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Nesprin-2 loss caused an unequal distribution of H3K9Me3
and led to its accumulation in the center of the nucleus
(Fig. S4A, indicated by white dotted boxes). These changes
in localization were accompanied by reduced expression of the
protein (Fig. S4B).

Discussion

The LINC complex forms a connection between the nuclear
lamina and cytoskeletal elements of the cytosol. Its importance is

highlighted by the findings that mutations in LINC complex
components can cause a variety of human diseases called
laminopathies. They could arise from adverse effects of the
LINC complex on actin mediated cellular functions including
cell adhesion, cell migration and cell mechanics or altered gene
expression due to altered interactions of transcription factors with
Lamin A/C and its associated NE proteins or through changes in
chromatin organization.40

The in vivo wound healing experiment in Nesprin2G KO
mice allowed us to probe the role of the LINC complex directly

Figure 8. Nesprin-2 mediates the translocation of c-Fos after TGFb induction. (A) Nuclear translocation of transcription factor c-Fos was studied in control
and KD HaCaT cells after induction with TGFb. Scale bar, 25 mm. (B) Statistical analysis of the percentage of cells showing nuclear localization of c-Fos.

Table 1. Results from ChIP Seq experiments performed with HaCaT cells using mAb K20–478 and pAbK1

Antibody Total read counts
mapped

Heterochromatic
DNA

% of total
reads

Centromere
reads

% of total
reads

Gene
reads

% of total
reads

K20–478 865,701 221,425 25.57 489,228 56.51 155,048 17.91

K20–478 352,142 93,362 26.51 154,268 43.80 104,512 29.67

pAbK1 572,355 168,442 29.4 11,440 2.0 392,473 68.6
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in a process that involves directional cell migration, proliferation
and differentiation. Remarkably, we observed a delay in wound
healing at day 7 and 10 in Nesprin-2G KO mice, which is the
phase when keratinocytes and myofibroblasts contribute to the
wound healing process. We therefore focused on these two cell
types in our analysis. We found changes in the abundance of
transcription factors that regulate fibroblast differentiation and
keratinocyte proliferation as well as changes in the cytoskeleton
which might lead to altered cell mechanics that could also impact
on gene regulation. Nesprin-2 KO wounds showed altered
keratinocyte differentiation and reduced proliferation and an
atypical migration pattern and absence of neo-epidermis at these
time points. This could impair the wound sealing from the
epidermis. In support, KO as well as KD cells form strong focal
adhesions in vitro on a collagen matrix which slows down
migration. The increased cell spreading area and focal contacts
in KO and KD cells were however not paralleled by increased
amounts of Vinculin but might be achieved by its redistribution.

For transcription factors that regulate fibroblast differentiation
and keratinocyte proliferation we observed slight alterations in the
accumulation of the PPARβ/d, EGR-1, and E2F1 transcripts
in mutant wounded skin. PPARβ/d and E2F1 expression were
approximately 2- and 1.5-fold reduced at day 1 as compared with

WT. PPARβ/d is one of the targets of AP-1 and in the WT
situation its expression is strongly enhanced in keratinocytes after
skin injury.29 The observed delayed wound healing could be a
result of reduced PPARβ/d expression.41

In wounded skin EGR-1 and E2F1 transcript levels are slightly
increased at day 3 in Nesprin-2G KO. E2F1 activity is essential
for proper epidermal morphogenesis and keratinocyte prolifera-
tion. In differentiating keratinocytes, Ca2+ induced protein kinase
C (PKC) activation downregulates E2F1 by activating p38β
mitogen-activated protein kinase (MAPK).42 Murine keratino-
cyte differentiation is associated with loss of E2F1/pRb DNA-
binding complexes and E2F1 knock-out mice showed defective
keratinocyte proliferation and migration which finally led to
delayed wound re-epithelialization.31 This indicates that E2F1 is
a crucial regulator of keratinocyte proliferation and migration.
Together, a decrease in PPARβ/d at day 1 and an increase in E2F1
expression at day 3 may cause the slowing down of proliferation
in Nesprin-2G KO mice wound healing. It is possible that this
sequence of events is caused by a loss of a cellular signal which
is normally transduced from the cell surface via cytoskeletal
elements to the nucleus through the LINC complex with
Nesprin-2 as one of its components or in response to mechanical
damage. Once this link is lost due to the absence of Nesprin-
2G cell functions such as proliferation and differentiation are
delayed, though not completely lost.

A likely signal is TGFβ1. Interestingly, an earlier study had
shown that induction of TGFβ1 in fibroblasts enhanced the
formation of “structural elements,” namely bundles of actin fila-
ments or stress fibers, vinculin-containing fibronexus adhesion
complexes and fibronectin fibrils that caused increased expression
of a-SMA.43 These “structural elements” were important for

Figure 9. Nesprin-2 Giant associates with heterochromatic DNA and affects the localization of HP1b. (A) HP1b staining in WT and Nesprin-2 KO
fibroblasts. mAb K56–386 was used to recognize Nesprin-2 Giant and DAPI to stain the nucleus (*p , 0.01 and **p , 0.001). (B) protein gel blot analysis
showing the expression of HP1b in WT and KO.

Table 2. Nesprin-2 KO fibroblasts showed reduced heterochromatin protein
speckles

No. of speckles/cell No. of cells without speckles

WT 10.24 19.07

KO 7.59** 36.46*

Heterochromatin was detected with antibodies specific for HP1b.
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generating contractile force in myofibroblasts which is associated
with wound contraction. Formation of stress fibers therefore
directly correlates with the expression of a-SMA, and a reduction
in a-SMA is equivalent to a reduction in F-actin content. Such
a scenario might also be relevant for our findings in the injured
skin of Nesprin-2G deficient animals.

In Nesprin-2 KD cells TGFβ1 stimulation led to a retarded
nuclear accumulation and expression of SMAD2, 3 and 4 and
c-Fos. A direct interaction of these transcription factors with
Nesprin-2 could not be shown so far. However, the observed
effect could also be achieved through indirect interactions. In
such a scenario, Nesprin-2, based on its ability to interact with
Emerin and Lamin, can affect TGFβ/Smad signaling as Emerin
is directly involved in this signaling pathway through its inter-
action with MAN1, an important factor of TGFβ/BMP signal-
ing.44 We have previously shown that in the Nesprin-2 Giant KO
mouse Emerin is redistributed into the cytoplasm where it can no
longer perform its role in these pathways.18

Nesprin-2 might also be directly involved in signaling. In
recent work it was shown that a short isoform of Nesprin-2 can
act as an extracellular signal-regulated MAPK1 and MAPK2
scaffold protein that plays a role in regulating the nuclear signal.12

This might also be relevant in our wound healing experiments
as we have previously shown that loss of Nesprin-2G affected
the expression of C-terminal Nesprin-2 isoforms leading to a
reduction or their complete loss (see ref. 18 and Fig. S1). Another
signaling molecule in wound healing is β-catenin. It activates
fibroblast proliferation and inhibits keratinocyte migration.45

β-Catenin together with a-Catenin, Emerin and Nesprin-2
forms a complex at the NE in which Nesprin-2 acts as a positive
regulator of Wnt signaling, since loss of Nesprin-2 results in a
decrease of nuclear β-catenin pools and a downregulation of
Wnt pathway activity, one of the signaling pathways β-catenin
is involved in.46 β-catenin activation can also be achieved by
TGFβ1 and through this link involve Nesprin-2 in mediating
downstream events of TGFβ1 signaling.

Interaction of Nesprin-2 with centromeres and heterochroma-
tin within the nucleus suggests a further mechanism through
which it might act in transcriptional regulation of genes involved
in cell proliferation, namely by bringing the chromatin into a
surrounding favorable or unfavorable for activity. It was shown
for mouse pericentric heterochromatin that it is involved in
proliferation dependent and cell cycle regulated transcription.47-50

Reduction in expression and unequal distribution of HP1β
speckles as well as H3K9Me3 in Nesprin-2 KO and KD cells,
respectively, show the important role of Nesprin-2 in maintaining
the heterochromatin protein pattern. Through this Nesprin-2
could also influence the expression of genes which are naturally
residing within the heterochromatin region either as negative or
positive regulator.51,52

From our study we propose that Nesprin-2G has two major
roles in wound healing; one through its capacity as an actin-
binding protein and a further one through its interaction with
lamina components and with chromatin. At the ONM it interacts
with F-actin and is responsible for the correct formation of the
actin cytoskeleton around the nucleus in WT. Through the actin

cytoskeleton interaction it is also connected to the plasma
membrane and the extracellular matrix and can affect focal
adhesion formation. At the NE, Nesprin-2 interacts with SUN
proteins and the underlying nuclear lamina. Loss of Nesprin-2G
leads to a loss of F-actin around the nucleus, and signals from
the extracellular matrix are less efficiently transmitted to the NE
and the nuclear lamina (Fig. 10). Nuclear lamina components
themselves can interact with transcription factors and through
this chain of interactions Nesprin-2 may affect transcription.
Interestingly, the binding sites of LaminA/C for Rb protein and
c-Fos overlap with the binding site for Nesprin-2 and a com-
petition for binding sites might be a further mechanism to
explain Nesprin-2 action in addition to its effects on transcrip-
tion through heterochromatin interactions.7,14 Finally, actin, the
interaction partner of Nesprin-2 Giant is also a nuclear protein
and has roles in gene regulation.53 Therefore an impact of
Nesprin-2 on transcription via actin could also be considered.

As the changes in the Nesprin-2G KO mice were only observed
under physiological stress conditions, there must be other proteins
which ensure a correct arrangement of the chromatin and
functioning of the cell. Such a mechanism is vital for a cell to
survive adverse conditions as during mechanical stress.

Materials and Methods

Nesprin-2G deficient mice. The generation of Nesprin-2G
deficient mice has been described.18 Animals were backcrossed
into the C57Bl6 background for seven generations. All animals
used in the studies were females between 9 and 12 weeks of age;
age and sex-matched littermates were used as controls. Animals
were housed in specific pathogen-free facilities and all animal
protocols were approved by the local veterinary authorities.

Wound healing experiments. Wound healing experiments and
analysis were done as described.54 In brief, four circular full-
thickness (this is beyond the panniculus carnosus (PC) muscle)
excisional wounds of 5 mm in diameter were made on the dorsal
side of each mouse. Wounds were harvested at 1, 3, 5, 7 and 10 d
after wounding. Six wild type and six knockout animals were used
for analysis per time point if not indicated otherwise.

Immunohistochemistry and immunofluorescence. For gene-
ral histology, the samples (paraffin sections) were stained with
hematoxylin and eosin (H&E). For immunofluorescence, paraffin
sections were deparaffinised and rehydrated which was then
followed by antigen retrieval and antibody incubation.54 Anti-
bodies directed against F4/80 (1:40, CI:A3–1 AbD Serotec),
a-SMA (1:500, 1A4, Cy3 conjugate, SIGMA), Ki-67 (1:40, TEC-3,
Dako), Keratin 14 (1:1000, AF64, COVANCE), c-Fos (1:1000,
sc-52, Santa Cruz Biotechnology), HP1β (1:240, H2039,
SIGMA), β-actin (1:1000, A5316, SIGMA), a-tubulin (mAb
WA3), Vinculin (1:50, SIGMA), SMAD 2/3 (1:250, #5678,
Cell Signaling), H3K9Me3 (1:300, #07442 Upstate) and
Nesprin-2G (mAb K20–478,2 mAb K56–386,18 were used.
Appropriate secondary antibodies were conjugated with Alexa
Fluor 488 and 594 (Molecular Probes). Nuclei were stained
with 4, 6-diamino-2-phenylindole (DAPI), F-actin with TRITC-
Phalloidin. Cryosections were used for detecting Nesprin-2 with
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mAb K56–386 in skin sections (Fig. S1A). Cryosections were
fixed in acetone for 15 min at -20°C and permeabilized with
0.5% Triton followed by blocking with PBG. Sections were
incubated with primary and secondary anti-
bodies for overnight at 4°C and for 1 h at room temperature,
respectively. Cultured cells were fixed with paraformaldehyde
and processed for immunofluorescence analysis.18

Quantification. Paraffin sections from 5, 7 and 10 d after
wounding were stained with a-SMA. To quantify the amount
of differentiated fibroblasts fluorescence signal intensity of
a-SMA per unit area was measured using “quantify” function
in the TCS SP II confocal software.

For measuring the granulation tissue area and distance between
the panniculus carnosus, paraffin sections were stained with
Sirius red and analyzed with polarized light microscopy.55 For
quantification of area and length of hyperproliferative epidermis,
Paraffin wound sections were stained with H&E. These sections
(n = 3–6 sections/wound/mouse) of indicated time points were
analyzed using DISKUS software. To study nuclear localization of
c-Fos and SMAD2/3, HaCaT cells were transfected with control
and KD plasmids. After treating with TGFβ (1 ng/ml) (Cell
Signaling Technology #5231), cells were subjected to immuno-
fluorescence with indicated antibodies. For each time point, 500
cells were counted randomly and out of them cells showing

Figure 10. Proposed mechanisms of Nesprin-2 involvement in cell migration, proliferation and transcription regulation. In WT Nesprin-2 at the ONM
together with other NE proteins connects the nucleus to the actin cytoskeleton (LINC complex). The LINC complex (Nesprin-SUN) and associated proteins
can transduce signals from the cytoplasm to the nucleus. Nesprins can transduce either mechanic signals through the LINC complex to the nucleoplasm
and are also involved in signal transduction processes through interaction with transcription factors. Gene transcription may also be affected through
interactions of NE proteins with chromatin thereby altering the status of chromatin from being inactive or being actively transcribed and vice versa.
In KO cells F-actin distribution and status of heterochromatin is altered. Expression and availability of transcription factors is reduced and leads to
reduced cell proliferation.
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nuclear localization of c-Fos and SMAD2/3 were counted and
then their percentage calculated.

RNA isolation and quantitative Real Time PCR (qRT-PCR).
Wounds were excised and collected at 1, 3, 5, 7 and 10 d
after wounding and immediately frozen in liquid nitrogen.
Tissues were homogenized with an ULTRA TURRAX (IKA
LABORTECHNIK) tissue homogenizer and RNA was isolated
using TRIZOL (Invitrogen). Quantity and quality of RNA was
analyzed on an Agilent Bioanalyser (Agilent Technologies). cDNA
was prepared by reverse transcription of 5 mg RNA with oligo
dT18 using Superscript II reverse transcriptase (Invitrogen).
Real time PCR was performed with the Opticon III instrument
(MJ Research) using the QuantitectTM SYBR1 green PCR kit
(Qiagen) according to Farbrother et al.56 As a quantification
standard defined concentrations of annexinA7 cDNA57 were used
for amplification. For every cDNA quantification three reactions
were performed in parallel per animal, quantification results were
normalized based on the GAPDH control and mean values were
calculated.

Cell culture and cell scratch assay. Dermal fibroblasts and
keratinocytes were isolated from new born mice of both WT and
Nesprin-2 KO. Dermal fibroblasts (passage 2 and 3; three mice
each) were cultured in DMEM medium with 10% fetal bovine
serum (FBS), L-Glutamine and antibiotics like Penicillin-
Streptomycin in 5% CO2 and 37°C incubator. Whereas primary
keratinocytes were cultured under 5% CO2 and 32°C incubator
in low Ca2+ FAD medium on type I collagen coated plates on
which a feeder layer of mitomycin-treated 3T3 fibroblasts had
been prepared. Low Ca2+ FAD medium was supplemented with
10% fetal calf serum (FCS) treated with Chelex 100 resin
(BioRad) to reduce the calcium concentration and a cocktail of
1.8 � 10–10 M adenine, hydrocortisone (0.5 mg/ml), insulin
(5 mg/ml), cholera toxin (10–10 M) and epidermal growth factor
(EGF) (10 ng/ml).58,59 Migration of wild type and mutant
keratinocytes after scratching was analyzed by time lapse video
microscopy (32°C, 5% CO2) using a Leica DMIRE2 microscope.

Expression of Nesprin-2 was depleted from HaCaT keratino-
cytes using plasmid based shRNA as described.18 For Nesprin-2
knock down Nesprin-2 C-terminal sequences were cloned into
the pSHAG-1 vector using BseRI and BamHI restriction sites.60

Nesprin-2 C-terminal (N2-C2) - 5'C CCAGCCTCCTGCAA
CATCCGAAGCTTGGGATGTTGCAGGAGGCTGGTTTTTT;
Nesprin-2 C-terminal (N2-C2) - 3' GATCCCAGCCTCCTG
CAACATCCCAAGCTTCGGATGTTGCAGGAGGCTGGCG;

and Control- 5' ATCTACTCGACGTGAGCGTGAAGCTT
GACGCTCACGTCGAGTAGATTTTTT; and Control- 3'
GATCAAAAAATCTACTCGACGTGAGCGTCAAGCTTCAC
GCTCACGTCGAGTAGATCG. HaCaT cells were transfected
twice at intervals of 3 d using the Amaxa cell line Nucleofector1

kit V (Lonza) according to the manufacturer’s instructions. For
TGFβ signaling cells were treated with 1ng/ml TGFβ for different
times (5, 10, 20 and 30 min) and used for analysis.

Time lapse video microscopy. For cell scratch assays, mouse
primary keratinocytes from Nesprin-2 KO and WT were sub-
jected to live cell imaging using Leica DM IRE 2 microscope and
Leica DFC 350 FX camera with Leica FW 4000 software. Images
were taken every 10 min up to 48 h. Images taken at 0 and 48 h
time points were used for quantification of cell migration speed.
The distance between the migrating cells at different positions was
measured using ImageJ tool.

Chromatin immunoprecipitation and DNA sequencing.
Chromatin immunoprecipitation (ChIP) was performed in
HaCaT cells using a kit (ChIP-IT Express, 53008, Active
Motif). The protocol of the manufacturer was essentially followed.
Sequencing methods were based on Illumina protocols (Illumina
Inc). mAb K20–478 was used for precipitation of Nesprin-2
Giant.2 In control ChIP experiments pAbK1 recognizing
C-terminal isoforms of Nesprin-2 and a GFP-specific antibody
were used.7
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