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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.



104

chapter 5

chapter 5 | functional analysis of nesprin-3 in mice

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. 
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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 



109

ch
ap

te
r 5

 functional analysis of nesprin-3 in mice | chapter 5 

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 
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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 



120

chapter 5

chapter 5 | functional analysis of nesprin-3 in mice

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 



124

chapter 5

chapter 5 | functional analysis of nesprin-3 in mice

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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