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Introduction

The chromosomes in eukaryotic cells are separated from 
the cytoplasm by a selective barrier, the NE, which regulates 
nucleo-cytoplasmic traffic and connects the nucleoplasm to 
the cytoplasm.1,2 The NE consists of an outer (ONM) and 
inner nuclear membrane (INM) that enclose the perinuclear 
space (PNS). The ONM is contiguous with the endoplasmic 
reticulum; the INM contacts the nuclear lamina and chromatin. 
Nuclear pore complexes are inserted into the NE and connect the 
nucleus with the cytoplasm. The protein composition of the NE 
is complex as more than 100 proteins have been described and 
differs between the ONM and INM.3 These proteins are involved 
in a variety of cellular processes including genome organization, 
gene expression, and stability.4,5

Nesprins are components of a characteristic NE protein 
assembly, the LINC (linker of nucleoskeleton and cytoskeleton) 
complex that connects the nucleus with the cytoskeleton. It 
consists of Nesprins in the ONM and SUN proteins in the INM 
which interact in the PNS.6 Disruption of the nuclear-cytoskeletal 
connection has severe consequences: The stability, size, and shape 
of the nucleus are altered, its position in the cell is disturbed, cell 
migration is affected, and the mechanical properties of the cell and 
mechanotransduction from the extracellular space to the nucleus 
are impaired as well as signaling processes. The importance is 
further underlined by the large group of laminopathies in which 
components of the nuclear lamina and the NE are mutated, 
generating a variety of degenerative diseases affecting striated 

muscle and peripheral nerves, skeletal, and fat development, and 
premature aging syndromes.1,2

Mutations in the SYNE1 gene encoding Nesprin-1 have 
been identified in some forms of Emery-Dreifuss muscular 
dystrophy, cerebellar ataxia, and arthrogryposis.7–9 Analysis of 
Nesprin-1 knockout mice showed roles in nuclear morphology, 
NE organization, actin organization, and cell motility,10–14 and in 
vitro studies demonstrated that knockdown of Nesprin-1 led to 
nuclear defects and mislocalization of Emerin and SUN2 in U20S 
and fibroblast cells.7 Downregulation of Drop1, an N-terminal 
isoform of Nesprin-1, has been observed in early tumor stages 
in a wide range of human carcinomas.15 Furthermore, mutations 
in SYNE1 were observed in ovarian and colorectal cancers.16,17 
Additionally, the SYNE1 gene was frequently methylated in lung 
cancer cell lines, lung adenocarcinoma, and colorectal cancer.18,19 
By bioinformatic analysis of data from a collection of cancer 
genome samples, Mascia and Karchin identified SYNE1 as one 
of the genes that participated in glioblastoma progression.20 They 
observed that mutations in SYNE1 were associated with a large 
number of differentially expressed genes.

A role of Nesprin-1 in DNA damage response and DNA 
repair pathways, which are determinants of genetic instability 
in cancer and age-associated diseases, has not been investigated. 
In this report, we analyzed the presence and distribution of 
Nesprin-1 and associated proteins in cancer cell lines and 
studied the consequences of a loss of Nesprin-1 in knockdown 
cells. We further identified components of the DNA damage 
response (DDR) and DNA mismatch repair (MMR) pathways 
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Nuclear envelope (Ne) proteins have fundamental roles in maintaining nuclear structure, cell signaling, chromatin 
organization, and gene regulation, and mutations in genes encoding Ne components were identified as primary cause 
of a number of age associated diseases and cancer. Nesprin-1 belongs to a family of multi-isomeric Ne proteins that are 
characterized by spectrin repeats. We analyzed Ne components in various tumor cell lines and found that Nesprin-1 levels 
were strongly reduced associated with alterations in further Ne components. By reducing the amounts of Nesprin-1 by 
rNai mediated knockdown, we could reproduce those alterations in mouse and human cell lines. In a search for novel 
Nesprin-1 binding proteins, we identified MSH2 and MSH6, proteins of the DNa damage response pathway, as interactors 
and found alterations in the corresponding pathways in cells with lower Nesprin-1 levels. We also noticed increased 
number of γH2aX foci in the absence of exogenous DNa damage as was seen in tumor cells. The levels of phosphorylated 
kinases Chk1 and 2 were altered in a manner resembling tumor cells and the levels of Ku70 were low and the protein was 
not recruited to the DNa after hydroxyurea (HU) treatment. Our findings indicate a role for Nesprin-1 in the DNa damage 
response pathway and propose Nesprin-1 as novel player in tumorigenesis and genome instability.
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as binding partners of Nesprin-1. Alterations in the genetic 
stability upon loss of Nesprin-1 were accompanied by defects 
in nucleus morphology, centrosome positioning, and nuclear 
membrane structure, which suggest functions for Nesprin-1 in 
the maintenance of genome stability. We propose that Nesprin-1 
is required for the correct functioning of proteins that have roles 
in DNA repair.

Results

Nesprin-1 isoform expression in cancer cell lines
As mutations in SYNE1 have been identified in different types 

of human cancers and Nesprin-1 transcripts were downregulated 
at early tumor stages in a wide range of human carcinomas 
(www.oncomine.org),15 we probed several cancer cell lines both 
from human and mouse with Nesprin-1 specific antibodies 
by immunoblotting and immunofluorescence. Monoclonal 
antibody K43-322-2 generated against spectrin repeats 9, 10, and 
11 (Fig. 1A) recognized proteins of ~600, 400, 300, 250, 150, 
55, and 50 kDa in CH310T1/2 cells. The proteins correspond 
in their molecular weights to Nesprin-1 isoforms described in a 
recent detailed analysis.21 The ~600 and 400 kDa proteins were 
absent from all cancer cell lines and only the ~150 kDa protein 
was present with the exception of WIDR, where ~300, 250, 150, 
and 60 kDa proteins were detected. In the CT26 and Huh7 cell 
lysates the signal was rather faint, even after prolonged exposure 
(Fig. 1B, and data not shown). Furthermore, a protein of high 
molecular weight, which presumably corresponds to Nesprin-1 
Giant22, was detected in C2F3, HaCaT, and HeLa and Hep3B 
cell lysates. Based on the low expression levels of the N-terminal 
Nesprin-1 isoforms in Hep3B and Huh7 liver cancer cells 
compared with colon, cervic, and skin cancer cells, we focused 
our studies on these cell lines. Furthermore, recent data also 
suggested that Nesprin-1 expression levels are significantly 
reduced in liver cancer samples compared with matched normal 
tissue (http://www.oncomine.org).

In the following studies, we included THLE-2 cells. They 
are immortalized human hepatocyte cells and should reflect the 
situation in the non-cancer state. Nesprin-1 C-terminal isoforms 
were identified in THLE-2, Hep3B, and Huh7 cell lysates with 
polyclonal SpecII antibodies directed against the C-terminus of 
Nesprin-1.23 In THLE-2 cells we detected ~600 and 400 kDa 
proteins which were absent from Hep3B and Huh7. Instead, they 
harbored low levels of ~150 and 100 kDa and in case of Hep3B of 
~300 and 250 kDa proteins (Fig. 1C). We also probed murine skin 
and liver tissues and observed that they expressed significant levels 
of Nesprin-1 (Fig. S1A and B). In further studies we compared 
Nesprin-1 expression in lysates from normal mammary tissue 
(N1, N2, and N3) and tumor tissue (T1, T2, and T3) of different 
patients. The SpecII antibodies recognized primarily a ~55 kDa 
protein which was strongly reduced in the tumor tissue (Fig. S1C 
and D). When probing for Nesprin-2, we detected isoforms of 
Nesprin-2 with polyclonal antibodies pAbK1 directed against the 
C-terminus of Nesprin-2. The amounts were higher in THLE-2 
cells as compared with Hep3B and Huh7 cells (Fig. 1D).

Hep3B and Huh7 have nuclear shape defects and alterations 
in components of the nuclear envelope

The nuclei of Hep3B and Huh7 cells were enlarged and often 
displayed a deformed morphology in contrast to the oval shape in 
THLE-2 cells. We further noted folds, lobulations, protrusions, 
blebs, and micronuclei (Fig. 2A). In Hep3B, 37% of the cells 
had misshapen nuclei, in Huh7 26% and in the THLE-2 control 
16%. Micronuclei were observed in 11% of the Hep3B cells, 
in 8% in case of Huh7, and 4% of THLE-2 cells (Fig. 2B; bar 
graph). SpecII antibodies labeled the NE in THLE-2 cells and 
gave some cytoplasmic staining in the vicinity of the nucleus 
whereas the Nesprin-1 presence at the NE was strongly reduced 
in the cancer cells (Fig. 2A). Remarkably, Emerin was nearly 
completely absent from the NE in the liver cancer cells (Fig. 2A 
and B; bottom panel). The absence of Emerin was also confirmed 
in western blots (Fig. 1C). By contrast, in colon cancer cell lines 
Nesprin-1 and Emerin localization was unperturbed (Fig. S1E). 
Lamin A/C specific antibodies showed a rim-like staining pattern 
in THLE-2. In Hep3B and Huh7 cells a discontinuous, patchy 
Lamin A/C distribution at the NE was observed. Lamin B1 
staining of the NE was homogenous in THLE-2 cells, in Hep3B 
and Huh7 cells the distribution was patchy (Fig. 2C; arrow 
heads). LAP2, a member of a group of NE proteins involved 
in tethering chromatin to the nuclear envelope24 and affecting 
gene expression,25 showed an unaltered localization at the NE in 
Hep3B and Huh7 cells (Fig. 2C). The expression level was higher 
in Hep3B and Huh7 cells than in THLE-2 cells which expressed 
low amounts of LAP2 (Fig. 1C).

NPC proteins regulate nuclear transport, are connected to 
chromatin and participate in the regulation of transcription.26,27 
Increased expression of individual NPC components has been 
noticed in several tumor types.17,28–33 Hep3B and Huh7 cells 
exhibited NE staining with mAb 414, which recognizes several 
NPC proteins based on the presence of FXFG-repeats, however 
staining was reduced in nearly 45% of the cells (Fig. 2D and E). 
Analyzing individual proteins by western blotting we found that 
NUP153 levels were higher in Hep3B and Huh7 cells compared 
with the THLE-2 and NUP116 levels were decreased. The 
expression level of NUP62 was not altered in Hep3B and Huh7 
cells (Fig. 1D).

Immunofluorescence analysis for SUN proteins revealed a rim 
like staining for SUN1 in THLE-2, Hep3B and Huh7 cells. Some 
cells exhibited a brighter SUN1 staining which was associated 
with misshapen and enlarged nuclei (Fig. 2F and G, arrow 
heads). Quantification of the cells with strong SUN1 staining 
showed that SUN1 was significantly increased in Hep3B, Huh7 
cells as compared with THLE-2 (Fig. 2H). When we examined 
the amounts of SUN1 and SUN2 in western blots we found that 
particularly the SUN1 levels were higher in Hep3B and Huh7 as 
compared with THLE-2 (Fig. 1C; Fig. S2A).

The centrosome-nucleus distance is increased in Hep3B and 
Huh7 cells

Centrosomal aberrations are frequently observed in cancer 
cells. Normal cells in the G1 phase of the cell cycle have a 
single centrosome that is attached to the nucleus. In THLE-2 
cells, centrosomes were positioned near the nucleus at a mean 
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Figure  1. Nesprin-1 isoforms in various cell lines. (A) Location of the binding sites of Nesprin-1 antibodies. The largest isoform Nesprin-1 Giant is 
depicted. aBD, actin binding domain. (B) Lysates of the indicated cell lines were separated on a 3–15% SDS-Pa gradient gel and probed with mab K43-
322-2 to detect N-terminal isoforms. arrow heads point to proteins discussed in the main text. (C) Nesprin-1 expression in THLe-2, Hep3B, and Huh7 cells 
using anti-Nesprin-1 SpecII directed against the C-terminus. The blots were probed with emerin, Lamin a/C, Lamin B1, LaP2, SUN1, and SUN2 antibodies. 
Tubulin was used to assess equal loading. For (B), tubulin amounts were checked on a separate gel. (D) Presence of Nesprin-2 as detected with pabK1 
directed against the C-terminus. NPC proteins were detected with mab414.
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Figure 2. For figure legend, see page 178.
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Figure 2. For figure legend, see page 178.
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distance of 0.17 ± 0.15 μm. In Hep3B and Huh7 cells, the distance 
between the centrosome and the nucleus was highly variable, and 
cells with normal shaped as well as deformed nuclei displayed an 
increased centrosome-nucleus distance. In Hep3B and Huh7 cells, 
we observed an increase to 6.29 ± 4.24 μm and 3.56 ± 3.0 μm,  
respectively (Fig. 2I and J). The number of centrosomes also 
differed; 15% of Hep3B and 14.3% of Huh7 cells had more than 
two centrosomes (Fig. 2K). The centrosome number was not 
necessarily associated with nuclear shape changes.

Knockdown of Nesprin-1 elicits changes that are observed 
in cancer cell lines

To test whether a loss of Nesprin-1 can cause the changes 
observed in the cancer cells, we reduced the amounts of 
Nesprin-1 by shRNA mediated knock down in CH310T1/2 
(KD-CH310T1/2) and in human fibroblasts (KD-HF) using 
knockdown vectors targeting N-terminal and C-terminal 
sequences and analyzed the consequences. For control we used 
untransfected cells (HF, CH310T1/2) and cells transfected with 
the empty pSHAG-1 vector (C-HF, C-CH310T1/2). Western 
blot analysis with mAb K43-322-2 and SpecII labeling confirmed 
the knock down (Fig. 3A and B). Labeling with mAb K43-322-2 
showed that in Nesprin-1 KD cells particularly the 250 kDa and 
larger proteins of 400 and 600 kDa were significantly reduced 
in amounts (Fig. 3A; arrow heads). The 130 kDa protein and 
smaller proteins were also less prominent. The expression level of 
the smallest ones were not altered as was the level of a ~200 kDa  
protein (Figure 3A). The identity of this protein is unclear as 
such an isoform has not been reported. The transcript levels 
were also significantly reduced (Fig. S2B; shown for fibroblasts). 
Reduction of Nesprin-1 was associated with a downregulation of 
Emerin, Lamin B1, NPC proteins and LAP2. By contrast, SUN1 
and SUN2 protein amounts were increased (Fig. 3A; Fig. S2C). 
This was also observed for SUN1 in CH310T1/2, in which the 
levels of endogenous SUN1 were quite low (Fig. 3A and E).

In immunofluorescence analysis, the clear NE staining 
by SpecII and Emerin antibodies was lost, and some residual 
punctate staining in the cytosol was seen in the knockdown cells. 
Similar results were obtained for the NPC antibodies (Fig. 3C 
and D; Fig. S3A and B). Nearly all cells that had an altered 
staining pattern exhibited nuclear shape defects. SUN1 antibodies 
strongly stained the NE in KD-HF. Cells with particularly 
strong SUN1 staining exhibited a variety of nuclear shape defects 
including folds, lobulations, blebs, and micronuclei (Fig. 3E). 

Quantification of the mRNA levels by qRT-PCR showed that 
SUN1 and SUN2 mRNA were significantly increased in KD-HF 
cells as compared with HF (Fig. S3C). Furthermore, Nesprin-1 
knockdown fibroblasts, Hep3B, and Huh7 cells exhibited 
increased nuclear deformations with folds and pleats after heat 
treatment (Fig. S3D and E). Many nuclei also displayed notches, 
tears, and herniations (Fig. S3D; arrow heads). Knockdown with 
plasmids targeting N-terminal or C-terminal sequences showed 
similar results as knockdown experiments where we used vectors 
targeting N-terminal and C-terminal sequences together.

The centrosome-nucleus distance is increased in Nesprin-1 
KD cells

We investigated the centrosome-nucleus distance and 
centrosome number upon loss of Nesprin-1 and found that 
centrosomes were positioned 0.35 ± 0.29 and 3.20 ± 2.34 μm away 
from the NE in C-HF and Nesprin-1 KD-HF cells, respectively. 
Similarly, the mean centrosome-nucleus distance increased from 
0.44 ± 0.27 μm in C-CH310T1/2 cells to 2.40 ± 1.49 μm in 
Nesprin-1 KD-CH310T1/2 cells (Fig. 3F and G). Nesprin-1 
loss was also accompanied by alterations of the centrosome 
number. More than two centrosomes were seen in 3.3% C-HF; 
for Nesprin-1 KD-HF this number increased to 10%, and for 
CH310T1/2 it increased from 6% in the C-CH310T1/2 to 11% 
after knockdown (Fig. 3H).

The actin-binding domain (ABD) of Nesprin-1 interacts 
with DNA mismatch repair proteins MSH2 and MSH6

Nesprin-1 harbors an F-actin binding domain (ABD) at its 
N-terminus. In a search for Nesprin-1 interaction partners, we 
performed pull-down experiments with GST-Nesprin-1-286 
encompassing the ABD and C2F3 cell lysates. Among the 
identified proteins was the DNA mismatch repair and damage 
recognition protein MSH2. This reaction was specific and GST-
Nesprin-1–286 did not bind to DNA damage proteins in general, 
as, i.e., the p53 protein did not interact (data not shown). To 
verify the interaction we repeated the experiment with HeLa cell 
lysates and probed the precipitate directly for the presence of 
MSH2 with antibodies. We also found MSH6 in the precipitate. 
MSH2 forms a complex with MSH6 (MutSα) which binds to 
DNA mismatches and functions in the repair of DNA double 
strand breaks.34 GST alone as control did not precipitate MSH2 
and MSH6 (Fig. 4A). To probe the interaction of Nesprin-1 
with MSH2 and MSH6 in vivo, we transiently expressed 
GFP-Nesprin-1–286 in COS7 cells. GFP-Nesprin-1-286 

Figure 2 (See previous pages). Hep3B and Huh7 have nuclear shape defects and alterations in components of the nuclear envelope. (A) Staining was 
with SpecII (green) to detect Nesprin-1 and a mab specific for emerin (red). DaPI staining of DNa is in blue. arrow heads indicate nuclei with regular 
shape and staining for SpecII and emerin. Scale bar, 10 µm. (B) Huh7 cells have nuclear shape defects and alterations in components of the nuclear enve-
lope. Staining was with polyclonal SpecII antibodies against Nesprin-1 (green), Lamin a/C (green), SUN1 (green), and mab emerin (red) antibodies. DaPI 
staining of DNa is in blue. Scale bar, 10 µm. Upper panel, statistical analysis of nuclear aberrations. 300 nuclei each for THLe-2, Hep3B and Huh7 were 
evaluated (**P < 0.0001). (C) Distribution of Lamin a/C, Lamin B1, and LaP2 in THLe-2, Hep3B, and Huh7 cells. arrow heads indicate the observed defects. 
Scale bar, 10 μm. (D) THLe-2, Hep3B, and Huh7 cells were stained with anti-Nesprin-1 SpecII (green), mab NPC (red), and DaPI (blue). arrow heads point 
to normal shaped nuclei stained with SpecII and NPC. Scale bar, 10 µm. (E) Statistical analysis of NPC staining. 300 cells per strain were analyzed (*P < 
0.0001). (F) SUN1 (red) staining in THLe-2, Hep3B and Huh7 cells, DaPI, blue. arrow heads point to cells with high SUN1 expression and misshapen and 
enlarged nuclei. Scale bar, 10 μm. (G) Nesprin-1 (mab K58–398–2, green) and SUN1 (red) staining in THLe-2, Hep3B, and Huh7 cells. Nuclei are stained 
with DaPI (blue). Scale bar, 10 μm. (H) Statistical analysis of strong SUN1 staining. 300 cells per strain were analyzed (*P < 0.0001). (I) Centrosome-
nucleus-distance is altered in Hep3B and Huh7 cells. γ-Tubulin (red) specific antibodies were used to label the centrosome. DaPI (blue), nuclear staining. 
Scale bar, 10 µm. (J) Statistical evaluation of the centrosome-nucleus distance. (K) Statistical evaluation of cells with > 2 centrosomes. error bars indicate 
standard deviations (*P < 0.001, **P < 0.0001).
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Figure 3. For figure legend, see page 181.
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Figure 3. For figure legend, see page 181.
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colocalized with MSH2 and MSH6 at the nuclear envelope 
and also inside the nucleus (Fig. 4B). We then performed 
immunoprecipitation experiments. GFP-Nesprin-1-286 was 
immunoprecipitated from nuclear extracts using GFP beads, 
and the precipitates were probed for the presence of MSH2 
and MSH6. We found that MSH2 and MSH6 coprecipitated 
with GFP-Nesprin-1–286 (Fig. 4C). To address the question 
of whether the interaction of Nesprin-1-286 with MSH2 and 
MSH6 is direct, we performed blot-overlay assays. A membrane 
containing HF lysate was overlaid with GST-Nesprin-1-286. GST 
signals were detected at the correct size of MSH2 and MSH6 
that had been revealed by staining with MSH2 and MSH6 
antibodies (Fig. 4D). Moreover, we immunoprecipitated GFP-
Nesprin-1-286 and GFP from COS7 cells, separated them by 
SDS-PAGE, transferred the proteins to nitrocellulose membranes, 
and performed overlay assays with a fusion protein that consisted 
of GST and N-terminal sequences of MSH2, GST-MSH2-1-138, 
or GST. GST-MSH2-1-138 bound to Nesprin-1-286, whereas 
GST did not (Fig. 4E).

Next we tested whether MSH2 and MSH6 levels were affected 
by Nesprin-1 levels. By protein analysis we found that Huh7 and 
KD-HF cells expressed low levels of MHS2 and nearly no MSH6 
was seen, whereas their levels were considerably higher in Hep3B 
and HF (Fig. 4F). In agreement, in Huh7 and KD-HF cells the 
amounts of Nesprin-1 detected with anti-ABD-Nesprin-1 were 
much lower compared with Hep3B and HF cells, as were the 
transcript levels (Fig. 4G; Fig. S2B). We also included the human 
colorectal cell line DLD-1, which is deficient in DNA mismatch 
repair, to test whether its deficiency correlates with the Nesprin-1 
levels. In western blots we found low levels of MSH2 and nearly 
no MSH6 (Fig. 4F), and with ABD-Nesprin-1 antibodies 
we detected only the ~100 kDa protein in reduced amounts. 
Interestingly, it was recently reported that SYNE-1 is a candidate 
gene for colorectal cancer, but the molecular mechanism was 
not elucidated.17 DLD-1 cells also showed abnormal nuclear 
morphology, centrosomal aberrations, and altered expression 
of NE components as were observed in Nesprin-1 KD cells 
(Fig. S4A). Furthermore, we observed reduced expression of 
MSH2 and fewer MSH6 foci in KD-HF cells compared with 
C-HF cells (Fig. 5A and B). Quantification of the MSH2 
and MSH6 mRNA levels by qRT-PCR showed that they were 
significantly reduced in Nesprin-1 KD-HF cells. Similar results 
were obtained with KD-HeLa cells (Fig. 5C).

In order to determine possible effects of Nesprin-1 on the 
MSH2-MSH6 heterodimer during DNA replication or repair 
process, C-HF and KD-HF cells were synchronized at G1, S, 

or G2/M phases and the chromatin association of the proteins 
tested. The cell cycle status was confirmed by flow cytometry 
(FACS). Colocalization of Nesprin-1 with MSH2 and MSH6 
was observed in S phase (Fig. 5D and E). Notably, the Nesprin-1 
positive HF cells expressed high levels of MSH2 and MSH6 
during S phase. Nesprin-1 deficient cells had strongly reduced 
levels of MSH2; MSH6 was undetectable (Fig. 5D and E; 
Fig. S4B and C). We propose that localization of MSH2-MSH6 
to the nucleus and to chromatin is facilitated by Nesprin-1 
leading to successful DNA repair.

Recent work by Li and coworkers35 showed that H3K36me3 
has a role in MMR and is required to recruit hMSH2-hMSH6 to 
chromatin. We therefore tested for H3K36me3 presence in early 
S phase and observed that KD-HF cells behaved like Nesprin-1 
positive cells and showed H3K36me3 positive spots (Fig. S4D). 
H3K36me3 recruitment does therefore not depend on the 
presence of Nesprin-1 and a later step is affected in KD-HF.

Earlier reports indicated that cell lines defective in MMR 
exhibit an increased sensitivity to Etoposide.36–38 Etoposide 
causes errors during DNA synthesis and has a measurable 
effect on the mutation rate.38 In our experiments, the range of 
Etoposide concentration which inhibited cell growth by 50% 
(IC

50
) was highest in the C-HF cells (IC

50
, 66 μM). By contrast, 

the KD-HF and DLD-1 cells deficient in Nesprin-1 were highly 
sensitive to the cytotoxic effects of Etoposide with values of  
18.34 μM and 3.09 μM, respectively (Fig. 5F). These findings 
strongly suggest that disruption of Nesprin-1 has an impact on 
the ability of cells to perform MMR.

Nesprin-1 may have an important role for the function of 
MSH2 and MSH6 to repair mismatches, and a defect in this 
connection may also lead to alterations in earlier DDR events. 
Therefore, it is possible that the Nesprin-1 interaction with 
the MutSα complex is a constitutive cellular event required for 
proper DNA repair, and the interaction is not required for just 
the NE localization of the MutSα complex.

Loss of Nesprin-1 affects the DNA damage response network
The DDR pathway is associated with cancer development. 

MMR and non-homologous end joining (NHEJ) repair are two 
interlinked processes, and loss of MSH2 and MSH6 has been 
correlated with altered response to double strand breaks (DSBs) 
as well.39,40 To gain insight into specific steps during DDR, we 
monitored the cellular levels of key components, namely histone 
H2AX, checkpoint kinases Chk1 and Chk2, and Ku70 in 
THLE-2, Hep3B, Huh7, C-HF, and Nesprin-1 KD-HF cells. 
Phosphorylation of H2AX, Chk1, and Chk2 is among the 
initial events that occur in response to DNA damage.41–43 Ku70/

Figure 3 (See previous pages). Knock down of Nesprin-1 elicits alterations that are observed in cancer cell lines. (A, B) Immunoblot analysis of Nesprin-1 
knock down HF and CH310T1/2 cells. Detection was with mab K43–322–2 and pab SpecII. Tubulin served as control. emerin, Lamin a/C, Lamin B1, LaP2, 
SUN1, and SUN2 specific antibodies were used for analysis. Human and murine emerin differ in their primary sequence explaining the observed differ-
ence in molecular weight. The blot in a was reprobed with SpecII antibodies and mab414 to detect NPC proteins (B). (C, D) effect of Nesprin-1 knock 
down on Ne components. Cells were stained for Nesprin-1 with pab SpecII (green), emerin (red), mab NPC (red), and DaPI (blue). arrow heads indicate 
the Ne phenotypes described. Scale bars, 10 µm. (E) SUN1 (red) staining in C-HF, KD-HF, C-CH310T1/2, KD-CH310T1/2 cells. Nesprin-1 was detected with 
mab K58–398–2 (green). Nuclei are stained by DaPI (blue). (F) Centrosome position in C-HF, KD-HF, C-CH310T1/2, and KD-CH310T1/2 cells. Centrosomes 
were visualized with a γ-tubulin antibody (red), Nesprin-1 with SpecII (green). The nucleus was stained with DaPI (blue). Scale bars, 10 µm. (G) Statistical 
evaluation of the centrosome-nucleus distance. 100 cells for each cell line were evaluated (*P < 0.0001). (H) Statistical analysis of the percentage of cells 
with >2 centrosomes was calculated from three independent experiments (100 cells were counted per experiment, *P < 0.05, **P < 0.0001).
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Figure 4. For figure legend, see page 183.
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Ku80 binds to DNA double-strand breaks during NHEJ and 
recruits the DNA-dependent protein kinase catalytic subunit to 
the lesion. Notably, the Ku70/Ku80 heterodimer protects the 
broken DNA ends from unwanted or excessive nucleolytic attack 
which leads to loss of genetic information and unsuccessful 
DNA repair.44–46 In THLE-2 and C-HF cells nearly no γH2AX 
foci marking broken DNA were observed. Upon HU, UV and 
Etoposide treatment γH2AX positive spots formed. After knock 
down of Nesprin-1 a strong increase in the number of γH2AX 
foci was observed that exceeded the one of C-HF cells after HU, 
UV, or Etoposide treatment and was indicative of an elevated 
DNA damage upon loss of Nesprin-1 (Fig. 6A-C). Untreated 
Hep3B and Huh7 cells had a similar high number of γH2AX 
foci. This number was further enhanced following HU, UV, 
and Etoposide treatment both in Nesprin-1 KD and the tumor 
cells (Fig. 6D; Fig. S5A-E). After HU or UV treatment Ku70 
levels decreased in KD-HF cells (Fig. 6E and F). The decrease 
was also detected at the protein level (Fig. 7A and C). Nesprin-1 
reduction also had an effect on the presence of phosphorylated 
H2AX, Chk1, and Chk2 (Fig. 7B and D-F). In all untreated cell 
lines, no phosphorylated Chk1 and Chk2 was detected. Upon 
HU treatment their level strongly increased as detected with 
antibodies recognizing specific phosphorylated forms in all cell 
lines except for C-HF where the increase was hardly noticeable 
(Fig. 7A). The elevated levels of these proteins indicate greater 
DNA damage in KD-HF compared with C-HF cells (Fig. 7B and 
D-F). Ku70 was present in untreated Hep3B, Huh7, and C-HF, 
whereas KD-HF cells had very low levels. Upon HU-treatment 
the levels decreased in Hep3B, Huh7, and KD-HF. By contrast, 
an increase was seen in C-HF cells (Fig. 7A and C). A defective 
response in the tumor cell lines and in Nesprin-1 deficient cells 
causes a defective recruitment of Ku70 to sites of DNA damage. 
These findings highlight that Nesprin-1 is required for an 
efficient NHEJ.

Discussion

The mechanisms establishing nuclear architecture are not 
sufficiently known nor are the consequences of a deformed 
nucleus for normal cell function unraveled. Nuclei of most 
normal cells have a smooth and ovoid shape, whereas in many 
cancer cells severe nuclear distortions are observed. We studied 

liver cancer cells and found several alterations which we could 
reproduce by reducing levels of Nesprin-1 by knockdown in 
several cells.

Most remarkable were the loss of Emerin, an upregulation of 
SUN proteins and changes in the DDR. It could well be that 
some of the changes observed in this study are due to Emerin loss 
or mislocalization. Similarly, Zhang et al. reported that Nesprin-1 
siRNA knockdown in fibroblasts affected Emerin localization.7 
This correlated with deformed nuclei. From this, we propose that 
loss of Nesprin-1 is a casual event in tumorigenesis in analogy to 
a recent report showing that Emerin reduction was the basis of 
nuclear morphological deformation and subsequently the cause 
of aneuploidy in ovarian cancer cells.47 Whether the deformation 
of the nuclei is a relevant factor in tumorigenesis is an open 
question. Deformed nuclei have also been observed upon changes 
in the LINC complex and in fibroblasts from patients suffering 
from laminopathies. In these cases the altered shape of the nuclei 
was not accompanied by enhanced tumorigenesis.48,49

Deformed nuclear shape and increased size are also SUN1 
dependent. Although the function of SUN1 and SUN2 in cancer 
biology is undefined, the finding that SUN1 overaccumulation 
increases nuclear defects in HGPS cells is of great significance.50 
We also noted that brighter SUN1 staining was associated 
with misshapen and enlarged nuclei in Nesprin-1 KD, Hep3B, 
and Huh7 cells. Furthermore, Zhang and coworkers found an 
upregulation of SUN1 and SUN2 in neonatal Nesprin 1-/- cardiac 
and skeletal muscle, respectively.13

The response to DNA damage plays a key role in cancer 
progression and suppression.51,52 Defects in the DDR network 
can predispose to cancer and foster cancer progression. To date, 
the effect of Nesprin-1 deficiency on DNA repair mechanisms 
has not been addressed. Lei et al. reported a reduction of γH2AX 
and phosphorylated Chk1 in Sun1-/-Sun2-/- mouse embryonic 
fibroblasts and proposed an impairment of specific pathways.53 
Our results indicated elevated levels of γH2AX, phosphorylated 
Chk1 and Chk2 in Nesprin-1 KD-HF, Hep3B, and Huh7 
cells pointing toward overactive pathways which can cause 
chromosomal instability. An integration of Nesprin-1 into the 
DDR and MMR pathways is further supported by its interaction 
with components of these pathways in pull down assays. 
Furthermore, bioinformatic analysis by Mascia and Karchin led 
to the proposal of an interaction network around Nesprin-1 that 
contains MSH2 and MSH6.20 We identified both proteins in 

Figure 4 (See opposite page). Nesprin-1 interacts with MMr proteins. (A) Interaction of Nesprin-1 with MSH2 and MSH6. HeLa cells were incubated 
with GST-Nesprin-1-286 and GST for control. Detection of the 105 kDa MSH2 and 163 kDa MSH6 in the pull down was with MSH2 and MSH6 specific 
antibodies, respectively (lower panels). Upper panel, Coomassie Blue staining of the gel. (B) COS-7 cells were transfected with GFP-Nesprin-1-286 (green) 
and stained with MSH2 (red) and MSH6 (red). Scale bar, 10 µm. (C) Interaction of GFP-Nesprin-1-286 with MSH2 and MSH6 in nuclear extract as revealed 
by coimmunoprecipitation. GFP- Nesprin-1-286 and GFP were detected with mabs specific for GFP. Subcellular fractionation (nuclear and cytoplasmic 
extract) was confirmed with Lamin B1 specific antibodies (lower panel). (D) Blot overlay showing that Nesprin-1–286 binds MSH2 and MSH6 directly. HF 
cell lysate containing membrane was overlaid with GST-Nesprin-1-286 (left panel). In the middle panel the membrane was probed with MSH2 specific 
antibodies, the right panel was probed with MSH6 specific antibodies to reveal the location of the proteins. The arrows on the left indicate the location 
of MSH2 and MSH6. (E) The membranes with immunoprecipitated GFP-Nesprin-1–286 and GFP were overlaid with GST-MSH2-1-138 (left panel) or GST 
for control (right panel). Binding was detected by subsequent incubations with anti-GST polyclonal antibodies. Blots were incubated with anti-GFP mab 
to reveal the location of GFP and GFP fusion protein (middle panel). The arrow points to GFP-aBD-Nesprin-1. GST reacted with ~55 and 70 kDa proteins. 
(F) Immunoblot analysis of DLD-1, Hep3B, Huh7, C-HF, and KD-HF cells for Nesprin-1 detected with anti-aBD-Nesprin-1, MSH2, and MHS6. Tubulin served 
as control. (G) Histograms representing fold changes of band intensities of MSH2 and MSH6. Band intensities were normalized relative to the loading 
control (tubulin). Data are the mean ± SD from three samples per group of three independent experiments (*P < 0.001, **P < 0.0001).
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pull down experiments using the ABD of Nesprin-1 assigning a role to Nesprin-1 isoforms in the MMR pathway that harbor this 
domain.

Figure 5. For figure legend, see page 185.
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The MMR network serves to maintain genome stability.54,55 
Its importance is highlighted by participating in a cell-cycle 
checkpoint control system by correcting DNA damage and 
promoting cell-cycle arrest or triggering apoptosis pathways.56 
Defects in MMR resulted in a greatly increased likelihood 
of developing certain types of tumors.57 Depending on the 
type of DNA damage, loss of MMR might result in increased 
mutagenesis, loss of cell-cycle control, and resistance to 
apoptosis.58 We speculate that Nesprin-1 could provide a platform 
(Fig. 8) for the association of DNA damage response proteins 
as well as contribute to the organization of the nuclear envelope 
to generate specific subcompartments where damaged DNA is 
sequestered and comes in contact with DNA repair proteins and 
can be repaired as described for yeast.59 Functional deficiency 
of the DDR and the MMR pathway leads to increased genomic 
instability. Based on an altered DDR network in Nesprin-1 
deficient cancer cells, adequate DDR inhibitors might provide 
promising methods for selective killing of cancerous cells and 
improve the efficiency of radiotherapy and chemotherapy. Thus, 
during therapy, cancer cells can be killed by DDR inhibitors 
whereas the surrounding healthy cells can be saved due to their 
diminished DDR levels. These results can open many doors for 
the development of DDR inhibitors in therapy.

Loss of Nesprin-1 triggers an altered cell fate which could 
lead to tumorigenesis. This could be achieved by altered gene 
expression, altered genome stability and an altered nuclear 
structure. Our report highlights changes in nuclear morphology, 
centrosome positioning, nuclear membrane structure, and DNA 
damage responses upon loss of Nesprin-1. Careful evaluation of 
Nesprin-1 levels may therefore provide novel approaches for early 
disease diagnosis, intervention, and treatment.

Materials and Methods

Cell culture and transfections
CMT93 (mouse rectum carcinoma), CT26 (murine colorectal 

carcinoma), WIDR (human colorectal carcinoma), CH310T1/2 
cells (embryonic mouse mesenchymal stem cell line), C2F3 
(mouse myoblast), HaCaT (human keratinocyte), HeLa (human 
cervical carcinoma), Hep3B (human hepatocellular carcinoma), 
and Huh7 (human hepatocellular carcinoma), DLD-1 (human 
colorectal carcinoma) cell lines (listed in Table S1) were grown 
in high glucose Dulbecco’s Modified Eagle Medium (DMEM, 
Sigma) supplemented with 10% FBS, 2 mM glutamine, and 
1% penicillin-streptomycin. Primary human dermal fibroblasts 

(HFs) were isolated from foreskin and cultured in high glucose 
DMEM. The immortalized liver cell line THLE-2 (kindly 
provided by Dr Reena Buurman, Institute of Cell and Molecular 
Pathology, Hannover Medical School) were cultured as described 
previously using the BEGM Bullet Kit (Lonza).60 All cells were 
grown in a humidified atmosphere containing 5% CO

2
.

Nesprin-1 knock down in HF and CH310T1/2 cells was 
obtained by plasmid-based shRNA. Oligonucleotides were 
cloned into pSHAG-1 vector using BseRI and BamHI restriction 
sites.61 To knockdown Nesprin-1 in HF cells, two sets of primers 
were designed by taking 31 nucleotides from each of exon 6 
(5′-GGATGAAGCG AATCCATGCT GTGGCTAACA 
T-3′) and 143 (5′-GAAGGAGGTC AGTCGTCATA 
TCAAGGAACT G-3′) of human SYNE1. For Nesprin-1 knock 
down in CH310T1/2 cells, two sets of primers were designed 
by taking 31 nucleotides each from exon 5 (5′-GGCTAACATT 
GGCACCGCAC TCAAATTCCT T-3′) and 32 
(5′-AGAAGTGGCA GCAGTTTAAT TCTGACCTCA A-3′) 
of murine SYNE1. The procedure described in (http://hannonlab.
cshl.edu/protocols/BseRI-BamHI_Strategy.pdf) was used for 
primer design. With these shRNAs the N- and C-terminal regions 
of human and mouse Nesprin-1, respectively, were targeted and 
should lead to a loss of most Nesprin-1 isoforms. To knock down 
Nesprin-1, CH310T1/2 cells were transfected twice at intervals 
of 4 d using the Amaxa Nucleofector kit V solution (Lonza). For 
HF cells, Lipofectamine 2000 transfection reagent (Invitrogen) 
was utilized. Cells analyzed were designated untransfected cells, 
control knockdowns (C-KD), and knockdowns (KD).

Immunofluorescence
Nesprin-1 polyclonal antibodies (SpecII) and mAb K58–

398–2 directed against the C-terminus of human Nesprin-1, 
affinity-purified rabbit anti-Nesprin-1 ABD, and mAb K43-
322-2 directed against the N-terminus were used.22 pAbK1 
was used to detected Nesprin-2.6 Immunofluorescence and 
western blotting were done as described.23 Antibodies used were 
specific for Emerin (4G5, Abcam), LAP-2 (BD Transduction 
Laboratories), Lamin B1 (Abcam), Lamin A/C (StCruz), SUN1 
(Abcam), SUN2 (Abcam), mAb414 recognizing nuclear pore 
complex (NPC) proteins (Abcam), anti-phospho-Ser139 H2AX 
(Millipore), anti-phospho-Ser317 Chk1 (Cell Signaling), anti-
phospho-Ser345 Chk1 (Cell Signaling), anti-phospho-Thr68 
Chk2 (Cell Signaling), Ku70, MSH2, MSH6 (all Abcam), and 
appropriate secondary antibodies conjugated to Alexa 488/568 
(Invitrogen). Imaging was done by confocal laser scanning 
microscopy (Leica TCS-SP5). Images were processed using 
TCS-SP5 software.

Figure 5 (See opposite page). effect of Nesprin-1 knock down on MSH2 and MSH6. (A) Nesprin-1 was detected with K43-322-2 (green) or pab SpecII 
(green). MSH2 (red), MSH6 (red), and DaPI (blue). arrow head indicates the KD-HF cell. Scale bars, 10 µm. (B) Quantification of the percentage of cells 
presenting >20 MSH6 foci for C-HF (red bar) or KD-HF (pink bar). error bars represent standard deviations (*P < 0.0001). (C) MSH2, MSH6 and Nesprin-1 
transcript levels in C-HF, KD-HF, C-HeLa, and KD-HeLa as determined by qrT-PCr. Significant downregulation of MSH2 and MSH6 was detected in KD-HF 
and KD-HeLa cells compared with C-HF and C-HeLa cells (*P < 0.05, **P < 0.0001). For normalization, GaPDH was used. (D) KD-HF cells were arrested at 
G1, S, G2/M as indicated. Immunofluorescence was performed to determine nuclear distribution of K43-322-2 (green) and its colocalization with MSH2 
(red). (E) Immunofluorescence analysis showing colocalization of MSH6 with Nesprin-1 in C-HF cells. Nesprin-1 (Spec II) and MSH6 localization for C-HF 
cells in G1, S or G2/M phase. The colocalization is increased in S phase. Scale bars, 10 µm. (F) Toxic effect of etoposide to C-HF, KD-HF, and DLD-1 cells. 
Histograms represent the mean IC50 values ± SD determined after 5 d of culturing with continuous exposure to etoposide (*P < 0.001).
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Figure 6. For figure legend, see page 187.
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Western blotting, pulldown experiments, 
immunoprecipitation, and blot overlay

Proteins were separated by SDS PAGE and transferred 
to nitrocellulose membranes for subsequent probing with 
antibodies. For detection of the Nesprin Giant proteins with 
molecular masses above 800 000 we separated the proteins 
by gradient SDS PAGE (2–10% acrylamide) and performed 

the transfer in blotting buffer containing (48 mM Tris-HCl,  
39 mM glycine, pH 8.3) for 24–72 h as described.22

To identify interaction partners of Nesprin-1, GST-
Nesprin-1-286 encompassing the ABD of mouse Nesprin-1 
was used for pull down experiments.22 For pull down assays 
C2F3 cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.5,  
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM 

Figure 6 (See opposite page) Nesprin-1 is required for an efficient NHeJ. (A, B, C) Loss of Nesprin-1 leads to increased γH2aX staining. Nesprin-1 (pab 
SpecII, green) and γH2aX (red) staining of THLe-2, Hep3B, Huh7, C-HF, and Nesprin-1 KD-HF cells before (A), after HU (B), and after UV treatment (C). 
arrow head indicates KD-HF cells after UV treatment. Scale bars, 10 µm. (D) Quantification of the percentage of cells presenting > 5 γH2aX-labeled foci 
before (white bar), after (gray bar) HU, after (black bar) UV, after (red bar) etoposide treatment. Graphs show results from at least three independent 
experiments. error bars represent standard deviations (*P < 0.001, **P < 0.0001). (E, F) Immunofluorescence analysis of Ku70 in THLe-2, Hep3B, Huh7, 
C-HF, and KD-HF cells before (E) and after HU and UV (F) treatment. pab SpecII (green), Ku70 (red), and DaPI (blue). Bottom panels, arrow heads point 
to Nesprin-1 KD-HF cells. Scale bars, 10 µm.
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DTT, 1 mM benzamidine, and 1 mM PMSF). For preclearing, 
lysates were incubated with glutathione sepharose beads for one 
hour at 4 °C followed by incubation with GST-Nesprin-1-286- 
and GST-bound beads for control. Beads were washed three 
times with PBS (500 g, 4 °C, 1 min) and boiled in SDS sample 
buffer (95 °C, 5 min). Samples were separated using 12% SDS 
polyacrylamide gels and stained with Coomassie brilliant blue R. 
Protein bands of interest were cut out and subjected to LCMS 
analysis.

For immunoprecipitation, COS7 cells were transfected with 
GFP-Nesprin-1–286. The cells were immediately suspended in  

1 ml hypotonic buffer (10 mM HEPES, pH 7.9, 1.5 mM MgCl
2
, 

and 10 mM KCl, PIC (proteinase inhibitor cocktail, Sigma) 
followed by centrifugation (1000 rpm, 20 s, 4 °C). Pellets were 
again resuspended in 1 ml hypotonic buffer. Cell suspensions 
were lysed through a needle (0.4 mm) for 10 times and incubated 
on ice for 10 min. Nuclear and cytoplasmic fractions were 
separated by centrifugation (1000 rpm, 10 min, 4 °C). Pellets 
(nuclear fraction) were washed with 1 ml PBS (1000 rpm,  
6 × 10 min, 4 °C). Finally nuclear fractions were pre-cleared with 
Protein-A-Sepharose CL-4B (Pharmacia Biotech) for 2 h at 4 °C. 
The samples were incubated for 2 h at 4 °C with GFP-TRAP 

Figure 7. Nesprin-1 is involved in the DNa Damage response network. (A) western blot analysis for determination of levels of γH2aX (Ser319), CHK1 
(Ser345), CHK1 (Ser317), CHK2 (Thr68), and Ku70 before and after HU treatment. Tubulin was used for loading control. (B-F) Histograms representing fold 
changes of band intensities of H2aX (Ser319), CHK1 (Ser345), and CHK1 (Ser317), CHK2 (Thr68), and Ku70 before (white bar) or after (black bar) HU treat-
ment (compare Fig. 7A). Data are the mean ± SD from three samples per group of three independent experiments (*P < 0.0001).
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beads (ChromoTek). Immunocomplexes were washed three times 
with PBS supplemented with protease inhibitors. The samples 
from pull down and immunoprecipitations were boiled in SDS 
sample buffer (95 °C, 5 min) and analyzed by western blot.

The blot overlay was performed according to a published 
procedure with slight modifications.62 The samples from 
immunoprecipitations of GFP-Nesprin-1-286 and GFP were 
separated by SDS/PAGE and transferred to nitrocellulose 
membranes. Membranes were blocked with 10 mM Tris-HCl, 
pH 7.0, 150 mM NaCl, 0.1% (v/v) Tween-20, 0.1% (v/v) NP40, 
and the blot was rinsed with PBS, 0.1% (v/v) Tween-20 and 
further incubated with either 5 μg/ml GST or GST-MSH2-1-138 
protein (diluted in PBS, 0.1% Tween-20) 1 h at 4 °C. Binding of 
GST-MSH2–1-138 was detected by incubation with anti-GST 
antibody (Amersham Biosciences) and rabbit anti-goat IgG Ab 
conjugated to horseradish peroxidase (Sigma), followed by the 
ECL western blotting detection solution. To obtain recombinant 
MSH2 polypeptides, we subcloned individual domains for 

expression as GST-fusion proteins. The N-terminal sequences 
reacted with the ABD of Nesprin-1.

Miscellaneous methods
RNA isolation, cDNA generation, subcellular fractionation 

and quantitative RT-PCR analysis were done as described.23 
Primer sequences designed for RT-PCR analysis for Nesprin-1, 
MSH2, and MSH6 cDNA amplification are listed in Table S2. 
Cell synchronization was performed according to Li et al.35 
FACS cell sorting was performed at the central facilities of the 
CMMC.

The cell sensitivity of C-HF, KD-HF, and DLD-1 cells 
to Etoposide was tested by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay as 
described previously.36 Briefly, C-HF, KD-HF, and DLD-1 
cells were treated with different concentrations of the Etoposide 
ranging from 10-8 M to 10-4 M for 5 d. On day 5, 10 μl MTT  
(5 mg/ml, Sigma) was added to each well and cells were incubated 
for an additional 4 h at 37 °C. The (IC

50
) value was determined 

Figure 8. Model illustrating Nesprin-1 and MMr interaction. The Nesprin-1 interaction with MSH2 and MSH6 (MutSα complex) is a constitutive cellular 
event required for proper DNa repair. Therefore, a defect in this interaction chain leads to genome instability.
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