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Nesprin-2G, a Component of the Nuclear LINC Complex, Is Subject to
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ABSTRACT The nucleus of a cell has long been considered to be subject to mechanical force. Despite the observation that
mechanical forces affect nuclear geometry and movement, how forces are applied onto the nucleus is not well understood.
The nuclear LINC (linker of nucleoskeleton and cytoskeleton) complex has been hypothesized to be the critical structure that
mediates the transfer of mechanical forces from the cytoskeleton onto the nucleus. Previously used techniques for studying nu-
clear forces have been unable to resolve forces across individual proteins, making it difficult to clearly establish if the LINC com-
plex experiences mechanical load. To directly measure forces across the LINC complex, we generated a fluorescence
resonance energy transfer-based tension biosensor for nesprin-2G, a key structural protein in the LINC complex, which phys-
ically links this complex to the actin cytoskeleton. Using this sensor we show that nesprin-2G is subject to mechanical tension in
adherent fibroblasts, with highest levels of force on the apical and equatorial planes of the nucleus. We also show that the forces
across nesprin-2G are dependent on actomyosin contractility and cell elongation. Additionally, nesprin-2G tension is reduced in
fibroblasts from Hutchinson-Gilford progeria syndrome patients. This report provides the first, to our knowledge, direct evidence
that nesprin-2G, and by extension the LINC complex, is subject to mechanical force. We also present evidence that nesprin-2G
localization to the nuclear membrane is altered under high-force conditions. Because forces across the LINC complex are
altered by a variety of different conditions, mechanical forces across the LINC complex, as well as the nucleus in general,
may represent an important mechanism for mediating mechanotransduction.
INTRODUCTION
The nucleus is typically the largest and perhaps the most
critical organelle of a eukaryotic cell. The nucleus is directly
connected to the cytoplasmic cytoskeleton by a class of
nuclear membrane proteins known as nesprins that bind
actin, intermediate filaments, and microtubules. Nesprins,
together with SUNs and lamins, form the LINC (linker of
nucleoskeleton to cytoskeleton) complex, physically linking
the cytosolic cytoskeleton to the nuclear lamina. Mutations
in LINC complex proteins are associated with a variety of
human genetic diseases and are also observed in cancer
(1). Thus, the linkage of the cytoskeleton to the nucleus ap-
pears to be essential to cell function and homeostasis, which
may include transfer of forces from the cytoplasmic cyto-
skeleton onto the nucleus.

Evidence for mechanical forces at cell-matrix adhesions
has existed for over 30 years (2). More recently mechanical
forces have been measured across cell-cell adhesions (3,4).
The model of cellular tensegrity predicts that cell-matrix
and cell-cell forces are readily transferred across the cyto-
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skeleton and applied to intracellular structures such as the nu-
cleus (5). The tensegrity model is supported by experimental
evidence showing mechanical force applied at the perimeter
of the cell results in changes in nuclear shape (6–8). Nuclear
forces have long been hypothesized to regulate cellular func-
tions, including nuclear transport, DNA structure, and gene
expression (9). Recently, Gabriele and colleagues (10,11)
have inferred the forces on the nucleus by measuring nuclear
deformation, but this approach assumes the actin cytoskel-
eton behaves as an elastic solid and the actin fibers can
be approximated as two parallel fibers. In a more recent
publication Lele and colleagues (12) showed that the nuclear
position coincides with the point of maximum tension, sug-
gesting that a protruding or retracting cell boundary transmits
force onto the nucleus through the LINC complex.

Although there is significant evidence for the existence of
nuclear forces, there is limited understanding of the specific
proteins responsible for the transmission of force, largely
due to a lack of techniques capable of measuring the forces
applied to the load-bearing proteins that anchor the nucleus.
Recently, a genetically encoded, calibrated fluorescence
resonance energy transfer (FRET)-based tension biosensor
was developed (13). This sensor consists of a linear-elastic
spring between a FRET pair, and thus the FRET is inversely
proportional to force. We and others have used the sensor to
http://dx.doi.org/10.1016/j.bpj.2015.11.014
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image mechanical tension across structural proteins in cell-
cell (14–17) and cell-matrix (13) adhesions. Using the same
FRET tension sensor module, we developed a mini-nesprin-
2G tension sensor that directly measures mechanical tension
applied to the LINC complex. Using this sensor we observed
that mini-nesprin-2G (referred to as nesprin-2G hereafter) is
subject to constitutive, actomyosin-dependent tension in
resting fibroblasts. Changes in cell morphology altered ne-
sprin-2G tension. Additionally, we observed reduced ne-
sprin-2G tension in fibroblasts from Hutchinson-Gilford
progeria syndrome (HGPS) patients. Our results provide
the first, to our knowledge, direct evidence that nesprin-
2G, a component of the LINC complex, is subject to signif-
icant mechanical force.
MATERIALS AND METHODS

Design of the nesprin tension sensor

The mouse mini-nesprin-2G tension sensor was designed based on the

previous mini-nesprin-2G construct (18). GeneArt Gene Synthesis (Life

Technologies, Carlsbad, CA) was used to chemically synthesize the mini-

nesprin-2G linker, which consisted of the mini-nesprin-2G sequence,

with an XhoI and NotI site linker between the 1-485 N-terminal actin bind-

ing CH region and the 6525–6874 C-terminal KASH (Klarsicht, ANC-1,

Syne Homology) domain. A previously characterized FRET-based tension

sensor (consisting of mTFP1 and venus separated by a 40 amino acid elastic

linker, flanked by XhoI and NotI) (13), was inserted between the XhoI and

NotI sites of the mini-nesprin-2G linker. The mini-nesprin-2G linker was

then moved into pcDNA 3.1 (þ) using HindIII and EcoRI sites. The head-

less mini-nesprin-2G linker was made by digesting the full-length tension

sensor with XhoI and EcoRI (eliminating the 1-485 N-terminal domain)

and inserting into pcDNA 3.1 (�) using the XhoI and EcoRI sites.
Cell culture

NIH3T3mouse fibroblasts were cultured inDulbecco’smodified Eagle’sme-

dium (DMEM) with 10% fetal calf serum. Primary human fibroblasts were

cultured in DMEMwith 10% fetal bovine serum. Normal fibroblasts (catalog

No. GM00316) and HGPS fibroblasts (catalog No. AG11498) were obtained

from the Coriell Cell Repository (Camden, NJ). DNA plasmids were trans-

fected into cells using Lipofectamine 2000 or 3000 (Life Technologies) per

manufacturer instructions. In all experiments cells were allowed to adhere

to fibronectin coated glass bottomdishes or coverslips overnight before imag-

ing. In indicated experiments cells were treated with 1 nM calyculin A (Cell

Signaling Technology, Danvers, MA) and imaged 5 to 20 min later. In other

indicated experiments cells were treated simultaneously with 10 mM

Y-27632 (R&D Systems, Minneapolis, MN) and 10 mM ML-7 (Sigma-Al-

drich, St. Louis,MO) to reducemyosin activity and imaged 30 to 45min later.

Additional experiments were performed with Rho Activators I and II (Cyto-

skeleton, Denver, CO) per manufacturer instructions. To examine nuclear

positioning and TAN (transmembrane actin-associated nuclear) lines,

NIH3T3 fibroblasts were cultured in DMEM with 10% bovine calf serum

(Hyclone, Logan UT) to confluent and starved for 48–72 h and the starved

monolayer was wounded and then treated with 10 mM lysophosphatidic

acid (LPA) for 2 h and 1 h, respectively, as previously described (19).
FRET image acquisition

Images were acquired from cells grown on glass bottom dishes on an in-

verted Zeiss LSM 710 confocal (Oberkochen, Germany) using a 458 nm
excitation wavelength from an argon laser source. A plan-apochromat

63 � oil NA 1.4 objective lens was used for all images analyzed. Live cells

expressing either soluble teal (mTFP1) or venus were imaged in spectral

mode using a 32-channel spectral META detector to record the spectral fin-

gerprints of each fluorescent protein. After acquisition of the spectral fin-

gerprints, cells expressing the nesprin tension sensor were imaged using

online-unmixing mode in the Zeiss Zen Software. Images were spectrally

unmixed into teal and venus channels, respectively, during acquisition. In

each experiment images were captured on the same day, with the gain

and laser intensities fixed across all samples. During acquisition, images

were captured in 16 bit mode and averaged 4 times.
FRET image analysis

First, all images were background subtracted in the teal and venus channels,

respectively, to reduce noise. Second, all saturated pixels were removed.

Ratio images were calculated by dividing the unmixed venus channel by

the unmixed teal channel. To reduce FRET noise from edge artifacts, pixels

with very large FRET ratios (>20) were removed from analysis. To

examine FRET pixels of interest, ratio images were multiplied with binary

image masks that outlined the nuclear membrane. Pixels from each exper-

imental group were aggregated and sorted by their fluorescent intensity. To

remove the influence of acceptor bleedthrough on the fret ratio, only inten-

sity-sorted fret ratio pixels were compared across all experimental groups.

Sorted pixels were binned into discrete intensity ranges and the average fret

ratio in a given intensity range were compared, using an algorithm based on

Chen et al (20).
Three-dimensional FRET analysis

On a per cell basis, z-stack confocal images were acquired as spectrally un-

mixed teal and venus images using Zeiss Zen software. In each cell z-stack,

top, middle, and bottom image planes were extracted. For each image plane,

binary masks were manually created in ImageJ to exclude pixels outside of

the cell nucleus as determined by the transmission channel. Ratio FRET im-

ages were calculated by dividing unmixed venus images by unmixed teal

images after background subtraction. The median of each ratio image

was computed for each image plane (top, middle, and bottom). To deter-

mine the relative force distribution on a per cell basis, the FRET indices

were normalized by the average of the medians for the top, middle, and bot-

tom image planes of each cell.
Immunocytohistochemistry

Primary human fibroblasts or NIH3T3 cells were grown on fibronectin

coated glass coverslips and fixed using 4% paraformaldehyde or methanol

as indicated. Cells were permeabilized with 0.1% Triton X and stained with

rabbit anti-nesprin-2G (19), mouse anti-vimentin (Santa Cruz, Santa Cruz,

CA), or a-tubulin (Iowa Developmental Hybridoma Bank, gift of Amanda

Dickinson), and detected by Alexa Fluor secondary antibodies (Life Tech-

nologies). Actin was labeled using rhodamine phalloidin (Cytoskeleton).

Nuclei were counterstained using Hoechst 33342 (Life Technologies).

Slides were mounted and images collected using a Zeiss 710 LSM confocal

microscope.
shRNA and Western blotting

Short hairpin sequence and a detailed detection method for Nesprin-2G

knockdown was described in Li et al., 2015 (21). Cells were directly lysed

with 1X Laemmli sample buffer after phosphate buffered saline washout.

Primary antibodies used to detect the signal are rabbit anti-nesprin-2G

as described previously and mouse anti-GAPDH (clone 6C5, Life

Technologies).
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Micropatterning

Stamps of lines with varied widths: 5, 20, 40 mm and 1 cm in length were

made with polydimethylsiloxane (PDMS). A coverslip was prepared with a

thin layer of PDMS where it was to be stamped. The stamps were then

coated with a layer of fibronectin and hand pressed onto the PDMS layer

on the coverslip. The coverslips were rinsed and then treated with Pluronic

F-127 solution to block cell adhesion to regions without fibronectin. Trans-

fected cells were seeded onto the surface of the coverslip and cultured over-

night before imaging. Unpatterned controls consisted of fibronectin that

was directly pipetted onto a coverslip and allowed to adsorb.
Statistics

Sorted pixels, binned into discrete intensity ranges, were analyzed for sta-

tistical differences using t-test (for groups of two) or analysis of variance

(ANOVA) with Newman-Keuls post-hoc test. Data were considered signif-

icant for p-values<0.05. Data on graphs are presented as mean5 standard

error.
RESULTS

We sought to develop a biosensor to measure the mechanical
forces applied across the LINC complex. Nesprin-1 and -2
are the principal isoforms that connect actin to the
LINC complex, and we therefore hypothesized that a
nesprin-2 biosensor could be used to measure actomyosin
forces applied across the LINC complex. We designed a
nesprin-2 FRET-based tension sensor (Fig. 1 A) based on
a previously developed, artificially shortened form of
nesprin-2G, known as mini-nesprin (18). Mini-nesprin-2G
was previously shown to behave similar to endogenous ne-
sprin-2G (including supporting actin-dependent nuclear
movement) (18,19), supporting its suitability as an artificial
sensor for measuring nesprin-2G forces.

When expressed in NIH3T3 mouse fibroblasts the nesprin
tension sensor localized to the nuclear membrane (Fig. 1 B),
similar to wild-type nesprin (see Fig. S4 in the Supporting
Material and (18)). We also generated a headless control
(Fig. 1 A) in which the actin-binding domain of nesprin
was removed; this sensor also localized to the nuclear mem-
brane. A major difference between the tension sensor and
headless control was that only the tension sensor was orga-
nized into fibers in the cytoplasm (Fig. S1 A). This expres-
sion pattern is consistent with endogenous nesprin (see
Fig. S4) and suggests that the ability to associate with actin
is preserved in the nesprin tension sensor. Furthermore, we
observed that actin was associated with the nuclear mem-
brane in cells expressing the nesprin tension sensor, whereas
actin localization to the nuclear envelope was reduced in
cells expressing the headless control (see Fig. S1 B) further
indicating that the nesprin-actin interaction is preserved in
the biosensor. To determine if overexpression of the sensor
induced a dominant negative KASH phenotype, in which
nuclear-cytoskeletal connections are disrupted (22), we
examined if expression of the tension sensor altered vimen-
tin and a-tubulin morphology at the nucleus. Although we
Biophysical Journal 110(1) 34–43
did not observe any significant morphological changes in
vimentin or a-tubulin staining at the nucleus for cells ex-
pressing the nesprin-2G tension sensor as compared to un-
transfected cells (Fig. S1, C and D); nevertheless, high
levels of expression of the nesprin-2G sensor may act like
a dominant negative KASH, disrupting intermediate fila-
ment and microtubule interactions with the nuclear mem-
brane. We also confirmed that the nesprin-2G tension
sensor rescues centrosomal orientation and rearward nuclear
movement in a wounded and LPA-stimulated monolayer of
fibroblasts depleted of endogenous nesprin-2G, whereas
overexpression of the headless control did not rescue the
defect in the knockdown cells (Figs. 1 D and S2, A–C)
(19). Furthermore, we observed that in these wounded,
LPA-stimulated cells, the nesprin-2G tension sensor is asso-
ciated with F-actin above the nucleus and colocalized with
TAN lines and such colocalization is not present in the head-
less control. (Fig. S2,D and E) (19). Because the nesprin-2G
tension sensor localizes to the nuclear membrane, interacts
with actin, rescues nuclear movement, and incorporates
into TAN lines, we conclude it retains similar biological
function to endogenous nesprin-2G.

We examined FRET of the nesprin-2G tension sensor as
compared to headless control. Initially, we limited our anal-
ysis to the equatorial plane in all samples (the plane where
the diameter of the nuclear ring was the largest). In
NIH3T3 cells the nesprin-2G tension sensor had signifi-
cantly reduced FRET compared to the force-insensitive
headless control (Fig. 1, B and C), indicating that the ne-
sprin-2G sensor is subject to mechanical force. We also
observed that the nesprin-2G sensor is subject to mechanical
force in bovine aortic endothelial cells (D.E.C., unpublished
data).

We then examined the distribution of force on the apical,
equatorial, and basal planes of the nucleus. We observed
that the FRET at apical and equatorial planes of the nucleus
was significantly lower when compared to the basal plane
on a paired cell basis (Fig. 1 E). There was no significant
differences in FRET between the apical, equatorial, and basal
planes on a paired cell basis when using the headless control
(Fig. 1 F), suggesting that the tension sensor FRET differ-
ences are force mediated. Because each cell was individually
background subtracted, FRET indices were normalized on a
per cell basis. Thus, it is not possible to directly compare the
FRET indices between tension sensor and headless in these
experiments. Because the intensity of the sensor was greatest
in the equatorial plane (resulting in a better signal/noise ra-
tio), only the FRET at the equatorial plane was measured in
the remainder of the experiments.

To assess the contribution of actomyosin contractility
to nesprin-2G tension, we treated NIH3T3 fibroblasts with
calyculin A. Calyculin A, inhibitor of protein phosphatase
1 and 2, results in increased myosin phosphorylation
and contractility (23). The nesprin tension sensor in cells
treated with calyculin A had significantly reduced FRET



FIGURE 1 Nesprin tension biosensor. (A) Schematic of nesprin-2G tension sensor and headless control. (B) Nesprin-2G tension sensor and headless con-

trol localized to the nuclear membrane in NIH3T3 fibroblasts. The FRET at the nuclear envelope was reduced for the tension sensor as compared to the

headless control. (C) The tension sensor had significantly reduced FRET at the nucleus as compared to the force-insensitive headless control, t-test, p <

0.01. Bar graphs represent FRET pixels from discrete intensity ranges collected across a minimum of 20 cells per condition. Similar results were obtained

for three independent experiments. (D) Nesprin-2G tension sensor rescues centrosome orientation in nesprin-2G depleted cells subjected to scratch wounding

and LPA treatment, Fisher’s exact test, *p < 0.05; ns, not significant: p > 0.05. (E) The tension sensor relative FRET index per cell at various cross sections

of the nucleus (apical, equatorial, and basal). Significantly reduced FRET was observed for apical and equatorial planes compared to basal (ANOVA,

Newman–Keuls post-hoc test, p< 0.01). (F) No significant differences were observed for the headless control at various cross sections of the nucleus (apical,

equatorial, and basal). To see this figure in color, go online.
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as compared to untreated cells (Fig. 2, A and B). Treatment
of cells with calpeptin, an indirect activator of Rho kinase
(24), or a cell-permeable peptide that directly activates
Rho kinase (25) also reduced FRET (Fig. S3, A and B).
We also treated cells simultaneously with Y-27632 and
ML-7, inhibitors of Rho (26) and myoslin light chain (27)
kinases, respectively, to reduce myosin activity. The ne-
sprin-2G tension sensor had higher FRET when myosin ac-
tivity was inhibited as compared to untreated cells (Fig. 2, A
and B). Blebbistatin, a more direct inhibitor of myosin activ-
ity, is autofluorescent and phototoxic at 458 nm excitation,
therefore could not be used in combination with the tension
sensor (28,29).

We then sought to understand how cell elongation affects
force across nesprin-2G. To achieve uniform elongation,
cells were grown on glass micropatterned with 20 mm
wide lines of fibronectin or unpatterned fibronectin. We
observed that cells grown on 20 mm lines had significantly
decreased nesprin-2G FRET compared to cells grown on
unpatterned surfaces (Fig. 3, A and B). We also observed
Biophysical Journal 110(1) 34–43



FIGURE 2 Role of myosin contractility on nesprin tension. (A) NIH3T3

cells expressing the nesprin tension sensor were treated with either 1 nM

calyculin A or both 10 mM Y-27632 and 10 mM ML7 and were compared

to unstimulated cells. (B) Statistical analysis of each condition showed that

calyculin A treatment significantly reduced FRET, whereas Y27632 and

ML7 treatment increased FRET, ANOVA Newman-Keuls post-hoc test,

p < 0.01. Bar graphs represent FRET pixels from discrete intensity ranges

collected across a minimum of 20 cells per condition. Similar results were

obtained for two independent experiments. To see this figure in color, go

online.
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that 5 mm wide lines similarly decreased nesprin-2G FRET,
whereas 40 mm lines did not (Fig. S5). In addition, we
observed increased staining of endogenous nesprin-2G in
cells on 20 mm lines (Fig. 3, C and D). Interestingly, ne-
sprin-2G FRET ratios were homogeneous along the perim-
eter of the nucleus and were not significantly different at
the regions with highest curvature (Fig. 3 A).

Finally, we sought to understand how nesprin-2G tension
is affected by the disease HGPS, a rare genetic disorder in
which young patients present clinically with premature ag-
ing. HGPS is caused by a mutation in lamin A that alters
the splicing of the lamin A transcript, resulting in the loss
of 50 amino acids of the protein and permanent farnesyla-
tion (30,31). Nuclei of HGPS patients, as well as normal
cells expressing the lamin A truncation, have nuclei with
altered morphology (blebbing) and altered mechanical stiff-
ness (32). We examined nesprin-2G FRET in fibroblasts
from an HGPS patient compared to a normal nondiseased
patient. We observed increased nesprin-2G FRET in
HGPS fibroblasts (Fig. 4, A and B). We did not observe sig-
nificant differences in the fluorescent intensity of the ne-
sprin-2G sensor at the nuclear envelope between HGPS
and normal cells (Fig. 4 C). We also investigated if the local-
Biophysical Journal 110(1) 34–43
ization of endogenous nesprin-2G at the nucleus was altered
in HGPS cells. Although we did not observe any dramatic
changes in nesprin localization in HGPS cells, when exam-
ined across multiple cells the intensity of nesprin-2G at the
nuclear membrane was reduced relative to normal cells
(Fig. S4, A and B).
DISCUSSION

Using a novel nesprin-2G FRET-based biosensor, we pro-
vide the first, to our knowledge, direct evidence of mechan-
ical forces being applied across a nuclear membrane protein
(Fig. 1). We also show that the force across nesprin-2G is
sensitive to perturbations to actomyosin tension (Fig. 2),
cell shape (Fig. 3), and a clinically relevant mutation in
lamin A (Fig. 4). Because nesprin-2G has been shown to
be one of several nesprin isoforms that serve as physical
linkers between the LINC complex and the actin cytoskel-
eton (33), our data also indicate that the LINC complex,
and by extension the nuclear membrane, are subject to me-
chanical loading, changing in response to a variety of bio-
logical conditions.

The existence of mechanical force on the nucleus is
supported by a number of previous studies that have
observed nuclear deformation in response to applied forces
(6–8,22,34,35). Our tension sensor approach extends upon
these prior finding by identifying a specific protein on the
nuclear membrane subject to force. The finding of mechan-
ical tension across nesprin-2G is in agreement with prior
work that observed reduced nuclear deformation in cells
with disrupted LINC complexes (22), impaired nuclear
movement in cells depleted of nesprin-2G (19), as well as
a recent report showing that nesprin-2 couples myosin force
generation to nuclear translation (36).

Our approach to directly measure force with a protein-
specific biosensor offers a number of advantages over previ-
ous methods to study nuclear forces. First, it allows for
measurement of forces of cells in their native state, without
the use of mechanical perturbations used by other nuclear
force estimation methods. Second, our approach avoids
the use of gene knockdowns and overexpression of domi-
nant negative KASH proteins—it is possible that knocking
down LINC proteins not only disrupts physical connections
between the cytoskeleton and nucleus but also a host of
intracellular signals. Third, the biosensor approach provides
protein-specific resolution. Force biosensors can readily be
developed for other nuclear proteins to map force transmis-
sion onto and within the nucleus. Finally, the sensor can be
used to identify spatial differences in nesprin-2G force
(Figs. 1 E and 3 A).

Because the FRET sensor is sensitive to the molecular
conformation, our results are consistent with a model in
which the FRET changes of the sensor can be interpreted
to represent changes in the mechanical force across ne-
sprin-2G. Changes in FRET could also be attributed to



FIGURE 3 Effect of cell elongation on nesprin tension. (A) NIH3T3 cells expressing the nesprin tension sensor were grown overnight on 20 mm wide

micropatterned lines of fibronectin or unpatterned fibronectin. (B) Statistical analysis of each condition showed that cells grown on lines had reduced

FRET compared to cells grown on the unpatterned surface, t-test, p< 0.01. Bar graphs represent FRET pixels from discrete intensity ranges collected across

a minimum of 15 cells per condition. Similar results were obtained for three independent experiments. (C) Untransfected cells grown on lines or unpatterned

surfaces were fixed with paraformaldehyde and stained with nesprin-2 antibody. (D) Histogram analysis of nesprin-2 intensity at the nuclear membrane

showed increased nuclear membrane nesprin-2 expression in cells on lines as compared to unpatterned surface (averaged across a minimum of four separate

fields of view per condition). Histograms were normalized so that the area under each histogram sums to 1. To see this figure in color, go online.
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changes in nesprin dimerization (creating intermolecular
FRET (37)) or a loss of sensitivity due to overexpression
of the sensor (resulting in a high background of zero force
sensors). These different competing effects are not straight-
forward to parse. Although we cannot rule out changes in
dimerization affecting FRET, we hypothesize that our
‘‘mini’’ nesprin-2G sensor has limited potential to dimerize
because it lacks many of the spectrin repeats shown to pro-
mote nesprin oligomerization (38). We also sought to ex-
press the sensor at low expression levels to avoid loss of
sensitivity. This is supported by histogram analysis of
FRET, which indicated one discernible peak of FRET for
each cell (Fig. S6). A significant unloaded FRET sensor
population would likely result in a second peak on the
FRET histogram. Furthermore, our experiments, which
showed a relationship between FRET and actomyosin
contractility, further support the FRET-force relationship
of this sensor. We conclude that changes in FRET are the
result of mechanical forces across nesprin-2G.

Nesprin-2G is believed to primarily interact with actin;
therefore, our results likely reflect actin-mediated forces
applied to the LINC complex. In addition to nesprin-2G, a
number of other isoforms of nesprin-2 are expressed.
Because some of these other isoforms lack either the actin
binding domain or the SUN-binding KASH domain, they
likely experience different levels of force or no force at
all. In addition nesprin-1 is also connected to actin and
may transfer actin-generated forces onto the LINC complex.
Intermediate filaments and microtubules, which bind ne-
sprin-3 and -4, respectively, could also contribute mechani-
cal forces to the LINC complex. Intermediate filaments
were shown to mediate nuclear positioning (39), nuclear
volume (11), nuclear mechanical homeostasis (34), and nu-
clear movement during three-dimensional migration (40).
Similarly designed nesprin-3 and -4 sensors would allow
for measurement of intermediate filament and microtu-
bule-based nuclear forces.

Our nesprin-2G sensor was designed based on the short-
ened mini-nesprin-2G, which lacks many of the spectrin re-
peats that promote nesprin oligomerization (38), as well as
the kinesin binding domain (41). Gundersen and colleagues
have shown that mini-nesprin-2G behaves similar to endog-
enous nesprin-2G, in that it is able to rescue TAN lines and
nuclear movement in nesprin-2G depleted cells (18,19,42).
This suggests that oligomerization and kinesin-binding are
not essential for nuclear-cytoskeletal interactions, and our
data further demonstrate that they are not required for force,
at least in the cellular conditions tested here. The nesprin-2G
Biophysical Journal 110(1) 34–43



FIGURE 4 Nesprin tension in HGPS cells. (A) The nesprin tension

sensor was expressed in normal and HGPS primary fibroblasts. (B) There

was a significant increase in FRET for HGPS cells as compared to normal

cells, t-test, p < 0.01. Bar graphs represent FRET pixels from discrete in-

tensity ranges collected across a minimum of 20 cells per condition. Similar

results were obtained for two independent experiments. (C) Histogram

analysis of fluorescent intensity of the nesprin sensor for normal and

HGPS cells. Histograms were normalized so that the area under each histo-

gram sums to 1. To see this figure in color, go online.
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FIGURE 5 Model of nesprin-2 orientation in response to applied force.

(A) Nesprin-2 is oriented radially for nonpolarized cells. (B) In elongated

cells, in which actin stress fibers are oriented parallel to the longitudinal

axis, there is more force applied to the LINC complex, as well as additional

nesprin-2 molecules recruited to the nuclear membrane. Nesprin-2 forces

are spatially homogenous around the periphery of the nucleus, suggesting

that nesprin-2 orients in the longitudinal direction.
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sensor could be modified to incorporate the kinesin binding
domain to assess the contribution of kinesin to force.

Our finding that nesprin-2G is subject to mechanical ten-
sion supports prior hypotheses that the LINC complex is
similar to the load-bearing complexes at cell-cell and cell-
matrix adhesions (33). A prior report showed that applica-
tion of force to nesprin-1 of isolated nuclei generated a
force-strengthening response (43), similar to the force-
strengthening responses observed at cell-cell and cell-ma-
trix adhesions. Our observation of higher nesprin-2G force
and increased fluorescent intensity of endogenous nesprin-
2G at the nuclear envelope in elongated cells (Fig. 3) may
indicate that the LINC complex force-strengthens. Alterna-
tively, it is possible that elongated cells have a higher den-
Biophysical Journal 110(1) 34–43
sity of nesprin molecules due to a reduction in nuclear
volume. These results raise important questions as to how
LINC complex assembly and response to force are regu-
lated. Emerin phosphorylation has already been shown to
regulate the LINC stiffening response (43); it will be inter-
esting to determine if emerin regulates force across the
LINC complex.

We also observed that although nesprin-2G force was
increased in elongated cells, nesprin-2G forces remained
isotropic (Fig. 3 A). Our data argue for a model in which ne-
sprin-2G molecules are able to physically bend or rotate in
the direction of applied force (Fig. 5, A and B), as proposed
in (44). Alternatively, an increase in the recruitment of ne-
sprin molecules to areas of high curvature could keep the
force per nesprin molecule constant. Such a scenario would
result in a homogenous FRET signal around the nucleus in-
dependent of the curvature as we observed (Fig. 3 A). How-
ever, the recruitment of nesprin to areas of high curvature
would manifest in an uneven distribution of nesprin mole-
cules around the nuclei of patterned cells. We did not
observe an increase in nesprin intensity in elongated nuclei
at the areas of highest curvature relative to regions of low
curvature (Fig. 3 C). The latter observation is more consis-
tent with the rotation of nesprin molecules as displayed in
Fig. 5.

Interestingly, we observed the nesprin-2G FRET signal
increased in cells patterned on 40 mm wide lines relative
to unpatterned cells (Fig. S5). Although it is unclear why
the tension on nesprin-2G would decrease on 40 mm relative
to unpatterned cells, Khatau et. al. (45) observed the nuclear
shape of mouse embryonic fibroblasts is more rounded on
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40 and 50 mm wide patterned lines relative to unpatterned
controls. Although we did not quantify the aspect ratio of
3T3 fibroblast nuclei on patterned lines, nuclei of these cells
may be similarly rounded on 40 and 50 mm lines. It is
possible that the tension on nesprin-2G is a function of the
nuclear shape, which is in turn driven by the focal adhesion
geometry and cell-packing density.

Actin-generated compressive and tensile forces have been
hypothesized to regulate nuclear shape (11,45,46). It was
proposed that thick actin cables that surround the nucleus
squeeze or compress vertically constrained nuclei into an
elongated shape on patterned lines (11,45). Although it is
possible compressive lateral forces mediate the elongation
of patterned cell nuclei, our data showed high force on the
lateral sides of the nucleus (Fig. 3, A and B). Therefore,
we conclude that if actin is exerting compressive forces on
the nucleus it is not through nesprin-2G. Although it is
possible that lateral compressive forces are applied through
other proteins besides nesprin-2G, recent work has shown
that laser ablation of lateral stress fibers did not alter nuclear
shape (12), suggesting that lateral forces are not necessary
for nuclear shape. In addition, our observation of high ten-
sile forces on the apical side of the nucleus (Fig. 1 E)
does not support a model where apical actin primarily con-
tributes compressive forces unless the compressive force is a
result of the normal components of tension in the large actin
fibers (45). Collectively, our data suggest that nesprin-2G at
the apical surface of nuclei, as well as the lateral side of
elongated nuclei, is subjected to a tensile-based shearing
force (Figs. 1 E and 5 B). The nuclear surface, however,
may still undergo compressive deformation, as compressive
forces across other proteins may be larger than nesprin-2G
forces. Thus, our data cannot establish the role of nuclear
forces in mediating nuclear shape. The hypothesis that nu-
clear forces regulate nuclear shape has been questioned in
a recent report by Dickinson and colleagues, which pro-
posed that the shape of the nucleus is driven primarily by
cell shape and not actomyosin-based forces on the nucleus
(21). Even if nuclear forces do not regulate the shape of
the nucleus, our data indicate that changes in nuclear shape
are nonetheless associated with altered nuclear forces.

We have shown that nuclear forces are decreased in
HGPS cells (Fig. 5, A and B). The reduction in force may
be explained by a global reduction in actomyosin contrac-
tility, which is suggested from the observation that HGPS
cells have reduced traction forces (47). Changes in LINC
complex protein expression at the nuclear envelope have
been reported for HGPS and other laminopathies (48,49).
We also observed a decrease in the nuclear accumulation
of nesprin-2G in HGPS cells (Fig. S4 B). Thus, changes in
the distribution of other LINC proteins may also affect
LINC complex forces. It is worth noting that the mechanical
forces applied by the cytoskeleton onto the LINC complex
may be independent of nuclear stiffness, which has been re-
ported to be increased in HGPS cells (32). Future work will
be important to determine if the decreased force on the
LINC complex is causal for nuclear blebbing or advanced-
aging symptoms in HGPS patients. It will be interesting to
determine how farnesylation inhibitors (50) or the newly
identified small molecule remodelin (51), both which have
been shown to improve HGPS nuclear morphology, affect
nuclear force.

We anticipate this newly developed biosensor will be an
important tool to assess the role of nuclear forces in regu-
lating cellular functions, providing answers to a number of
long-held fundamental questions, most notably if changes
in nesprin force can regulate gene expression or nuclear
transport. Development of additional tension biosensors
for other nuclear proteins that interact with lamin or DNA
may be a useful tool to determine if nuclear forces are trans-
mitted inside the nucleus, possibly onto chromosomal DNA.
Because nearly every cell contains a nucleus, we anticipate
the ability to measure forces on and within the nucleus will
directly enhance the fundamental understanding of cellular
biomechanics and mechanobiology, with wider application
to the advancement of human health and disease.
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