate pH 7, 150 mM NaCl, 1% Nonidet P40 (NP40), 1% sodium deoxycholate, 0.1% 
SDS, 2 mM EDTA, 50 mM NaF, 100 mM sodium vanadate and protease inhibitor cocktail 
(Sigma). COS7 cells grown to confluency in 10-cm tissue culture dishes were lysed in 1 ml 
lysis buffer consisting of M-PER Mammalian Protein Extraction Reagent (Thermo Scientific) 
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and NP40 lysis buffer [1% NP40, 150 mM NaCl, 50 mM Tris pH 8.0 and protease inhibitor 
cocktail (Sigma)] in a ratio of 9:1. Lysates were cleared by centrifugation at 20,000 g in a 
microcentrifuge at 4°C for 60 minutes. Nesprin-3 proteins were precipitated by incubation 
of the cell lysates with 1.5 μl rabbit-anti-mouse-nesprin-3 pAb for 1 hour on ice, followed 
by a subsequent incubation with 100 μl of a 10% slurry of Protein A Sepharose (Amersham 
Biosciences) for 2.5 hours at 4°C while being steadily inverted. Immunoprecipitates were 
washed four times with Tris-buffered saline, boiled for 5 minutes in SDS sample buffer (50 
mM Tris pH 6.8, 10% glycerol, 1% SDS, 0.5% β-mercaptoethanol and 0.025% bromophenol 
blue) and resolved by SDS-PAGE.

Quantification and statistics
Perinuclear keratin was quantified by determining the percentage of cells with NE-
associated keratin staining per embryo. A minimum of 36 cells per embryo in at least 
two microscopic fields were analyzed in a blind fashion. Western blot quantification was 
performed with Adobe Photoshop software. All data are represented as the mean ± s.d. 
Comparisons were carried out with the one-way Anova and statistical significance was 
assumed for P<0.05.
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Summary
The cytoskeleton is connected to the nuclear interior by linker of nucleoskeleton and 
cytoskeleton (LINC) complexes located in the nuclear envelope. These complexes 
consist of SUN proteins and nesprins present in the inner and outer nuclear membrane 
respectively. Whereas SUN proteins can bind the nuclear lamina, members of the nesprin 
protein family connect the nucleus to different components of the cytoskeleton. Nesprin-1 
and -2 can establish a direct link with actin filaments, whereas nesprin-4 associates 
indirectly with microtubules through its interaction with kinesin-1. Nesprin-3 is the only 
family member known that can link the nuclear envelope to intermediate filaments. This 
indirect interaction is mediated by the binding of nesprin-3 to the cytoskeletal linker 
protein plectin. Furthermore, nesprin-3 can connect the nucleus to microtubules by its 
interactions with bullous pemphigoid antigen 1 (BPAG1) and microtubule-actin cross-
linking factor (MACF). In contrast with the active roles that nesprin-1, -2 and -4 have in 
actin- and microtubule-dependent nuclear positioning, the role of nesprin-3 is likely to be 
more passive. We suggest that it helps to stabilize the anchorage of the nucleus within the 
cytoplasm and maintain the structural integrity and shape of the nucleus.

Introduction
In eukaryotic cells, the nucleus is surrounded by a nuclear envelope (NE), consisting 
of an inner and an outer nuclear membrane (Gruenbaum et al., 2005). The nucleus is 
mechanically coupled to the cytoskeleton by members of the nesprin protein family 
that reside in the outer nuclear membrane. Together with SUN proteins of the inner 
nuclear membrane, these proteins form linker of nucleoskeleton and cytoskeleton (LINC) 
complexes that connect the nucleoskeleton with the cytoskeleton. They play a key role in 
nuclear positioning and centrosome attachment to the nucleus (Crisp et al., 2006; Starr 
and Fridolfsson, 2010; Wilhelmsen et al., 2006).

Of the mammalian nesprin protein family, four members have been identified to date: 
nesprin-1–4 (Padmakumar et al., 2004; Roux et al., 2009; Wilhelmsen et al., 2005; Zhang 
et al., 2001; Zhen et al., 2002). Nesprins are characterized by the presence of a C-terminal 
Klarsicht/ANC-1/SYNE homology (KASH) domain that consists of a transmembrane region 
and approximately 30 amino acids extended into the lumen of the NE, the perinuclear 
space. Furthermore, these proteins have multiple spectrin repeats in their N-terminal 
region. The giant isoforms of nesprin-1 and -2 are highly homologous with one another 
and differ from other nesprins by their enormous size (~976 and ~764 kDa respectively). 
Additionally, nesprin-1 and -2 contain an N-terminal actin-binding domain (ABD) 
that connects the NE with the actin cytoskeleton. Linkage of nesprin-3 and -4 to the 
cytoskeleton is indirect. Nesprin-4 binds the motor protein kinesin-1 and thus connects 
the NE with microtubules (Roux et al., 2009), whereas nesprin-3 mediates interaction with 
intermediate filaments (IFs) through its binding to plectin (Wilhelmsen et al., 2005). In the 
present review, we focus on nesprin-3 and discuss its binding partners, expression pattern 
and potential function.

Domain structure and binding partners of nesprin-3
Nesprin-3, also known as nuclear envelope transmembrane protein (NET) 53 (Schirmer 
et al., 2003), is a highly conserved member of the nesprin family in vertebrates (Simpson 
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and Roberts, 2008). In both mice and zebrafish, the nesprin-3 gene encodes two protein 
isoforms, nesprin-3α and nesprin-3β (Postel et al., 2011; Wilhelmsen et al., 2005). Nesprin-
3α consists of eight spectrin repeats followed by a C-terminal KASH domain that mediates 
the type II insertion of this protein into the outer nuclear membrane (Fig. 1). The nesprin-
3β isoform is the result of alternative mRNA splicing and, in the case of mouse nesprin-
3β, the use of an alternative transcription initiation site (Postel et al., 2011; Wilhelmsen et 
al., 2005). Compared with the nesprin-3α isoform, mouse nesprin-3β lacks the complete 
first spectrin repeat, whereas zebrafish nesprin-3β only lacks a conserved stretch of seven 
amino acids in the first repeat (Fig. 1).

Binding partners identified for nesprin-3 are the SUN proteins and plectin. SUN 
proteins are situated in the inner nuclear membrane with their N-termini facing the 
nucleoplasm (Hodzic et al., 2004; Padmakumar et al., 2005). They are characterized by the 
presence of a conserved SUN domain at their C-terminus that extends into the lumen of 
the NE and binds the KASH domain of nesprin family members (Fig. 2) (Padmakumar et 
al., 2005; Stewart-Hutchinson et al., 2008). Interaction with SUN proteins is required to 
retain nesprin molecules at the outer nuclear membrane (Crisp et al., 2006; Ketema et al., 
2007; Padmakumar et al., 2005). Nesprin-3 can bind to SUN1, SUN2 and SUN3 and these 
interactions require the last four amino acids (PPPT) of the nesprin-3 KASH domain (Göb 
et al., 2010; Ketema et al., 2007; Stewart-Hutchinson et al., 2008). SUN proteins can also 
interact with lamin A (Crisp et al., 2006; Haque et al., 2006), establishing a nesprin–SUN 
protein bridge between the nuclear lamina and the cytoplasm (Fig. 2).

The cytoplasmic N-terminus of nesprin-3 interacts with plectin, a member of the 
plakin family of cytoskeletal linker proteins (Sonnenberg and Liem, 2007). Interestingly, 
nesprin-3 was initially identified as a binding partner of the plectin ABD by yeast two-
hybrid analysis (Wilhelmsen et al., 2005). Two residues in the first spectrin repeat of 
nesprin-3α are essential for this interaction (Fig. 1) (Postel et al., 2011). As nesprin-3β lacks 
these residues, this isoform is unable to interact with plectin. Plectin is a highly versatile 
molecule that can cross-link the actin cytoskeleton with IFs via its N-terminal ABD and 
C-terminal plakin repeats respectively (Fig. 1) (Wiche, 1998). Binding of filamentous actin 
(F-actin) and nesprin-3α to the ABD of plectin are considered to be mutually exclusive 
events due to overlap within their binding sites (Postel et al., 2011). As a consequence, the 
interaction between nesprin-3α and plectin can only facilitate NE linkage to the IF system 
and not to F-actin (Fig. 2). The plectin gene (PLEC1) encodes multiple isoforms that differ 
in their N-termini and are differentially expressed in tissues (Fuchs et al., 1999). Nesprin-
3α interacts with the ABD of several plectin isoforms, such as plectin-1A and plectin-1C 
(Wilhelmsen et al., 2005), suggesting that the alternative sequences preceding the ABD in 
the different plectin isoforms do not influence the binding of plectin to nesprin-3α.

The plectin ABD consists of two calponin homology (CH) domains that together form 
a functional actin-binding motif (Fig. 1). This domain is not unique to plectin and is also 
present in other cytoskeletal linker proteins, nesprin-1 and nesprin-2 (Padmakumar et 
al., 2004; Sonnenberg and Liem, 2007; Zhen et al., 2002). Nesprin-3α not only interacts 
with the plectin ABD, but also binds to the ABD of the neuronal and muscular isoforms 
of bullous pemphigoid antigen 1 (BPAG1), BPAG1a and BPAG1b (Fig. 1) (Wilhelmsen et 
al., 2005; Young and Kothary, 2008). BPAG1a3, a variant of BPAG1a that lacks the first CH 
domain, cannot bind to nesprin-3α (Young and Kothary, 2007, 2008). Consistent with the 
binding ability to nesprin-3α, the residues critical for binding of the plectin ABD to nesprin-
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3α are located in the first CH domain and are conserved in BPAG1 (Litjens et al., 2003; 
Postel et al., 2011). Whereas plectin contains a C-terminal IF-binding region, BPAG1a and 
BPAG1b have a C-terminal microtubule-binding domain (Fig. 1) (Sonnenberg and Liem, 
2007). From this, one could postulate that nesprin-3α mediates a link between the NE 
and microtubules (Fig. 2). Such a link could also occur through interaction of nesprin-3α 
with the ABD of yet another microtubule-binding plakin: microtubule-actin cross-linking 
factor (MACF) (Wilhelmsen et al., 2005). However, as overexpression of nesprin-3α recruits 
endogenous plectin and not MACF to the NE, the physiological relevance of the latter 
interaction remains to be determined (Ketema et al., 2007; Postel et al., 2011; Wilhelmsen 
et al., 2005).

Besides known interaction with components of the LINC complex, nesprin-3 can also 
bind the AAA+ (ATPases associated with various cellular activities) proteins torsinA and 
torsinB (Fig. 2) (Nery et al., 2008). AAA+ proteins are molecular chaperones that couple 
ATP hydrolysis to the unfolding and disassembly of protein complexes (Hanson and 

Figure 1. Nesprin-3 isoforms and binding partners. The domain organization of the nesprin-3α isoform is 
conserved in mice and zebrafish, whereas the nesprin-3β isoform is different. The area in the grey rectangle 
is enlarged below the nesprin-3 isoforms and indicates the difference between nesprin-3α and nesprin-3β in 
zebrafish. The two residues in blue are conserved among species and are essential for binding to the plectin ABD. 
The different isoforms of BPAG1 that bind nesprin-3α, BPAG1a and BPAG1b, are indicated. BPAG1a3 is unable 
to bind nesprin-3α. For simplicity, only the domains shared by two MACF isoforms are shown. The ABDs of the 
different nesprin-3α-interacting partners are all composed of two CH domains. IF-BD, IF-binding domain; MT, 
microtubule; MT-BD, microtubule-binding domain; PBD, plectin-binding domain.
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Whiteheart, 2005). TorsinA and torsinB reside in the lumen of the endoplasmic reticulum 
(ER) and NE (Hewett et al., 2000; Hewett et al., 2004) and were suggested previously to 
modulate the interaction between nesprins and SUN proteins (Gerace, 2004). In support 
of this hypothesis, Nery et al. demonstrated that torsinA bound the KASH domains of 
nesprin-1, -2 and -3 (Nery et al., 2008). Furthermore, redistribution of nesprin-3 from the 
NE to the ER was observed in torsinA–/– mouse embryonic fibroblasts (MEFs) (Nery et al., 
2008). Interestingly, subcellular localization of torsinA was affected by the expression level 
of LULL1 [luminal domain like LAP1 (lamina-associated polypeptide 1)], another binding 
partner of torsinA (Vander Heyden et al., 2009). Overexpression of LULL1 led to a shift in 
torsinA localization from the ER to the NE, resulting in a concomitant displacement of 
SUN2, nesprin-2 giant and nesprin-3 from the NE (Vander Heyden et al., 2009). Despite 
these discrepancies, it is clear that there is an effect of the presence/absence of torsinA on 
the integrity of LINC complexes. However, the actual function of torsins in LINC complex 
assembly or disassembly remains to be determined.

Nesprin-3 expression pattern
Nesprin-3 expression analysis of mouse tissues by Western blotting demonstrated its 
presence in all of them, albeit at various levels (Wilhelmsen et al., 2005). Furthermore, 
nesprin-3 was found to be an integral NE protein of rodent liver and rat skeletal muscle 
(Schirmer et al., 2003; Wilkie et al., 2011). As yet, these studies do not provide information 
on the actual cell types that contribute to the expression of nesprin-3 in tissues. However, 
results from studies with cell lines suggested that the protein is expressed in many different 
cell types, including MEFs, macrophages, T-cell hybridomas and different squamous cell 
carcinoma cells (Wilhelmsen et al., 2005). Additionally, nesprin-3 was found to be present 
in human leucocytes (Korfali et al., 2010). In zebrafish embryos, nesprin-3 was primarily 
expressed in epidermal and skeletal muscular tissue (Postel et al., 2011).

Differentiation of cells of the human HL-60/S4 myeloid leukaemic line towards 
macrophages led to an induction of nesprin-3 expression (Olins et al., 2009). Similarly, 
the expression of plectin and vimentin was also up-regulated upon differentiation. In 
contrast, expression of these proteins was either low or absent in undifferentiated cells 
or cells differentiated towards granulocytes (Olins et al., 2009). Differentiation-dependent 
regulation of the expression of nesprin-3 has also been observed in C2C12 myoblasts. 
Nesprin-3 is strongly expressed in undifferentiated myoblasts, but expression decreases 
as these cells differentiate into myotubes [(Chen et al., 2006) and M. Ketema and A. 
Sonnenberg, unpublished work].

In most cell types, the expression of nesprin-3 is confined to, and homogeneously 
distributed over, the NE (Houben et al., 2009; Ketema et al., 2007; Lombardi et al., 2011). 
However, there are some exceptions. In round and elongating spermatids, nesprin-3 
was primarily observed at both the posterior pole and the anterior side of the sperm 
head (Göb et al., 2010). When spermatogenesis progresses, the localization of nesprin-3 
becomes restricted to the anterior pole of the sperm head, where it is suggested to form 
a non-nuclear complex at the acrosomal membrane system with SUN1η, an isoform of 
SUN1 (Göb et al., 2010). Although plectin expression is reported in spermatids (Guttman 
et al., 1999), it is unclear whether this non-nuclear LINC complex mediates attachment of 
the sperm head to the IF system. Another example of non-nuclear nesprin-3 localization is 
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found in pre-adipocytes, in which nesprin-3 was primarily associated with ER membranes 
(Verstraeten et al., 2011). Interestingly, upon induction of in vitro adipogenesis, nesprin-3 
was transiently localized at the NE (Verstraeten et al., 2011). It will be interesting to 
investigate whether the change in nesprin-3 localization is dependent on the expression of 
SUN proteins and whether a similar redistribution is also observed for other nesprin family 
members. The dynamics of nesprin-3 localization and expression during differentiation 
need further investigation.

Function of nesprin-3
Despite the functional conservation between zebrafish and mouse nesprin-3, nesprin-
3-deficient zebrafish are viable and fertile, and display no obvious abnormal phenotype 
(Postel et al., 2011). The only defect observed to date is a partial loss of the association 
of keratin filaments with the nuclear perimeter in epidermal cells (Postel et al., 2011). 
Abnormalities were also absent following (partial) disruption of the nesprin-2 gene (Syne-
2) (Lüke et al., 2008; Zhang et al., 2007). However, on closer inspection, several defects have 
now been observed. These include defects in nuclear migration in neuronal precursor 

Figure 2. Schematic repre-
sentation of the interactions 
of nesprin-3 in cells. Nesprin-
3α can link the NE to IFs or 
microtubules via its interac-
tions with the cytoskeletal link-
er proteins plectin, BPAG1 and 
MACF. Whereas plectin can 
also cross-link IFs with F-actin, 
BPAG1 and MACF can intercon-
nect the microtubule and actin 
cytoskeleton. A close-up of the 
NE shows the interaction be-
tween nesprin-3 and SUN pro-
teins, which is thought to take 
place between dimers of both 
proteins (Crisp et al., 2006; Ke-
tema et al., 2007). Additionally, 
nesprin-3 can interact with 
the luminal proteins torsinA 
and torsinB, which assume a 
hexameric configuration. INM, 
inner nuclear membrane; MT, 
microtubules, NPC, nuclear 
pore complex; ONM, outer nu-
clear membrane.
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and photoreceptor cells during cortical and retinal development, respectively (Lüke et al., 
2008; Yu et al., 2011; Zhang et al., 2009). In fact, these abnormalities are found in tissues 
with low or absent expression of nesprin-1, supporting a redundancy in function between 
nesprin-1 and -2. More detailed analyses have to be performed to investigate whether, as 
in mice with disrupted Syne-2, the loss of nesprin-3 in zebrafish is associated with subtle 
defects.

As suggested above, nesprin-3 might link the NE not only to IFs, but also to microtubules 
via BPAG1a and BPAG1b or MACF. A link to microtubules has been demonstrated 
previously for nesprin-4 (Roux et al., 2009). Furthermore, nesprin-1 and -2 cannot only 
connect the NE to the actin cytoskeleton, but also to the molecular motor proteins dynein 
and kinesin (Fan and Beck, 2004; Schneider et al., 2011; Yu et al., 2011; Zhang et al., 2009). 
Both proteins play an important role in the bidirectional movements of the nucleus when 
it migrates along microtubules. In contrast, the connection of nesprin-3 via BPAG1a and 
BPAG1b or MACF to microtubules is likely to be more important after completion of 
nuclear migration when the conditions become more static. It therefore seems unlikely 
that nesprin-3 and the other nesprin family members are redundant in their function to 
mediate binding to microtubules. However, a functional redundancy among members 
of the nesprin family could arise through the fact that the three cytoskeletal systems are 
connected to each other by members of the plakin family of cytoskeletal cross-linkers (Fig. 
2) (Sonnenberg and Liem, 2007). Hence, although a loss of nesprin-3 will weaken the link 
between the NE and the IF system, this link will be largely kept intact through connections 
between IFs and actin microfilaments, which in turn are connected to the NE via nesprin-1 
and -2.

The cytoskeleton is not only attached to the NE, but also connected to the plasma 
membrane at cell-matrix adhesions such as focal adhesions and hemidesmosomes 
(Sonnenberg and Liem, 2007). We have proposed previously that an indirect protein link 
exists between the plasma membrane (via integrin α6β4 and plectin), IFs and the NE 
(via plectin and nesprin-3α) (Wilhelmsen et al., 2005). This protein link might be a direct 
route for sensing mechanical stress, ultimately leading to altered gene expression (Wang 
et al., 2009). The function of LINC complexes in the maintenance of mechanical integrity 
was investigated by transfection of fibroblasts with dominant-negative KASH constructs 
(Lombardi et al., 2011; Stewart-Hutchinson et al., 2008). As SUN proteins are a limiting 
factor in the recruitment of nesprins to the NE, overexpression of a KASH construct will 
lead to a displacement of nesprins from the NE. This results in functional disruption of 
all endogenous LINC complexes. Cytoskeletal organization in the perinuclear area was 
indeed affected following overexpression of dominant-negative KASH constructs. 
The close association of the vimentin network with the NE was partially lost, and actin 
stress fibres were fragmented in appearance around the nucleus (Lombardi et al., 2011). 
Furthermore, the intracellular force transmission between the cytoskeleton and the 
nucleus was disturbed (Lombardi et al., 2011), resulting in a reduced mechanical stiffness 
of the cells (Stewart-Hutchinson et al., 2008). These effects are reminiscent of previously 
reported observations in Lmna –/– MEFs, in which loss of lamin A/C reduced mechanical 
stiffness (Broers et al., 2004; Lammerding et al., 2004; Lee et al., 2007). Absence of lamin 
A/C also resulted in a redistribution of nesprin-3 from the NE to the ER and disrupted 
attachment of cytoskeletal components to the NE (Hale et al., 2008; Houben et al., 2009). 
The similarities in phenotype between LINC complex disruption and loss of lamin A/C 
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support further the theory that nesprins and lamin A are part of the same complex.
Although LINC complexes are clearly involved in maintenance of mechanical 

integrity, it is currently unknown whether this function is dependent on nesprin-3 or 
primarily mediated by other members of the nesprin family. The simultaneous loss of 
nesprin-3 and vimentin from the nuclear perimeter in Lmna–/– cells and cells transfected 
with dominant-negative KASH constructs is in accordance with a nesprin-3- and plectin-
mediated interaction between the NE and the IF system. However, Lombardi et al. also 
demonstrated that the ectopic expression of mini-nesprin-2 giant, a short fusion protein 
consisting of the ABD and KASH domain regions of nesprin-2, enhanced the intracellular 
force transmission between the cytoskeleton and the nucleus (Lombardi et al., 2011). 
This suggests that a connection with the actin cytoskeleton, as mediated via nesprin-1 
and -2, plays a more prominent role in the establishment of mechanical integrity than 
the attachment of other cytoskeletal components to the NE. Furthermore, silencing of 
nesprin-2 was also found to affect the organization of keratin bundles in the nuclear 
perimeter (Schneider et al., 2011), suggesting that the localization of IFs at the NE might 
not be solely dependent on nesprin-3. Hence, further studies are needed to identify the 
actual nesprin family members required for the maintenance of cellular stiffness.

Future perspectives
Studies regarding nesprin-1 and -2 have demonstrated tissue-specific and differentiation-
dependent expression patterns (Lüke et al., 2008; Randles et al., 2010). Phenotypic 
observations in knockout mice were primarily made in tissues in which these nesprin 
family members are differentially expressed (Lüke et al., 2008; Yu et al., 2011; Zhang et 
al., 2009). Hence, further work aimed at identifying nesprin-3 function should include 
a comparison of its cell and tissue distribution with that of the other nesprins. This 
information should provide insight as to which tissues are affected by loss of nesprin-3 
in animal models. Subsequent mechanical studies with nesprin-3-knockout cells will 
clarify whether nesprin-3 has a role in force transmission to the nucleus or whether its 
attachment to the IF system is primarily responsible for the strength and stability of the 
nucleus.
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Summary
Nesprin-3 is a nuclear envelope protein that connects the nucleus to the intermediate 
filament system by its interaction with plectin. To investigate the function of nesprin-3 at 
the cellular level, we have analyzed its distribution pattern and examined the effects of 
loss of nesprin-3 in nesprin-3 knockout mice. Nesprin-3 is strongly expressed in dermal 
fibroblasts, endothelial cells and peripheral nerves, but virtually absent from cardiac and 
skeletal muscle. In fact, nesprin-3 expression decreased during myogenic differentiation 
of C2C12 cells, but loss of nesprin-3 was not required for myotube formation to proceed. 
Nesprin-3 was strongly expressed in the testis, where it is co-localized with plectin at the 
nuclear envelope of Sertoli cells. Whereas the presence of nesprin-3 was essential for 
recruiting both plectin and vimentin to the nuclear perimeter, these interactions were 
independent of the plectin rod domain. However, testicular morphology and nuclear 
positioning of Sertoli cells were not affected in nesprin-3 knockout mice. Moreover, 
the mice were viable and fertile without any discernible abnormalities. Thus, although 
nesprin-3 recruits plectin to the nuclear perimeter, the resulting link between the nuclear 
envelope and the intermediate filament system is dispensable under normal conditions 
in vivo.

Introduction
The nuclear interior is physically connected to the cytoskeleton by the action of LINC 
(linker of nucleoskeleton and cytoskeleton) complexes situated in the nuclear envelope 
(NE) (Crisp et al., 2006; Razafsky and Hodzic, 2009). The main components of these 
complexes are SUN proteins present in the inner nuclear membrane and Klarsicht/
ANC-1/Syne homology (KASH) domain-containing proteins located at the outer nuclear 
membrane. KASH proteins bind the cytoskeleton and are localized to the NE by virtue 
of their KASH domain. This C-terminal domain protrudes into the perinuclear space, the 
lumen between the two nuclear membranes, where it interacts with SUN proteins (Crisp 
et al., 2006; Padmakumar et al., 2005). SUN proteins, in turn, extend their N-termini in the 
nucleoplasm and can bind to both nuclear lamins and chromosomes (Crisp et al., 2006; 
Ding et al., 2007; Haque et al., 2006; Schmitt et al., 2007).

To date, four KASH domain-containing proteins have been described in vertebrates. 
The first proteins identified were nesprin-1 and nesprin-2. The giant isoforms of these 
proteins are highly homologous to one another and share an N-terminal actin-binding 
domain (ABD) that allows them to establish a link between the NE and the actin 
cytoskeleton (Padmakumar et al., 2004; Zhang et al., 2001; Zhen et al., 2002). In addition, 
nesprin-1 and nesprin-2 can interact with the microtubule motor proteins dynein and 
kinesin (Fan and Beck, 2004; Schneider et al., 2011; Yu et al., 2011; Zhang et al., 2009), 
thereby facilitating a connection with the microtubule network. Nesprin-3 and nesprin-4 
are much smaller and lack an ABD. Nesprin-3 interacts via its N-terminus with plectin, 
which in turn can bind intermediate filaments (IFs) (Wilhelmsen et al., 2005). Nesprin-4 
binds kinesin-1 and thereby links the NE to microtubules (Roux et al., 2009). Hence, their 
binding abilities enable nesprins to connect the NE to all components of the cytoskeleton.

The presence of a nuclear-cytoskeletal connection suggests a role for nesprins in 
maintaining shape and position of the nucleus. This is supported by functional studies 
in animal models that have implicated nesprin-1 in the anchorage of nuclei on muscle 
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fibers (Grady et al., 2005; Puckelwartz et al., 2009; Zhang et al., 2010; Zhang et al., 2007b). 
Furthermore, nesprin-2 contributes to nuclear morphology (Kandert et al., 2007; Lüke 
et al., 2008) and is required for nuclear migration during brain and retinal development 
(Yu et al., 2011; Zhang et al., 2009). More recently, nesprins have also been implicated in 
mechanotransduction (Wang et al., 2009). Whereas some of these studies point towards 
the role of a specific nesprin family member in this process (Chancellor et al., 2010), others 
stress that a general activity of LINC complexes is responsible for the transduction of 
mechanical cues to the nucleus and the regulation of cellular stiffness (Brosig et al., 2010; 
Lombardi et al., 2011; Stewart-Hutchinson et al., 2008). Nevertheless, despite our current 
knowledge of the role of nesprins, there is still little known about the function of nesprin-3 
(Ketema and Sonnenberg, 2011; Morgan et al., 2011).

Nesprin-3 was initially identified in mice as a binding partner of the cytoskeletal 
cross-linker protein plectin (Wilhelmsen et al., 2005). To date, two isoforms have been 
described, nesprin-3α and nesprin-3β, that are conserved among species (Postel et al., 
2011; Wilhelmsen et al., 2005). Nesprin-3α can interact with the ABD of plectin via a motif 
in its N-terminal spectrin repeat. As nesprin-3β lacks such a motif, this isoform is unable 
to bind plectin.

Plectin is a highly versatile member of the plakin family and consists of several 
domains: ABD, plakin domain, coiled-coil rod domain and plakin repeats (McLean et al., 
1996; Sonnenberg and Liem, 2007; Wiche, 1998). The plakin repeats bind IFs, whereas 
the ABD can interact with either F-actin, nesprin-3α or the integrin β4 subunit in a 
mutually exclusive manner (Geerts et al., 1999; Ketema et al., 2007; Postel et al., 2011). 
As a consequence, plectin can establish connections between IFs and either F-actin, the 
NE (via nesprin-3) or the plasma membrane (via β4). Overexpression and knockdown 
studies have indicated that nesprin-3α recruits plectin to the NE and that this recruitment 
is required for the attachment of IFs to the NE (Morgan et al., 2011; Postel et al., 2011; 
Wilhelmsen et al., 2005). Plectin can self-associate and is thought to form parallel dimers 
by intermolecular interactions of the rod domain (Foisner et al., 1991; Foisner and Wiche, 
1987; Green et al., 1992; Uitto et al., 1996; Wiche, 1998; Wiche et al., 1991). In fact, we have 
previously suggested that rod domain-mediated dimerization of plectin is required for its 
interaction with nesprin-3α (Ketema et al., 2007).

As nesprin-3 is the only family member currently known to interact with IFs, a 
complete redundancy in function with the other nesprins is not expected. To investigate 
the function of nesprin-3, we have previously generated nesprin-3 mutant zebrafish 
(Postel et al., 2011). Despite a reduced association of keratin filaments with the nucleus 
in epidermal cells of these zebrafish, no apparent gross abnormalities were observed. 
However, subtle defects at the cellular level might have been overlooked. Especially since 
a recent report on nesprin-3 in human aortic endothelial cells uncovered its role as a 
determinant in cell morphology and in coupling of the microtubule-organizing center 
(MTOC) to the nucleus (Morgan et al., 2011). Moreover, silencing of nesprin-3 affected 
flow-induced MTOC polarization and migration of these cells (Morgan et al., 2011).

To explore the role of nesprin-3 at the cellular level, we analyzed its distribution 
pattern in vivo and generated nesprin-3 knockout mice. In addition, we compared the 
localization of nesprin-3 in mouse tissues to that of plectin and further investigated the 
requirements for plectin binding in rod-less plectin mice.
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Results
Generation of nesprin-3 knockout mice
We have previously generated nesprin-3 mutant zebrafish to investigate the function 
of nesprin-3 in vivo (Postel et al., 2011). These mutants developed normally and had no 
gross abnormalities. However, as subtle defects might have been overlooked, we have 
now used nesprin-3 knockout mice to further investigate the function of nesprin-3 at the 
cellular level.

To generate nesprin-3 knockout mice, we applied homologous recombination 
to introduce loxP sites on either side of exon 2 in the nesprin-3 gene (4831426I19Rik) 
(Fig. 1A). As exon 2 contains the translation start sites for both the nesprin-3α and the 
nesprin-3β isoforms, recombination of the loxP sites will result in a complete loss of 
nesprin-3 expression. After electroporation of the targeting vector in embryonic stem 
cells, homologous recombination was confirmed by Southern blotting (Fig. 1B). One 
clone gave rise to chimeric offspring, which were crossed with FVB/N mice to generate 
nesprin-3flox/flox mice. Subsequent breeding with actin-Cre mice led to the establishment 
of the nesprin-3–/– strain. Deletion of exon 2 by Cre-recombinase was confirmed by PCR 
on genomic DNA (Fig. 1C). Furthermore, to verify that the knockout mice were null 
mutants, we performed western blot analysis on tissue lysates from nesprin-3–/– and wild-
type littermates. As expected, there was a complete loss of nesprin-3 expression in the 
knockout mice (Fig. 1D). Taken together, our data suggests that we have successfully 
generated nesprin-3 knockout mice.

The nesprin-3–/– mice were born at Mendelian ratios and were indistinguishable 
from their wild-type littermates. Moreover, the mice were viable and fertile without any 
discernible abnormalities.

Localization and distribution pattern of nesprin-3 in vivo
As nesprin-3 knockout mice display no apparent gross abnormalities, we analyzed these 
mice further at the microscopic level. To identify tissues that are potentially affected by 
loss of nesprin-3, we first investigated its distribution pattern.

Previous studies have demonstrated the ubiquitous expression of nesprin-3, but the 
actual cell types in which it is expressed are largely unknown (Ketema and Sonnenberg, 
2011; Wilhelmsen et al., 2005). To examine its distribution, we stained tissue sections of 
wild-type and nesprin-3–/– littermates for nesprin-3. Furthermore, as nesprin-3 connects 
the NE to the IF system by its interaction with plectin (Wilhelmsen et al., 2005), we related 
the localization of nesprin-3 to that of plectin by double-labeling with plectin antibodies.

Nesprin-3 was present at the NE in skin sections of the cheek (Fig. 2A). Surprisingly, its 
expression was confined to the dermis, with the exception of some sporadic single cells 
with strong nesprin-3 reactivity in the epidermis (Fig. 2A). Expression of nesprin-3 in the 
dermis can be contributed to both fibroblasts and endothelial cells; the latter cells strongly 
express nesprin-3 as demonstrated by double-labeling with the endothelial marker CD31 
(Fig. 2A). Although there is some co-localization of nesprin-3 and plectin in the dermis, the 
localization pattern of plectin is not obviously altered in the skin of nesprin-3 knockout 
mice (data not shown).

A strong expression of nesprin-3 is also observed in mesenchymal cells of the intestine 
(Fig. 2B). Furthermore, nesprin-3 is found at a low level in the epithelial cell layers (Fig. 2B). 
In contrast to skin, however, co-localization with plectin is not apparent in the intestine. 



105

ch
ap

te
r 5

 functional analysis of nesprin-3 in mice | chapter 5 

Figure 1. Targeting strategy and molecular analysis of recombinant embryonic stem cells and nesprin-3 
knockout mice. (A) Partial nesprin-3 gene structure, targeting construct and different nesprin-3 mutant alleles. 
Numbered gray boxes represent coding exons; gray and black triangles mark loxP and frt sites, respectively. 
Shown are the locations of the outermost 5’ and 3’ restriction sites used to generate the targeting construct and 
of EcoRV and BglII cleavage sites. The positions of the hybridization probe used for southern blotting and the 
primers (arrows) used for the analysis of the different mutant alleles by PCR are indicated below the wild-type 
nesprin-3 allele. Dotted lines indicate the FLPe- and Cre-specific recombination events. (B) Southern blot analysis 
of two independently targeted embryonic stem cell clones. Embryonic stem cell DNA was digested with BglII 
(bold), subjected to agarose gel electrophoresis, and transferred to nitrocellulose. 9.2 kb and 5.3 kb fragments 
corresponding to wild-type and floxed alleles, respectively, were detected by hybridization with a radiolabeled 
nesprin-3 genomic probe. (C) PCR analysis of genomic DNA from wild-type (+/+), nesprin-3 knockout (–/–) and 
heterozygous (+/–) mice using primers P1-P2. (D) Western blot analysis for the presence of nesprin-3 (upper 
panel) in tissue lysates derived from wild-type (wt) and nesprin-3 knockout (ko) littermates. Actin levels (lower 
panel) served as a loading control.
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Figure 2. Expression pat-
tern of nesprin-3 and plectin 
in skin, intestine, liver and 
ovary. (A) Frozen sections of 
5-week-old (cheek) and 2-mo-
old (tongue) wild-type mice 
were double-labeled for the 
indicated proteins. Nuclei were 
counterstained with DAPI and 
merged channels are shown 
in the right-hand panels. The 
arrow indicates a nesprin-
3-positive cell present in the 
epidermis of the cheek. LN10, 
laminin-10. Scale bars, 20 µm. 
(B) Frozen sections of 5-week-
old (intestine and liver) and 
4-mo-old (ovary) wild-type 
mice were stained for plectin 
and nesprin-3. Nuclei were 
counterstained with DAPI. Ar-
rows indicate nesprin-3 posi-
tive cells in the liver. Scale bar, 
20 µm.
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Figure 3. Distribution pat-
tern of nesprin-3 in the sali-
vary gland and kidney. (A) 
Frozen sections of the salivary 
gland of a 5-week-old wild-
type mouse were stained for 
plectin and nesprin-3. Nuclei 
were counterstained with 
DAPI and localization of plec-
tin at the NE is indicated by 
arrows. Scale bars, 20 µm. (B) 
Frozen section of the kidney of 
a 5-week-old wild-type mouse 
were double-labeled for the 
indicated proteins. Nuclei were 
counterstained with DAPI and 
merged channels are shown in 
the right-hand panels. Arrows 
indicate cells in the glomerulus 
that express nesprin-3 but lack 
CD31. The arrowhead points 
towards a podocyte nucleus 
located on the visceral side of 
the capillary loop. Scale bar, 
20 µm.
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This is also true for both ovary and liver. Interestingly, hepatocytes seem to lack nesprin-3 
(Fig. 2B). Nesprin-3 is present in the liver, but the identity of the nesprin-3-expressing cells 
remains to be determined. Besides its expression in the above described tissues, nesprin-3 
is also present in the thymus and the spleen and localized at the NE of chondrocytes in the 
elastic cartilage of the ear (data not shown).

We further extended our study on the distribution of nesprin-3 to the salivary gland 
and kidney. Nesprin-3 is strongly expressed in the ducts of the salivary gland, but is not 
co-localized with plectin at this side (Fig. 3A). Co-localization is observed in the acini, 
where plectin is occasionally found at the NE (Fig. 3A). However, as this co-localization is 
sporadic, we cannot yet tell whether the perinuclear localization of plectin in these cells is 
dependent on nesprin-3. In contrast to the extensive expression of nesprin-3 in the salivary 
gland, its distribution is much more confined in the kidney and largely overlaps with that 
of plectin. Yet, cells expressing nesprin-3 but lacking plectin were observed (Fig. 3B). Co-
expression of nesprin-3 and plectin was primarily seen in the glomeruli. The three cell 
types present in these filtrating units are endothelial cells, podocytes and intraglomerular 
mesangial cells. Double labeling with CD31 demonstrated that the expression of 
nesprin-3 in the glomeruli is not exclusively due to the presence of endothelial cells (Fig. 
3B). Nesprin-3 expressing cells were also found on the visceral side of the capillary loops, 
indicating that podocytes contribute to the expression of nesprin-3 (Fig. 3B). Furthermore, 
also mesangial cells could express nesprin-3, but at this point we can neither confirm nor 
exclude this latter possibility. 

Strong expression of nesprin-3 and a prominent co-localization with plectin were 
observed in peripheral nerve (Fig. 4A). To determine whether this expression is due to 
the presence of endothelial cells, we performed double-labeling for nesprin-3 and the 
integrin α5 subunit, which is strongly expressed by endothelial cells. Although nesprin-3 
was expressed by endothelial cells present in the peripheral nerve (Fig. 4B), strong 
expression was primarily observed in Schwann cells.

The strong expression of nesprin-3 in Schwann cells is in sharp contrast to the 
expression of nesprin-3 in cardiac and skeletal muscle. A weak staining of nesprin-3 was 
generally seen in cardiac muscle, but was only occasionally observed at the NE of skeletal 
muscle nuclei (Fig. 4C). Hence, nesprin-3 is virtually absent from skeletal muscle.

Taken together, our data indicate that nesprin-3 is ubiquitously expressed in tissues, 
but that its expression is restricted to certain cell types. Furthermore, the expression level 
varies greatly between these different cell types. Notably, we occasionally observed a 
weak signal for nesprin-3 at the nuclear perimeter in nesprin-3 knockout mice. Although 
this is most likely background staining, we cannot exclude that an, as yet unidentified, 
smaller isoform of nesprin-3 is still expressed at the NE in our knockout mice.

Nesprin-3 expression during in vitro myogenic differentiation
During skeletal muscle differentiation, mononucleated myoblasts fuse to form 
multinucleated myotubes. This process follows a number of consecutive steps during 
which cells withdraw from the cell cycle and start to express muscle-specific genes such 
as myosin heavy chain (MHC) (Andrés and Walsh, 1996; Rosenthal, 1989). The process 
ultimately results in the terminal differentiation of muscle cells and the formation of 
muscle fibers. To investigate the expression of nesprin-3 during myogenic differentiation, 
we made use of the C2C12 myoblast cell line. When these cells reach confluency in 
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culture, a change from growth medium to differentiation medium induces the formation 
of myotubes.

C2C12 cells were lysed at consecutive days following the induction of differentiation 
and protein expression was analyzed by western blot. As expected, the expression 
of MHC was induced during differentiation. It was first detectable after two days and 
further increased in time (Fig. 5). In contrast, whereas nesprin-3 was strongly expressed 

Figure 4. High expression of 
nesprin-3 in Schwann cells 
and low expression at the 
NE in cardiac and skeletal 
muscle. (A) Frozen sections of 
2-mo-old (tongue) and 4-mo-
old (skeletal muscle) wild-type 
mice were stained for plectin 
and nesprin-3. Nuclei were 
counterstained with DAPI. 
Scale bars, 20 µm. (B) A frozen 
section of the tongue of a 
2-mo-old wild-type mouse was 
double-labeled for nesprin-3 
and the integrin α5 subunit. 
Arrows show sites of high 
integrin α5 expression that 
indicate the positions of blood 
vessels in the peripheral nerve. 
Scale bar, 20 µm. (C) Frozen 
sections of heart and skeletal 
muscle of 4-mo-old wild-type 
mice were stained for plectin 
and nesprin-3. Arrows indicate 
low expression of nesprin-3 at 
the NE. Scale bars, 20 µm.  
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in proliferating myoblasts, its expression level decreased during differentiation (Fig. 5). 
This is in line with our observation that nesprin-3 is virtually absent from skeletal muscle 
in mice.

We subsequently investigated at which level some of the other LINC complex 
components are expressed. Similar to nesprin-3, the expression of nesprin-2 giant 
decreased upon differentiation (Fig. 5). However, this effect was not observed for 
all nesprin-2 isoforms, as the expression of a ~50 kDa smaller isoform, potentially 
corresponding to nesprin-2α2 (Zhang et al., 2005), increased in time (Fig. 5). Furthermore, 
the expression level of SUN2 was also not decreased. This protein showed an initial 
increase in its expression at day one, and SUN2 levels remained constant at later time 
points of differentiation (Fig. 5).

To investigate whether down-regulation of nesprin-3 is required for myogenic 
differentiation to proceed, we generated stable cell lines overexpressing either GFP 
(C2C12/GFP), GFP-nesprin-3α (C2C12/3α) or GFP-nesprin-3β (C2C12/3β). GFP-nesprin-3α 
and GFP-nesprin-3β were expressed to a similar extent and both were localized at the 
NE of C2C12 myoblasts (Fig. 6A,B). Furthermore, overexpression of nesprin-3 caused a 
displacement of endogenous nesprin-2 from the NE (data not shown), but did not alter 
the overall expression level of nesprin-2 giant (Fig. 6A). The stable cell lines were stained 
for MHC after one, three and five days of differentiation to determine their differentiation 
capacities (Fig. 6C). Differentiation was quantified by determining the differentiation index, 
which is the percentage of nuclei in MHC positive cells over the total number of nuclei. 
Surprisingly, the capacity of C2C12/3α and C2C12/3β to differentiate into myotubes was 
not affected (Fig. 6C,D). These results indicate that the reduction in the expression level of 
nesprin-3 is not a requirement for myogenic differentiation.

Figure 5. Expression of nes-
prin-3 decreases during myo-
genic differentiation. C2C12 
myoblasts were grown to 
confluency and differentiated 
into myotubes by a change in 
culture medium from 20% fetal 
calf serum to 2% horse serum. 
Cells were lysed at consecutive 
days following the induction 
of differentiation, and lysates 
were analyzed for expression 
of the indicated proteins. Actin 
levels served as a loading 
control. MHC, myosin heavy 
chain.
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Nesprin-3 and plectin are co-localized at the NE of Sertoli cells
Whereas nesprin-3 is virtually absent from skeletal muscle, it is strongly expressed at the 
NE of some basally located cells in the seminiferous epithelium of the testis (Fig. 7A). Also 
plectin is strongly enriched at the nuclear perimeter and, as a consequence, nesprin-3 
and plectin were co-localized in these cells (Fig. 7A). A perinuclear localization pattern 
of plectin has previously been described in Sertoli cells of the rat testis (Guttman et al., 
1999). Sertoli cells are columnar-shaped epithelial cells that extend from the basement 
membrane to the lumen of the seminiferous tubules. These cells provide support and 
nutrition to the developing germ cells during all stages of spermatogenesis (Hess and 

Figure 6. Myogenic differentiation is not affected by overexpression of nesprin-3. (A) Lysates of C2C12 
myoblasts stably transfected with GFP (C2C12/GFP), GFP-nesprin-3α (C2C12/3α) and GFP-nesprin-3β (C2C12/3β) 
were analyzed by western blot for expression of the indicated proteins. The GFP panels represent two parts of 
the same blot and therefore have an identical exposure time. Single and double asterisks indicate endogenous 
nesprin-3 and a nonspecific band, respectively. Actin levels served as a loading control. (B) C2C12/GFP, C2C12/3α 
and C2C12/3β myoblasts were fixed in paraformaldehyde and analyzed by confocal microscopy to determine 
the localization of the GFP-tagged proteins. Scale bar, 20 μm. (C) C2C12/GFP, C2C12/3α and C2C12/3β myoblasts 
were grown on gelatin-coated coverslips and differentiated for the indicated number of days. Cells were fixed 
in paraformaldehyde and stained for MHC (red) as a marker for differentiation. Nuclei were counterstained with 
DAPI (blue) and cells were analyzed by confocal microscopy. Scale bar, 20 μm. (D) Quantification of the results 
shown in (C). The differentiation index is determined as the percentage of nuclei in MHC-positive cells over the 
total number of nuclei. Error bars represent the standard deviation over three independent experiments.
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Renato de Franca, 2008). Since Sertoli cell nuclei are localized at the basal side of the 
seminiferous epithelium, we wished to determine whether the nesprin-3-expressing cells 
in the testis are the Sertoli cells. Frozen sections of the testis of a wild-type mouse were 
stained for plectin and Wilms’ Tumor suppressor 1 (WT1), which can serve as a marker 
for Sertoli cells (Del Rio-Tsonis et al., 1996; Myers et al., 2005). Perinuclear localization of 
plectin was exclusively observed around WT1-positive nuclei (Fig. 7B), indicating that the 
nesprin-3-expressing cells in the testis are indeed the Sertoli cells.

Localization of plectin and vimentin at the NE of Sertoli cells is dependent on nesprin-3
As nesprin-3 and plectin are co-localized at the NE of Sertoli cells, we wished to determine 
whether the localization of plectin at this site is dependent on the presence of nesprin-3. 
We therefore analyzed frozen sections of the testes of wild-type and nesprin-3 knockout 
littermates. As expected, nesprin-3 was localized to the NE of Sertoli cells in wild-type 
mice, but no staining for nesprin-3 was observed in the nesprin-3 knockout testis (Fig. 
8A). In order to recognize the Sertoli cell nuclei in the absence of nesprin-3, we tested 
other LINC complex components for their presence at the NE. Like nesprin-3, nesprin-2 
was expressed at the NE of Sertoli cells (Fig. 8B). Moreover, because nesprin-2 was not 
observed at the NE of germ cells, it could function as a Sertoli cell marker in our further 
studies. We subsequently examined the localization of plectin in the testes of nesprin-3 
knockout mice. In the absence of nesprin-3, plectin was no longer associated with the NE 
(Fig. 8B), suggesting that plectin is indeed recruited to the nuclear vicinity by nesprin-3.

Figure 7. Nesprin-3 and plectin co-localize at the NE of Sertoli cells. (A) Frozen sections of the testis of a 
2-mo-old wild-type mouse were stained for nesprin-3 and plectin. Nuclei were counterstained with DAPI. Scale 
bar, 20 µm. (B) Frozen section of the testis of a 2-mo-old wild-type mouse were stained for plectin and Wilms’ 
Tumor suppressor 1 (WT1). Nuclei were counterstained with DAPI. Scale bar, 20 µm.
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Nesprin-3 and plectin establish a link between the NE and the IF system. We therefore 
investigated the localization of IFs in the testes of nesprin-3 knockout mice. As the main 
type of IF present in Sertoli cells is vimentin (Franke et al., 1979), we double-labeled frozen 

Figure 8. Loss of plectin and vimentin from the nuclear perimeter in Sertoli cells of nesprin-3 knockout 
mice. (A) Frozen sections of the testes of a 2-mo-old wild-type (WT), a 2-mo-old nesprin-3 knockout (KO) and a 
3-mo-old plectin rod-less (rod-less) mouse were stained for nesprin-3. Scale bar, 20 µm. (B) Frozen sections of the 
testes of the same mice as in panel (A) were stained for plectin and nesprin-2. Nuclei were counterstained with 
DAPI. Scale bar, 20 µm. (C) Frozen sections of the testes of the same mice as in panel (A) were stained for plectin, 
vimentin and the laminin α1 chain (LNα1). Nuclei were counterstained with DAPI. Scale bar, 20 µm.
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sections of the testis for vimentin and plectin. Furthermore, the sections were also stained 
for the laminin-α1 chain, which is one of the main basement membrane components 
present in the seminiferous epithelium (Durbeej et al., 1998; Häger et al., 2005). Whereas 
vimentin is clearly present at the nuclear perimeter of wild-type Sertoli cells, it is not in 
Sertoli cells of nesprin-3 knockout mice (Fig. 8C). These results indicate that nesprin-3 and 
plectin are indeed responsible for the establishment of a link between the NE and the IF 
system in Sertoli cells. In contrast, the organization of microtubules and F-actin was not 
affected by the loss of nesprin-3 (data not shown).

Rod-less plectin is recruited to the NE by nesprin-3
Our previous work has indicated that rod domain-mediated dimerization of plectin 
is required for its interaction with nesprin-3α at the NE (Ketema et al., 2007). To further 
investigate this finding, we used keratinocyte clones derived from plectin rod-less mice 
(the generation of these mice will be described elsewhere). Clones expressing either full 
length (clone 12) or rod-less plectin (clone 1) were stably transfected with GFP-nesprin-
3α or GFP-nesprin-3β. The nesprin-3 isoforms were expressed to a similar extent and 

Figure 9. Rod-less plectin is recruited to the NE by overexpression of nesprin-3α. (A) Mouse keratinocytes 
expressing endogenous levels of either full length (clone 12) or rod-less (clone 1) plectin were stably transfected 
with GFP-nesprin-3α or GFP-nesprin-3β. Lysates prepared in RIPA lysis buffer were analyzed by western blot for 
expression of plectin and GFP. Actin levels served as a loading control. (B) Keratinocyte clones stably expressing 
either GFP-nesprin-3α or GFP-nesprin-3β were grown on coverslips, stained for endogenous plectin and 
analyzed by confocal microscopy. Arrowheads indicate recruitment of plectin to the NE. Scale bar, 10 µm.
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localized at the NE of these keratinocyte clones (Fig. 9). As expected, overexpression of 
GFP-nesprin-3α, but not of GFP-nesprin-3β, led to a recruitment of full length plectin to 
the NE. Surprisingly, also rod-less plectin was observed at the NE upon overexpression 
of GFP-nesprin-3α (Fig. 9B). Hence, these results indicate that the nesprin-3α-mediated 
recruitment of plectin to the NE does not depend on the presence of the plectin rod 
domain.

To determine whether the rod domain is also dispensable for the perinuclear 
localization of plectin in vivo, we double-labeled sections of the testis of a plectin rod-less 
mouse for nesprin-3 and plectin. Similar to what we observed in wild-type mice, nesprin-3 
was present at the NE of Sertoli cells in plectin rod-less mice (Fig. 8A). Furthermore, in line 
with our in vitro data, rod-less plectin was recruited to the nuclear perimeter of Sertoli 
cells (Fig. 8B), suggesting that the rod domain is not an absolute requirement for the in 
vivo localization of plectin at the NE. This is further supported by the observation that 
vimentin was still associated with the nuclear perimeter in Sertoli cells of plectin rod-
less mice (Fig. 8C). However, the level of rod-less plectin in the nuclear vicinity appeared 
somewhat reduced compared to that observed in wild-type Sertoli cells, suggesting that 
the recruitment of rod-less plectin to the NE is less efficient.

Nuclear positioning in Sertoli cells is not affected by loss of nesprin-3
Sertoli cell nuclei are normally located in close proximity to the basement membrane. 
As nesprin-3 and plectin establish a link between the NE and the IF cytoskeleton, loss of 
this link in nesprin-3 knockout mice could affect the localization of Sertoli cell nuclei. To 
investigate potential effects on nuclear positioning, we stained testis sections of wild-type 
and nesprin-3 knockout mice for WT1 as a marker for Sertoli cell nuclei. In wild-type mice, 
the nuclei were mainly located along the basal side of the seminiferous epithelium, with 
the exception of a limited number of nuclei (15.6 ± 2.6 %) in a more non-basal position 
(Fig. 10). Loss of nesprin-3 did not affect the localization of Sertoli cell nuclei, as the 
percentage of nuclei in a non-basal position (18.0 ± 5.7 %) was not significantly different 

Figure 10. Nuclear positioning in Sertoli cells is not affected by loss of nesprin-3. (A) Testis sections of 
2.5-mo-old wild-type and nesprin-3 knockout littermates were stained for WT1 (brown) and counterstained 
with haematoxylin. Scale bar, 50 µm. (B) Quantification of Sertoli cell nuclear positioning. The localization of 
Sertoli cell nuclei in 50 seminiferous tubules of four mice each was scored as either basal or non-basal. Error bars 
indicate the standard deviation.
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from that observed in wild-type mice (Fig. 10B). In addition, the nesprin-3 knockout mice 
were fertile, with a normal structural organization of the testis (Fig. 10A). These results 
suggest that a link between the NE and the IF system is not required for the function of 
Sertoli cells. However, at this point we cannot exclude that sperm cell counts are affected 
in these mice.

We have previously suggested the existence of a continuous protein scaffold between 
the extracellular matrix and the nuclear interior, in which IFs are attached to the nucleus 
via nesprin-3 and to hemidesmosomes through the action of integrin α6β4 (Wilhelmsen 
et al., 2005). To investigate whether such a continuous link is present in Sertoli cells, we 
stained tissue sections of wild-type testes for multiple integrin subunits. Unexpectedly, 
we found no evidence for the expression of the integrin β4 subunit in the testis (data 
not shown). In contrast, α6 and β1 were expressed at the basal side of the seminiferous 
epithelium, as indicated by immunofluorescence (Fig. 11). In fact, the integrin α6 subunit 
showed a patchy distribution along the basement membrane with more intense staining 
associated with the presence of Sertoli cell nuclei (Fig. 11B). Although a continuous 
protein scaffold via IFs is unlikely to exist in Sertoli cells, we did identify α6β1 as a potential 
integrin responsible for the attachment of Sertoli cells to the basement membrane.

Figure 11. Integrin α6β1 is expressed at the basement membrane of the seminiferous epithelium. Frozen 
sections of the testis of a 2-mo-old wild-type mouse were double-labeled for nesprin-3 and either the integrin 
β1 (A) or the integrin α6 (B) subunit. Nuclei were counterstained with DAPI. Scale bar, 20 µm.
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Nesprin-3 is not required for migration of mouse embryonic fibroblasts
LINC complexes were previously demonstrated to be involved in cell migration and 
polarization (Lombardi et al., 2011). These observations were made after transfection of 
the cells with a dominant-negative KASH construct, which results in the displacement of 
all endogenous nesprins from the NE. Whereas several studies indicate that nesprin-1 and 
-2 are the primary nesprins involved in cell migration (Chancellor et al., 2010; Lüke et al., 
2008; Luxton et al., 2010), recent work by Morgan and coworkers also demonstrated a role 
for nesprin-3 (Morgan et al., 2011). In this study, nesprin-3 was required for flow-induced 
migration of human aortic endothelial cells and for coupling of the MTOC to the nucleus.

Figure 12. Nesprin-3 is not required for cell migration of MEFs. (A) Lysates of wild-type (MEF8, MEF10) and 
nesprin-3–/– (MEF3, MEF9) cells were analyzed by western blot for expression of the indicated proteins. Actin levels 
served as a loading control. (B) Phase contrast images of wild-type (MEF8) and nesprin-3–/– (MEF9) fibroblasts at 
0, 8 and 22 hrs after wounding. Wound edges are marked in white. Scale bar, 200 µm. (C) Rate of wound closure 
in wild-type (MEF8, MEF10) and nesprin-3–/– (MEF3, MEF9) cells. Error bars indicate the standard deviation in one 
representative experiment. n = 4 for MEF10 and n = 6 for MEF3, MEF8 and MEF9.
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To further investigate the role of nesprin-3 in cell migration, primary mouse embryonic 
fibroblasts (MEFs) derived from two wild-type (MEF8, MEF10) and two nesprin-3 knockout 
(MEF3, MEF9) littermates were subjected to an in vitro scratch assay (Fig. 12A). Time 
lapse imaging of the wounded monolayers indicated that both wild-type and nesprin-3 
knockout cells closed the wound after approximately 20 hours (Fig. 12B). Moreover, a 
quantification of the speed at which the wound surface is covered showed no significant 
differences between wild-type and nesprin-3 deficient MEFs (Fig. 12C). These results 
indicate that nesprin-3 is not required for cell migration of MEFs.

Discussion
We have analyzed the distribution pattern of nesprin-3 and investigated its function by the 
generation of nesprin-3 knockout mice. Nesprin-3 is expressed at the NE of many different 
cell types, such as endothelial cells, Schwann cells and dermal fibroblasts. Co-localization 
with plectin was occasionally observed and was most prominent in Sertoli cells of the 
testis. Nesprin-3 appeared to be essential for the recruitment of plectin and vimentin to 
the NE of these cells, but the rod domain of plectin was not required for the interactions 
to take place. Although our study provides the first in vivo proof that nesprin-3 can recruit 
plectin to the NE, loss of this association in nesprin-3 knockout mice did not result in an 
abnormal phenotype.

The lack of an abnormal phenotype in nesprin-3 knockout mice is not unexpected. 
We have previously described normal development in nesprin-3 mutant zebrafish (Postel 
et al., 2011). Furthermore, nesprin-3 knockout mice generated by another group have no 
apparent abnormalities; neuronal migration in the brain of these mice was normal (Starr 
and Fridolfsson, 2010; Zhang et al., 2009). Despite the absence of gross abnormalities, 
the knockout mice allowed us to perform a thorough investigation of the function of 
nesprin-3 in Sertoli cells.

As the only somatic cell type present in the testis, Sertoli cells give structure to 
the seminiferous epithelium and guide the developing germ cells through all stages 
of spermatogenesis. The main type of IF expressed by Sertoli cells is vimentin (Franke 
et al., 1979), which forms a network around the nucleus with peripheral extensions to 
cell-cell and cell-matrix attachment sites (Amlani and Vogl, 1988; Aumüller et al., 1988). 
Similar to vimentin, also plectin is concentrated at the nuclear perimeter and cell-cell 
attachment sites (Guttman et al., 1999). In fact, it has already been suggested by Guttman 
and coworkers that plectin participates in the linkage of vimentin to these structures 
(Guttman et al., 1999).

Despite its dramatic effect on the distribution of plectin and vimentin in the nuclear 
vicinity, loss of nesprin-3 did not affect nuclear positioning or testicular morphology. These 
results indicate that attachment of IFs to the nucleus is not required for a normal function 
of Sertoli cells. Consistently, also vimentin knockout mice reproduce in a normal fashion 
(Colucci-Guyon et al., 1994). Regardless of the complete absence of IFs, the morphology 
of the seminiferous epithelium appeared unaffected and the Sertoli cells had a normal 
differentiated phenotype with a basal localization of their nuclei (Vogl et al., 1996).

IFs are thought to provide strength and stability to cells, enabling them to maintain 
tissue integrity under conditions of mechanical stress (Fuchs and Cleveland, 1998; 
Magin et al., 2000). The work of Vogl and coworkers suggests that this is also true for the 
seminiferous epithelium; the mechanical damage observed in immersion fixed material 



119

ch
ap

te
r 5

 functional analysis of nesprin-3 in mice | chapter 5 

from vimentin knockout mice was much higher than the fixation-induced damage 
observed in wild-type material (Vogl et al., 1996). However, it is currently unclear how 
mechanical trauma during fixation is related to physiological traumas experienced in vivo. 
Furthermore, it remains to be determined if the mechanical damage is caused by the loss 
of vimentin from the nuclear vicinity or by its absence from cell junctions and a general 
decrease in the stability and elasticity of the cytoskeleton.

Our results show that nesprin-3 and plectin connect the NE to the IF system. 
However, we were unable to show a continuation of this link to the extracellular matrix 
through hemidesmosomes, as we have previously suggested (Wilhelmsen et al., 2005). 
Although small hemidesmosome-like junctions have been described in Sertoli cells (Siu 
and Cheng, 2004; Wrobel et al., 1979; Zhu et al., 1997), we could not detect the integrin 
β4 subunit in sections of the testis nor in a Sertoli cell line in culture (data not shown). 
Furthermore, Guttman and coworkers have shown that plectin is not concentrated at the 
basal cell surface (Guttman et al., 1999). The observation that two core components of 
hemidesmosomes are absent from the hemidesmosome-like junctions in Sertoli cells, 
suggests that these structures are different from the “classical” hemidesmosomes.

Whereas the integrin β4 subunit was absent from the basal lamina, we did find α6 
and β1 at this location. These subunits were previously reported to be localized at the 
basement membrane of the seminiferous epithelium (Durbeej et al., 1998; Giebel et al., 
1997; Husen et al., 1999; Virtanen et al., 1997), and, as such, β1 was suggested to be a 
component of the hemidesmosome-like junctions (Yan et al., 2008). However, its presence 
at these structures was not confirmed by immunoelectron microscopy and the results 
could be due to the presence of α6β1 in the underlying myoid cell layer (Salanova et 
al., 1995; Virtanen et al., 1997). The integrin α6β1 mediates attachment of the plasma 
membrane to the actin cytoskeleton. Due to the presence of cytoskeletal cross-linkers 
such as plectin, the actin cytoskeleton is connected to the IF system. Whereas these cross-
links provide an indirect link between the extracellular matrix and nesprin-3, they do not 
explain the observed association of IFs with the hemidesmosome-like junctions in Sertoli 
cells.

The general distribution of plectin and vimentin was not affected in Sertoli cells of 
plectin rod-less mice. In contrast, we have previously shown that rod domain-mediated 
dimerization of plectin is required for its recruitment to the NE (Ketema et al., 2007). The 
discrepancy between these results can be explained as follows. First, in our previous 
work, only plectin fragments containing the rod domain were recruited to the NE upon 
overexpression of nesprin-3α. Short plectin fragments containing the ABD had a stabilizing 
effect on the actin cytoskeleton, thereby generating more binding sites in the cytoplasm 
that prevented their localization at the NE (Ketema et al., 2007). The actin stabilizing effect 
of longer plectin fragments and the localization of rod-less plectin were not investigated 
in these experiments. Hence, we cannot exclude that our previous findings were due to a 
stronger  ability of the short plectin fragments to stabilize the actin cytoskeleton. Second, 
overexpression of nesprin-3α in a patient cell line only led to limited recruitment of rod-
less plectin to the NE (Ketema et al., 2007). Whereas rod-less plectin is more strongly 
expressed than full length plectin in our mouse model, rod-less plectin expression is weak 
in patient cells (Koster et al., 2004). Consequently, the combination of a low expression 
level and the presence of multiple plectin binding partners could cause the amount of 
rod-less plectin at the NE to be below our detection limit. Although rod domain-mediated 
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dimerization of plectin is not essential for its interaction with nesprin-3α, a role for plectin 
dimerization in nesprin-3 binding cannot be excluded. Especially since dimerization can 
also be mediated by the ABD (Fontao et al., 2001).

In this study, we have shown a decrease in the expression of nesprin-3 during 
differentiation of C2C12 myoblasts into myotubes. This drop in protein level is most likely 
caused by a change in gene expression, as it was previously demonstrated that nesprin-3 
(NET53) mRNA levels decrease during C2C12 differentiation (Chen et al., 2006). The 
downregulation of nesprin-3 could indicate that the protein has a function to negatively 
regulate myogenic differentiation. However, the observation that its overexpression does 
not affect myotube formation argues against such a role for nesprin-3.

Overexpression of a single nesprin family member displaces all endogenous nesprins 
from the NE (Ketema et al., 2007; Padmakumar et al., 2005; Stewart-Hutchinson et al., 
2008). As nesprin-3β is unable to connect the NE to the IF system, its overexpression 
and the concomitant loss of other nesprins from the NE will result in a nearly complete 
detachment of the cytoskeleton from the nucleus. Interestingly, overexpression of nesprin-
3β does not affect myotube formation. A similar observation has previously been made 
after overexpression of a dominant negative KASH construct (Brosig et al., 2010), which 
suggests that a link between the NE and the cytoskeleton is not required for myogenic 
differentiation to proceed. This is further supported by our finding that the expression of 
nesprin-2 giant decreases during differentiation of C2C12 cells. Moreover, two of the most 
prominent nesprin isoforms expressed in cardiac and skeletal muscle are nesprin-1α and 
nesprin-2α; short isoforms that lack the N-terminal ABD (Apel et al., 2000; Randles et al., 
2010; Zhang et al., 2005; Zhang et al., 2001). Although the minor expression of nesprin-1 
giant that remains in skeletal muscle could be sufficient to mediate nuclear positioning 
(Puckelwartz et al., 2009; Randles et al., 2010; Zhang et al., 2007b), these results do pose the 
question how a loss or mutation of nesprin-1 and nesprin-2 can contribute to the Emery-
Dreifuss muscular dystrophy phenotypes observed in mice and humans (Puckelwartz et 
al., 2009; Zhang et al., 2007a).

Whereas nesprin-3 is virtually absent from mouse skeletal muscle, we have previously 
demonstrated its presence in skeletal muscle of zebrafish (Postel et al., 2011). A similar 
observation was made concerning the epidermis. Nesprin-3 was expressed in both cell 
layers of the zebrafish epidermis (Postel et al., 2011), but was hardly observed in its murine 
counterpart. Hence, the distribution pattern of nesprin-3, and potentially of other nesprin 
family members, is different in zebrafish and mammals.

Nesprin-3 is strongly expressed by endothelial cells in mice. In line with this 
observation, it was previously demonstrated that nesprin-3 is present at the NE of 
human aortic endothelial cells (Morgan et al., 2011). Hence, the expression of nesprin-3 
appears to be a general characteristic of endothelial cells. Nesprin-3 was also prominent 
in the renal glomeruli, in which it is expressed by both endothelial cells and podocytes. 
Furthermore, also mesangial cells might contribute to the expression of nesprin-3 in the 
kidney. Podocytes are one of the few cell types that are characterized by a perinuclear 
localization of plectin (Wiche, 1989; Wiche et al., 1983; Yaoita et al., 1996). However, in our 
hands plectin localization at the nuclear perimeter was less pronounced and not obviously 
affected by the loss of nesprin-3. As in Sertoli cells, the main type of IF found in podocytes 
is vimentin (Bachmann et al., 1983; Holthöfer et al., 1984). The shared characteristics 
between these two cell types suggest that nesprin-3 and plectin are primarily responsible 
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for linking the NE to vimentin filaments. As vimentin is mainly found in mesenchymal, 
endothelial and hematopoietic cells (Lazarides, 1980, 1982), these cell types need to be 
investigated further to clarify the functional significance of nesprin-3.

Nesprin-3 does not appear to be required for cell migration, as MEFs derived from 
wild-type mice and nesprin-3 knockout littermates were equally capable of wound 
closure in an in vitro scratch assay. In contrast, Morgan and coworkers previously showed 
that flow-induced migration of human aortic endothelial cells was reduced by siRNA-
mediated knockdown of nesprin-3 (Morgan et al., 2011). This effect was associated with 
defects in polarization and coupling of the MTOC to the nucleus. The discrepancy between 
these results could potentially be explained by a cell type-specific effect of nesprin-3 on 
migration. Whereas nesprin-3 might be the primary nesprin expressed in endothelial 
cells, MEFs are also known for their pronounced expression of other nesprins, such as 
nesprin-2. Moreover, loss or knockdown of nesprin-2 giant in fibroblasts led to defects in 
polarization and cell migration (Lüke et al., 2008; Luxton et al., 2010). These observations 
suggest that nesprin-2 might play a more prominent role in cell migration of MEFs than 
nesprin-3. The effect of nesprin-3 on migration might alternatively depend on the method 
used to initiate migration. Flow-induced migration relies on a functional system to sense 
mechanical forces applied to the cell. The requirement of nesprin-3 in endothelial cell 
migration therefore suggests a function in mechanotransduction. Scratch assay are less 
dependent on mechanotransduction for the initiation of migration. As a consequence, 
nesprin-3 might not be required for migration in this experimental setup.

In summary, we have demonstrated that nesprin-3 is essential for the recruitment 
of plectin and vimentin to the nuclear perimeter in Sertoli cells in vivo. However, the link 
between the NE and the IF system is dispensable for the function of the testis as well as for 
tissue integrity in general. Future studies are required to investigate whether nesprin-3 has 
a role in withstanding mechanical stresses. The detailed distribution pattern of nesprin-3 
will function as a roadmap to identify tissues at risk.

Materials and methods
Generation of nesprin-3 knockout mice
A BAC clone comprising exons 2-4 of nesprin-3 was isolated from a 129S7AB2.2 library 
(Sanger Institute). A 9.2-kb fragment of genomic nesprin-3 was cloned in three steps into 
pFlexible, which is a generic targeting vector containing the selectable marker puroΔtk 
and loxP and frt recombination sites (van der Weyden et al., 2005), using sequence-specific 
primers containing restriction site tags (Table 1). Fragment nesprin-3 I was amplified 
with Pwo polymerase using primers P3-P4. Primers for the amplification of nesprin-3 
fragments II and III were P5-P6 and P7-P8, respectively. After linearization with PvuI, 80 
μg of the targeting construct was electroporated into 129/Ola-derived embryonic stem 
cells. Colonies resistant to 3.3 μM puromycin were screened for the desired homologous 
recombination by Southern blotting using a probe designed with primers P9-P10 (Table 
1). The puroΔtk cassette flanked by frt sites was removed by transient transfection of pFLPe 
(Rodriguez et al., 2000). Colonies resistant to 5 μM ganciclovir were selected and one 
recombinant ES cell clone harboring the nesprin-3-floxed allele was injected into mouse 
C57BL/6 blastocysts, which were transferred to mothers of the same strain. The chimeric 
male offspring was mated with FVB/N females. Agouti coat-colored offspring was screened 
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for the presence of the nesprin-3-floxed allele. Mice carrying the nesprin-3-floxed allele 
were subsequently crossed with actin-Cre mice to generate nesprin-3 knockout mice. 
Offspring was screened for the absence of exon 2 by PCR analysis of tail DNA with primers 
P1-P2. Heterozygous mice were intercrossed and littermates were analyzed. The absence 
of nesprin-3 was verified by Western blot of tissue lysates obtained from nesprin-3 wild-
type and knockout littermates.

Cell culture
The C2C12 murine myoblast cell line (ATCC CRL 1772) was maintained in DMEM (GIBCO 
Life Technologies) supplemented with 20% fetal calf serum, 100 U/ml penicillin and 
100 U/ml streptomycin. To induce differentiation, C2C12 myoblasts were grown to 80% 
confluency and placed on differentiation medium containing 2% horse serum (Yaffe and 
Saxel, 1977). During differentiation cells were grown on 0.2% gelatin coated coverslips 
or tissue culture plates. Ecotropic Phoenix cells were grown in DMEM supplemented 
with 10% fetal calf serum, 100 U/ml penicillin and 100 U/ml streptomycin. Keratinocyte 
clones expressing full-length (clone 12) or rod-less (clone 1) plectin were maintained in 
keratinocyte serum-free medium (GIBCO Life Technologies) supplemented with 50 μg/ml 
bovine pituitary extract, 5 ng/ml EGF, 100 U/ml penicillin and 100 U/ml streptomycin and 
grown on collagen I coated tissue culture plates.

Constructs and transfection
GFP-nesprin-3α and GFP-nesprin-3β in pLZRS-IRES-zeo were described previously 
(Wilhelmsen et al., 2005). The coding sequence for GFP was derived from pEGPF-N1 and 
cloned into the BamHI-NotI restriction sites of pLZRS-IRES-zeo. Stable integration of GFP, 
GFP-nesprin-3α and GFP-nesprin-3β in cells was performed as described previously (Sterk 
et al., 2000). Briefly, retrovirus carrying the GFP constructs was produced by calcium 
phosphate-mediated transfection of ecotropic Phoenix packaging cells. C2C12 cells and 

primer number sequence (5’ - 3’) restriction sites

P1 GAGAGGCTATATGCCAAGGGGGAT -

P2 GAGATTCCTAACAACTAGAATTAC -

P3 TTGGCGCGCCGAGTGACTTACAGGCTGTGGTC AscI

P4 TTGGCGCGCCGATATCGTGTCCAGAGCTAGAAATGGGCA AscI, EcoRV

P5 CCTTAATTAAATTTAAATTTAAGATTGACAGCCGTGCCGAG PacI, SwaI

P6 CCTTAATTAAAGTACTGTGGGTCCTGAACAGAGCCAAG PacI, ScaI

P7 CGCCTGCAGGAGATCTTCCTTGAACTTCTGGATTGGTCCA SbfI, BglII

P8 CGCCTGCAGGGGCTGGCCTCGATCTCAGAAATC SbfI

P9 CATTCCTGTGGGGTATCAATGC -

P10 AAGAACCCTTGTGTCCTACTC -

Sequence-specific primers for nesprin-3 that are used for PCR analysis of mouse tail DNA (P1-P2), generation of 
the Southern blot probe (P9-P10), and cloning of nesprin-3 (P3-P8) fragments into pFlexible. The positions of the 
restriction site tags (italic) are indicated.

Table 1 Primers used for the generation of nesprin-3 knockout mice  
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keratinocytes were subsequently infected with the recombinant virus by the DOTAP 
(Roche) method, selected on Zeocin (Invitrogen) and sorted for the expression of GFP by 
FACS.

Isolation of MEFs
Female mice were sacrificed at day 13.5 post coitum. Embryos were decapitated and soft 
tissues were removed. Carcasses were minced and transferred to cold PBS containing 
100 U/ml penicillin and 100 U/ml streptomycin. Following centrifugation, the pellet was 
resuspended in trypsin/EDTA and incubated overnight at 4°C. Trypsin was inactivated 
by addition of complete culture medium (DMEM supplemented with 10% fetal bovine 
serum, 0.1 mM β-mercaptoethanol, 200 U/ml penicillin and 200 U/ml streptomycin). Tissue 
debris was allowed to settle down for 2 minutes and the MEF-containing supernatant was 
transferred to a tissue culture flask.

Scratch assays
Cells were grown to confluence and subsequently wounded by scraping the monolayer 
with a P200 pipette tip. Phase contrast images were acquired at 20 minutes intervals 
using a Zeiss Axiovert 200M inverted microscope equipped with an AxioCam MRm Rev.2 
camera. Images were analyzed using ImageJ software. Wound closure is defined as the 
surface area closed per minute.

Cell and tissue lysates
Tissues were dissected out, submerged in liquid nitrogen and crushed with a mortar 
and pestle. Crushed tissues were transferred into hot 0.1% SDS and homogenized 
using a Polytron mincer. The tissue lysates were boiled for 5 minutes and cleared by 
centrifugation at 20,000 × g for 5 minutes. Cells were lysed in radioimmunoprecipitation 
(RIPA) buffer consisting of 10 mM sodium phosphate, pH 7, 150 mM NaCl, 1% Nonidet 
P40, 1% DOC, 0.1% SDS, 2 mM EDTA, 50 mM NaF, 100 mM sodium vanadate and protease 
inhibitor cocktail (Sigma-Aldrich). Lysates were cleared by centrifugation at 20,000 × g in 
a microcentrifuge at 4°C for 60 minutes. 

Immunofluorescence
Tissues were collected from mice, embedded in Tissue-Tek O.C.T. (Sakura Finetek Europe) 
cryoprotectant and frozen in liquid nitrogen. Frozen sections were prepared, washed in 
PBS and fixed in acetone (pre-chilled to -20°C) for 5 minutes. Air-dried slides were blocked 
with 2% BSA in PBS for 1 hour at room temperature (RT). Cells grown on glass coverslips 
were fixed in 1-3% paraformaldehyde in PBS for 15 minutes, permeabilized with 0.5% Triton 
X-100 in PBS for 5 minutes and blocked with 2% BSA in PBS. Frozen sections and cells were 
subsequently incubated with the primary antibody for 1 hour at RT. Sections and cells 
were washed three times with PBS and incubated with the secondary antibody for 1 hour 
at RT. After three washes with PBS, nuclei were stained with DAPI. Frozen sections were 
mounted in Vectashield (Vector Laboratories) and cells were mounted in Mowiol-DABCO. 
All samples were viewed under a TCS SP2 AOBS confocal microscope (Leica) and data was 
analyzed using Adobe Photoshop and ImageJ software. To quantify the differentiation of 
C2C12 cells, we determined the differentiation index as the percentage of nuclei in MHC-
positive cells over the total number of nuclei. Quantifications were performed on maximal 
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projections of z-stacks. A minimum of 500 nuclei per experimental time point were 
counted. Standard deviations indicate the variation over three independent experiments.

Antibodies
The rabbit polyclonal antibody (pAb) against nesprin-3 and the rat monoclonal antibody 
(mAb) against integrin α6 (GoH3) were described previously (Sonnenberg et al., 1987; 
Wilhelmsen et al., 2005). Mouse mAb against sarcomeric myosin heavy chain (MHC) 
(MF20) was from the Developmental Studies Hybridoma Bank (University of Iowa, Iowa 
City, IA). SUN2 and nesprin-2 rabbit pAbs were generously provided by Didier Hodzic 
(Washington University School of Medicine, St. Louis, USA). Rat mAbs against laminin-α1 
and CD31/PECAM-1 (390) were kind gifts of Takako Sasaki (University of Erlangen-
Nürnberg, Erlangen, Germany) and Clayton Buck (Wistar Institute, Philadelphia, USA). 
Other rat mAbs used in this study were 4G6 against laminin-10 (a gift of Lydia Sorokin, 
University of Münster, Münster, Germany), MB1.2 against integrin β1 and BMA5 against 
integrin α5 (both provided by Bosco Chan, University of Western Ontario, London, Canada). 
Rabbit anti-vimentin and guinea pig anti-plectin (P1) were provided by Frans Ramaekers 
(Maastricht University medical center, Maastricht, The Netherlands) and Harald Herrmann 
(German Cancer Research Center (DKFZ), Heidelberg, Germany). Other primary antibodies 
used in this study were: anti-actin mouse mAb (clone C4; Chemicon International), anti-
GFP mouse mAb (clone B34; Covance), anti-GFP goat pAb (T-19; sc-5384; Santa Cruz 
Biotechnology), anti-plectin goat pAb (C-20; sc-7572; Santa Cruz Biotechnology), anti-
plectin rabbit mAb (E398P; ab32528; Abcam) and anti-WT1 rabbit pAb (C-19; sc-192; Santa 
Cruz Biotechnology). The following secondary antibodies were used: donkey anti-rabbit 
horseradish peroxidase (HRP) (GE Healthcare), goat anti-mouse HRP (GE Healthcare), rabbit 
anti-goat HRP (Zymed), goat anti-rat FITC (Rockland Immunochemicals) and donkey anti-
rat DyLight 649 (Jackson ImmunoResearch). Goat anti-rat Texas Red, goat anti-guinea pig 
Alexa Fluor 488, donkey anti-goat Alexa Fluor 594, goat anti-mouse Texas Red, goat anti-
rabbit FITC and goat anti-rabbit Texas Red were all from Invitrogen. DAPI was purchased 
from Sigma-Aldrich.

Immunohistochemistry
Testes were dissected out, fixed for 1 day in EAF (consisting of 40% ethanol, 5% acetic acid 
and 3.7% formaldehyde in PBS) and processed for sectioning. Sections were subsequently 
rehydrated, washed in PBS/0.05% Tween 20 (PBS-T) and subjected to antigen retrieval by 
heating to 95°C in 0.84 M Tris/1 mM EDTA, pH 9.0 for 30 minutes. After cooling down for 30 
minutes at RT, sections were washed in PBS-T and treated for 20 minutes with 3% hydrogen 
peroxide in methanol to quench endogenous peroxidase activity. Sections were washed 
in PBS-T and incubated for 30 minutes at RT with a blocking solution containing 1% milk 
powder. Thereafter sections were incubated overnight at 4°C with anti-WT1 rabbit pAb 
(C-19; sc-192; Santa Cruz Biotechnology) diluted 1:300 in PBS/1% BSA/1.25% normal goat 
serum (NGS). After three washes in PBS-T, the sections were incubated for 30 minutes at 
RT with a biotinylated goat anti-rabbit pAb (E0432; DAKO) diluted 1:1000 in PBS/0.05% 
BSA. Sections were again washed in PBS-T and subsequently incubated with streptavidin/
HRP (P0397; DAKO) diluted 1:200 in PBS/1% BSA/1.25% NGS for a further 30 minutes at RT. 
Following three 5 minute washes with PBS-T, the antigen was finally detected by treating 
the sections with 3,3’-diaminobenzidine (DAB) tetrahydrochloride, after which positive 
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immunoreactivity was revealed as brown staining. Sections were counterstained with 
haematoxylin, dehydrated in 100% ethanol and cleared in xylene. For negative controls 
the primary antibody was substituted with the appropriate normal serum. Sections were 
scanned with the scanscope XT (Aperio).
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Introduction
The nucleoskeleton is connected to the cytoskeleton by LINC complexes, consisting of 
SUN proteins present in the inner nuclear membrane (INM) and KASH domain-containing 
proteins located in the outer nuclear membrane (ONM). By interacting with each other 
in the perinuclear space, proteins of these two families span the nuclear envelope (NE). 
Whereas SUN proteins extend their N-termini in the nucleoplasm and can bind to the 
nuclear lamina, KASH domain-containing proteins protrude into the cytoplasm where 
they interact with different components of the cytoskeleton.

In this thesis I describe our studies on nesprin-3, one of the KASH domain-containing 
proteins in vertebrates. Nesprin-3 was initially identified as a binding partner of the 
cytoskeletal linker protein plectin and was found to be localized at the ONM. As nesprin-3 
binds the N-terminal actin-binding domain (ABD) of plectin, the C-terminus of plectin 
is left free to interact with intermediate filaments. Hence, by its interaction with plectin, 
nesprin-3 could establish a link between the ONM and the intermediate filament system. 
The aim of our current studies was to investigate the interaction between nesprin-3 and 
plectin in further detail and to determine the mechanism by which nesprin-3 becomes 
localized at the ONM. In addition, we studied the role of nesprin-3 in two loss-of-function 
animal models.

Localization of nesprin-3 at the ONM
The ONM is continuous with the rough endoplasmic reticulum and shares most of its 
proteins with this organelle. Yet, KASH domain-containing proteins are specifically found 
at the ONM. Studies in C. elegans and mammalian cells have demonstrated that KASH 
domain-containing proteins are retained at the NE through their interaction with SUN 
proteins (Crisp et al., 2006; Padmakumar et al., 2005; Starr and Han, 2002). In chapter 2, 
we report that nesprin-3 is similarly retained at the ONM through interactions with both 
SUN1 and SUN2. The last four amino acids of the nesprin-3 KASH domain are crucial for 
its localization, as deletion of these amino acids results in a dispersal of nesprin-3 over the 
membranes of the endoplasmic reticulum. Thus, nesprin-3 is retained at the NE by the 
same mechanism as other nesprins (Crisp et al., 2006; Padmakumar et al., 2005; Roux et al., 
2009). Moreover, overexpression of a single nesprin family member led to the loss of other 
endogenous nesprins from the NE, suggesting that the number of KASH domain binding 
sites at the NE is limited.

Next to investigating its localization at the ONM, we provide evidence for a self-
association of nesprin-3. As spectrin repeat-containing proteins are thought to form anti-
parallel dimers (Djinović-Carugo et al., 1999; Imamura et al., 1988; Pascual et al., 1997), we 
reasoned that nesprin-3 would be capable of homo-dimerization. Dimerization of nesprin 
molecules was not unprecedented, as nesprin-1α has previously been described to form 
anti-parallel dimers (Mislow et al., 2002). However, the potential dimerization of nesprin-3 
was not investigated further and it remains undetermined which spectrin repeats are 
involved.

SUN proteins can also form dimers or oligomers through intermolecular interactions 
of their coiled-coil regions (Lu et al., 2008; Padmakumar et al., 2005; Wang et al., 2006; 
Xiong et al., 2008). Based on these observations, we introduced a model in which dimers 
of nesprin-3 can bind to dimers of the SUN proteins, thereby spanning the NE. However, 
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it was demonstrated by Xiong and coworkers that SUN1 molecules cannot only form 
dimers, but also trimers (Xiong et al., 2008). The formation of SUN protein trimers was 
further supported by the recent crystallization of the SUN domain of human SUN2 (Sosa 
et al., 2012; Zhou et al., 2012). The SUN domain itself forms a homo-trimer and trimer 
formation is needed to generate the binding sites for three individual KASH domains (Sosa 
et al., 2012; Zhou et al., 2012). These results suggest that the model proposed in chapter 
2 is incomplete. Although dimerization of nesprin-3 remains possible, it is unlikely that a 
single SUN protein trimer will interact with only one nesprin-3 dimer. Hence, SUN protein 
trimers can potentially interact at the same time with different members of the nesprin 
family, thereby forming a higher-order oligomeric structure at the NE (Lu et al., 2008; Zhou 
et al., 2012).

The combination of an oligomeric LINC complex network and the competition for a 
limited number of KASH domain binding sites poses the question how the interactions 
between SUN and KASH domain-containing proteins are regulated. Furthermore, for 
different cellular activities, such as cell migration and differentiation, it might be required 
that the NE is attached to a specific component of the cytoskeleton. One possibility is that 
the expression level of individual nesprins is the main determinant for their localization 
at the NE. In support of this hypothesis, we and others have demonstrated that nesprin 
expression levels can change during differentiation (chapter 5) (Olins et al., 2009; Randles 
et al., 2010). However, as individual cells often express several members of the nesprin 
protein family, an additional level of regulation is suspected.

Assembly or disassembly of LINC complexes might alternatively be regulated by 
some of the proteins that were recently found to be associated with these complexes. For 
example, the AAA+ (ATPases associated with various cellular activities) protein torsinA can 
interact with the nesprin KASH domain (Nery et al., 2008), and becomes localized at the 
NE in a SUN1-dependent manner (Jungwirth et al., 2011). Furthermore, an increase in the 
concentration of torsinA in the perinuclear space was associated with a displacement of 
SUN2, nesprin-2 giant and nesprin-3 from the NE (Vander Heyden et al., 2009), suggesting 
that the disassembly of LINC complexes is facilitated by torsinA.

Other proteins associated with the LINC complex are emerin and Samp1. Emerin can 
interact with the short isoforms of nesprin-1 and nesprin-2 as well as with the SUN proteins 
(Haque et al., 2010; Libotte et al., 2005; Mislow et al., 2002; Wheeler et al., 2007; Zhang et 
al., 2005). SUN proteins and emerin become localized at the NE independently (Haque 
et al., 2010). In contrast, the localization of emerin and nesprin-2 at the NE is mutually 
dependent (Libotte et al., 2005; Randles et al., 2010; Wheeler et al., 2007; Zhang et al., 
2007a). However, as these latter interactions are thought to take place at the INM, their 
relevance for the regulation of NE-spanning LINC complexes remains to be determined. 
The INM protein Samp1 can interact with SUN proteins and lamin A/C and is thought to 
stabilize nesprin-2 giant containing LINC complexes at the NE (Borrego-Pinto et al., 2012).  
Whereas the localization of Samp1 is dependent on lamin A/C, the distribution of both 
nesprin-2 giant and the SUN proteins appears unaffected by the loss of Samp1 (Borrego-
Pinto et al., 2012; Gudise et al., 2011). It is currently unclear how Samp1 functions to 
stabilize the LINC complex and whether this effect is specific for nesprin-2 giant or similar 
for all nesprin family members. Hence, further studies are required to establish torsinA, 
emerin and Samp1 as true LINC complex components and to investigate their role in LINC 
complex regulation.
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Interaction between nesprin-3 and plectin
Two isoforms of nesprin-3 were identified when the protein was first described in mice. 
Nesprin-3α and nesprin-3β arise by alternative splicing and the use of two distinct 
transcription initiation sites (Wilhelmsen et al., 2005). Whereas nesprin-3α has eight 
spectrin repeats, the N-terminal spectrin repeat is missing from nesprin-3β, resulting in an 
isoform with just seven spectrin repeats. Interestingly, only nesprin-3α can interact with 
the plectin ABD, indicating that the first spectrin repeat harbors the motif responsible for 
plectin binding (Wilhelmsen et al., 2005).

In chapter 3, we report the identification of a nesprin-3 isoform in zebrafish that is 
also compromised in its ability to bind plectin. Zebrafish nesprin-3β differs from nesprin-
3α by only seven amino acids, which are lacking from the first spectrin repeat in nesprin-
3β. This minor difference in amino acid composition allowed us to determine the motif in 
nesprin-3 that is responsible for plectin binding. Mutagenesis studies of the seven amino 
acids showed that two neighboring residues, an arginine and a leucine, are crucial for the 
interaction of nesprin-3α with the plectin ABD.

The plectin ABD is a highly versatile domain that does not only bind to nesprin-3α, but 
also to F-actin and the integrin β4 subunit (Geerts et al., 1999; Wiche, 1998; Wilhelmsen 
et al., 2005). The binding sites for F-actin and β4 on the plectin ABD partially overlap and, 
as a consequence, these proteins compete with each other for plectin binding (Geerts 
et al., 1999; Litjens et al., 2003). To determine whether nesprin-3α binds to the same 
motif in plectin as β4 and F-actin, we have analyzed point mutants of the plectin ABD for 
their ability to bind nesprin-3α and β4. Binding of the R148A and D151A point mutants 
to nesprin-3α and β4 was compromised, indicating that the binding sites for these two 
proteins also overlap. Moreover, as residues R148 and D151 are located within the second 
actin binding sequence of the plectin ABD (Bresnick et al., 1990; Litjens et al., 2003), the 
results suggest that nesprin-3α competes with both β4 and F-actin for plectin binding.

ABDs of the calponin homology type are not exclusively found in plectin but are 
present in many proteins, such as other cytoskeletal linker proteins (Sonnenberg and 
Liem, 2007). Hence, nesprin-3α might be able to interact with these latter ABD-containing 
proteins as well. In fact, co-immunoprecipitation studies have already demonstrated that 
nesprin-3α can bind the ABDs of BPAG1 and MACF (Wilhelmsen et al., 2005; Young and 
Kothary, 2008).

The identification of two residues in the plectin ABD that mediate its binding to 
nesprin-3α made us wonder whether conservation of these residues in other ABDs has a 
predictive value for their interaction with nesprin-3α. A sequence alignment of the ABDs 
of several proteins showed that the arginine and aspartic acid residues are conserved 
in BPAG1 and MACF (Fig. 1). In other proteins, only the aspartic acid residue or neither 
of the two residues are conserved (Fig. 1). Alanine substitution of each of these amino 
acids severely compromised the ability of the plectin ABD to bind nesprin-3α (chapter 
3). As the ABD of filamin contains an alanine instead of an aspartic acid residue, it is 
not expected to interact with nesprin-3α. This is supported by previous work from our 
group, showing that filamin-A and filamin-B cannot bind to nesprin-3α in a yeast two-
hybrid assay (Wilhelmsen et al., 2005). The ABDs of α-actinin, dystrophin and utrophin are 
characterized by the presence of a glycine instead of an arginine residue. Both α-actinin 
and dystrophin appeared to be unable to interact with nesprin-3α (Wilhelmsen et al., 
2005). Taken together, these observations indicate that the presence of both the arginine 
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and the aspartic acid residues predicts whether or not an ABD-containing protein can 
interact with nesprin-3α. 

Similar to the cytoskeletal linker proteins, also nesprin-1 and nesprin-2 contain an 
N-terminal ABD (Fig. 1) (Padmakumar et al., 2004; Zhen et al., 2002). In fact, it was recently 
demonstrated that nesprin-3α can interact with the ABDs of both nesprin-1 and nesprin-2 
(Lu et al., 2012; Taranum et al., 2012). Interestingly, these studies suggest the presence 
of distinct nesprin-3α binding sites on the plectin ABD and the ABDs of nesprin-1 and 
nesprin-2. In this respect, it will be interesting to see how substitution of the arginine 
residue by a histidine or an asparagine affects the binding of the plectin ABD to nesprin-
3α. If binding is disrupted, it would support the existence of an alternative nesprin-3α 
binding site on the ABDs of nesprin-1 and nesprin-2.

Besides having identified the crucial residues involved in the binding of nesprin-3α 
to plectin, we have investigated the role of plectin dimerization in these interactions. 
Plectin has been suggested to form homo-dimers by an intermolecular interaction of its 
rod domain (Foisner and Wiche, 1987; Green et al., 1992; Wiche, 1998; Wiche et al., 1991). 
To investigate the requirement for rod domain-mediated dimerization in the interaction 
with nesprin-3α, we initially analyzed the localization of C-terminally truncated plectin 
fragments in keratinocytes overexpressing nesprin-3α (chapter 2). Short N-terminal 
plectin fragments were absent from the NE and had a stabilizing effect on the actin 
cytoskeleton. In contrast, longer fragments containing the rod domain were additionally 
found at the NE in association with nesprin-3α. A potential requirement of the rod 
domain for binding to nesprin-3α was further investigated in a knock-in mouse model 
for rod-less plectin (chapter 5). Rod-less plectin was recruited to the NE by nesprin-3α, 
thereby demonstrating that rod domain-mediated dimerization of plectin is not essential 
for its interaction with nesprin-3α. This observation was in agreement with the results 
of a previous study, showing that rod-less plectin could bind the integrin β4 subunit in 
hemidesmosomes (Koster et al., 2004).

Figure 1. Multiple sequence 
alignment of the N-terminal 
part of the second actin 
binding sequence of various 
human ABD-containing pro-
teins. The positions of the argi-
nine and aspartic acid residues 
that are crucial for the interac-
tion of the plectin ABD with 
nesprin-3α are indicated. Dark 
blue, conserved amino acids; 
light blue, amino acids with 
similar chemical properties.
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Nesprin-3 in animal models
To study the role of nesprin-3, we made use of two vertebrate animal models. In chapter 
3, we report the isolation of nesprin-3-deficient zebrafish, and in chapter 5 we describe 
the generation of nesprin-3 knockout mice. By comparing the wild-type animals with 
their loss-of-function counterparts, we could analyze the expression pattern of nesprin-3 
and investigate its function in vivo.

Previous results from our group have demonstrated that nesprin-3 is ubiquitously 
expressed (Wilhelmsen et al., 2005). In line with this observation, we found nesprin-3 to 
be present in all tissues examined. However, expression was confined to a limited number 
of cell types. Nesprin-3 was strongly expressed by endothelial cells, Schwann cells, 
dermal fibroblasts and Sertoli cells. By contrast, it was virtually absent from the nuclei of 
hepatocytes, keratinocytes and muscle fibers. Moreover, the expression level of nesprin-3 
was even found to decrease during in vitro myogenic differentiation.

Two important conclusions concerning the function of nesprin-3 can be drawn from 
our animal models. First, nesprin-3 and plectin cooperate to establish a link between the 
NE and the intermediate filament system. This is demonstrated in epidermal cells of the 
nesprin-3-deficient zebrafish by a dissociation of keratin filaments from the NE. Similarly, 
the perinuclear localization of both plectin and vimentin was abolished in Sertoli cells of 
the nesprin-3 knockout mice. Second, loss of nesprin-3 is compatible with life. Nesprin-
3-deficient mice and zebrafish develop normally; they are viable and fertile without any 
discernible abnormalities.

The lack of an abnormal phenotype in nesprin-3-deficient mice and zebrafish was 
unexpected, especially since abnormalities were observed in knockout mice for nesprin-1 
and nesprin-2 (Puckelwartz et al., 2009; Yu et al., 2011; Zhang et al., 2010; Zhang et al., 
2009; Zhang et al., 2007b). Nesprin-3 is the only family member known to establish 
a link between the NE and the intermediate filament system. The lack of discernible 
abnormalities can therefore not be explained by a complete redundancy in function with 
the other nesprins. The explanation is, however, more likely to be found in the intrinsic 
characteristics of the intermediate filament system.

Intermediate filaments provide strength and stability to cells, enabling them to 
maintain tissue integrity under conditions of mechanical stress. As a consequence, the 
defects observed in knockout mice lacking intermediate filament components are almost 
exclusively associated with and induced by physiological stress (Fuchs and Cleveland, 
1998; Magin et al., 2000). Nesprin-3 links the nucleus to the intermediate filament system, 
and abnormalities in the nesprin-3 knockout mice might therefore only become apparent 
when cell integrity is sufficiently challenged. Furthermore, as opposed to knockout models 
for intermediate filaments, which exhibit a complete loss of part of the cytoskeleton, 
the general structure and organization of the cytoskeleton remains intact in nesprin-
3-deficient cells. Hence, it could be expected that knockout mice for nesprin-3 have a 
considerably milder phenotype than that observed in knockout mice for components of 
the intermediate filament system.

Strong expression of nesprin-3 is often associated with the presence of a pronounced 
vimentin network in the cytoplasm (chapter 5). This correlation might suggest a partial 
overlap in function between nesprin-3 and vimentin. However, as the actual function of 
vimentin is still largely unknown, it is difficult to predict a potential phenotype for our 
nesprin-3-deficient mice and zebrafish. Loss of vimentin has been associated with defects 
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in wound healing and in transcellular migration of leukocytes (Eckes et al., 1998; Eckes 
et al., 2000; Nieminen et al., 2006). Differences in cell migration were not observed in our 
scratch assays, but a potential role of nesprin-3 in the function of immune cells certainly 
requires further investigation. 

The stabilizing activity of the intermediate filament system is mediated in part by 
its role in mechanotransduction. Force transmission from the extracellular matrix to the 
nucleus is critically dependent on intermediate filaments when high levels of strain are 
applied (Maniotis et al., 1997). Furthermore, the link between intermediate filaments and 
nesprin-3 could facilitate a direct transfer of mechanical signals from the cytoplasm to the 
nuclear interior. A role for nesprin-3 in mechanotransduction has recently been suggested, 
based on the observation that nesprin-3 is required for flow-induced migration of human 
aortic endothelial cells (Morgan et al., 2011). However, although LINC complexes in general 
are involved in mechanotransduction (Lombardi et al., 2011), it remains to be determined 
whether nesprin-3-containing LINC complexes take part in this process.

In conclusion, we have demonstrated that nesprin-3 and plectin establish a link between 
the NE and the intermediate filament system. Yet, the absence of an abnormal phenotype 
in two loss-of-function animal models for nesprin-3 suggests that this connection is not 
essential under normal conditions in vivo. The challenge for the coming years will be to 
investigate whether nesprin-3 has a role in mechanotransduction. The nesprin-3-deficient 
mice and zebrafish as well as the cell lines derived from these organisms provide model 
systems for further studies on nesprin-3.
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Samenvatting

De meeste eukaryote cellen zijn onderverdeeld in een celkern en een cytoplasma en deze 
twee onderdelen zijn van elkaar gescheiden door de kernmembraan. De kernmembraan 
bestaat uit twee lagen. De buitenmembraan grenst aan het cytoplasma en wordt 
gekenmerkt door de aanwezigheid van een groep eiwitten met een KASH domein. De 
binnenmembraan staat in direct contact met de celkern en is de thuishaven voor SUN 
eiwitten. SUN en KASH domein eiwitten behoren tot de transmembraan eiwitten. Hun 
C-terminus bevindt zich in de ruimte tussen de beide lagen van de kernmembraan. De 
N-termini van de SUN en KASH domein eiwitten steken uit in respectievelijk de celkern en 
het cytoplasma. Omdat KASH domein eiwitten kunnen binden aan zowel het cytoskelet 
als aan de SUN eiwitten, ontstaat hierdoor een verbinding tussen het cytoplasma en de 
binnenkant van de celkern. Het complex van eiwitten dat verantwoordelijk is voor deze 
verbinding wordt ook wel het LINC complex genoemd.

In hoofdstuk 1 wordt de ontdekking van KASH domein eiwitten in Caenorhabditis 
elegans en Drosophila melanogaster beschreven. De KASH domein eiwitten zijn in deze 
organismen betrokken bij de positionering en migratie van de celkern. Daarnaast wordt 
in dit hoofdstuk een overzicht gegeven van de identificatie en de functie van een drietal 
KASH domein eiwitten in vertebraten, de zogenaamde nesprins.

Eerder onderzoek binnen onze groep heeft aangetoond dat één van deze nesprins, 
nesprin-3, een interactie aangaat met plectine. Aangezien plectine ook nog kan binden 
aan intermediaire filamenten, ontstaat er een verbinding tussen de kernmembraan en 
het intermediaire filament systeem. Het doel van deze studie was om te bepalen hoe 
nesprin-3 terecht komt op de buitenste kernmembraan en om de interactie tussen 
nesprin-3 en plectine verder te karakteriseren. Daarnaast hebben we onderzoek verricht 
naar de expressie en functie van nesprin-3 in een tweetal diermodellen.

In hoofdstuk 2 laten we zien dat de aanwezigheid van nesprin-3 op de buitenste 
kernmembraan afhankelijk is van zijn interacties met SUN1 en SUN2. De laatste vier 
aminozuren van het KASH domein van nesprin-3 zijn noodzakelijk voor de binding aan 
SUN eiwitten en deletie van deze aminozuren leidt dan ook tot de verspreiding van 
nesprin-3 over de membranen van het endoplasmatisch reticulum. Voorgaande studies 
hebben laten zien dat de andere nesprins via eenzelfde mechanisme terecht komen op 
de buitenste kernmembraan. Sterker nog, over-expressie van nesprin-1 of -2 verdrijft 
endogeen nesprin-3 van de buitenmembraan. Deze bevinding laat zien dat er slechts 
een gelimiteerd aantal bindingsplaatsen voor nesprins aanwezig is op de buitenste 
kernmembraan.

De binding van nesprin-3 aan plectine vindt plaats door een interactie tussen de 
N-terminus van nesprin-3 en het actine-bindingsdomein van plectine. Dit domein is niet 
alleen betrokken bij de interactie met nesprin-3, maar ook bij de binding van plectine aan 
actine filamenten en integrine β4. In hoofdstuk 3 laten we zien dat de bindingsplaatsen 
van nesprin-3 en β4 aan het actine-bindingsdomein van plectine gedeeltelijk overlappen. 
Dit suggereert dat de twee eiwitten niet gelijktijdig een interactie kunnen aangaan met 
plectine. Daarnaast hebben we ook twee aminozuren geïdentificeerd in de N-terminus 
van nesprin-3 die essentieel zijn voor de binding aan plectine.

Plectine moleculen kunnen ook aan elkaar binden via hun interne ‘rod’ domein, 
hetgeen resulteert in de dimerisatie van plectine. Over-expressie van plectine fragmenten 
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waarin het rod domein ontbreekt, leidt tot een stabilisatie van het actine cytoskelet en de 
binding van deze plectine fragmenten aan actine filamenten (hoofdstuk 2). Wanneer het 
rod domein echter aanwezig is, wordt plectine ook gerekruteerd naar de kernmembraan 
door middel van een interactie met nesprin-3. De rol van plectine dimerisatie in de 
interactie met nesprin-3 is verder onderzocht in hoofdstuk 5. Door gebruik te maken van 
muizen die alleen plectine moleculen tot expressie brengen die het rod domein missen, 
hebben we vast kunnen stellen dat het rod domein, en dus de dimerisatie van plectine, 
niet noodzakelijk is voor de binding van plectine aan nesprin-3.

In hoofdstuk 4 geven we een overzicht van de huidige kennis en een aantal 
openstaande vragen binnen het onderzoek naar nesprin-3. Een van de punten die nader 
onderzoek vereist is de expressie van nesprin-3 in verschillende weefsels. Deze kennis is 
nodig om de functie van nesprin-3 te kunnen bepalen.

Met het onderzoek wordt een begin gemaakt in dit proefschrift door de expressie van 
nesprin-3 te analyseren in twee onafhankelijke diermodellen. Daarnaast hebben we de 
functie van nesprin-3 onderzocht in zowel nesprin-3 deficiënte zebravissen (hoofdstuk 
3) als nesprin-3 knock-out muizen (hoofdstuk 5). In tegenstelling tot de skeletspieren 
waarin nesprin-3 nauwelijks tot expressie komt, is er een sterke expressie van nesprin-3 in 
de dermis, bloedvaten en perifere zenuwen. Wat duidelijk uit de beide diermodellen naar 
voren komt is dat nesprin-3 belangrijk is voor de binding van intermediaire filamenten 
aan de celkern. Dit blijkt vooral van belang in de teelballen van de muis, waar nesprin-3 
verantwoordelijk is voor de lokalisatie van plectine en vimentine filamenten rond de 
celkern van Sertoli cellen. De afwezigheid van nesprin-3 in zowel zebravissen als muizen 
leidt echter niet tot afwijkingen. De dieren ontwikkelen zich normaal en we zien geen 
negatieve effecten van het verlies van nesprin-3 op het functioneren van de organen.

Intermediaire filamenten zijn noodzakelijk voor het behoud van cel en weefsel 
integriteit tijdens mechanische stress. Het is dan ook niet ondenkbaar dat nesprin-3 
een soortgelijke functie uitoefent. Vervolgstudies naar de rol van nesprin-3 in 
mechanotransductie zullen dit verder moeten uitwijzen.
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Hè, hè, het heeft even mogen duren, maar dan ligt hier toch eindelijk mijn proefschrift. 
Aangezien ik dit alles natuurlijk niet alleen heb gedaan, wil ik graag van de gelegenheid 
gebruik maken om op deze twee laatste en ongetwijfeld meest gelezen pagina’s van mijn 
proefschrift een aantal mensen persoonlijk te bedanken.

De eerste in dit rijtje is natuurlijk Arnoud. Om een of andere onverklaarbare reden heb je 
mij bijna zeven jaar geleden aangenomen om op het nesprin-3 project te gaan werken 
en gek genoeg heb ik daar in al die jaren geen moment spijt van gehad. Het vertrouwen 
en de vrijheid die je me in die periode hebt gegeven en het feit dat ik altijd bij je kon 
binnenlopen en je werkelijk waar van alles naar het hoofd kon slingeren, hebben er samen 
voor gezorgd dat naar het lab gaan voelde als thuiskomen. Alhoewel ik me inmiddels 
begin af te vragen of ik ergens anders nog wel zou kunnen functioneren ;-).

Wie ook zeker hebben bijgedragen aan mijn tijd in het lab zijn mijn twee ‘model’-
paranimfen. En met dat ‘model’ bedoel ik hier natuurlijk niet jullie voorbeeldige karakters, 
maar het feit dat jullie achter de twee diermodellen in mijn boekje zitten. Maaike (knock-
out muis) Kreft, ik denk niet dat dit boekje er had gelegen als jij er niet al die jaren was 
geweest. Hoewel je experimenteel gezien een belangrijke bijdrage heb geleverd, was je 
nog vele malen belangrijker als klankbord, lunchmaatje en buurvrouw in het lab. Ik ben 
blij dat je ook tijdens mijn promotie aan mijn zijde zult staan. Ruben (zebrafish) Postel, 
ik heb met veel plezier met je samengewerkt en je hebt ervoor gezorgd dat ik mijn 
vooroordelen over Limburgers heb moeten bijstellen. Ik vind het fascinerend om te zien 
hoe snel jij mensen kunt doorgronden en ben vereerd dat ook jij aan mijn zijde zult staan.

En dan zijn er natuurlijk nog vele anderen binnen het instituut die op een of andere 
manier hun bijdrage hebben geleverd. Ik ga zeker geen poging doen om jullie allemaal 
te noemen, dus hier volgt een kleine selectie. Kevin, you took me under your wing when 
I just arrived in the lab and helped me a lot with the first paper. Norman, altijd bereid 
om input te leveren tijdens de werkbesprekingen. Aan jouw werkethos kunnen een hoop 
mensen, waaronder ikzelf, een puntje zuigen. Ingrid, dank voor de experimenten die je 
voor meerdere hoofdstukken in dit boekje hebt uitgevoerd. Pablo, you are one of the 
kindest persons I know. Thanks a lot for your help with the migration assays. Marjon, het 
is altijd fijn om je hart te kunnen luchten bij iemand die in hetzelfde schuitje zit. Bedankt 
voor de vele etentjes! 

Of course also my three students cannot go unmentioned in these acknowledgements. 
Rabab, Simon and Benjamin, supervising you was a great but rewarding challenge and I 
probably learned just as much from it as the three of you hopefully did.

Van de afgelopen zes en een half jaar heb ik bijna een half jaar onderweg doorgebracht als 
forens. Natuurlijk was ik niet altijd even enthousiast als ik weer vroeg mijn bed uit moest 
om de trein te halen. Gelukkig zijn er in al die jaren heel wat mensen geweest die me 
voor korte of langere tijd gezelschap hebben gehouden. Nurçan, Marjolein, Linda en alle 
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anderen, bedankt voor de gezellige uurtjes in de trein waarin we ons ei kwijt konden en 
nieuwtjes of frustraties konden delen. 
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bedankt dat jullie altijd voor me klaar staan en de afgelopen jaren altijd bereid waren om 
de ongetwijfeld soms totaal onbegrijpelijke verhalen uit het lab aan te horen. Het is mede 
dankzij jullie dat dit boekje hier nu ligt.

Mirjam






