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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 



139

ch
ap

te
r 6

 summary and discussion | chapter 6 

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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