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ABSTRACT Lamin A/C is a major constituent of the nuclear lamina, a thin filamentous protein layer that lies beneath the nuclear
envelope. Here we show that lamin A/C deficiency inmouse embryonic fibroblasts (Lmna�/�MEFs) diminishes the ability of these
cells to polarize at the edge of a wound and significantly reduces cell migration speed into the wound. Moreover, lamin A/C
deficiency induces significant separation of the microtubule organizing center (MTOC) from the nuclear envelope. Investigations
using ballistic intracellular nanorheology reveal that lamin A/C deficiency also dramatically affects themicromechanical properties
of the cytoplasm. Both the elasticity (stretchiness) and the viscosity (propensity of a material to flow) of the cytoplasm in Lmna�/�

MEFs are significantly reduced. Disassembly of either the actin filament or microtubule networks in Lmna1/1 MEFs results in
decrease of cytoplasmic elasticity and viscosity down to levels found in Lmna�/�MEFs. Together these results show that both the
mechanical properties of the cytoskeleton and cytoskeleton-based processes, including cell motility, coupled MTOC and nucleus
dynamics, and cell polarization, depend critically on the integrity of the nuclear lamina, which suggest the existence of a functional
mechanical connection between the nucleus and the cytoskeleton. These results also suggest that cell polarization during cell
migration requires tight mechanical coupling between MTOC and nucleus, which is mediated by lamin A/C.

INTRODUCTION

The nuclear envelope (NE) is composed of two lipid

bilayers, the inner and the outer nuclear membrane (INM

and ONM, respectively). The ONM, an extension of the

rough endoplasmic reticulum (ER), is connected to the INM

at the nuclear pore complex. The INM and the ONM de-

lineate the periplasmic space, which is continuous with the

ER lumen (1). INM proteins interact directly with the nuclear

lamina, a specialized meshwork of lamins that constitute the

type V intermediate filament family. In mammals, the al-

ternative splicing of a single gene encodes A-type lamins

(lamin A, AD10, C2), while B-type lamins (B1, B2, B3) are

encoded by two distinct genes (2,3). Besides exhibiting the

general organization of an intermediate filament—a central

rod domain composed of four coiled-coil domains flanked by

an N-terminal globular head and a C-terminal tail—lamins

possess a nuclear localization signal as well as a farnesylation

site in the C-terminal tail of most isoforms. While A-type

lamins are developmentally regulated, B-type lamins are

essential for viability (4,5).

Scattered mutations in the lamin A/C gene (Lmna) are

responsible for a broad range of human diseases termed

laminopathies (6,7). These include Emery-Dreifuss muscular

dystrophy (EDMD) (8), dilated cardiomyopathy (9), Dunnigan-

type partial lipodystrophy (10), limb girdle muscular dystro-

phy 1B (11), Charcot-Marie-tooth syndrome type 2B1 (12),

mandibuloacral dysplasia (MAD) (13), the Hutchinson-

Gilford progeria (HGPS) (14,15), and some atypical progeroid

syndromes (16). Phenotypical manifestations of these dis-

eases consist of either specific or combined pathologies of

skeletal and cardiac muscle, neurons, bone, and adipose tis-

sues (14). To date, nearly 200 mutations have been described

in;900 patients; except for some mutational ‘‘hot spots’’ in

FPLD, MAD, and HGPS (17), the position of pathological

mutation of Lmna is not predictive of the disease phenotype.
Mouse models either lacking lamin A/C or expressing

mutated versions display phenotypes that mimic the human

pathologies associated with the corresponding mutations.

Mice lacking lamin A/C (18) develop cardiac and skeletal

myopathies reminiscent of human EDMD. Knock-in mice

expressing mutant LmnaL530P/L530P (19), LmnaN195K/N195K

(20), or Lmna
H222P/H222P (21) display phenotypes similar to

human HGPS, dilated cardiomyopathy, and striated muscle

laminopathies, respectively.

The pathophysiological mechanisms of Lmna mutations

are still unknown. However, these mutations are thought to

cause defects in gene regulation and/or in mechanical prop-

erties of affected cells. The gene regulation hypothesis is based

on the association of lamin A/C with chromatin and several
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proteins involved in gene regulation (22) and the direct

involvement of lamins in transcription (23). Gene expres-

sion deregulation is further exemplified by an early hyper-

proliferation followed by increased rate of apoptosis of aging

HGPS cell culture (24). A mechanical hypothesis for disease

etiology is based on the observation that cells harboring

Lmna mutations often display ultrastructural anomalies of

their nuclei as well as the loss of NE localization of structural

proteins. Furthermore, mouse embryonic fibroblasts lacking

lamin A/C display a ‘‘fragile nucleus’’ (25) and an apparent

loss of cytoplasmic mechanical stiffness (26).

The hard-wiring of the nucleus to the cytoskeleton has

been directly demonstrated (27). In addition, in mouse

cardiomyocytes, the lack of lamin A/C induces the disorga-

nization of the sarcoplasmic desmin network (28) and our

recent results demonstrate that the lack of lamin A/C disrupts

a macromolecular complex that spans the nuclear envelope

and physically connects the nucleoskeleton to the cytoskel-

eton (29). We therefore hypothesize that, in addition to NE

structural defects, mutations of lamin A/C induce cytoskel-

etal defects. In this study, the recently introduced method of

ballistic intracellular nanorheology (BIN) (30,31) is used

to compare the cytoplasmic plasticity of mouse embryonic

fibroblasts lacking lamin A/C (Lmna�/� MEFs) with their

wild-type (WT) littermates (Lmna1/1 MEFs). BIN assay

measures directly and rigorously the mechanical properties

of the cytoskeleton, not the composite response of the

cytoplasm, the plasma membrane, and the nucleus, as mea-

sured previously (26). We then investigated whether lamin

A/C deficiency affects cytoskeleton-mediated processes,

including MTOC positioning with respect to the nucleus,

cell polarization, and cell migration.

MATERIALS AND METHODS

Cell culture

Lmna1/1 and Lmna�/� MEFs were cultured in DMEM-high glucose

(HyClone, Logan, UT) supplemented with 10% bovine growth serum

(HyClone) and 100 units of penicillin/100 mg of streptomycin (Sigma, St.

Louis, MO) and maintained at 37�C in a humidified, 5% CO2 environment.

Cells (initial passage 22) were passaged every 2–3 days for a maximum of

six passages. For wounding, the cells were seeded (;6.33 103 cell/ml) onto

35-mm glass bottom dishes (MaTek, Ashland, MA). For ballistic nano-

particle injection (see below), cells were seeded (;1 3 104 cell/ml) on

10-cm cell culture dishes (Corning, Corning, NY).

Cell migration

MEFs plated on 35-mm glass bottom dishes were cultured to a confluent

monolayer and scratched using a 20 gauge, 1.5-in hypodermic needle

(Becton, Dickinson & Co., Franklin Lakes, NJ). When indicated, cells were

treated with nocodazole or latrunculin B (as described below). Control and

drug-treated cells were rinsed of detached cells and phase contrast images

were collected every hour using a Cascade 1K CCD camera (Roper

Scientific, Tucson, AZ) mounted on a Nikon TE2000E microscope with a

103 Plan Fluor lens (N.A. 0.3, Nikon, Melville, NY) controlled by Metavue

software (Universal Imaging, West Chester, PA). Image analysis was

conducted by tracing the edge of the wound and calculating the remaining

wound area using Metamorph software (Universal Imaging). Wound areas

of comparable sizes were used to avoid variability of closure time.

Cell polarization

Polarization was assessed based on the location of the microtubule

organizing center (MTOC) relative to the wound. A cell was deemed

polarized if its MTOC was located in the radial third of the cell facing the

wound. Cells were fixed at 1-h intervals postwound (0–3 h) and stained for

nuclear DNA and microtubules. Cells were fixed with 2% paraformaldehyde

for 1 h. Cells were then permeabilized with 0.1% Triton X-100 for 10 min.

Bovine calf serum (BCS) (10%) in phosphate-buffered saline was used to

block nonspecific binding for 20 min and the cells were then incubated with

an a-tubulin monoclonal antibody (Oncogene, Boston, MA) at 1:20 dilution.

Next, cells were incubated in Alexa-568 goat anti-mouse antibody at 1:40

and 300 nM DAPI for 1 h (Invitrogen, Carlsbad, CA) to visualize

microtubules and nuclear DNA, respectively. MTOC location was deter-

mined by overlaying Alexa-568 and DAPI fluorescence images using

Metamorph. Fluorescent images were taken using a Cascade 1 K charge-

coupled device (CCD) camera (Roper Scientific) mounted on a Nikon

TE2000E microscope with a 603 Plan Fluor lens (N.A. 1.4, Nikon)

controlled by the software Metavue.

MTOC positioning

MEFs plated on 35-mm glass bottom dishes were fixed, permeabilized, and

blocked as described above. Cells were then stained for nuclear DNA and

g-tubulin. Following BCS incubation, cells were incubated with a g-tubulin

rabbit polyclonal antibody (Abcam, Cambridge, MA) at 1:500 dilution.

Next, cells were incubated in Alexa-568 goat anti-rabbit antibody at 1:40

and 300 mM DAPI for 1 h (Invitrogen) to visualize the MTOC and nuclear

DNA, respectively. MTOC position relative to nucleus was determined by

overlaying Alexa-568 and DAPI fluorescence images using Metamorph.

Fluorescent images were taken as described above. A value of 0 was as-

signed to a cell if the MTOC touched or laid on top or bottom of the nucleus,

whereas a value of 1 was assigned to a cell if the MTOC was clearly

separated from the nucleus.

Drug treatments

The microtubule-destabilization drug nocodazole (Sigma) and the F-actin

disassembly drug latrunculin B (Sigma) were diluted from the stock

DMEM-high media (described above). Nocodazole was used at a final

concentration of 1 mg/ml. Latrunculin B was used at a final concentration of

5 mg/ml. Cells were incubated with either nocodazole or Latrunculin B for

30 min before wounding. Drug concentrations were maintained during

experiments to avoid recovery.

Ballistic intracellular nanorheology

The recently introduced method of ballistic intracellular nanorheology (BIN)

(30,31) was used to measure rigorously the mechanical properties of the

cytoplasm of MEFs. Fibroblasts plated on 10-cm cell culture dishes were

subjected to ballistic injection of 100-nm diameter fluorescent polystyrene

nanoparticles (Invitrogen) using a Biolistic PDS-1000/HE particle delivery

system (Bio-Rad, Richmond, CA). Nanoparticles were coated on macro-

carriers and allowed to dry for 2 h. Rupture disks (2200 psi) were used in

conjunction with a hepta-adaptor. Problems could arise when nanoparticles

do not penetrate directly the cytoplasm upon impact, which may then be

engulfed by the cell through endocytosis and then undergo microtubule-

mediated directed motion (32). We circumvented this problem by

thoroughly and repeatedly washing the cells with fresh medium right after

ballistic bombardment. We found that none of the probed nanoparticles

underwent directed motion.
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A region of interest (ROI) was generated using Metavue software for

recording particle videos. The ROI was optimized so that a 3 3 3 binning

acquisition using the Cascade 1K CCD camera yielded movies that were 30

frames per second. Using a 603 Plan Fluor oil-immersion lens (N.A. 1.4,

Nikon), movies capturing the Brownian motion of the injected nanoparticles

were collected and analyzed first using Metamorph software (Universal

Imaging). Subsequent use of a second custom software was used to obtain

rheological parameters describing the viscoelastic properties of the cyto-

plasm (33), including elastic and viscous moduli, shear viscosity, and creep

compliance. At least 200 different nanoparticles were tracked per condition.

The time-averaged mean squared displacement (MSD), ÆDr2ðtÞæ ¼
Æ½xðt1tÞ � xðtÞ�21½yðt1tÞ � yðtÞ�2æ; where t is the timescale and t is the

elapsed time, was calculated from the trajectory of the light intensity-

weighted centroid of each nanoparticle. Previous studies have examined the

effects of size and surface chemistry of the nanoparticles in cells (32,34). It

is important to note that eachmovie ismuch shorter than that the characteristic

timescales of cell migration. We assumed that the time-averaged movements

of the nanoparticles in the x-, y-, and z-directions were identical. To test this

assumption, we verified and found that theMSDs of individual nanoparticles

in the x- and y-directions were identical, ÆDx2ðtÞæ ¼ ÆDy2ðtÞæ so that

ÆDr2ðtÞæ ¼ 2ÆDx2ðtÞæ ¼ 2ÆDy2ðtÞæ (35). This suggests that, for the short

times of movie capture, the cytoplasm around each nanoparticle can be con-

sidered to be isotropic, i.e., it has the same physical properties in the x- and

y-directions, and therefore the z-direction.

By tracking the centroid displacements of the nanoparticles, we can reach

subpixel spatial resolution of 10 nm. A small displacement of the nano-

particle will induce a displacement of the centroid of the light-intensity

profile of the diffraction-limited image of each nanoparticle, which is readily

detected with subpixel resolution. We measured directly the displacement

resolution of our tracking method by tethering the same type of nanoparticles

that we used in the live-cell experiments to a glass coverslip and probed the

apparent displacements of those nanoparticles. The square root of the MSDs

of these ‘‘immobile’’ nanoparticles is the real displacement resolution of our

microscopy/particle-tracking system, which we find to be ;10 nm.

The MSD of each probe nanoparticle is directly related to the local creep

compliance of the cytoplasm, G(t), as (36)

GðtÞ ¼ 3pa

2kBT
ÆDr2ðtÞæ:

The creep compliance (expressed in units of cm2/dyn, the inverse of

pressure or modulus) describes the local deformation of the cytoplasm

induced by the small random forces acting on the surface of the nanoparticles

and created by the thermally excited displacements of the nanoparticles. The

local frequency-dependent viscoelastic parameters of the cytoplasm, G9(v)
and G$(v) (both expressed in units of dyn/cm2, a force per unit area), are

computed straightforwardly from the MSD (see the literature (32,34) for

details). The elastic modulus, G9, and viscous modulus, G$, describe the

propensity of a complex fluid to store energy and to flow under mechanical

stress, respectively. A cross-linked filamentous structure, such as a

reconstituted F-actin network (37) or the cytoplasm (38), behaves like a

solid elastic gel at high rates of shear (high frequencies v), because the

filaments do not have the time to relax during shear, and like a liquid at low

rates of shear. The crossover rate of shear at which these two rheological

behaviors are identical (the frequency at whichG9(v)¼G$(v)) corresponds
to the inverse of the relaxation time. The mean shear viscosity of the cyto-

plasm can be approximated as the product of the mean relaxation time and the

mean plateau value of the elastic modulus of the cytoplasm. Here we report

the shear viscosity and the plateau modulus of the cytoplasm of MEFs.

Statistical analysis

Mean values, standard error of measurement (mean 6SE), and statistical

analysis for creep compliance, elastic modulus, and shear viscosity were

calculated using Graphpad Prism (Graphpad Software, San Diego, CA) and

plotted using Kaleidagraph (Reading, PA) for these rheological parameters.

Two-tailed unpaired t-tests were conducted within control and drug-treated

conditions to determine the significance of change caused by shear stimuli.

Significant difference is indicated in the figures using the standard Michelin

Guide scale: *** for p , 0.001, ** for p , 0.01, and * for p , 0.05. One-

way ANOVA tests were also conducted across conditions for elastic moduli

and shear viscosity values, and corresponding P-values are reported.

RESULTS

Lamin A/C deficiency mechanically weakens the
cytoplasm of MEFs

We assessed quantitatively the effect of lamin A/C defi-

ciency on the mechanical behavior of the cytoplasm of MEFs

using the recently introduced method of ballistic intracellular

nanorheology (30). Unlike other conventional methods that

measure cell mechanics from the outside of the cell (see more

under Discussion), BIN probes directly the cytoplasm of live

cells. Fluorescent nanoparticles (100-nm diameter) were

ballistically bombarded in the cytoplasm of adherent MEFs.

After 12-h incubation, the nanoparticles (yellow beads, Fig.
1) had dispersed evenly within the cytoplasm. These nano-

particles were subsequently tracked with high spatial and

temporal resolutions using time-lapsed fluorescence micros-

copy (Fig. 1, A and B). The same nanoparticles have been

shown not to interfere with basic cell functions and not to

interact with subcellular structures (32). Ballistic injection of

the probe nanoparticles allowed us to probe a large number

of individual cells and, like manual microinjection, circum-

vented the endocytosis of the nanoparticles and, therefore,

eliminated their eventual directed motion in the cytoplasm.

The random Brownian displacements of the nanoparticles

in the cytoplasm were analyzed to rigorously infer the local

viscoelastic properties of the cytoplasmic milieu.

The movements of the centroids of the nanoparticles in at

least 20 cells were monitored for 20-s time spans, for a total

of at least 200 different nanoparticles for each tested con-

dition. A time of 20 s is orders-of-magnitude shorter than the

timescales controlling the slow locomotion of MEFs. The

magnitude and time lag-dependence of the mean squared

displacement (MSD) of each nanoparticle (Fig. 1 C) directly
reflects and quantifies the viscoelastic character of the

cytoplasm in the vicinity of that nanoparticle. If the MSD of

a nanoparticle grows linearly with time lag, ÆDr2(t)æ; t (the
symbol ; signifies ‘‘is proportional to’’), then it moves by

random diffusion in a simple viscous liquid. If its MSD grows

more slowly than the time lag, ÆDr2(t)æ ; ta with a , 1,

then that nanoparticle moves in a milieu that is both viscous

and elastic. If the MSD grows more rapidly than time,

ÆDr2(t)æ ; ta with a . 1, then the nanoparticle undergoes

convective or directed transport, which was never observed

in our experiments (Fig. 1 C). Therefore, the slope of the

MSD, a, describes whether the cytoplasm has a viscous

character like a liquid or an elastic character like a solid or is

both viscous and elastic (i.e., viscoelastic). The extent of the
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displacements quantifies the levels of viscosity and elasticity

of the cytoplasm.

The MSDs of nanoparticles embedded in the cytoplasm of

MEFs showed some variations, but all exhibited subdiffusive

motion over a narrow range of displacements (Fig. 1 C).
Indeed, a log-log plot of the MSD as a function of time

indicated that the MSD displayed a slope smaller than 1, but

larger than zero. Therefore, the cytoplasm of MEFs is vis-

coelastic. As described previously (32), a simple mathemat-

ical manipulation transformsMSDs into rheological parameters

that rigorously describe the deformability and the viscoelas-

tic properties of the cytoplasm, including shear viscosity

(Fig. 1 D), elasticity (Fig. 2 B), and creep compliance (Fig.

2 C). Here we report all three parameters because different

rheological assays report different parameters. The cyto-

plasm of Lmna�/� MEFs was significantly more compliant

(i.e., more deformable) (Fig. 2 D), less elastic (Fig. 2 B), and
less viscous (Fig. 1 D) than the cytoplasm of Lmna1/1

MEFs. In particular, the elasticity of the cytoplasm was 50%

lower in cells lacking lamin A/C than in WT cells. The shear

viscosity of the cytoplasm was also ;50% lower. Together

these results indicate that the cytoplasm of MEFs lacking

lamin A/C is significantly softer and less viscous than the

cytoplasm of control MEFs.

Difference in stiffness between perinuclear region
and lamella is regulated by lamin A/C

BIN combined with phase contrast microscopy allowed us to

probe the mechanical properties of different regions of the

cytoplasm in living cells. We have shown previously that

the actin-rich cell periphery is significantly stiffer than the

perinuclear region in adherent cells (32,34). We hypothe-

sized that if a mechanical link between nucleus and cyto-

skeleton existed then lamin A/C deficiency would reduce the

differences in stiffness between regions inside and outside

the perinuclear region. To test this hypothesis, we measured

the mechanical properties inside and outside a 30-mm
diameter circular region centered on the nucleus (Fig. 3, A
and B). This circle approximately delineates the perinuclear

region from the rest of the body of the cell, which we

denominate as the lamella. In Lmna1/1MEFs, we found that

the deformability of the cytoplasmic region around the nu-

cleus was significantly higher than the rest of the cytoplasm

(Fig. 3 C). Moreover, in Lmna1/1 MEFs, the shear viscosity

of the perinuclear region was significantly lower than the

shear viscosity of the lamella (Fig. 3 D). The difference in

deformability and viscosity between cytoplasmic regions

inside and outside the perinuclear region was much smaller

in Lmna�/� MEFs (Fig. 3, C and D). Therefore lamin A/C

deficiency diminishes greatly the difference in the mechan-

ical properties between lamella and perinuclear region.

Regulation of cytoskeleton plasticity by lamin A/C

Next, we determined how actin and microtubule networks

contributed to the cytoplasmic viscoelasticity of Lmna1/1

and Lmna�/� MEFs. Treatment of MEFs with latrunculin B

depolymerized actin without affecting significantly micro-

tubule organization (Fig. 2 A). Latrunculin B treatment de-

creased significantly the stiffness and increased the mechanical

deformability of the cytoplasm of Lmna1/1 MEFs, but had

no significant effect on the stiffness and deformability of

Lmna�/� MEFs (Fig. 2, B–D). Treatment of MEFs with

nocadozole disassembled the microtubule network, without

affecting significantly the architecture of the actin cytoskel-

eton (Fig. 2 A). Nocadozole treatment decreased significantly

the stiffness and mechanical compliance of the cytoplasm of

WT cells, but had no significant effect on the mechanical

properties of the lamin A/C knockout cells (Fig. 2, B–D).
Since the disassembly of either the actin network or the

microtubule network did not affect intracellular micro-

mechanical properties of knockout MEFs, these results indi-

cate that the mechanical deformability of the cytoskeleton in

FIGURE 1 Altered mechanical properties of the cytoplasm in MEFs

lacking lamin A/C. (A and B) Immunofluorescence micrographs of the actin

filament (green) and microtubule (red) networks in Lmna1/1 MEFs (A) and
Lmna�/� MEFs (B), overlaid with fluorescence micrographs of ballistically

injected 100-nm diameter nanoparticles (yellow). Cells were fixed and actin,

microtubule, and nuclear DNA were stained using Alexa-488 phallodin,

a-tubulin/Alexa568, and DAPI, respectively. Nanoparticles were enlarged

for ease of visualization. Bar, 20 mm. (C) Average mean-squared

displacements (MSD) of nanoparticles imbedded in the cytoplasm of

Lmna1/1 MEFs (solid line) and Lmna�/� MEFs (dashed line) (n. 35 cells

each). A higher value of MSD indicates larger movements of the particles,

which indicates a softer cytoplasm. (D) Average shear viscosity of the

cytoplasm of Lmna1/1 MEFs (left) and Lmna�/� MEFs (right) calculated

from the MSDs (n . 35 cells each).
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MEFs depends critically on the integrity of the nuclear

lamina.

Lamin A/C deficiency reduces the speed of cell
migration and abrogates MTOC polarization

Our previous work has shown that fibroblasts stiffen their

cytoplasm when they migrate into a wound (34). Since lamin

A/C deficiency alters intracellular mechanics, we hypothe-

sized that the softening of the cytoskeleton on lamin A/C

deficient cells would impact cytoskeleton-based cellular pro-

cesses such as directed cell migration and polarization.

To investigate the effect of lamin A/C deficiency on cell

migration, Lmna1/1 and Lmna�/� MEFs were grown to a

confluent monolayer, and subsequently scratched to create a

;200-mm wide wound. The rate of wound healing was

monitored and quantified over 3 h (Fig. 4). The results

showed that wound closure occurred significantly faster in

Lmna1/1 MEFs than in Lmna�/� MEFs (Fig. 4 B).
Depolymerization of either F-actin or microtubules by drug

treatments greatly reduced the speed of wound healing of

Lmna1/1 MEFs, but had little added effect on the (already

slow) speed of wound healing of Lmna�/� MEFs (data not

shown).

In addition to measuring rates of wound closure, we also

examined changes in polarity, determined by the location of

the MTOC with respect to the wound edge. It is well-

established that cells at the edge of a wound tend to exhibit a

polarized microtubule network (39–41). If cells at the edge

are split into thirds, the MTOC (or centrosome) is typically

found in the third facing the wound (Fig. 5 B). We found that

Lmna1/1 MEFs progressively repositioned their MTOC

preferentially in the direction of the wound over 3 h (Fig.

5 C, black bars). This preferential localization of the MTOC

toward the wound was not observed in Lmna�/� MEFs (Fig.

5 C, checkered bars). Together these results suggest that the
absence of nuclear lamin A/C not only significantly reduces

the speed of wound closure migration, but also largely elimi-

nates wound-induced cell polarization.

Lamin A/C deficiency separates the MTOC from
the nuclear envelope

The previous measurements suggest the existence of a

mechanical connection between the nuclear envelope and the

MTOC. To further test this hypothesis, we used immuno-

fluorescence microscopy to measure the apparent distance

between the MTOC, marked by g-tubulin staining, and the

nuclear envelope of Lmna1/1 MEFs and Lmna�/� MEFs,

marked by DAPI staining. In control Lmna1/1 MEFs, the

MTOC was found either right next to the nuclear envelope or

located under or above the nucleus. By contrast, lamin A/C

deficiency created significant separation between MTOC and

nuclear envelope (Fig. 6). The apparent distance between

FIGURE 2 Mechanical behavior of Lmna1/1 and

Lmna�/� MEFs following actin filament or microtubule

disassembly. (A) Immunofluorescence micrographs of the

actin (green) and microtubule (red) networks in Lmna1/1

and Lmna�/� cells treated with either latrunculin B or

nocadozole. Cells were fixed and actin, microtubule, and

nuclear DNA were stained using Alexa-488 phallodin,

a-tubulin/Alexa568, and DAPI, respectively. Bar, 20 mm.

(B) Average elasticity of the cytoplasm of control and

drug-treated Lmna1/1 (left columns) and Lmna�/� (right

columns) MEFs (n . 25 cells were assayed for each

condition). (C and D) Average creep compliance of the

cytoplasm of control and drug-treated Lmna1/1 MEFs (C)
and Lmna�/� MEFs (D). At least 25 cells were assayed for

each condition. For ease of comparison, the green area

indicates the compliance of control cells (regime I) and the

yellow area indicates the compliance of the knockout cells

(regime II).
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MTOC and nucleus could be as high as 5.80 mm in Lmna�/�

MEFs; the mean MTOC-nucleus distance was 1.5 mm. In

control cells, the MTOC-nucleus distance never exceeded

0.8 mm. This result suggests that lamin A/C mediates a tight

mechanical connection between the MTOC and the nucleus.

DISCUSSION

A mechanical link between cytoskeleton and
nucleus mediated by lamin A/C

Recent studies have provided compelling evidence for the

existence of physical connections between the nucleoplasm

and the cytoskeleton. In live endothelial cells, micromanip-

ulation suggested the existence of such a physical connection

(27). Furthermore, nuclear shape can be drastically altered by

the depolymerization of actin and/or microtubule networks

in several cell types (42,43) and suggests a physical con-

nection of these networks to the nucleus. MTOC positioning

and nucleus positioning are controlled by the same signaling

pathways in fibroblasts under shear forces (42). The molec-

ular nature of two such connections has been unraveled in

Caenorhabditis elegans: ZYG-12 has been shown to mediate

the essential attachment of the centrosome to the nucleus

(44) and Ce-lamin with UNC-84 and ANC-1 are involved in

actin-dependent anchorage of the nucleus (45–48). Recent

studies suggest that the latter anchoring mechanism is

evolutionary-conserved in mammalian cells (29).

Therefore, we used Lmna�/� MEFs to investigate whether

cell functions that could depend on these links were affected

in comparison to Lmna1/1 MEFs. BIN studies show that

the absence of nuclear lamin A/C increases dramatically the

deformability of the cytoplasm of Lmna�/� MEFs. The

elasticity, which describes the stretchiness of the cytoplasm,

and the viscosity, which describes its propensity to flow like

a liquid, in Lmna�/� MEFs are both reduced approximately

by 50%. Importantly, the extent of Lmna�/� MEF softening

is as significant as that observed in WT MEFs treated with

actin-disassembly or microtubule-disassembly agents. More-

over, the depletion of lamin A/C largely homogenizes the

stiffness throughout the cytoplasm, eliminating the sharp dif-

ference in the mechanical properties between the perinuclear

region and the lamella observed in WT cells. These results

suggest the new and important conclusion that global cyto-

skeleton mechanics depend crucially on the molecular links

between the actin and microtubule cytoskeletons and the

nuclear lamina.

A toy model of how cytoplasmic mechanics could be

enhanced by the nucleus/cytoskeleton link can be described

as follows. Let us imagine a rubber ball (i.e., the nucleus)

inside a bag full of rubber bands and liquid (i.e., the

viscoelastic cytoplasm). When the ball is not physically

FIGURE 3 Effect of lamin A/C deficiency on

the mechanical properties of the perinuclear region

and the lamella. (A and B) ‘‘Heat’’ maps of the

local mechanical properties of MEFs. Phase con-

trast micrographs of Lmna1/1 MEF (A) and

Lmna�/� MEFs (B) superimposed with fluores-

cence micrographs of the probe nanoparticles

embedded in their cytoplasm. The circles are 30

mm in diameter and centered on the nuclei centers;

they delineate the perinuclear region from the

lamella. Nanoparticles are color-coded according

to the local compliance of the cytoplasm in the

vicinity of each nanoparticle. Blue corresponds to

stiff regions and red to soft regions of the cell. The

size of the nanoparticles is augmented for ease of

view. Bar, 10 mm. (C) Average creep compliance

of the perinuclear region and lamella of Lmna1/1

MEFs and Lmna�/� MEFs. At least 25 cells were

assayed for type of cell. Linear scales are used for

compliance and time lag to highlight differences.

(D) Average shear viscosity in the perinuclear

region and the lamella of Lmna1/1 MEFs and

Lmna�/� MEFs. Shear viscosity values were nor-

malized with the shear viscosity of the perinuclear

region of Lmna1/1 MEFs. At least 25 cells were

assayed for each type of cell.
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linked to the rubber bands and forces are locally applied on

one side of the bag, then the ball moves easily toward the

other side of the bag and the apparent global stiffness of the

toy is low. However, if the rubber bands are now physically

linked to the ball, then the interconnected ball cannot be

moved around easily, which allows the ball to contribute,

and enhance, the global stiffness of the toy. Previous com-

posite measurements are unable to ascertain whether this link

exists, and can only measure apparent changes in global cell

stiffness (see more below). Showing that lamin A/C defi-

ciency does not significantly affect the mechanical properties

of the perinuclear region indicates that the nucleus (i.e., the

ball in the toy model) did not appreciably change in stiffness,

but that the link between nucleus and cytoskeleton was

FIGURE 4 Diminished speed of migration of MEFs

lacking lamin A/C during wound healing. (A) Phase contrast

micrographs of Lmna1/1 MEFs (top) and Lmna�/� MEFs

(bottom) immediately after wounding, and 1, 2, and 3 h after

wounding. The edges of the wounds are traced as guides to

the eye. Bar, 100mm. (B) Fraction of the wound that remains

uncovered by the crawling cells as a function of time for

Lmna1/1 MEFs (bottom) and Lmna�/� MEFs (top) (n ¼ 7

for each type of cell).

FIGURE 5 Impaired MTOC repositioning in MEFs

lacking lamin A/C. (A) Lmna1/1 MEFs and Lmna�/�

MEFs immediately after a wound and 3 h after the wound.

Cells were fixed and microtubule and nuclear DNA were

stained using a-tubulin/Alexa568 and DAPI, respectively.

Bar, 100 mm. (B) Microtubule network organization in

Lmna1/1MEFs at the edge of the wound. Cells at the edge

of the wound, which have their MTOC preferentially

located within the front third facing the wound, are

considered polarized (yellow circles); cells that have their

MTOC located in the back two-thirds of the cell are

considered nonpolarized (green circle). Bar, 20 mm. (C)

Fractions of Lmna1/1 MEFs and Lmna�/� MEFs that had

a polarized MTOC before the wound (0 h) and 3 h after

wounding. For Lmna1/1 MEFs, n ¼ 91 cells at 0 h and

n ¼ 175 cells at 3 h. For Lmna�/� MEFs, n ¼ 183 cells at

0 h and n ¼ 242 cells at 3 h.
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either ruptured or significantly weakened. Indeed, when

cytoskeleton and nucleus are disconnected through lamin A/

C deficiency, the cytoplasm softens to levels down to those

observed when actin or microtubule networks are disas-

sembled. These results also suggest that the molecular links

between the cytoskeleton and the nucleus—LINC complex

to the actin network (29) and hook-like proteins to the

microtubule network (44)—are functional, profoundly af-

fecting important cytoskeleton-based cell functions, includ-

ing cell motility and polarization.

Our observed changes in cytoplasmic stiffness caused by

lamin A/C deficiency could stem not from a weakening of

the physical connection between the nucleus and the cyto-

skeleton, but from changes in the levels of expression of

cytoskeleton proteins caused by the elimination of the Lmna
gene. However, an array analysis comparing gene expression

in Lmna1/1 MEFs and Lmna�/� MEFs shows relatively few

differences. Approximately 40 genes were either up- or

downregulated out of 35,000. None of these genes were

cytoskeletal proteins or were known to have any direct ef-

fects on the cytoskeleton or cytoskeletal structures (D. Cutler

and C. L. Stewart, unpublished observations).

In this study, our choice of BIN to measure cell mechanics

allowed us to circumvent the drawbacks associated with

previously described methods applied to the same cells and to

extract local information regarding cellular mechanics.

Indeed, Lammerding et al. used the magnetic bead twisting

method to probe the influence of lamin A/C deficiency on cell

mechanics (26). In this approach, large fibronectin (FN)-

coated magnetic beads are tethered to the outer face of the

plasma membrane and subjected to magnetic forces; the

global mechanical response of the cell is measured in terms of

the extent of rotation of the beads (49). This approach probes

the composite mechanical response of different organelles,

including the cytoskeleton in the body of the cell, the plasma

and nuclear membranes, the nucleoskeleton, and the actin

cytoskeleton bound to the inner face of the plasma membrane

and artificially recruited toward the bead through integrin

activation and clustering by fibronectin on the bead. There-

fore, the magnetic bead twisting method cannot readily

disentangle the contribution of the cytoskeleton from the

contributions of the plasma membrane and the nucleus to cell

mechanics. Efforts were made to probe beads away from the

nucleus (26), but it is well established that the imposed

displacements of a FN-coated bead tethered to the plasma

membrane results in large deformations over the entire cell

that mechanically engage the nucleus (49,50). Moreover, the

surface area of contact between the bead and the cell surface is

not controlled and apparent changes in MEF mechanics may

be caused by different extents of engulfment of the bead into

the cell membrane, not directly by changes in the mechanical

properties of the cytoplasm.

In contrast, BIN measures directly the local viscoelastic

properties of the cytoplasm using small nanoscale probes

located inside the cell and subjected to minuscule Brownian

random forces. BIN measures the absolute values of the

rheological parameters that characterize the full mechanical

response of the cytoskeleton—including mechanical compli-

ance, viscosity, and elasticity—which can then be compared

to those measured in other cell types or to those obtained with

reconstituted cytoskeleton networks or predicted by compu-

tational models of cell and nucleus mechanics (51). Further-

more, BIN measures the rate dependence of the mechanical

response of the cytoplasm, i.e., the values of the viscosity and

elasticity of the cytoplasm when it is sheared slowly or

rapidly. Also, the known viscosity and elasticity of standard

liquids and materials measured by particle tracking nano-

rheology compared favorably with those measured by

conventional bulk rheometers (52–54). Therefore, the pres-

ence of the nanoparticles does not affect the measurement of

materials properties. The membrane-tethering requirement

of the magnetic twisting method prevents this method from

being easily tested on standard fluids of known viscoelasticity.

FIGURE 6 Separation between MTOC and nucleus induced by lamin

A/C deficiency. (Top) Immnufluorescence micrographs of Lmna1/1 MEFs

and Lmna�/�MEFs showing the position of theMTOCmarked by g-tubulin

(thin arrows) stained using g-tubulin/Alexa568 and the nucleus delineated

by DAPI staining of nuclear DNA. Top row, typical Lmna1/1 MEFs;

bottom row, typical Lmna�/� MEFs. Bar, 20 mm. (Bottom) Fraction of cells
with a distinct separation between MTOC and nucleus. A value of 0 was

assigned to a cell if the MTOC touched or laid on top or bottom of the

nucleus, whereas a value of 1 was assigned to a cell if the MTOCwas clearly

separated from the nucleus. At least 20 cells were assayed for each type of

cell.
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Finally, BIN probes the local properties of the cytoplasm:BIN

can distinguish and compare the mechanical properties of the

cytoskeleton in the vicinity of the nucleus to those of the

cytoskeleton in the cell periphery. Therefore, unlike previous

approaches, BIN allows us to measure rigorously the local

mechanics of the cytoplasm in Lmna�/� and Lmna1/1MEFs

and test directly the hypothesis that the absence of lamin A/C

affects the rheology of the cytoskeleton.

Immunofluorescence microscopy did not reveal obvious

differences in the cytoskeletal architectures of MEFs caused

by lamin A/C deficiency. This may be in part due to the

limited resolution of immunofluorescence microscopy, which

cannot show subtle changes in actin organization (55).

Moreover, slight changes in local protein concentrations

(such as cross-linking proteins (32)), which do not lead to

dramatic changes in cytoskeleton organization, may create

large changes in cytoskeleton stiffness. For instance, serum-

starved fibroblasts stimulated by lysophospatidic acid (LPA)

and shear flows display similar actin organizations. Yet,

shear flows induce a 10-fold more pronounced stiffening of

the cytoskeleton than LPA (30,38). This underlines the

importance of a functional assay, such as BIN, when probing

cytoskeleton function.

Impaired cell migration and polarization induced
by lamin A/C deficiency

Our previous work shows that fibroblasts stiffen their cyto-

plasm to migrate into a wound (34). Indeed, net propulsive

forces stemming from actin assembly occur only when the

pointed ends of the filaments are able to push against a stiff

cytoplasm (51,56). Therefore, we hypothesized that our

observed softening of the cytoplasm in cells lacking nuclear

lamin A/C would affect their speed of migration. We find

that the absence of nuclear lamin A/C significantly reduces

actin-assembly powered motility of Lmna�/� MEFs. To-

gether these results indicate that lamin A/C deficiency soft-

ens greatly the cytoskeleton, which in turn reduces significantly

the speed of migration of Lmna�/� MEFs into a wound. Once

again, these results suggest the existence of a functional con-

nection between actin cytoskeleton and nucleus, which plays

a key role in cell motility.

We find that nuclear lamin A/C deficiency largely ab-

rogates the ability of fibroblasts to polarize their microtubule

cytoskeleton toward the wound. Migrating cells at the edge

of a wounded monolayer exhibit a polarized microtubule

structure where the MTOC preferentially faces the direction

of migration (39,40). In fibroblasts, such changes are con-

trolled by the small GTPase Cdc42 via downstream effectors

Par6 and PKCz, not the small GTPases Rho and Rac (42).

The Cdc42/Par6/PKCz complex mediates signaling path-

ways that causes downstream MT reorganization (41,57,58)

and subsequent repositioning of the MTOC in the direction

of the wound. Such repositioning has been shown to result in

nucleus rotation and movement, possibly through direct

interactions between the MTOC and the nucleus (42). Since

we found that lamin A/C deficiency creates significant se-

paration betweenMTOC and nucleus, our results also suggest

that cell polarization during cell migration requires tight

mechanical coupling between the MTOC and the nucleus,

which is mediated by lamin A/C. Nucleus-cytoskeleton

interactions may involve homologs of Hook proteins, as

recent work has shown that inC. elegans, ZYG-12, a member

of the Hook family of cytoskeletal link proteins, couples the

MTOC to the nucleus via SUN proteins during embryogen-

esis (44). Our previous results suggest a similar mechanism

exists in mammalian cells to regulate nucleus movement and

rotation observed in sheared cells (42). Together these results

suggest that the lack of polarization in Lmna�/� MEFs is due

to the rupture of the MTOC-nucleus link mediated by the

absence of lamin A/C in the nucleus.

Implications for lamin-based diseases

Our results suggest that, in addition to the reported ultra-

structural anomalies of the nuclear envelope in many

laminopathic tissues and model cell cultures, the structural

anomalies resulting from the lack or mutation of lamin A/C

extends far beyond the nuclear envelope to affect the whole

cytoskeleton organization and cytoskeleton-based cell func-

tions. The actin and microtubule networks are certainly

affected. In addition, intermediate filaments networks might

also be affected since a disorganization of the desmin net-

work has been shown in cardiomyocytes lacking lamin A/C

(28) and in cardiac muscle of LmnaN195K/N195K animals (20).

These observations further reinforce the existence of addi-

tional molecular connections linking the nuclear lamina to the

cytoskeleton that remain to be discovered.
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