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In prophase cells, lamin B1 is the major component of
the nuclear lamina, a filamentous network underlying
the nucleoplasmic side of the nuclear membrane,
whereas lamin A/C is dissociated from the scaffold. In
vivo fluorescence microscopy studies have shown that,
during the G2/M transition, the first gap in the nuclear
envelope (NE) appears before lamin B1 disassembly and
is caused by early spindle microtubules impinging on
the NE. This result suggests that the mechanical tearing
of the NE by microtubules plays a central role to the
progression of mitosis. To investigate whether this mi-
crotubule-induced NE deformation is sufficient for NE
breakdown, we assess the mechanical resilience of a
reconstituted lamin B1 network. Quantitative rheologi-
cal methods demonstrate that human lamin B1 fila-
ments form stiff networks that can resist much greater
deformations than those caused by microtubules im-
pinging on the NE. Moreover, lamin B1 networks possess
an elastic stiffness, which increases under tension, and
an exceptional resilience against shear deformations.
These results demonstrate that both mechanical tearing
of the lamina and biochemical modification of lamin B1
filaments are required for NE breakdown.

The nuclear lamina is a filamentous meshwork underlying
the nucleoplasmic side of the nuclear envelope (NE)1 (1). The
primary components of the nuclear lamina are intermediate
filament (IF) lamins and in particular lamin B1, which is
constitutively expressed (2, 3). Human lamin B1 mutated by
deletion of the rod domain (B1�rod) causes severe alteration of
the nuclear lamina organization (4–6), which suggests that
lamin B1 plays a key role in the structural integrity of the NE
(7). Lamins and many other NE proteins are subject to mitotic
phosphorylation by the Cdc2 kinase, which diminishes protein-
protein interactions required for NE integrity, dispersing
structural proteins into the cytoplasm at mitosis (8). In partic-

ular, a lamin B1 mutant lacking the Cdc2 kinase phosphoryl-
ation site prevents NE breakdown (9–11), which suggests that
lamin phosphorylation is a prerequisite for NE destabilization
before mitosis (12).

Nevertheless, there is growing evidence in vitro and in vivo
that lamin B1 disassembly is independent of NE breakdown.
Lamin B1 solubilization in vitro has been shown to occur with-
out NE breakdown (13). Time-resolved fluorescence microscopy
reveals that the organization of green fluorescent protein-
lamins in the NE of live cells remains intact until NE break-
down and little soluble lamin (�5%) can be detected through
fluorescence after recovery before NE breakdown (14). Instead,
early spindle microtubules cause folds in the NE, which de-
velop into deep invaginations that create an initial hole in the
NE (15). This hole forms at a specific NE position, which is
distal from the centrosomes (14). The non-random position of
the hole on the NE surface argues against weakening of the
lamina by lamin disassembly prior to NE breakdown, which
would create randomly located holes wherever lamin is com-
pletely disassembled (14). Based on these observations, it has
been speculated that mechanical tearing generated by micro-
tubules play the main role in NE breakdown (14).

To investigate whether the microtubule-induced deformation
is sufficient for NE breakdown, we assess the viscoelastic prop-
erties of lamin B1 to determine the mechanical resilience of a
reconstituted lamin B1 network. We focus on lamin B1 because
it is the primary component of the NE prior to its breakdown in
the G2/M transition whereas lamin A/C is dissociated from the
NE (15). We use quantitative rheological methods to examine
the mechanical response of lamin B1 networks subject to shear
and axial deformations similar to those generated by premi-
totic microtubules. To provide a basis of comparison, we report
the mechanical properties of cytoplasmic intermediate fila-
ments vimentin, complex epithelia keratin K5–K14, and simple
epithelia keratin K8–K18, as well as F-actin. Our results show
that lamin B1 can (even in the absence of auxiliary proteins)
form exceptionally resilient structures through strong interfila-
ment interactions. The maximum deformation of the NE gen-
erated by early spindle microtubules is much lower than the
deformation required to breakdown a lamin B1 network, which
suggests that NE breakdown has to involve both mechanical
tearing of the lamina and biochemical modifications of
lamin filaments.

MATERIALS AND METHODS

Lamin B1 Purification and Assembly—Unless specified, all reagents
were purchased from Sigma Chemical Company. Purification of human
lamin B1 is based on published protocols (5, 16). Briefly, Escherichia
coli BL21/DE3 containing a human lamin B1 expression plasmid was
grown at 37 °C in 200 ml of SOB medium (20 g of Tryptone, 5 g of yeast
extract, 0.5 g of NaCl, 0.186 g of KCl, and 20 mM MgCl2 per liter H2O)
supplemented with 50 �g/ml kanamycin. Human lamin B1 cDNA was a
generous gift from E. C. Schirmer (The Scripps Research Institute).
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Expression was induced with 1 mM isopropyl-thio-�-D-galactopyrano-
side at A595 0.7 for 4 h at 37 °C. Cells were lysed by sonication in
phosphate-buffered saline with 1.5 mM �-mercaptoethanol and protease
inhibitor. After a 7-min centrifugation at 10,000 � g, the pellet was
washed with 0.2% Triton X-100 and resuspended in 20 mM Tris, pH 8.0,
300 mM NaCl, 8 M urea, 3 mM �-mercaptoethanol, 0.2 mM phenylmeth-
ylsulphonyl fluoride. The solution was then incubated with nickel-
nitrilotriacetic acid resin (Qiagen, Gaithersburg, MD) for 45 min and
eluted in fractions with the same buffer containing a 0–200 mM imid-
azole gradient. The eluate was dialyzed in 20 mM Tris, pH 8.0, 8 M urea,
3 mM �-mercaptoethanol, 0.2 mM phenylmethylsulphonyl fluoride and
was applied to a Mono Q column (Bio-Rad) eluted with NaCl gradient
from 0–1 M. The lamin-rich fraction was examined by SDS-PAGE and
further dialyzed into 20 mM Tris, pH 8.0, 8 M urea, 2 mM dithiothreitol,
0.2 mM phenylmethylsulphonyl fluoride for storage. The protein purity
was verified to be �99% by SDS-PAGE assay followed by densitometry.
For filament assembly, lamin in 8 M urea at 1 mg/ml was dialyzed
against 20 mM Tris, pH 8.8, 1 mM EDTA, 1 mM dithiothreitol, 0.2 mM

phenylmethylsulphonyl fluoride (5) for 16 h at 4 °C. 150 mM NaCl was
added to the solution to induce lamin assembly. Alternatively, dialysis
in steps (which is for instance required for keratin (17)) did not affect
the structural and mechanical outcomes of lamin B1 networks (data not
shown).

Actin and Vimentin Purification and Assembly—Actin was prepared
from chicken breast (18) with an extra step of gel filtration by Sephacryl
S-300 (Sigma) (19). Purified actin was stored as Ca2�-actin in continu-
ous dialysis at 4 °C against buffer G (0.2 mM ATP, 0.5 mM dithiothreitol,
0.2 mM CaCl2, 1 mM sodium azide, and 2 mM Tris-HCl, pH 8.0). Mg2�-
actin filaments were generated by adding 0.1 volume of 10� KMEI (500
mM KCl, 10 mM MgCl2, 10 mM EGTA, 100 mM imidazole, pH 7.0)
polymerizing salt to 0.9 volume of G-actin in buffer G.

The purification of human vimentin is based on a published protocol
(20) using a Mono Q column (Bio-Rad). Human vimentin cDNA was a
generous gift from R. D. Goldman (Northwestern University Medical
School). To form filaments, vimentin that was solubilized in 1 mM

EDTA, 0.1 mM EGTA, 0.1 mM dithiothreitol, and 5 mM Tris-HCl, pH 8.4,
was dialyzed into filament buffer (0.1 mM dithiothreitol, 160 mM NaCl,
and 25 mM Tris-HCl, pH 7.5) at 37 °C (21).

Rheology—The mechanical properties of lamin B1 networks were
evaluated using a strain-controlled, cone-and-plate rheometer (ARES-
100, TA Instruments, Piscataway, NJ) (19, 22). Shear deformations of
controlled amplitude and frequency were applied via precise dynamic
rotations of the lower plate; the stress induced within the network was
measured through a sensitive torque transducer connected to the upper
cone. Lamin B1 solutions were supplemented with 150 mM NaCl and
immediately loaded in the space between the cone and plate. Once the
cone was set into position, 0.5 mg/ml phosphatidylcholine dissolved in
chloroform was applied to the air-water interface to eliminate the
interfacial localization of lamins (17). The dead time is estimated to be
5 min before rheological measurements. Gelation was monitored by
measuring the time-dependent elasticity of the network. Elasticity was
measured by applying two oscillatory deformations of 1% amplitude at
a frequency of 1 rad/sec every 30 s until a steady state was attained
(�1–3 h). At steady state, the frequency-dependent viscoelastic moduli
of the networks, G�(�) and G�(�), were computed by dividing the in-
phase and out-of-phase components of the measured oscillatory stress
induced within the network by the applied strain amplitude (here 1%)
(19, 22). The viscoelastic nature (i.e. viscous versus elastic) of lamin
networks was characterized by the phase angle � 	 tan
1(G�/G�). The
response of the lamin networks to shear was assayed by applying
oscillatory deformations at 1 rad/s and amplitudes from 0.5 to 500%.
For all rheological experiments, the temperature of the solutions was
maintained at 25 °C to within 0.1 °C.

RESULTS

Mechanical Properties of Reconstituted Lamin B1 Net-
works—We tested the mechanical properties of human lamin
B1 networks in assembly buffer using quantitative rheological
methods as a function of time after onset of assembly and at
steady state. Suspensions of lamin B1 (Fig. 1A) were allowed to
gel in the space between the cone and plate of the rheometer,
and elastic modulus (G�) and viscous modulus (G�) of the sus-
pensions were probed by 1% oscillatory deformations. The elas-
tic modulus and viscous modulus represent the in-phase and
out-of-phase components of the stress induced in the networks
normalized by the amplitude of the applied deformation (23,

24). To monitor gelation kinetics, networks were subject to a
couple of oscillatory deformations of small 1% amplitude every
30 s until the elasticity of the network reached a steady state
value (the first 2 h are shown in Fig. 1B). The elastic modulus
of the network dominated rapidly (�5 min) the viscous modu-
lus of the network, an effect measured by the low phase angle
� 	 tan
1(G�/G�)�10° of the network. The phase angle of a
material characterizes its viscoelastic nature (24): e.g. � 	 90°
for water or glycerol, which from a rheological point of view
corresponds to a liquid-like behavior, and ��0° for a very stiff
rubber corresponding to a solid-like behavior. Therefore, rheo-
metry reveals that lamin B1 networks display a pronounced
solid-like character.

The rate of gelation, estimated here as the inverse of the time
required for attaining 90% of the steady state value (Fig. 1B),
increased slightly from 0.05 min
1 to 0.125 min
1 for lamin B1
concentrations between 1 and 6 mg/ml. Over that concentration
range, the elasticity of lamin B1 networks increased �15-fold
(Fig. 1B). By subjecting lamin B1 networks to small oscillatory
deformations of frequencies between � 	 0.01 and 100 rad/s, we
measured the dynamic elasticity, G�(�), and viscous modulus,
G�(�), of lamin B1 networks (Fig. 1C). The frequency depend-
ence of G�(�) was weak (Fig. 1C), which signifies that for the
tested lamin concentrations lamin B1 polymers in solution

FIG. 1. Mechanical properties of lamin B1 networks. A, human
lamin B1 was subject to a SDS-PAGE assay to show protein purity. B,
increase in elasticity G� and viscous modulus G� upon lamin B1 assem-
bly. Lamin concentrations range between 1 and 6 mg/ml in standard
assembly buffer. G� and G� are the in-phase and out-of-phase compo-
nents of the stress induced by oscillatory deformations of small ampli-
tude (�0 	 1%) normalized by the amplitude of the deformations �0.
Dead time between loading in the rheometer and measurement is 5
min. C, frequency-dependent elasticity G�(�) and viscous modulus G�(�)
of lamin B1 networks a steady state for lamin B1 concentrations rang-
ing between 1 and 6 mg/ml.
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showed little or no mobility for time scales as long as 2�/� �
600s (Fig. 1C). These results show that (from a rheological
point of view) lamin networks behave as cross-linked gels.

Lamin B1 Networks Strain-harden under Shear—Up to 1 h
prior to NE breakdown, the interphase nucleus is subject to
large intracellular mechanical stresses: the NE experiences
localized folds and deep invaginations caused by early spindle
microtubules before the disassembly of lamin B1 filaments,
which occurs only after NE breakdown (14, 15). To test the
response of lamin B1 to mechanical stresses such as those
created by premitotic microtubules, lamin B1 networks were
subject to deformations of fixed frequency of 1 rad/s and am-
plitude ranging between 0.5 and 500%. Profiles of the strain-
dependent elasticity of lamin B1 networks, G�(�0), featured
three distinct regions (Fig. 2A). G�(�0) was mostly independent
of �0 at low deformation amplitudes, increased dramatically at
intermediate strain amplitudes (i.e. the network strain-hard-
ens under shear), and declined rapidly at large strain deforma-
tions (i.e. the network strain-softens under shear) (Fig. 2A and
inset). The maximum value reached by G�(�0) relative to the
base line increased greatly with lamin B1 concentration (Fig. 2,
B and C). Hence, lamin B1 networks show pronounced strain-
hardening, whereby the network stiffens under shear.

To further investigate the effect of shear deformations on
lamin B1 networks, oscillatory deformations of the type �(t) 	
�0sin�t of fixed frequency (� 	 1 rad/sec) and increasing defor-
mation amplitude �0 were applied to the networks, and the
resulting induced stress �(t) was monitored as a function of
time (Fig. 3A). Up to a strain amplitude of �20%, �(t) was a
periodic function (Fig. 3A). However, past that threshold strain
amplitude, �(t) became a non-periodic function with a maxi-
mum stress that declined from one shear cycle to the next (Fig.
3C). For small deformations, lissajous figures of �(t) versus �(t)
displayed a narrow ellipse (Fig. 3B), which indicates that little
viscous dissipation within the network occurred during shear
(i.e. the network is much more elastic than viscous). For large

deformation amplitudes, lissajous figures displayed a wide el-
lipse (Fig. 3D) with a major axis slightly rotating clockwise
because the network softened during the shear cycles. This
figure shows that the stress increased faster than linearly with
the strain (arrow in Fig. 3D), another hallmark of shear-in-
duced hardening in lamin networks (25).

Lamin Displays Exceptional Resilience against Mechanical
Stresses—Next, we investigated the intrinsic mechanical resil-
ience of lamin, i.e. the largest deformation that lamin can
sustain before its ultimate breakdown. The resilience of lamin
B1 networks, i.e. the strain amplitude at which G� began to
decrease, was extraordinarily high (�0�200%) and mostly in-
dependent of concentration (Fig. 4). In contrast, our analysis of
images of nuclei undergoing large deformations in premitotic
cells reported in Ref. 14 shows that the relative shear defor-
mation of the NE created by spindle microtubules does not
exceed 13% (see analysis in supplemental material). This is
because the seemingly large, micron-scale deformations of the
NE occur over the thin (�50–100 nm) lamina thickness. Note
that the NE is subject to both shear and axial (i.e. extensional)
deformations. We computed a maximum axial resilience be-
tween 133 and 200% (see supplemental material) whereas the
relative axial deformation of the NE in vivo was reported to be
�50% (14). Hence, the (axial or shear) deformations that the
lamin network can sustain before breakdown are much larger
than deformations caused by microtubules prior to NE
breakdown.

Lamin B1 networks are somewhat less elastic but are signif-
icantly more solid-like and more resilient than F-actin net-
works (Fig. 5, A–D). Lamin B1 displays much more pronounced
strain-induced hardening than any other network of major
cytoskeleton polymer (Fig. 5C). Besides strain-hardening,
lamin B1 networks display mechanical properties (elasticity,
phase angle, etc.) that are quite similar to those of networks of
simple-epithelial keratin K8–K18, complex-epithelial keratin
K5–K14, and vimentin (Fig. 5, A–D), all cytoplasmic interme-

FIG. 2. Strain-induced hardening of
lamin B1. A, dependence of the elastic
modulus G� of lamin B1 suspensions on
the deformation amplitude �0 at different
lamin B1 concentrations in standard as-
sembly buffer at 25 °C. Inset, associated
log-log plot of G�(�0) versus �0. B, maxi-
mum value of elastic modulus, Gmax, dis-
played by lamin B1 networks under shear
as a function of lamin B1 concentration.
C, degree of strain-hardening, SH, of
lamin B1 networks, which corresponds to
the maximum elasticity of the network
under shear relative to the baseline elas-
tic modulus at low strain amplitudes,
SH 	 (Gmax 
 Glow �0)/Glow �0.
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diate filaments with well established structural function (17,
26, 27).

DISCUSSION

To investigate whether mechanical tearing of the NE by
spindle microtubules impinging on the nucleus is the sole
mechanism required for NE breakdown, we assessed the vis-
coelastic properties of lamin B1, the primary component of NE
lamina. Using quantitative rheological methods, we measured
the mechanical properties of lamin B1 networks subject to
different types of shear stresses at broad range. Lamin B1
polymers form remarkably solid-like and resilient structures.
Under tension, lamin B1 networks display a pronounced
strain-hardening behavior whereby the elasticity of the net-
work increased under shear. The maximum shear that lamin
B1 can sustain before breakdown is significantly greater than
the deformation caused by spindle microtubules impinging on
the NE in prophase. Therefore, mechanical tearing of the lamin

B1-rich lamina is necessary but not sufficient to induce
NE breakdown.

Concentration Dependence of Network Elasticity—Over the
range of concentrations in lamin B1 probed here, the increase
in elasticity is compatible with a power law of the type
G�(c)�c1.4, where c is the concentration in lamin B1. A similar
concentration dependence of G� is observed for the stereotypi-
cal semiflexible cytoskeleton polymer F-actin (28). Polymer
physics theory predicts that the elastic modulus of networks of
semiflexible polymers should scale as G�(c)�c1.4, whereas rigid
polymers should scale as G�(c)�c1 and flexible polymers should
scale as G�(c)�c2.25 (29). Thus, our rheological data suggest
that lamin B1 polymers in solution are semiflexible polymers,
i.e. their persistence length (which measures the bending ri-
gidity of the polymer) is of the same order of magnitude as their
contour length, which also is the case of cytoplasmic interme-
diate filaments (30, 31). Compounding the effect of interfila-
ments interactions, this putative rigidity would provide lamin
B1 with a supplemental mechanism to entangle easily and
therefore form stiff gels (32, 33).

Lamin B1 networks stiffen under shear stress, i.e. they
readily display strain-hardening, which potentially stems from
the self-interactions that are also responsible for their solid-
like character and extraordinary resilience against shear de-
formations. Under large shear deformations, lamin B1 fila-
ments would be forced to bend while pushing against the
topological constraints created by entanglements with other
filaments, an effect that is energetically unfavorable. If non-
steric interactions were absent, lamin B1 filaments would be
able to relax the stress by sliding past one another. Here, for
lamin B1 networks, these non-steric interactions impede such
sliding motion, which prevents stress relaxation and induces
strain-hardening as well as enhanced mechanical resilience.
Similarly to actin networks, the presence of other components

FIG. 3. Mechanical response of
lamin B1 networks subject to oscilla-
tory deformations. A, imposed oscilla-
tory shear deformation (�(t), open sym-
bols) and induced time-dependent stress
(�(t), closed symbols). Lamin B1 networks
(3 mg/ml) in polymerization buffer at
25 °C were subject to sinusoidal deforma-
tions of the type �(t) 	 �0sin �t of fixed
frequency � 	 1 rad/sec and deformation
amplitude of �0 	 10%. B, lissajous figure
of �(t) versus �(t) for �0 	 10%. Same
conditions as in A. C, time-dependent
strain (�(t), open symbols) and induced
stress (�(t), closed symbols) with �0 	
100%. Same conditions as in A. D, lissa-
jous figure for �0 	 100%. Same condi-
tions as in A. Arrow indicates change in
stress versus strain.

FIG. 4. Mechanical resilience of lamin B1. Resilience of lamin B1
networks as a function of lamin B1 concentration. The resilience is the
maximum possible deformation of lamin before breakdown, i.e. before
its elasticity begins to drop when sweeping from low to high deforma-
tion amplitude.
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in the prophase lamina, such as LAP2� and POM121 (which
associate with lamin B1 (14)), could further increase the resil-
ience and strain-hardening of lamin B1 meshwork.

Microtubule-driven Deformation Force Alone Is Insufficient
to Break Down Lamin Network—Unlike the two major cy-
toskeletal polymers F-actin and microtubule (34, 35), lamin B1
has a natural tendency to generate inter-filament interactions
and form bundles even in the absence of auxiliary proteins (1,
13, 16, 36–38). These non-steric interactions promote the for-
mation of large condensed microstructures and bundles and
endow lamin B1 polymers with a propensity to form elastic
gels. The stiffness and relative magnitude of elastic and viscous
moduli of lamin B1 filament suspensions are conspicuously
similar to those obtained with reconstituted networks of cyto-
plasmic intermediate filaments, including vimentin, complex
epithelial keratin K4-K14, and simple epithelial keratin K8-
K18 (17, 39). The strong solid-like character of IF networks, not
shared by the two other major cytoskeleton polymers, origi-
nates from strong non-steric interactions between polymers
(24). This characteristic allows lamin B1 networks to possess
extraordinary shear resilience, exceeding that of microtubule
and F-actin networks. We recently measured the micro-me-
chanical properties of the interphase nucleus in vivo (40).
These measurements show an intranuclear elastic modulus
that is much higher than the viscous modulus, and an elasticity
similar to that observed here with reconstituted lamin
B1 networks.

When spindle microtubules impinge on the NE, the NE is
subject to both shear and axial deformations. One can easily
compute the axial resilience from the measured shear resil-
ience. If we assume plane stress conditions and a linear isotro-
pic brittle material we may relate the extensional deformation
at failure, �u, to the shear deformation at failure, �u, by the
Poisson’s ratio, 	, of the material, �u 	 �u/(1�	) (see supple-
mental material). Although 	 is generally regarded to be �0.3
for gels and polymer networks, we may bound it between an
incompressible material (	 	 0.5) and a perfectly compressible
material (	 	 0) to conclude that 2/3�u 
 �u 
 �u, or 133% � �u

�200%. Thus the maximum axial deformation of lamina before
breakdown is much larger than that of the NE before break-
down observed in vivo, �50% (14).

The Exceptional Mechanical Resilience of Lamin Imposes the
Existence of a Crucial Biochemical Step before NE Break-
down—The low elastic modulus of lamin B1 will allow rela-
tively large deformations of the lamina created by spindle
microtubules as observed in vivo, but the extremely high resil-
ience of lamin B1will prevent its collapse. It might be the
42-residue insert within the lamin rod domain that makes the
lamin filament networks mechanically tougher than cytoplas-
mic IF networks (39), a hypothesis that we shall test in the
future. The high resilience of lamin networks stems from both
the high resistance of lamin against longitudinal deformation
(30, 31) as well as the propensity of lamin filaments to cross-
link, a property shared to a lesser extent by other intermediate
filaments. The maximum deformation that a lamin B1 network
can sustain before breakdown is much greater than the defor-
mations generated by spindle microtubules impinging on the
NE. These results together with the fact that lamin B1 depo-
lymerizes only after NE breakdown suggest that NE break-
down by mechanical tearing of the lamina cannot occur until
the lamin B1 network is weakened by biochemical modifica-
tion. Reduction of the homotypic affinity between lamin B1
filaments would greatly diminish the mechanical resilience of
the lamina but would not necessarily affect lamin dynamics,
solubility, and apparent organization. Therefore, it would not
be detected by changes in fluorescence after recovery or total
fluorescence intensity (14). The reduction of lamin interfila-
ment interactions before NE breakdown could be achieved by
premitotic phosphorylation of lamin B1 or by regulatory pro-
teins that are yet to be identified. The lamina contains many
more components besides lamin B1, including nuclear actin
and protein 4.1 (41), which form filamentous structures that
could further enhance the resilience of lamina.
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