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Abstract Microtubules are known to drive chromosome

movements and to induce nuclear envelope breakdown

during mitosis and meiosis. Here we show that microtu-

bules can enforce nuclear envelope folding and alter the

levels of nuclear envelope-associated heterochromatin

during interphase, when the nuclear envelope is intact.

Microtubule reassembly, after chemically induced depo-

lymerization led to folding of the nuclear envelope and to a

transient accumulation of condensed chromatin at the site

nearest the microtubule organizing center (MTOC). This

microtubule-dependent chromatin accumulation next to the

MTOC is dependent on the composition of the nuclear

lamina and the activity of the dynein motor protein. We

suggest that forces originating from simultaneous poly-

merization of microtubule fibers deform the nuclear

membrane and the underlying lamina. Whereas dynein

motor complexes localized to the nuclear envelope that

slide along the microtubules transfer forces and/or signals

into the nucleus to induce chromatin reorganization and

accumulation at the nuclear membrane folds. Thus, our

study identified a molecular mechanism by which

mechanical forces generated in the cytoplasm reshape the

nuclear envelope, alter the intranuclear organization of

chromatin, and affect the architecture of the interphase

nucleus.

Keywords Microtubules � Nuclear envelope � Lamins �
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Introduction

Microtubules and their interacting proteins play a major

role in shaping the architecture of the genome during

mitosis and meiosis. At the onset of both mitosis and

meiosis, nuclear envelope breakdown is driven by

stretching forces generated by the dynein motor proteins

that are anchored to it while sliding along microtubules

towards the spindle poles [1–3]. Following nuclear enve-

lope breakdown, the microtubules and their motor proteins

kinesin and dynein drive the migration of the chromosomes

and their attachment to the spindle [4, 5]. Likewise, the

generation of the ‘‘meiotic bouquet’’, a cluster of chro-

mosomes that are linked to the nuclear envelope through

their telomeres during early stages of meiosis, has been

shown to be dependent on microtubules and the associated

dynein activity [6]. However, very little is known regarding

the ability of the microtubules to sculpture the nuclear

morphology and to organize chromatin structures during

interphase.

Recent studies have identified a physical link between

the microtubules and the nuclear envelope, which facili-

tates the movement of the nucleus during cellular

differentiation and migration [7–12]. This link is based on

an interaction between the microtubule motor proteins
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kinesin and dynein, and the KASH domain proteins. KASH

domain proteins traverse the outer nuclear membrane and

protrude into the perinuclear space where they interact with

the SUN domain proteins. The SUN domain proteins cross

the inner nuclear membrane and interact with nuclear

lamins [13, 14], which interact with chromatin both

directly [15–18] and indirectly through additional lamina-

associated proteins [19, 20]. Thus, the interaction of

kinesin and dynein with KASH proteins and the interaction

of SUN proteins with the nuclear lamina provide a con-

nection between the cytoplasmic microtubules and the

intranuclear chromatin. In lower eukaryotes, a direct

association between SUN domain proteins and hetero-

chromatin-associated proteins has been reported [21–24].

The physical link between microtubules and chromatin

fibers across the nuclear membrane raises the possibility

that microtubules may affect the nuclear shape and the

organization of the genome not only during mitosis, but

also during interphase when the nuclear envelope is intact.

In the study reported here we demonstrated that microtu-

bule recovery from complete disintegration leads to folding

of the nuclear envelope and accumulation of condensed

chromatin at the site that faces, and is nearest to, the

microtubule organizing center (MTOC). The transient

accumulation of condensed chromatin at this site is

dependent on the composition of the nuclear lamina and on

the activity of dynein, which localizes to the nuclear

envelope following complete microtubule depolymeriza-

tion. Our results suggest that forces generated by the

microtubule cytoskeleton can reshape both the nuclear

membrane and the underlying lamina, and alter the spatial

organization of the chromatin fibers during interphase. We

demonstrated a mechanism that can facilitate mechano-

transduction from the cytoplasm through the nuclear

envelope into the nucleus and can induce global changes in

chromatin architecture.

Materials and methods

Cell culture and plasmids

Mouse melanoma B16-F1 cells were grown in DMEM

(#10564-011; Invitrogen, Grand Island, NY) supplemented

with 10 % fetal calf serum (#16000-044; Invitrogen).

Microtubule depolymerization was induced by incubation

for 3 h in the presence of nocodazole (#M1404; Sigma,

Saint Louis, MO) which was added at 5 lg/ml. For

microtubule regrowth the cells were washed three times

with DMEM to remove the nocodazole and were incubated

in growth medium at 37 �C for the indicated periods of

time. Cherry fused EB3 was generated by cloning human

EB3 into pmCherry-N1. Plasmids expressing histone H1E

fused to green fluorescent protein (GFP) (H1E-GFP) [25],

lamin A and lamin AD50 [26] and p150Glued amino acids

217–548 fused to DsRed (p150217-548) [27] were prepared

as described in the references. Plasmids were transfected

into the cells using Lipofectamine 2000 (#11668-019;

Invitrogen, Carlsbad, CA) or jetPEITM (#101-10; PolyPlus,

Illkirch, France).

Immunostaining and live cell imaging

The cells were fixed in 4 % paraformaldehyde in PHEM

buffer (60 mM PIPES, pH 6.9, 25 mM HEPES, 10 mM

EGTA, 2 mM magnesium acetate) at room temperature for

5 min followed by fixation in methanol supplemented with

1 mM EGTA at -20 �C for another 5 min. Antibodies

included mouse monoclonal anti-a-tubulin clone DM1A,

1:400 (#T6199, Sigma, Saint Louis, MO, USA), rabbit

polyclonal anti-c-tubulin, 1:600 (#11321; Abcam, Cam-

bridge, MA), goat polyclonal anti-lamin B, 1:100 (#6216;

Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit

polyclonal anti-dynein heavy chain, 1:50 (#9115; Santa

Cruz Biotechnology). The DNA was stained with Hoechst

33342 (Molecular Probes, Eugene, OR). All images were

acquired using a Zeiss LSM META 510 confocal micro-

scope. The ImageJ program was used for quantification of

the mean fluorescent signals in the nuclear regions within a

circle of radius 5 lm from the MTOC and in the rest of the

nucleus. At each point, 11–21 nuclei were analyzed. Sta-

tistical significance was calculated using Student’s t test.

For live cell imaging, the cells were incubated in

Leibovit’s L15 medium (#21083-027; Invitrogen, Grand

Island, NY) supplemented with 10 % fetal calf serum

(#16000-044; Invitrogen, Grand Island, NY) in a temper-

ature-controlled chamber. Images were acquired using a

DeltaVision system package (Applied Precision, Issaquah,

WA). Imaris software (Bitplane, Zurich, Switzerland) was

used for movie creation.

Electron microscopy

Samples for electron microscopy were prepared as descri-

bed previously [28]. Briefly, the cells in six-well plates

were fixed with 2 % glutaraldehyde followed by 1 %

osmium tetroxide in 0.1 M sodium cacodylate buffer (pH

7.4). Following en bloc staining with 0.5 % uranyl acetate

in 0.1 M acetate buffer (pH 5.0), the cells were dehydrated

in a series of ethanol dilutions, embedded in epoxy resin,

and cured at 55 �C in an oven for 48 h. The hardened resin

was separated from the plates by submerging the plates in

liquid nitrogen. Thin sections (90 nm) were made parallel

to the growth of cells using a diamond knife and an

ultramicrotome, mounted on 150 mesh grids, stained in

uranyl acetate and lead citrate, and stabilized by carbon
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evaporation. The thin sections were examined and imaged

with an H7600 Hitachi electron microscope equipped with

a CCD camera (AMT, Danvers, MA). In each micrograph

the nuclear envelope was divided into two regions: the

region that faces the MTOC, which is the region that can be

reached by straight lines originating from the MTOC, and

the nuclear envelope in the rest of the nucleus. The ImageJ

program was used to measure the length of the nuclear

envelope in each region as well as the area covered by

heterochromatin attached to the nuclear envelope in each

region. Nucleoli were distinguished from heterochromatin

by the dense fibrillar components that are clearly visualized

in transmission electron microscopy (TEM) micro-

graphs. The ratio between the area covered by attached

heterochromatin and the length of the nuclear envelope was

calculated for each region, and the ratio in the region that

faces the MTOC in control cells was set as 1. At each point

ten nuclei were analyzed. Statistical significance was cal-

culated using Student’s t test.

Results

To explore the possibility that microtubules can alter the

morphology of the nucleus and the organization of the

chromatin fibers during interphase, we induced major and

reversible changes in the cellular organization of the

microtubules using the microtubule depolymerization agent

nocodazole. Following microtubule depolymerization, the

nocodazole was washed away to allow microtubule repo-

lymerization. Microtubule repolymerization is initiated at

the MTOC, which is localized next to the nucleus and can be

visualized by immunofluorescence. We monitored the

morphology of the nucleus and the global organization of

chromatin by histone H1 fused to GFP and Hoechst staining.

In both control and nocodazole-treated interphase cells,

the nuclear envelope appeared smooth and heterochromatin

domains seemed randomly spread throughout the nuclei, as

visualized by confocal microscopy imaging (Fig. 1a).

However, 5 min after removal of nocodazole the nuclear

envelope was invaginated at the site closest to and facing

the MTOC. In addition, the fluorescent intensities of both

H1E-GFP and the Hoechst signal were highly increased at

the invagination site, an indication of chromatin accumu-

lation at this site (Fig. 1a, nuclear region is marked with an

arrow at the 5-min time point). The extent of the invagi-

nation and the accumulation of chromatin next to the

MTOC became more prominent 10 min after initiation of

microtubule recovery (Fig. 1a, nuclear region is marked

with an arrow at the 10-min time point). Interestingly,

30 min after nocodazole removal accumulation of chro-

matin next to the MTOC and invagination in the nuclear

envelope were no longer evident. Thus, microtubule

polymerization induced a dynamic reshaping of both the

nuclear envelope and the interphase chromatin.

To quantify the degree of chromatin accumulation next

to the MTOC, we calculated the mean fluorescent inten-

sities of the H1E-GFP and the Hoechst signals in two

different nuclear regions. The first region was the nuclear

area nearest to the MTOC (within a circle of radius 5 lm

from the MTOC; Fig. 1b, area #1). The second region was

the nuclear area more distant from the MTOC (i.e., more

than 5 lm away from the MTOC; Fig. 1b, area #2). The

ratio of the mean fluorescent signal in area #1 to that in

area #2 was defined as the relative signal enrichment next

to the MTOC. This showed that 10 min after initiation of

microtubule recovery, the chromatin concentration at the

invagination site facing the MTOC increased by 50 %, as

compared to the chromatin concentration in the regions that

were more distant from the MTOC. In sharp contrast, in

control cells and in cells 30 min after nocodazole removal

no relative signal enrichment next to the MTOC was

observed. These results indicate that microtubule repoly-

merization induces significant transient changes in the

shape of the nucleus and in the spatial organization of the

intranuclear chromatin.

To monitor the kinetics of these nuclear changes in live

cells we labeled the chromatin and the MTOC by over-

expressing H1E-GFP and EB3-Cherry, respectively.

Chromatin accumulation at the invaginated nuclear enve-

lope site facing the MTOC was first clearly noticeable in

frame 05:54. The intensity was most prominent 2 min later,

in frame 07:53. Chromatin dispersal from that site was first

observable in frame 19:45, i.e., around 20 min after initi-

ation of microtubule repolymerization (Fig. 2, and

Supplementary material). Thus, the entire process from the

initiation of chromatin accumulation at the invagination

site to its dispersal from that site lasted only 15–17 min.

To obtain additional insight into the dynamic changes

occurring in the nuclear envelope during microtubule

recovery from nocodazole treatment we immunostained the

cells with antibodies to lamin B. The kinetics of lamin B

accumulation next to the MTOC were very similar to the

kinetics of chromatin accumulation (Fig. 3). Within 5 min

of microtubule recovery, lamin B accumulated at the

invaginated nuclear membrane next to the MTOC. The

signal was more prominent 10 min after initiation of

recovery, but was no longer visible at 30 min. Lamin B is

known to be stably incorporated into the mesh of the

nuclear lamina. Live cell imaging analysis has revealed

that once incorporated, lamin B does not diffuse out of the

nuclear lamina [26, 29]. Therefore, the transient accumu-

lation of lamin B at the nuclear membrane invagination site

most likely indicates accumulation of nuclear envelope

mesh, rather than accumulation of free lamin B proteins in

this region.
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The structural changes occurring in the nucleus were

even more obvious when examined at high resolution by

TEM. Thus, in cells 10 min after nocodazole removal,

TEM analysis revealed intensive folding and invagination

of the nuclear envelope only in the nuclear region facing

the MTOC (Fig. 4a). Significantly, in regions that did not

face the MTOC and in control cells that were not exposed

to nocodazole the nuclear envelope remained unfolded and

free of significant invaginations. Likewise, TEM analysis

revealed significant localization of condensed chromatin at

the invagination sites facing the MTOC in nocodazole-

treated cells, but not in nontreated control cells.

To quantify the relative levels of accumulation of con-

densed chromatin at the folded nuclear envelope, we

distinguished between two regions of the nuclear envelope.

The first region contained the nuclear envelope segments

that could be reached by straight lines originating from the

MTOC; this region was called ‘‘the nuclear envelope next

to the MTOC’’ (Fig. 4a, red lines). The second region

contained all nuclear envelope segments that were not

included in the first region and was called ‘‘the rest of the

nucleus’’. The lengths of the nuclear envelope segments in

both parts of the nucleus were measured. Next, we mea-

sured separately the areas of condensed chromatin

(heterochromatin) in contact with each of the above nuclear

envelope segments. The ratio of the heterochromatin area

to the nuclear envelope length in each region is a measure

of the relative levels of nuclear envelope-associated het-

erochromatin. This ratio was set as 1 for the MTOC-facing

region in control cells (Fig. 4b). These measurements

indicate that per unit of nuclear envelope length, the

amount of heterochromatin associated with the folded

nuclear envelope was 80 % higher than that in the unfolded

region of the nuclear envelope (Fig. 4b). Thus, the TEM

results are in full agreement with the results of confocal

microscope imaging of fixed cells (Fig. 1) and with those

of fluorescent microscope imaging of live cells (Fig. 2, and

Supplementary material), indicating that during microtu-

bule repolymerization heterochromatin accumulates at the

nuclear envelope folds facing the MTOC. Taken together,

these results suggest that microtubule polymerization can

lead to dynamic changes in the structure of the nucleus:

both the nuclear envelope and the spatial organization of

the chromatin fibers were reversibly altered. Thus, struc-

tural changes occurring in the cytoplasm dynamically

reshape the nucleus.

The nuclear lamina plays a major role in determining the

mechanical properties of the nuclear envelope and is also in

direct physical contact with chromatin [12, 30, 31].

Therefore, we tested whether the composition of the

nuclear lamina may play a role in the transient accumula-

tion of chromatin at the nuclear envelope folds. For this

purpose, we followed the accumulation of chromatin dur-

ing microtubule repolymerization in cells overexpressing

lamin A or lamin AD50 fused to GFP (Fig. 5a). Lamin

AD50 is a truncated form of lamin A that lacks the 50

C-terminal amino acids, which is the Hutchinson-Gilford

progeria syndrome mutated lamin A [32, 33]. The lamin

AD50 map of protein–protein interaction only partially

overlaps that of lamin A [17]. It is also thought that nuclear

envelope containing lamin AD50 has altered mechanical

properties in comparison to nuclear envelope containing

lamin A [26, 34]. We found that expression of GFP-fused

lamin AD50 did not interfere with microtubule-driven

chromatin accumulation. In contrast, overexpression of

GFP-fused lamin A almost completely inhibited microtu-

bule-driven chromatin accumulation (Fig. 5).

The mean fluorescent signal of the Hoechst reagent was

measured in two nuclear regions and quantified as descri-

bed in Fig. 1 (Fig. 5b). Thus, the first region was the

nuclear area within a circle of radius 5 lm from the MTOC

and the second region was the nuclear area that was more

than 5 lm distant from the MTOC. The ratio of the Hoe-

chst mean fluorescent signal in the first nuclear region to

that in the second nuclear region is an indication of the

relative signal enrichment next to the MTOC. In control

and in GFP-fused lamin AD50-expressing cells 10 min

after induction of microtubule recovery, the chromatin

concentration next to the MTOC was more than 1.6-fold

higher than in more distant parts of the nucleus. However,

in cells overexpressing GFP-fused lamin A the chromatin

concentration next to the MTOC was only 1.2-fold higher

than in more distant parts of the nucleus. Thus overex-

pression of lamin A inhibited the accumulation of

Fig. 1 Microtubule recovery induces nuclear alterations. a Microtu-

bule depolymerization was induced by nocodazole treatment in cells

expressing histone H1E-GFP. Following nocodazole removal the cells

were further incubated for the indicated times to allow microtubule

polymerization. Following fixation, the cells were stained with

antibodies to a-tubulin to visualize microtubules, c-tubulin to

visualize the MTOC, and with Hoechst reagent to visualize the

DNA. The Merged images show the merged signals of a-tubulin, c-

tubulin and H1E-GFP (white arrows accumulated chromatin next to

the MTOC; red arrows MTOC in control cells, nocodazole-treated

cells and in cells 30 min after nocodazole removal, in which no

chromatin accumulated next to the MTOC; scale bar 10 lm).

b Quantification of the kinetics of the changes in signal intensities

of H1E-GFP and Hoechst staining in the nuclear region next to the

MTOC. For quantification, circles with a radius of 5 lm were

centered at the MTOC as shown in the magnified images (yellow
circles). The nuclear regions inside the circles (area #1) and outside

the circle (area #2) were selected (marked with red lines) using the

ImageJ program and the mean fluorescent signals of the green channel

and blue channel in each region were measured (green bars, blue
bars). The relative signal enrichment next to the MTOC was

determined as the ratio of the mean fluorescent signal of area #1 to

the mean fluorescent signal of area #2, and the average (±SE) relative

signal enrichment values for each time point are shown in the bar

graph. *P \ 0.001, Student’s t test

b
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chromatin next to the MTOC by more than 60 %. Accu-

mulation of chromatin next to the MTOC in these cells was

not observed at additional time points (not shown), indi-

cating that lamin A overexpression inhibited rather than

changed the kinetics of the microtubule-driven nuclear

alterations. Interestingly, lamin A overexpression inter-

fered with microtubule-driven chromatin accumulation

next to the MTOC, but not with nuclear envelope folding.

In most cases, nuclear envelope invaginations were

observed while chromatin failed to accumulate next to the

MTOC. These results suggest that the concentration of

lamin A in the nuclear envelope is critical for establishing a

link between the nuclear envelope and the chromatin fibers.

Rupture of the nuclear envelope during mitosis is

microtubule-driven and is thought to be dependent on the

activity of the plus-end-directed motor protein complex,

dynein [2]. Indeed we found that nocodazole treatment led

to accumulation of dynein on the nuclear envelope (Fig. 6),

a finding fully consistent with previous observations [35,

36]. Therefore, we examined whether dynein activity is

important for microtubule-driven chromatin accumulation.

Dynein activity is dependent on the dynactin protein com-

plex, which is important for targeting dynein to specific

cellular locations, for linking dynein to its cargos, and for

increasing dynein processivity [37, 38]. Expression of the

dynein binding fragment of the dynactin subunit, p150Glued

(p150217–548) has been shown to inhibit dynein activity [27].

Therefore, the effect of microtubule recovery from noco-

dazole treatment on chromatin organization was evaluated

in cells expressing the dynein inhibitor p150217–548 (Fig. 7).

Interestingly, expression of p150217–548 inhibited the accu-

mulation of chromatin next to the MTOC during

microtubule recovery from nocodazole treatment, as eval-

uated by Hoechst staining. For quantification, the Hoechst

signals in the nuclear region next to the MTOC (within a

circle of radius 5 lm from the MTOC) and in the rest of the

Fig. 2 Microtubule recovery induces nuclear alterations. Shown are

time-lapse images. Cells overexpressing both H1E-GFP (chromatin

marker) and Cherry fused EB3 (MTOC marker) were treated with

nocodazole to induce microtubule depolymerization. After nocodaz-

ole removal, the cells were imaged every minute for 50 min; 2 min

elapsed between nocodazole removal and acquisition of the first

frame, therefore 2 min should be added to the acquisition time shown

in each image. Selected images are presented (image 07:53 first frame

in which significant chromatin accumulation next to the MTOC

(arrow) can be seen; scale bar 8 lm)
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nucleus were compared, as shown in Fig. 1. This analysis

revealed that in control cells 10 min after initiation of

microtubule recovery the chromatin concentration close to

the MTOC was 50 % higher than in regions distant from the

MTOC (Fig. 7b). However, in cells expressing the dynein

inhibitor p150217–548 10 min after initiation of microtubule

recovery there was an increase of only 19 % in the chro-

matin concentration close to the MTOC in comparison to

more distant nuclear regions. Interestingly, inhibition of

dynein activity interfered only with microtubule-driven

chromatin accumulation next to the MTOC, while nuclear

envelope folding was not affected and still occurred. These

Fig. 3 Microtubule recovery induces reshaping of the nuclear

envelope. Microtubule depolymerization was induced by nocodazole

treatment. After nocodazole removal the cells were further incubated

for the indicated times to allow microtubule polymerization. After

fixation, the cells were stained with antibodies to a-tubulin to

visualize the microtubules, c-tubulin to visualize the MTOC, lamin B

to visualize the nuclear envelope, and with Hoechst reagent to

visualize the DNA. The Merged images show the merged signals of

a-tubulin, c-tubulin and lamin B (white arrows accumulated lamin B

and chromatin next to the MTOC; red arrows MTOC in control cells,

nocodazole-treated cells and cells 30 min after nocodazole removal,

in which no lamin B or chromatin accumulated next to the MTOC;

scale bar 10 lm)
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results suggest that the function of the dynein complexes

linked to the nuclear envelope, which are formed during the

nocodazole treatment, is important for microtubule-driven

reorganization of chromatin.

Discussion

In the study reported here we showed that microtu-

bule polymerization, a cytoplasmic process, reshapes the

1262 G. Gerlitz et al.
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nuclear envelope and the chromatin fibers inside the

interphase nucleus. The microtubule-driven alterations in

the nuclear envelope and the accumulation of heterochro-

matin at the invagination site of the nuclear envelope are

highly dynamic and reversible processes (Figs. 1, 2, 3, 4).

During microtubule recovery from nocodazole treatment

there is a time window of 15–20 min in which the micro-

tubules induce nuclear envelope folding and accumulation

of condensed chromatin at the nuclear site that is the

closest to the MTOC. The ability of the microtubules to

reshape the nuclear architecture is dependent on the levels

of lamin A (Fig. 5) and on the function of the microtubule

motor protein, dynein (Fig. 7).

Our knowledge of the ability of microtubules to reshape

the nucleus during interphase is very limited. In Drosophila

embryonic development, during cellularization all cortical

nuclei are enclosed by membranes while the nuclei change

from spherical to ellipsoid. During this process, which is

dependent on both microtubule polymerization and the

nuclear lamina protein Kugelkern, accumulation of het-

erochromatin also occurs at the side of the nucleus closest to

the MTOC [39, 40]. An additional example of microtubule-

driven nuclear reshaping is nuclear lobulation during

granulocytic differentiation. During the 2 weeks of granu-

locytic differentiation, lobulation of the nucleus is

associated with intensive nuclear envelope folding and

chromatin condensation [41, 42]. In vitro granulocytic dif-

ferentiation of HL60 cells is dependent on microtubule

dynamics, since nocodazole treatment inhibits it [43].

Interestingly, this differentiation process is also associated

with a reduction in lamin A levels [43, 44] and a decrease in

the phosphorylation level of histone H1 [45]. The similarity

between the characteristics of granulocytic differentiation

and our observations on the effects occurring during

microtubule recovery from nocodazole treatment suggests

that these processes may be mechanistically similar.

We envision two possible processes that can account for

the effects of microtubule recovery on the morphology of

the nuclear envelope: first, the simultaneous encounter of

the newly formed microtubule fibers with the nuclear

envelope generates sufficient force to push the nuclear

envelope inwards, and second, dynein motor complexes,

which are anchored to the nuclear envelope due to the

nocodazole treatment (Fig. 6) [35, 36], attach to the newly

polymerized microtubule fibers once the nocodazole is

removed. Sliding of these dynein complexes along

the microtubules towards the MTOC pulls the nuclear

envelope towards the MTOC around the polymerized

microtubules, thereby leading to the folding of the nuclear

envelope. Our observation that dynein does not inhibit

nuclear envelope folding during microtubule recovery

(Fig. 7a) suggests that nuclear folding is dynein-indepen-

dent. Thus, it is more probable that nuclear envelope

folding is generated by microtubule fibers that simulta-

neously encounter the nuclear envelope (Fig. 7c). In this

scenario, after nocodazole removal, synchronization of

microtubule dynamics gradually decreases. Thus, with time

fewer microtubule fibers encounter the nuclear envelope

simultaneously at each folded point, the forces that led to

nuclear envelope folding are decreased and the recovery of

the nuclear envelope from the folded morphology to its

‘‘regular’’ spherical morphology is enabled.

By itself, folding of the nuclear envelope is not suffi-

cient to condense trapped chromatin between the nuclear

envelope invaginations, since both overexpression of lamin

A (Fig. 5) and inhibition of dynein activity (Fig. 7a, b)

interfered with the accumulation of condensed chromatin

next to the MTOC without disrupting nuclear envelope

invagination and folding. Thus, accumulation of condensed

chromatin is dependent on both the lamina composition

and the activity of the dynein motor complex. An increase

in lamin A levels could affect microtubule-driven chro-

matin accumulation either by elevating the rigidity of the

nuclear envelope or by interfering with the formation of

protein–protein interactions, which are necessary for the

connection between the microtubules and chromatin. The

former option seems less probable for two reasons. First,

previous studies have indicated that Hutchinson-Gilford

progeria syndrome cells expressing the lamin AD50 mutant

have a more rigid nuclear envelope than wild-type cells

[26, 34]. Therefore, it would be expected that the nuclear

envelope in lamin AD50-overexpressing cells is more rigid

than in lamin A-overexpressing cells, yet only overex-

pression of lamin A inhibited the microtubule-driven

chromatin accumulation. Second, overexpression of

lamin A did not interfere with microtubule-driven nuclear

envelope folding, suggesting that no increase in nuclear

Fig. 4 Microtubule recovery induces nuclear envelope folding and

an increase in heterochromatin association with the nuclear envelope

in the nuclear region that faces the MTOC. a TEM images of control

cells and cells after 10 min of microtubule reassembly (black arrows
centrosomes, red lines nuclear envelope parts that face the MTOC,

yellow arrows heterochromatin patches linked to the nuclear enve-

lope, scale bar 2 lm). b Quantification of the relative amounts of

heterochromatin associated with the nuclear envelope. The nuclear

envelope was divided into two regions. The first region contained the

nuclear envelope segments that could be reached by straight lines

originating from the MTOC (a red lines) and was called ‘‘the nuclear

envelope next to the MTOC’’. The second region contained all

nuclear envelope segments that were not included in the first region

and was called ‘‘the rest of the nucleus’’. The areas of heterochro-

matin in contact with each of the above nuclear envelope segments

were measured separately. The ratio of the area of heterochromatin

linked to the nuclear envelope of each region to the nuclear envelope

length in each region is a measure of the relative level of nuclear

envelope-associated heterochromatin. This ratio for the MTOC facing

region in control cells was set as 1. The bar graph represents the mean

(±SE) relative levels of nuclear envelope-associated heterochromatin

in ten different cells. *P \ 0.005, Student’s t test

b
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envelope rigidity occurred in these cells. We therefore

favor the possibility that overexpression of lamin A dis-

rupts protein–protein interactions that are important for

maintaining a proper link between the nuclear envelope

and chromatin. In this respect we note that a recent study

identified 35 proteins which interact preferentially with

Fig. 5 Chromatin reorganization during microtubule recovery is

dependent on the composition of the nuclear lamina. a Nocodazole-

mediated microtubule depolymerization was induced in cells over-

expressing GFP-fused lamin A or lamin AD50. After nocodazole

removal, the cells were incubated for a further 10 min to allow

microtubule polymerization, fixed and stained with antibodies to a-

tubulin and c-tubulin. DNA was stained with Hoechst reagent. The

Merged images show the merged signals of a-tubulin, c-tubulin and

GFP fused lamins (white arrows accumulated chromatin next to the

MTOC in GFP-fused lamin AD50-expressing cells and in a

nontransfected cells, red arrows MTOC in cells overexpressing

GFP-fused lamin A, scale bar 10 lm). b Quantification of the relative

amount of chromatin in the nuclear region next to the MTOC in the

different cells 10 min after nocodazole removal. The mean fluores-

cent signals of the Hoechst reagent in the nuclear regions within a

circle of radius 5 lm from the MTOC were normalized to the mean

(±SE) fluorescent signals in the rest of the nucleus. *P \ 0.001,

Student’s t test
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lamin A over lamin AD50 [17]. Therefore, it is probable

that overexpression of lamin A rather than lamin AD50

would have a dominant negative effect due to interference

with protein–protein interactions that are important for the

link between the nuclear envelope and the chromatin fibers

or that between the nuclear envelope and the microtubules.

Inhibition of dynein activity led to interference with

microtubule-driven accumulation of condensed chromatin

next to the MTOC. Dynein motor complexes, which are

anchored to the nuclear envelope by nocodazole treatment

(Fig. 6) [35, 36] can form a link between the emerging

microtubule fibers and chromatin. Components of the

dynein complex have been shown to interact with KASH

domain proteins that traverse the outer nuclear membrane

[7, 11]. KASH domain proteins are able to bind SUN

domain proteins that traverse the inner nuclear membrane

into the nucleus [13, 14], where they are able to bind

lamins [46–48]. Lamins are known to associate with

chromatin [15–20]. Thus, a physical link between the

forming microtubule fibers and chromatin may be formed

upon initiation of microtubule recovery from nocodazole

treatment. We hypothesize that establishment of this link

generates tension at the nuclear lamina, which may alter

interactions of the lamins with their protein partners,

thereby leading to better interaction of lamins with het-

erochromatin-associated proteins, thus resulting in

accumulation of heterochromatin in the nuclear envelope

region facing the MTOC (Fig. 7c). As the microtubule

fibers recover from nocodazole treatment, the dynein motor

complexes dissociate from the nuclear envelope, thereby

stopping the transmission of forces to the nuclear lamina

resulting in the dispersal of the condensed chromatin from

the nuclear envelope.

Attempts to further characterize the condensed chro-

matin accumulated next to the MTOC by immunostaining

it with antibodies to various chromatin components such as

histone H1, HMGN1 or several histone modifications were

not successful, suggesting that the antibodies could not

efficiently bind to their cognate sites in this condensed

chromatin.

Based on all our observations, we suggest the following

model for the mechanism by which the microtubule cyto-

skeleton alters both nuclear morphology and chromatin

organization (Fig. 7c). Following nocodazole removal, the

coordinated assembly of new microtubule fibers generates

sufficient mechanical force to invaginate and fold the

nuclear envelope. Concurrently, dynein motor complexes,

which are anchored to the nuclear envelope by nocodazole

Fig. 6 Nocodazole treatment induces dynein accumulation on the

nuclear envelope. Microtubule depolymerization was induced by

nocodazole treatment. After nocodazole removal the cells were

incubated for a further 10 min to allow microtubule polymerization.

At the indicated times, the cells were fixed and stained with

antibodies to a-tubulin, dynein heavy chain (DHC), lamin B and

Hoechst reagent. The Merged images show the signals of dynein

heavy chain and lamin B (scale bar 10 lm)
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treatment, attach to the newly polymerized microtubule

fibers, thereby forming a physical bridge between the

cytoplasmic microtubule cytoskeleton and the chromatin

fibers inside the nucleus. Sliding of these dynein complexes

along the microtubules towards the MTOC generates strain

at the nuclear lamina, altering the interaction of the lamins

Fig. 7 Chromatin reorganization during microtubule recovery is

dependent on the function of dynein. a Microtubule depolymerization

was induced by nocodazole treatment in cells expressing both H1E-

GFP and the dynein inhibitor, p150217–548 fused to DsRed, and in

control cells expressing only H1E-GFP. After nocodazole removal the

cells were incubated for a further 10 min to allow microtubule

polymerization, fixed and stained with antibodies to a-tubulin and

Hoechst reagent. The Merged images show the signals of a-tubulin

and Hoechst reagent (white arrows accumulated chromatin next to the

MTOC in control cells, red arrows MTOC in cells expressing

p150217–548, scale bar 10 lm). b Quantification of the relative

amounts of chromatin in the nuclear region next to the MTOC in

control cells and in cells expressing the dynein inhibitor, p150217–548

fused to DsRed 10 min after nocodazole removal. The mean

fluorescent signals of the Hoechst reagent in the nuclear regions

within a circle of radius 5 lm from the MTOC were normalized to the

mean (±SE) fluorescent signals in the rest of the nucleus. *P \ 0.003,

Student’s t test. c Diagram of microtubule-driven nuclear reorgani-

zation. After nocodazole removal, the coordinated assembly of new

microtubule fibers generates sufficient mechanical force to invaginate

and fold the nuclear envelope. Concurrently, dynein motor com-

plexes, which are anchored to the nuclear envelope due to the

nocodazole treatment, attach to the newly polymerized microtubule

fibers, thereby forming a physical bridge between the cytoplasmic

microtubule cytoskeleton and the chromatin fibers inside the nucleus.

Sliding of these dynein complexes along the microtubules towards the

MTOC generates strain at the nuclear lamina, altering the interaction

of the lamins with nuclear proteins, thereby enhancing the interaction

of the lamins with heterochromatin-associated proteins, thus leading

to the accumulation of heterochromatin at the nuclear envelope region

facing the MTOC
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with nuclear proteins, thereby enhancing the interactions of

lamins with heterochromatin-associated proteins, thus

leading to the accumulation of heterochromatin in the

nuclear envelope region facing the MTOC.

According to this model, induction of dynein interaction

with the nuclear envelope can lead to heterochromatin

accumulation in the nuclear envelope region that faces the

MTOC. Interestingly, accumulation of dynein on the

nuclear envelope has been shown in migrating neurons,

where dynein motor proteins pull the nucleus forward [7,

13]. Furthermore, reexamination of classical TEM micro-

graphs of migrating neurons has revealed accumulation of

heterochromatin at the side of the nucleus facing the MTOC

[49]. In addition, nuclear migration in the filamentous fungi

Neurospora crassa is associated with accumulation of

heterochromatin at the leading tip of the motile nuclei,

where dynein is predicted to pull the nucleus towards the

MTOC [25, 50]. Thus, microtubule-driven nuclear altera-

tions may be highly important during cell migration.

In addition, our data support the view that the entire cell

functions as a tensionally integrated (tensegrity) system. In

such a system components that are physically connected to

each other balance forces generated by various components

in the system to stabilize the entire structure of the system

[51, 52]. Our results suggest that pulling forces generated

by the microtubule network lead to chromatin condensation

next to the nuclear envelope to oppose these forces. This

mechanism may also be used for mechanotransduction

from the cytoplasm into the nucleus: changes in the cyto-

plasmic cytoskeleton are transmitted mechanically to alter

the nuclear architecture leading to changes in chromatin

function.
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