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Maintaining physical connections between the nucleus and
the cytoskeleton is important for many cellular processes that
require coordinated movement and positioning of the nucleus.
Nucleo-cytoskeletal coupling is also necessary to transmit extra-
cellular mechanical stimuli across the cytoskeleton to the
nucleus, where they may initiate mechanotransduction events.
The LINC (Linker of Nucleoskeleton and Cytoskeleton) com-
plex, formed by the interaction of nesprins and SUN proteins at
the nuclear envelope, can bind to nuclear and cytoskeletal ele-
ments; however, its functional importance in transmitting intra-
cellular forces has never been directly tested. This question is
particularly relevant since recent findings have linked nesprin
mutations to muscular dystrophy and dilated cardiomyopathy.
Using biophysical assays to assess intracellular force transmis-
sion and associated cellular functions, we identified the LINC
complex as a critical component for nucleo-cytoskeletal force
transmission. Disruption of the LINC complex caused impaired
propagation of intracellular forces and disturbed organization
of the perinuclear actin and intermediate filament networks.
Although mechanically induced activation of mechanosensitive
genes was normal (suggesting that nuclear deformation is not
required for mechanotransduction signaling) cells exhibited
other severe functional defects after LINC complex disruption;
nuclear positioning and cell polarization were impaired in
migrating cells and in cells plated on micropatterned substrates,
and cell migration speed and persistence time were significantly
reduced. Taken together, our findings suggest that the LINC
complex is critical for nucleo-cytoskeletal force transmission
and that LINC complex disruption can result in defects in cellu-
lar structure and function that may contribute to the develop-
ment of muscular dystrophies and cardiomyopathies.

A stable connection between the nucleus and cytoskeleton is
required for a wide range of physiological functions such as cell
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migration or nuclear positioning. Two recently discovered
major molecular components involved in nucleo-cytoskeletal
coupling are nesprin and SUN proteins, nuclear envelope trans-
membrane protein families that form a bridge across the
nuclear envelope. SUN1 and SUN2 are retained at the inner
nuclear membrane by their interaction with lamins, nuclear
pore complex proteins, and the nuclear interior, whereas their
conserved C-terminal SUN domain extends into the perinu-
clear space (1-3). Here, they interact with the highly conserved
C-terminal KASH domain of nesprins located at the nuclear
envelope. Four nesprin genes have been identified to date,
many of them containing diverse isoforms as a result of alter-
nate initiation and splicing sites. The largest isoforms of
nesprins-1 and -2 contain an N-terminal actin-binding domain,
enabling them to interact with cytoplasmic actin filaments (4,
5). Through spectrin-repeat-mediated interactions with kine-
sin and/or dynein subunits, nesprins-1 and -2 can also connect
to microtubules (6 —8). Nesprin-3 can bind to intermediate fil-
aments via plectin (6), and nesprin-4, which is only expressed in
secretory epithelial cells, is a kinesin-binding protein that con-
nects the nucleus to microtubules (7). Thus, SUN proteins and
nesprins can form a physical connection between the nuclear
interior and the cytoskeleton that is referred to as the LINC?
complex (Linker of Nucleoskeleton and Cytoskeleton)(1).
Previous studies suggest that the LINC complex could be
well suited to transmit forces between the nucleus and the cyto-
skeleton; however, it remains to be determined if the interac-
tion between SUN and nesprin proteins is essential for intracel-
lular force transmission in mammalian cells or if other nuclear
envelope proteins are sufficient to carry out this function. This
question is particularly relevant in light of recent reports that
nesprin mutations can give rise to a variety of diseases, includ-
ing Emery-Dreifuss muscular dystrophy and some forms of
dilated cardiomyopathy (7, 8). In addition, it is now well estab-
lished that defects in intracellular force transmission, for exam-
ple by mutations in the genes encoding dystrophin (10, 11),
desmin (9), or myosin heavy chain (16) can cause muscular
dystrophy and dilated cardiomyopathy. Therefore, we decided
to explore whether LINC complex disruption by functional loss
of nesprins (or SUN proteins) could also result in disturbed

2 The abbreviations used are: LINC, linker of nucleoskeleton and cytoskeleton
complex; MEF, mouse embryonic fibroblasts; DN, dominant negative; ER,
endoplasmic reticulum.
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intracellular force transmission and modulate critical cellular
functions. We applied custom-developed biophysical assays to
assess intracellular force transmission and related cellular func-
tions in cells after disruption of the LINC complex by dominant
negative nesprin and SUN protein constructs. LINC complex
disruption resulted in defects in cell polarization and migration,
disturbed cytoskeletal organization, and impaired force trans-
mission between the cytoskeleton and the nuclear interior. Our
data provide direct evidence for a critical role of the LINC com-
plex in nucleo-cytoskeletal force transmission and suggest that
mutations that disrupt the LINC complex could have severe
effects on intracellular force transmission and cytoskeleton-
mediated cellular functions, thereby contributing to the devel-
opment of muscular dystrophy and dilated cardiomyopathy.

EXPERIMENTAL PROCEDURES

Cell Culture—Immortalized mouse embryonic fibroblasts
(MEFs) were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM,; Invitrogen), high glucose (Invitrogen) supplemented
with 10% fetal bovine serum (Aleken Biologicals), and 5% pen-
icillin/streptomycin (Sigma); primary human skin fibroblasts
(HGO090; Progeria Research Foundation) were grown in Eagle’s
Minimal Essential Medium (Lonza) supplemented with 15%
fetal bovine serum (Aleken Biologicals), 5% penicillin/strepto-
mycin (Sigma), and 5% L-glutamine (Invitrogen).

Dominant Negative Nesprin KASH (DN KASH) Plasmid Con-
struction and Transduction—To generate DN KASH fluores-
cently labeled with an N-terminal mCherry domain, mCherry
was amplified from pCDH-EF1-MCS1-puro-mCherry (kindly
provided by Dr. P. Patwari (10)) by PCR (see supplemental data
for primer sequences) and then subsequently subcloned into
pcDNA4/His-Max vector (Invitrogen) to create mCherry-
pcDNA4/His-Max. The KASH domain from GFP-mouse
nesprin-la (11) was amplified by PCR (see supplemental data
for primer sequences) and inserted downstream of the
mCherry sequence into the mCherry- pcDNA4/His-Max plas-
mid. mCherry-Nesprin-1aKASH was subcloned from
pcDNA4/His-Max mCherry-Nesprin-1aKASH, into pCDH-
EF1-MCS1-puro vector (System Biosciences) to create pCDH-
EF1-MCS1-puro-mCherry-Nesprin-1aKASH. The resulting
plasmid is referred to as DN KASH in this work. As a mock
control (mCherry alone), pCDH-EF1-MCS1-puro-mCherry
was used and is referred to as mCherry control in this manu-
script. As an additional control, EGFP-nesprin-2aext was used.
This construct, based on wild-type nesprin-2«, has a modified
KASH domain containing additional C-terminal amino acids
from the expression vector. It correctly localizes to the nuclear
envelope and endoplasmic reticulum but cannot interact with
SUN proteins in the perinuclear space (12). We also performed
experiments with a modified form of nesprin-2 giant (which is
too large for ectopic expression), referred to as mini-nesprin-
2G. This GFP-tagged chimeric construct, kindly provided by
Dr. Gundersen’s laboratory (13), consists of the N-terminal
actin-binding domain with two adjacent spectrin repeats fused
to the C-terminal KASH domain with two spectrin repeats pre-
ceding it, and was recently shown to rescue nuclear positioning
in nesprin-depleted cells (14).
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The DN KASH construct was overexpressed in MEFs and
HGO090 primary human skin fibroblasts by transduction with a
vector based on replication-deficient human immunodefi-
ciency virus. Lentiviral particles were produced by cotransfect-
ing the DN KASH or mCherry control plasmids with packaging
gag-pol and VSVG-envelope plasmids 2.5:1:1 ratio into 293TN
cells (ATCC) using Lipofectin transfection reagent (Invitro-
gen). Virus-containing medium was collected 2-7 days after
transfection, spun at 3,000 rpm for 10 min, 0.45-um filtered,
and applied to ~1 X 10° cells plated the previous day. Cells
were transduced with the virus every 10 h, for 30 h to increase
the percentage of gene-modified cells. Experiments were per-
formed on cells identified by mCherry expression. Nesprin-
2aext and mini-nesprin-2G were transiently transfected into
MEFs using Lipofectamine PLUS (Invitrogen), following the
manufacturer’s instructions.

Dominant Negative SUN1 Luminal Domain (DN SUN1L) Plasmid
Construction and Transfection—The 5'-end of SS-HA-Sun1L-KDEL
was amplified from pcDNA3.1SS-HA-Sun1L-KDEL (1) by PCR (see
supplemental data for primer sequences). The SS-HA-SunlL-
KDEL sequence was ligated into the pPCDH-CMV-MCS-EF1-
copGFP-T2A-puro vector (System Biosciences). The resulting
plasmid was pCDH-CMV-MCS-EF1-copGFP-T2A-puroSS-
HA-SunlL-KDEL and is referred to as DN SUN1L throughout
this work. As a mock control (GFP alone), pCDH-CMV-MCS-
EF1-copGFP-T2A-puro was used. As an additional control, we
used GFP modified with the SS-KDEL sequence (SS-GFP-
KDEL) to recruit the protein to the perinuclear space and endo-
plasmic reticulum, just as in the DN SUNIL construct.
Lastly, we used the expression of GFP-tagged wild-type
SUNTI to assess the effect of increased SUN1 expression on
nucleo-cytoskeletal coupling. Because stable expression of
DN SUNIL for more than a week appeared cytotoxic, result-
ing in a selection bias toward cells with very low expression
levels, we transiently transfected the plasmid into cells using
Mirus TransIT-LT1 Transfection reagent MIR 2300 (Mirus Bio
Corp.) according to the manufacturer’s instructions and con-
ducted experiments 72 h after transfection. At this time point,
all cells were viable and proliferated normally. SS-GFP-KDEL
and GFP-tagged wild-type SUN1 were transiently transfected
into MEFs using Mirus TransIT-LT1 Transfection reagent MIR
2300 (Mirus Bio Corp.) and Lipofectamine PLUS (Invitrogen),
respectively, following the manufacturer’s instructions.

Immunofluorescence Analysis—Cells were grown on glass
coverslides coated with 0.5 pg/ml fibronectin (Millipore) and
fixed in 4% paraformaldehyde/phosphate-buffered saline for 10
min, followed by permeabilization for 10 min with 0.1% Triton
X-100 in phosphate-buffered saline and then blocked with 5%
horse serum for 1 h. Cells were probed with primary rabbit
polyclonal antibody against nesprin-3 (kindly provided by Dr.
A. Sonnenberg, dilution 1:500), primary rabbit polyclonal anti-
body against nesprin-2G (kindly provided by Dr. D. Hodzic,
dilution 1:1000), primary rabbit polyclonal antibody vimentin
(kindly provided by Dr. T. Magin, dilution 1:500), primary
mouse monoclonal antibody B-tubulin (E7, Developmental
Studies Hybridoma Bank, dilution 1:400), and primary mouse
monoclonal antibody HA-tag (HA.11 Clone 16B12, Covance,
dilution 1:1000). Cells were stained with secondary antibodies
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conjugated to Alexa Fluor 488 or Alexa Fluor 568 (dilution 1:200)
or Alexa Fluor 488 phalloidin (dilution 1:50) and Hoechst 33342
nuclear stain (dilution 1:1000) (all Invitrogen). Fluorescence
images were acquired with 20X (0.4 N.A., Plan-Achromat, Olym-
pus) or 60X oil immersion (1.42 N.A., Plan-Achromat, Olympus)
objectives using an Olympus IX-70 microscope with a digital char-
ge-coupled device camera (CoolSNAP EZ, Roper Scientific) using
IPLab version 4.0 (Scanalytics) software. Images were analyzed by
an observer, blinded by treatment. Cytoskeletal structures were
scored as either normal or abnormal. For actin organization, the
presence of short actin fragments near the nucleus was considered
abnormal. For vimentin organization, a well-defined intermediate
filament cage surrounding the nucleus was considered normal
while the absence or disruption of the perinuclear cage-like net-
work was considered abnormal.

Microneedle Manipulation Experiments—Cells were grown
on 0.5 pg/ml fibronectin-coated glass dishes. Thirty minutes
prior to the experiments, cells were incubated with Mito-
Tracker Green or Red mitochondrial stain and Hoechst 33342
nuclear stain (both Invitrogen), washed and imaged in Hank’s
Buffered Salt Saline (Invitrogen). Microneedles with tip diam-
eters of 1 to 3 wm were pulled with a pipette puller (Sutter
Instrument Company). The microneedle, controlled by an
InjectMan NI 2 micromanipulator (Eppendorf), was carefully
inserted into the cell 5 wm away from the nuclear periphery and
moved 10 um toward the cell periphery at 1 um/second while
collecting fluorescence (Alexa Fluor 488 or 568 and 350) and
phase contrast images every 10 s with a 60X objective (0.70
N.A., Plan-Achromat, Olympus). Displacement maps were
computed by tracking fluorescently labeled features of the
nucleus and cytoplasm using custom-written MATLAB (Math-
Works) algorithms (see “Generation of Displacement Maps
and Deformation Measurements” below). Induced nuclear
strain was computed by measuring nuclear elongation before
and during strain application. To validate fluorescently labeled
mitochondria as valid fiducial markers for cytoskeletal dis-
placements, we also conducted experiments on cells transiently
expressing GFP- or mCherry-actin (kindly provided by Dr. F.
Gertler) and GFP-vimentin (kindly provided by Dr. R. Gold-
man) and double labeled with MitoTracker Red or Green
(Invitrogen) and then correlated the measured displacements.

Generation of Displacement Maps and Deformation Mea-
surements—For the microneedle manipulation experiments, dis-
placement maps of nuclear and cytoskeletal deformations were
computed using previously developed MATLAB algorithms (15).
The approach is based on normalized cross-correlation between
small image regions (~10 um X 10 wm in size and spaced 5 um) in
subsequent image frames, which identifies corresponding regions
within a larger search area in the two frames. For each region cen-
ter, the displacement is then computed as the shift between the
original location and the newly identified position. Regions with
low image intensity or insufficient texture (e.g. regions outside the
cell) are excluded from the analysis. A median filter was used to
eliminate spurious results that can occur from incorrect matches.
Subsequently, for each cell, average displacements within pre-
defined regions corresponding to the strain application site, a
region of the nucleus toward the strain application site, a nuclear
region away from the application site, and a cytoplasmic region
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across the nucleus (see Fig. 34, inset) were computed from the
displacement maps.

Nuclear Strain Experiments—Uniaxial strain experiments
were carried out as described previously (16). Briefly, cells were
plated on fibronectin-coated silicone membranes in phenol red
free DMEM, high glucose (Invitrogen) supplemented with 10%
fetal bovine serum. Prior to the strain experiments, the cells
were incubated with Hoechst 33342 nuclear stain in phenol red
free DMEM for 15 min. Membranes were placed on a custom-
made strain device mounted on an Olympus IX-70 microscope,
with a 60X objective (0.70 N.A., Plan-Achromat, Olympus).
Induced nuclear deformations are analyzed by tracking fluores-
cently labeled nuclei before, during, and after strain application
and normalized to membrane strain to compensate for small
variations in the applied membrane strain (~20%) by using cus-
tom written image analysis algorithms.

Strain-induced Expression of Mechanosensitive Gene
Experiments—Strain-induced expression of mechanosensitive
genes was carried out as described previously (17). Briefly, cells
were plated on fibronectin-coated silicone membranes. After
48 h of serum starvation, cells were subjected to bi-axial cyclic
strain (5% at 1 Hz) for 30 min as previously described (17, 18).
Chemical stimulation with PMA (200 ng/ml in DMEM for 30
min, Sigma) served as a positive control. RNA from strained
and unstrained control cells was isolated using RNeasy Minikit
(Qiagen). Gene expression was then quantified by real-time
PCR using probes for mechanosensitive genes Egr-1, lex-1,
Pai-I, Tenascin C, Talin, and Vinculin (see supplemental data
for primer sequences). Expression was normalized to an endog-
enous control, TATA binding protein (see supplemental data
for primer sequence) and compared with unstrained controls
and strained mCherry controls using the AAC, method.

In Vitro Scratch Assay—A wound was created in serum-
starved confluent cell monolayers using a 200 ul-micropipette
tip. Subsequently, serum-free medium was replaced with
medium containing 3% fetal bovine serum and phase contrast
images were acquired at 0 and 3 h post-wound with a 4X objec-
tive (0.13 N.A., Plan-Achromat, Olympus). The open wound
area was calculated by manually tracing the edge of the wound.
Only wounds with an initial width between 53-58 um were
analyzed. For the cell polarization studies, cells were fixed 0 or
3 h post-wounding and probed with primary mouse monoclo-
nal y-tubulin (Clone GTU-88, Sigma-Aldrich, 2 ug/ml) and
secondary antibody conjugated to Alexa Fluor 488 (dilution
1:200) and Hoechst 33342 nuclear stain (dilution 1:1000) to
assess centrosome orientation relative to the nucleus and the
wound edge as described previously (19). Cells were imaged
with a 40X objective (1.15 N.A., Plan-Achromat, Olympus) as
described for the wound healing experiment.

Cell Polarization Assay on Micropatterned Substrates—Cells
were plated on fibronectin-coated micropatterned surfaces
with crossbow-shaped cell-adhesive areas (CYTOO) according
to the manufacturer’s instructions. Cells were fixed with 4%
paraformaldehyde/phosphate-buffered saline for 15 min, 12 h
after plating. Cells were probed with primary mouse monoclo-
nal y-tubulin (Clone GTU-88, Sigma-Aldrich, 2 ug/ml) and
secondary antibody conjugated to Alexa Fluor 488 (dilution
1:200) and Hoechst 33342 nuclear stain (dilution 1:1000). Cell
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FIGURE 1. Dominant negative nesprin and SUN constructs displace endogenous nesprins from the nuclear envelope. A and B, immunofluorescence
images of MEFs stably expressing DN KASH (A) or mCherry (B). Cells were stained for nesprin-3 (second panel) and DNA (Hoechst 33342, third panel). Cand D,
immunofluorescence images of MEFs transiently expressing DN SUNTL (C) or GFP alone (D). Cells were stained for nesprin-3 (second panel) and DNA (third
panel). Localization of DN SUN1L to the nuclear envelope and endoplasmic reticulum is shown in supplemental Fig. S1. Scale bars, 10 um. E, scheme of LINC
complexdisruption by DN KASH and the displacement of endogenous nesprins from the nuclear envelope to the ER. INM, inner nuclear membrane; ONM, outer
nuclear membrane. F and G, percentage of cells with normal nuclear envelope (NE) localization of endogenous nesprin-3 in DN KASH (F) and DN SUNTL
(G)-expressing cells. More than 100 cells were analyzed for each sample; data are represented as mean = S.E.; *, p < 0.05.

polarization was evaluated as described previously (19). Cells
were imaged with 20X (0.40 N.A., Plan-Achromat, Olympus)
or 40X (1.15 N.A., Plan-Achromat, Olympus) objectives.

Single Cell Migration Assay—Cells were plated on 0.5 pg/ml
fibronectin-coated glass dishes and allowed to adhere for 4 h in
phenol red-free DMEM supplemented with 10% fetal bovine
serum. Subsequently, cells maintained on a temperature (37 °C)
controlled stage were imaged every 5 min for 6 h with a 20X
objective (0.40 N.A., Plan-Achromat, Olympus). Cell speed and
persistence were analyzed from traces of the cell nucleus as
described previously (20).

Statistical Analysis—All experiments were performed at
least three independent times. All data are expressed as mean *
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S.E. Statistical analysis was performed with PRISM 4.0
(GraphPad Software Inc.). The data were analyzed by unpaired ¢
test (for comparison between two groups) or one-way ANOVA. A
two-tailed p value below 0.05 was considered significant.

RESULTS
LINC Complex Disruption Using Dominant Negative Nesprin

and SUN Constructs—To disrupt the interaction between
nesprins and SUN proteins at the nuclear envelope, we stably
introduced dominant negative nesprin constructs, containing
the C-terminal KASH domain fused to an amino-terminal
mCherry, into mouse embryonic fibroblasts (MEFs) and
human skin fibroblasts. Overexpression of the dominant nega-
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eton at a defined distance from the nucleus (A and C) and subsequently moved toward the cell periphery (B and D). Cytoskeletal and nuclear displacements
were quantified by tracking the fluorescently labeled nucleus and mitochondria using a custom-written cross-correlation algorithm. £, displacement map of
the final cytoskeletal (green) deformations computed from fluorescence image series; arrow length is magnified by 2 X for better visibility. Scale bars, 10 um.
Fand G, to validate that mitochondria was a suitable cytoskeletal marker, microneedle manipulation was conducted on MEFs transfected with GFP- or mCherry
actin (F) and GFP-vimentin (G) and fluorescently labeled with Mitotracker Green or Red. Cytoskeletal displacement maps were calculated independently from
the fluorescent signal of the mitochondria and the actin (F) or vimentin (G) cytoskeleton. The average absolute displacement was computed for four distinct
cytoskeletal regions at increasing distances away from the strain application site. The slope and R-squared values were computed from the linear regression
between the measurements obtained from mitochondria and from actin (F) or vimentin (G), respectively. For actin, the slope was 0.99 and the R? value was
0.986; for vimentin, the slope was 1.04 and the R? value was 0.971, confirming that mitochondrial displacements serve as reliable indicators for cytoskeletal

deformations. See supplemental Movie S1.

tive KASH domain (DN KASH) saturates available binding sites
at the nuclear envelope by promiscuously binding to endoge-
nous SUN proteins (12), resulting in the displacement of
endogenous nesprins from the nuclear envelope into the endo-
plasmic reticulum (ER) (Fig. 1, A, B, E). In a parallel approach,
we disrupted the LINC complex by introducing a dominant
negative SUN1 luminal domain construct (DN SUNI1L) tar-
geted to the perinuclear space, co-expressed with GFP and con-
taining a HA tag, into MEFs (Fig. 1, C and D, S1). Overexpres-
sion of the DN SUNI1L saturates the nesprin KASH domains in
the luminal space and prevents binding to endogenous SUN
proteins at the inner nuclear membrane (1, 7), causing nesprins
to mislocalize from the nuclear envelope to the ER (Fig. 1, Cand
D). Analysis of intracellular localization of nesprins-2 and -3
confirmed that expression of DN KASH and DN SUNIL
resulted in the displacement of endogenous nesprins from the
nuclear envelope to the ER (Fig. 1, Fand G).

The LINC Complex Is Essential for Intracellular Force
Transmission—To determine whether LINC complex disrup-
tion affects intracellular force transmission between the
nucleus and cytoskeleton, we developed a microneedle manip-
ulation assay that applies precisely controlled cytoskeletal
strain at a defined distance from the nucleus with a computer-
controlled microneedle while simultaneously imaging induced
nuclear and cytoskeletal deformations across the cell (Fig. 2, A
and B and supplemental Movie S1), thereby advancing an ear-
lier approach pioneered by Maniotis et al. (21). Cytoskeletal
and nuclear displacements were measured by tracking fluores-
cently labeled mitochondria and plotted as displacement vector
maps (Fig. 2, C-E). Experiments on cells double-labeled with
Mitotracker Red or Green and GFP- or mCherry-actin and

JULY 29,2011 +VOLUME 286+NUMBER 30

GFP-vimentin confirmed that mitochondria can serve as reli-
able fiducial markers for deformations of the actin and vimen-
tin cytoskeleton (Fig. 2, F and G, respectively). Cytoskeletal and
nuclear displacements were quantified in selected areas at
increasing distances from the strain application site (Fig. 34,
areas corresponding to the colored boxes in inset). Despite
comparable cytoskeletal strain application at the microneedle
insertion site (orange box), induced nuclear and cytoskeletal
displacements (blue, yellow, and red boxes) at other regions
were significantly smaller in the DN KASH expressing MEFs
than in control cells expressing mCherry alone and in non-
modified cells (Fig. 34 and supplemental Movies S2 and S3),
indicating that the force transmission between the cytoskeleton
and nucleus was disturbed. Similar results to the mCherry
expressing MEFs were observed in control cells expressing a
modified version of nesprin-2« (i.e. nesprin-2aext) that cannot
bind to SUN proteins (Fig. 34)(12). Nesprin-2aext localizes to
the nuclear envelope and does not displace endogenous
nesprin-2 (supplemental Fig. S2). As expression of mCherry
alone and the nesprin-2aext construct produced nearly identi-
cal results in the microneedle manipulation assay (Fig. 34), sub-
sequent experiments were performed only on MEFs expressing
mCherry and DN KASH. In contrast to these control con-
structs, ectopic expression of mini-nesprin-2G, a chimeric pro-
tein consisting of the N-terminal actin-binding domain of
nesprin-2 giant and its C-terminal end with the KASH domain
(13), which localizes to the nuclear envelope and does not dis-
place endogenous nesprin-2 (supplemental Fig. S2), resulted in
significantly increased nuclear and cytoskeletal displacements
(Fig. 3A4). This observed gain-of-function suggests additional
anchoring between the mini-nesprin-2G and the cytoskeleton
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at the nuclear envelope and increased force transmission
between the cytoskeleton and nucleus, further supporting a
critical role of the LINC complex in nucleo-cytoskeletal cou-
pling. Experiments in a separate cell system, primary human
skin fibroblasts expressing mCherry and DN KASH, produced
almost identical results, again revealing markedly reduced
induced nuclear and cytoskeletal deformations in regions away
from the strain application site (Fig. 3B). To determine if the
observed defects in nucleo-cytoskeletal coupling are specific to
dominant negative nesprins, we analyzed intracellular force
transmission after disrupting the LINC complex with an alter-
native approach, i.e. expression of the dominant negative SUN1
luminal domain (DN SUN1L). Again, we found that disrupting
endogenous SUN-nesprin interactions at the nuclear envelope
caused significantly reduced nuclear and cytoskeletal deforma-
tions away from the strain application site (Fig. 3C), suggesting
that any LINC complex disruption results in disturbed intracel-
lular force transmission. Of note, ectopic expression of wild-
type SUN1, which localizes to the nuclear envelope and does
not displace endogenous nesprin-2 (supplemental Fig. S2),
resulted in increased nuclear and cytoskeletal displacements,
i.e. a gain-of-function (Fig. 3C), similar to the results observed
for cells expressing mini-nesprin-2G, again supporting a criti-
cal role of LINC complex proteins in intracellular force trans-
mission. Because expression of DN SUNI1L produced nearly
identical results in the microneedle manipulation assay as
expression of DN KASH cells, most subsequent experiments
were performed only on MEFs expressing DN KASH and
appropriate controls.

LINC Complex Disruption Reduces Nuclear Deformations in
Response to Cytoskeletal or Extracellular Strain Application—
To further validate the above results of impaired intracellular
force transmission, we applied two independent assays to
explore whether LINC complex disruption could alter induced
nuclear deformations, which result from cytoskeletal forces
acting on the nucleus. In the first assay, we measured induced
nuclear elongation during microneedle manipulation (Fig. 4A).
As predicted, LINC complex disruption by expression of DN
KASH dramatically decreased the induced nuclear strain,
defined as the ratio of the change in nuclear length to the initial
length (Fig. 4B). In the second approach, designed to mimic the
physiological deformations found in mechanically active tis-
sues such as muscle, we subjected cells cultured on fibronectin-
coated silicone membranes to uniaxial substrate strain and
quantified induced nuclear deformations (supplemental Mov-
ies S4 and S5). In this scenario, the cytoskeleton, anchored to
the membrane by focal adhesions, closely follows the deforma-
tions imposed by the substrate (22). Despite comparable
applied substrate strain, MEFs expressing DN KASH once

Nucleo-cytoskeletal Force Transmission

again had significantly decreased nuclear deformations com-
pared with control cells expressing mCherry alone (Fig. 4,
C-E), indicating impaired force transmission to the nucleus.
Taken together, these experiments suggest that the LINC
complex is essential for intracellular force transmission
between the cytoskeleton and the nucleus. Consequently,
disrupting the LINC complex causes a (partial) uncoupling
between the nucleus and cytoskeleton that results in decreased
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FIGURE 4. Strain-induced nuclear deformation is reduced in LINC-dis-
rupted cells. A, computation of nuclear strain induced by microneedle
manipulation as shown in B. Nuclear strain was calculated by dividing the
nuclear elongation (AL = L — L,) by the initial length (L,). L is the final length
of the nucleus at the end of strain application. B, DN KASH expressing MEFs
show a significant decrease in nuclear strain compared with mCherry alone
expressing cells. C-E, nuclear deformation in response to substrate strain
application. Overlay of representative pseudo-colored images of fluores-
cently labeled nuclei of MEFs expressing mCherry (C) or DN KASH (D) before
strain (red) and during 20% uniaxial substrate strain application (green).
Arrows indicate the nuclear elongation in strain direction; arrowheads indi-
cate the narrowing of the nucleus in the perpendicular direction (C). Inset,
detail of nuclear deformation. E, normalized nuclear strain revealed that MEFs
expressing DN KASH had a significant decrease in nuclear deformation. See
supplemental Movies S4 and S5. Scale bars, 5 um. For each sample, 15-20
cells were analyzed; data are represented as mean = S.E,; *, p < 0.05.

FIGURE 3. LINC complex disruption impairs intracellular force transmission. A-C, induced cytoskeletal and nuclear displacements during microneedle
manipulation, measured in the areas corresponding to the colored rectangles (inset in A). The orange rectangle is the strain application site. Despite similar strain
application in the cytoskeleton (orange box), induced nuclear and cytoskeletal displacements (blue, yellow, and red boxes) were significantly smaller in the DN
KASH expressing MEFs (A) and human skin fibroblasts (B) and DN SUN1L expressing MEFs (C), compared with non-modified cells and corresponding mCherry
or GFP controls. As additional controls, we included experiments with cells expressing nesprin-2a with a modified KASH domain (nesprin-2aext)(A) that cannot
bind to SUN proteins (12) and with cells expressing SS-GFP-KDEL that is targeted to the perinuclear space and endoplasmic reticulum, similar to the DN SUNL1
construct (C). We also performed experiments on cells ectopically expressing mini-nesprin-2G (A), which had been previously shown to rescue nuclear
movement in cells after nesprin-depletion (14), and in cells expressing wild-type SUNT (C). In both cases, we observed a marked gain-of-function. For each
sample, 15 to 20 cells were analyzed; data are represented as mean = S.E; *, p < 0.05. Asterisks shown are relative to corresponding mCherry or GFP controls.
Data for non-modified cells from (A) are replotted in (C) for reference. See supplemental Movies S2 and S3.
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Nucleo-cytoskeletal Force Transmission

nuclear displacement and deformation in response to cytoskel-
etal or extracellular strain application.

Cells Have Normal Activation of Mechanosensitive Genes
Despite Reduced Nuclear Deformation—Induced nuclear
deformations have often been proposed as a mechanism for
cells to sense their mechanical environment by transducing
mechanical deformation into biochemical signals that can acti-
vate adaptive cellular responses (23). Consequently, one could
speculate that disruption of nucleo-cytoskeletal connections
that cause a loss of mechanically induced nuclear deformations
(Fig. 4, C-E) should lead to reduced activation of mechanosen-
sitive genes. Nonetheless, cells expressing DN KASH subjected
to repetitive mechanical strain responded with the same
expression of the mechanosensitive genes Egr-1 and lex-1 as
control cells (supplemental Fig. S3). Similar results were
obtained for the strain-induced expression of a broad panel of
mechanosensitive genes, including Vinculin, Talin, Tenascin C,
and Pai-1 (data not shown), suggesting that at least for these
genes, nuclear deformation is not required for mechanically
induced expression and that the mechanotransduction path-
ways are initiated in the cytoskeleton, focal adhesions, or the
plasma membrane, which are subjected to the same deforma-
tions as in control cells.

LINC Complex Disruption Alters Perinuclear Cytoskeletal
Organization—Because nesprins can directly interact with
cytoskeletal elements, we hypothesized that LINC complex dis-
ruption may affect cytoskeletal structure and organization,
which in turn could contribute to the defective nucleo-cyto-
skeletal force transmission observed in our microneedle
manipulation assay and the cellular strain experiments. Immu-
nofluorescence analysis revealed that in DN KASH expressing
cells, actin stress fibers in the perinuclear area were discontin-
uous and fragmented (Fig. 5, 4, B, and E), while actin stress fiber
organization at the cell periphery was normal (Fig. 5, A and B).
Differences in microtubule organization between DN KASH
and mCherry alone expressing cells were not quite statistically
significant (p = 0.11; Fig. 5G and supplemental Fig. S4), but we
observed dramatic effects of DN KASH expression on interme-
diate filament organization. Whereas control cells displayed a
cage-like vimentin intermediate filament network around the
nucleus, MEFs expressing DN KASH had disrupted perinuclear
vimentin organization with a looser and more irregular net-
work surrounding the nucleus (Fig. 5, C, D, F). Similar defects
were observed in cells expressing DN SUNI1L (Fig. 5H), suggest-
ing that LINC complex disruption results in disturbed organi-
zation of the actin and intermediate filament networks. Impor-
tantly, these findings are reminiscent of lamin A/C-deficient
cells, which also display defects in perinuclear cytoskeletal
organization (23, 29-31). This parallel is particularly relevant
since mutations in lamins A and C, just as in nesprins, have been
linked to muscular dystrophy and dilated cardiomyopathy (24).

Disruption of the LINC Complex Causes Impaired Cell Polar-
ization and Migration—To test whether the disturbed cyto-
skeletal organization and impaired intracellular force transmis-
sion could affect cytoskeleton-mediated functions, we assessed
cell migration and polarization in cells after LINC complex dis-
ruption by DN KASH expression. DN KASH expressing cells
scored significantly lower in an in vitro scratch wound assay
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(Fig. 6, A and B). In wild-type fibroblasts, migration into the
wound is preceded by rearward nuclear movement and posi-
tioning of the centrosome toward the wound edge, resulting in
polarized cells (25). Consistent with this idea, cells at the wound
edge expressing mCherry alone had become polarized at 3 h
after wounding; in contrast cells expressing DN KASH
remained randomly oriented (Fig. 6C). To investigate whether a
similar mechanism could also contribute to polarization in sta-
tionary, non-migrating cells, we investigated nuclear position-
ing and centrosome orientation of cells plated on substrates
micropatterned with crossbow-shaped fibronectin-coated
areas that induce cell polarization in wild-type cells (26). While
control fibroblasts expressing mCherry polarized toward the
bowed front (Fig. 6D), cells expressing DN KASH failed to
polarize, indicated by a lack of rearward nuclear positioning
and random centrosome orientation (Fig. 6, D—F) suggesting
that the impaired nucleo-cytoskeletal coupling prevents rear-
ward nuclear movement required for cell polarization. To
investigate the consequences of impaired nuclear positioning
and cytoskeletal organization in more detail, we analyzed the
movement of single cells over a 6-h time course. DN KASH-
expressing cells had a dramatically reduced range of movement
(Fig. 6, G and H), caused by a combination of decreased migra-
tion speed (Fig. 6) and persistence time (Fig. 6/), indicating that
LINC complex disruption causes broad defects in cell
migration.

DISCUSSION

Using custom-developed biophysical assays, we demonstrate
that disruption of the LINC complex results in defects in
nuclear positioning and centrosome orientation, disturbed
perinuclear organization of the actin and vimentin cytoskele-
ton, impaired cell motility, and reduced propagation of intra-
cellular deformations in cells subjected to internal or external
mechanical stress. Our studies offer a mechanistic explanation
for these cellular defects by identifying the LINC complex as a
critical element for intracellular force transmission between
the cytoskeleton and the nucleus in cells, which is highly rele-
vant to nesprin-linked diseases that primarily affect mechani-
cally active tissues such as muscle.

The observed changes in cytoskeletal organization and cell
motility and polarization in cells with a disrupted LINC com-
plex are consistent with other studies that report defects in
nuclear positioning and centrosome orientation in a scratch
wound assay after knockdown of nesprin or SUN proteins or
expression of dominant negative LINC complex components
(14, 27-29). In migrating cells, the rearward nuclear movement
required for cell polarization is caused by retrograde flow of
actin cables from the leading edge that engage the nucleus
through nesprin-2/SUN2 complexes and drag it backwards
(14). Our studies now demonstrate that the role of the LINC
complex is not restricted to this specialized function during cell
migration; instead, the LINC complex is critically important for
intracellular force transmission between the cytoskeleton and
the nucleus in general, and that LINC complex disruption
causes defects in nuclear positioning, cytoskeletal organization,
and propagation of cellular and nuclear deformations in
response to cytoskeletal or extracellular strain application.
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FIGURE 5. LINC complex disruption alters cytoskeletal organization. A-D, immunofluorescence analysis of MEFs expressing DN KASH (A and C) and
mCherry control (Band D). Cells were stained for F-actin (A and B, second panel), vimentin (Cand D; second panel),and DNA (A-D, third panel). Last panel, close-up
of perinuclear area. Arrows indicate area with disturbed perinuclear vimentin network organization (C). Scale bar, 10 um. E-H, percentage of cells with normal
organization of the perinuclear actin (E), vimentin (F, H), or microtubule (G) network in MEFs expressing DN KASH (E-G) or DN SUN1L (H). More than 100 cells
were analyzed for each sample; data are represented as mean = S.E.; ¥, p < 0.05. See also supplemental Fig. S4.

Induced nuclear deformations have long been thought to
contribute to the activation of mechanosensitive genes, for
example by causing conformational changes in chromatin
structure and organization that could modulate transcription
factor binding or transcriptional processes (23). Somewhat sur-
prisingly, our results show that expression of a select panel of
mechanosensitive genes is normal in cells with a disrupted
LINC complex, despite their markedly reduced nuclear defor-
mation (Fig. 4, D and E). Whereas we cannot exclude the pos-
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sibility that other mechanosensitive genes are sensitive to LINC
complex disruption, our findings suggest that the expression of
many classic mechanosensitive genes, such as Egr-1 (30) or
Iex-1 (31), is activated by signaling pathways initiated in the
cytoskeleton, at the plasma membrane, or at focal adhesions
(24, 29). Nonetheless, disturbed nuclear and/or cytoskeletal
organization resulting from LINC complex disruption could
have indirect effects on transcriptional regulation. For example,
C2C12 cells expressing dominant negative nesprin and SUN
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D-F, cell polarization after culture on micropatterned substrates. D, first panel, red signal, revealing fluorescently labeled fibronectin-coated crossbow pattern
and mCherry constructs. Second panel, centrosome labeled by y-tubulin staining. Third panel, DNA stain. Last panel, merged image; arrows indicate centrosome
position. Scale bar, 5 um. E, percentage of cells with correct polarization. Cells were scored as polarized when the centrosome was located in the forward facing
sector (inset, green segment); n = 33 for mCherry and n = 32 for DN KASH. F, average distance of nucleus (Nuc) and centrosome (Cen) from the crossbow pattern
center. Control cells display rearward nuclear position and central centrosome position (14); n = 33 for mCherry and n = 32 for DN KASH. G—J, single cell
migration analysis of MEFs expressing DN KASH or mCherry. G and H, Rose plots, showing the total distance traveled and the directionality of movement for five
representative cells for each cell type during a 6-h period. Average cell speed (/) and persistence time (J) were computed from individual cell traces; n = 138 for

mCherry and n = 136 for DN KASH. For each experiment, data are represented as mean = S.E.; *, p < 0.05.

protein constructs have enhanced activation of NF-«B signal-
ing, regardless of whether the stimulation is mechanical (cyclic
strain) or chemical (TNF-a) (32).

Our findings that LINC complex disruption causes disturbed
intracellular force transmission could have important implica-
tions in understanding the mechanism by which mutations in
nesprins can cause muscular dystrophy and dilated cardiomy-
opathy. Impaired intracellular force transmission is a common
finding in other muscular dystrophies; for instance, Duchenne
muscular dystrophy is caused by mutations in the dystrophin
gene that disrupt the link between the extracellular matrix and
cytoskeleton, resulting in mechanically more fragile cells and
progressive muscle degeneration (33). Interestingly, Emery-
Dreifuss muscular dystrophy and dilated cardiomyopathy can,
in addition to nesprins, also arise from mutations in the nuclear
envelope proteins lamin A and C, which form a dense protein
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network underlying the inner nuclear membrane and can
directly bind to SUN proteins and nesprins (24). It is notewor-
thy that cells lacking lamins A and C show similar defects in
cytoskeletal organization and impaired cell polarization and
migration (19, 28, 34) as cells after LINC complex disruption,
suggesting that lamins form an integral part of the LINC com-
plex. Most recently, Folker et al. (35) found that lamin A
mutants associated with muscular dystrophy, but not those
linked to lipodystrophy, cause similar defects in nuclear posi-
tioning and migration. Thus, any disruption of this complex
may cause defects in cellular structure and intracellular force
transmission that could contribute to the development of mus-
cular dystrophies and cardiomyopathies. While the experi-
ments presented here are based on the disruption of all endog-
enous nesprins (using dominant negative nesprin and SUN
constructs) to demonstrate the general importance of the LINC
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complex in intracellular force transmission, future studies
should be aimed at analyzing the effect of specific nesprin
mutations recently linked to muscular dystrophy and car-
diomyopathy (7, 8).

In conclusion, we propose that the LINC complex consti-
tutes an essential connection between the cytoskeleton and the
nucleus critical for intracellular force transmission. Further
studies will be pivotal to improve our understanding of nucleo-
cytoskeletal coupling in normal cells and its importance in cel-
lular functions, including cell migration and nuclear anchorage.
Insights gained from this work can then potentially provide new
targets for the treatment of diseases caused by LINC complex
associated mutations, thereby establishing the LINC complex
as a potential therapeutic target.
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