Lamins position the nuclear pores and
centrosomes by modulating dynein
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ABSTRACT Lamins, the type V nuclear intermediate filament proteins, are reported to func-
tion in both interphase and mitosis. For example, lamin deletion in various cell types can lead
to an uneven distribution of the nuclear pore complexes (NPCs) in the interphase nuclear
envelope, whereas deletion of B-type lamins results in spindle orientation defects in mitotic
neural progenitor cells. How lamins regulate these functions is unknown. Using mouse cells
deleted of different combinations or all lamins, we show that lamins are required to prevent
the aggregation of NPCs in the nuclear envelope near centrosomes in late G2 and prophase.
This asymmetric NPC distribution in the absence of lamins is caused by dynein forces acting
on NPCs via the dynein adaptor BICD2. We further show that asymmetric NPC distribution
upon lamin depletion disrupts the distribution of BICD2 and p150 dynactin on the nuclear
envelope at prophase, which results in inefficient dynein-driven centrosome separation dur-
ing prophase. Therefore lamins regulate microtubule-based motor forces in vivo to ensure
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proper NPC distribution in interphase and centrosome separation in the mitotic prophase.

INTRODUCTION

The nuclear lamins have been implicated in regulating many cellular
functions in both interphase and mitosis (Dechat et al., 2008; Burke
and Stewart, 2012; Butin-Israeli et al., 2012; Zheng, 2010). Mammals
express a family of three lamin proteins. For example, the three
mouse lamin genes, Lmnb1, Lmnb2, and Lmna, express lamin-B1,
-B2, and -A/C, respectively. Each cell type often expresses more
than one lamin, and in interphase, these proteins assemble into a
dense network under the nuclear envelope. This lamin network in-
teracts with a large number of other nuclear peripheral proteins to
form the nuclear lamina, which is important for a number of nuclear
functions. For example, lamin depletion causes defects in DNA rep-
lication (Meier et al., 1991; Spann et al., 1997; Shimi et al., 2008),
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gene transcription (Reddy et al., 2008; Zullo et al., 2012), and the
distribution of some nuclear peripheral proteins, such as the nuclear
pore complexes (NPCs; Sullivan et al., 1999; Kubben et al., 2011;
Chen et al.,, 2013; Jung et al., 2013; Guo et al., 2014) and emerin
(Vaughan et al., 2001; Chen et al., 2012; Guo et al., 2014). Of impor-
tance, lamin-mediated even distribution of nucleoporins (Nups)
functions in somatic stem cells to support epidermal growth factor
(EGF) signaling, which is essential for the development of the germ-
line stem cells and the reproductive organ in Drosophila (Chen
et al., 2013). The mechanism by which lamins regulate these inter-
phase nuclear functions, however, is not well understood.

Of interest, lamin-B3, the major lamin found in Xenopus eggs,
maintains the morphology of mitotic spindles assembled in Xeno-
pus egg extracts (Tsai et al., 2006). Because lamin-B3 directly binds
to the dynein regulator Nudel, this B-type lamin appears to aid the
minus end-directed dynein motor to counterbalance the forces
generated by the plus end-directed kinesin Eg5 on spindle microtu-
bules (Ma et al., 2009; Goodman et al., 2010). The connection be-
tween lamin and microtubule-based motors in mitosis raises the
question of whether these intermediate filament proteins also bal-
ance motor forces exerted on the interphase nucleus and, if so,
whether this could explain some of lamin’s roles in the nucleus.

Microtubule cytoskeleton can exert forces on the interphase nu-
cleus. For example, dynein interacts with NPCs during late G2 and
prophase. The dynein adaptor bicaudal D2 (BICD2) binds to the
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Nup358 to recruit dynein to NPCs during late G2 and prophase,
whereas another protein, CENP-F, brings dynein to NPCs in pro-
phase by bridging the dynein regulator NudE or NudE-like (Nudel)
to Nup133 (Splinter et al., 2010; Bolhy et al., 2011). The binding of
dynein to NPCs suggests that as dynein moves toward the minus
ends of the astral microtubules anchored at the centrosome, it ex-
erts force on NPCs. If this force were not counterbalanced, all NPCs
would be pulled toward the centrosomes during late G2 and pro-
phase. The even distribution of NPCs indicates that some nuclear
proteins and/or plus end—-directed motors must counterbalance the
dynein force.

Among the nuclear peripheral proteins, the structural compo-
nents of the nuclear lamina, the lamins, could function to anchor
NPCs because lamins have been shown to directly bind to nucleo-
porins (Smythe et al., 2000; Al-Haboubi et al., 2011; Lussi et al.,
2011). By tethering NPCs to the nuclear lamina, lamins may counter-
balance the dynein forces to ensure the even distribution of NPCs
throughout the nuclear envelope. Using different mouse cells, we
demonstrate that lamins ensure proper distribution of NPCs during
late G2 and prophase by counteracting the dynein forces exerted
on NPCs via BICD2. This in turn contributes to efficient centrosome
separation in prophase. We will discuss the implications of these
findings in the context of how lamins may use a conceptually similar
means to balance motor forces exerted on the interphase nucleus
and in the mitotic spindle.

RESULTS AND DISCUSSION

Each lamin, when expressed at a sufficient level, prevents
asymmetric NPC distribution

To study the role of lamins, we previously created both mouse em-
bryonic stem cells (ESCs) and mice deleted of individual or different
combinations of Lmnb1, Lmnb2, or Lmna genes (Kim et al., 2011,
2013; Kim and Zheng, 2013). Using these ESCs, mouse embryonic
fibroblasts (MEFs) derived from mouse embryos, and ESC-derived
fibroblast-like cells (EDFCs), we have shown that the total lamin con-
centration, and not a specific lamin type, is required to maintain the
even distribution of NPCs around the nuclear envelope in MEFs and
EDFCs but not in ESCs (Guo et al., 2014). Further immunofluores-
cence analyses of EDFCs derived from lamin triple-knockout (TKO)
ESCs using the antibody against Nup98 revealed that the uneven
distribution of NPCs could be separated into two types—clustered
and asymmetric distributions. In the clustered distribution, a num-
ber of NPCs cluster together to form small aggregates that distrib-
ute throughout the nuclear envelope, whereas in the asymmetric
distribution, all NPCs aggregate toward one side of the nuclear en-
velope (Figure 1, A-C). Compared to wild-type EDFCs, which exhib-
ited nearly 100% even distribution of NPCs, ~40% of the lamin TKO
EDFCs exhibited asymmetric NPC distribution, whereas ~50% had
clustered NPCs (Figure 1D).

Because lamin-B loss in the Drosophila cyst stem cells and cyst
cells resulted in the aggregation of some Nups without affecting
the distribution of others (Chen et al., 2013), we used antibodies
that recognize nucleoporin Nup93 or TPR, and the monoclonal
antibody mAb414, which recognizes four FG-Nups—Nup358,
Nup214, Nup153, and Nupé2—to probe NPC distribution (see
Figure 1A for the localization of all the Nups probed). All of these
Nups exhibited either clustered (unpublished data) or asymmetric
distribution in the TKO EDFCs (Figure 1E). We also transfected a
plasmid expressing Nup133 tagged by three tandem green fluores-
cent proteins (3XxGFPs) in wild-type or lamin TKO EDFCs. Although
the signal of 3xGFP-Nup133 is very weak, by increasing the expo-
sure time, we found that the 3xGFP-Nup133-marked NPCs also
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exhibited clustered (unpublished data) or asymmetric distributions
(Figure 1E). As expected, overexpression of lamin-B1, -B2, or -A
ameliorated both NPC clustering and asymmetric distributions
(Figure 1, F and G).

After differentiation from ESCs, the EDFCs proliferate very slowly.
To explore further whether the asymmetric NPC distribution pheno-
type also occurs in cells that proliferate rapidly, we derived trans-
formed MEFs (tMEFs) by stably expressing the SV40 large T antigen
in primary MEFs. Proliferation analyses showed that the wild-type
and lamin-B1/lamin-B2 double-knockout (LBDKO) tMEFs exhibited
similar morphology and high growth rates (Supplemental Figure
S1). Depletion of lamin-A/C by two different small interfering RNAs
(siRNAs) did not affect the proliferation of the wild-type or LBDKO
tMEFs (Supplemental Figure S1B). We therefore analyzed the NPC
distribution in the tMEFs treated by control or lamin-A/C siRNA. We
found that reduction of lamin-A/C by two different siRNAs in the
LBDKO tMEFs (Figure TH) resulted in either clustered or asymmetric
distribution of NPCs similar to those observed in the lamin TKO
EDFCs (Figure 1, | and J). These studies demonstrate that lamins are
required for the even distribution of NPCs, regardless of the growth
rate of the cells.

Lamins prevent asymmetric NPC distribution near
centrosomes during late G2 and prophase

Previous studies showed that dynein is loaded onto NPCs during
late G2 and prophase by dynein adaptor proteins (Splinter et al.,
2010; Bolhy et al., 2011). Therefore dynein could exert forces on
NPCs to pull them toward the minus ends of microtubules during
late G2 and prophase. We reasoned that by analyzing the cell cycle
stages when the NPC clustering or asymmetric distribution occurs,
we could gain further insights into the cause of the NPC distribution
defects upon lamin deletion. We performed immunofluorescence of
cyclin-B1 and phosphorylated histone H3 (pH3) to label late G2 and
prophase cells (Figure 2A, top, arrows) or only prophase cells (Figure
2A, bottom) in lamin TKO EDFCs, respectively. We found that ~70%
of cyclin-B1-positive and ~95% of pH3-positive cells exhibited
asymmetric NPC distribution in EDFCs, whereas the cyclin-B1- neg-
ative cells exhibited mostly the NPC clustering defect (Figure 2, A
and B). Similar analyses in lamin-A/C siRNA-treated LBDKO tMEFs
revealed that NPC asymmetric distribution occurred in late G2 and
prophase (Figure 2B). In both EDFCs and tMEFs depleted of all lam-
ins, Nup98 and other Nups recognized by mAb414 were distributed
throughout the cytoplasm upon nuclear envelope breakdown
(NEBD) during mitosis. In telophase, these Nups underwent grossly
even reassembly into NPCs surrounding the decondensing chromo-
somes, and in early G1 cells, clustered NPCs appeared around the
nuclear envelope (Figure 2, C and D). Thus the asymmetry of NPC
distribution in prophase is resolved through NPC reassembly during
cell division in the lamin-depleted EDFCs and tMEFs.

We found, as expected, that microtubule arrays were anchored
to centrosomes in EDFCs or tMEFs near the interphase nucleus in
the presence or absence of lamins (Supplemental Figure S2). These
microtubule arrays could exert forces on NPCs via the NPC-associ-
ated dynein during late G2 and prophase. If the lamin meshwork
functions to counteract the dynein forces exerted on NPCs, lamin
depletion would allow all NPCs to be pulled toward the centro-
somes to assume the asymmetric distribution during late G2 and
prophase (Figure 2E). To analyze this, we performed double immu-
nostaining of the centrosomes and NPCs using the pericentrin anti-
body and mAb414, respectively. We found that NPCs asymmetri-
cally aggregated toward the centrosomes (Figure 2F, arrows) in
~90% of lamin-depleted EDFCs and tMEFs (Figure 2F). Because
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Asymmetric NPC distribution upon depletion of all lamins. (A) The localization of examined Nups in NPCs.
(B) Immunofluorescence of Nup98 in EDFCs. (C) Representative images of nuclei exhibiting even, clustered, or
asymmetric NPC distribution. (D) Quantification of NPC distribution in EDFCs. (E) Nup93, TPR, and mAb414
immunostaining pattern and Nup133 distribution in EDFCs. 3xGFP-Nup133 was imaged by 1-min exposure time.
(F) Immunofluorescence of NPCs and lamins in TKO EDFCs that overexpress lamin-A, -B1, or -B2. Arrows, cells that
overexpress each lamin exhibit rescued NPC distribution. (G) Quantification of NPC distribution in TKO EDFCs that
overexpress each lamin. (H) Western blotting analysis of lamin-A/C (LA and LC) in wild-type (WT) and LBDKO tMEFs
treated with control (siCtrl) or two different lamin-A/C (siLA/C 1 and siLA/C 2) siRNAs. Tubulin (Tub), loading control.
(I) Immunofluorescence of NPCs in tMEFs. (J) Quantification of NPC distribution in tMEFs. Scale bars, 5 pm. For all
quantifications, three independent experiments. Error bars, SD. More than 100 cells were counted in each group. n.s.,

not significant; ***p < 0.001 by Student’s t test.
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and LBDKO tMEFs treated with lamin-A/C siRNAs (right) in prophase and early G1 phase. (E) How dynein force
could pull NPCs toward centrosomes. Lamin could resist dynein force and prevent asymmetric NPC clustering.
(F) Immunofluorescence of mAb414 and pericentrin in TKO EDFCs and LBDKO tMEFs treated with lamin-A/C siRNAs
(top). Arrows, centrosomes. Bottom, quantification of nuclei with NPC aggregation toward centrosomes. Scale
bars, 5 pm. For all quantifications, three independent experiments. Error bars, SD. n.s., not significant; *p < 0.05 and
***p < 0.001 by Student's t test.
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centrosomes serve as the major microtubule-organizing centers
where microtubule minus ends reside, this result strongly suggests
that NPCs are pulled toward the minus ends of microtubules in the
lamin-null cells. Thus lamins prevent asymmetric aggregation of
NPCs near the centrosomes during late G2 and prophase.

Microtubules mediate asymmetric NPC distribution in the
absence of lamins

The foregoing findings suggest that dynein could pull NPCs toward
centrosomes during late G2 and prophase in the absence of lamins.
We therefore first tested whether depolymerizing microtubules by
nocodazole could prevent the asymmetric aggregation of NPCs at
the centrosome. The lamin TKO EDFCs or the LBDKO tMEFs de-
pleted of lamin-A/C by RNA interference (RNAIi) were incubated
with 1 pM nocodazole for 1, 4, 8, and 16 h. Depolymerizing micro-
tubules caused a gradual reduction of asymmetric NPC distribution
in these lamin-depleted cells (Figure 3, A and B). We also quantified
the effect of microtubule depolymerization on NPC clustering in the
lamin-depleted EDFCs or tMEFs. We found that nocodazole treat-
ment caused a gradual increase of cells exhibiting clustered NPCs in
both cell types (Figure 3, A and B).

We also labeled cells with cyclin-B1 and mAb414 and quantified
the percentages of symmetric, asymmetric, and clustered NPCs in
lamin-depleted late G2 and prophase cells that were treated with
dimethyl sulfoxide (DMSO) or nocodazole. Asymmetric NPC distri-
bution caused by lamin depletion was rescued in late G2 and pro-
phase cells by nocodazole treatment (Figure 3, C and D). Disrupting
the actomyosin activity using the myosin Il inhibitor blebbistatin did
not affect NPC clustering or NPC asymmetric distribution in these
lamin-depleted cells (Figure 3, E and F). Therefore, of the two NPC
distribution defects caused by lamin depletion, the asymmetric NPC
distribution toward centrosomes during late G2 and prophase is
due to the microtubule-based activity. It is unclear how small NPC
clusters form throughout the nucleus in the absence of lamins, but
the actomyosin system does not appear to play a role.

Lamins counteract the BICD2-based dynein force to prevent
asymmetric NPC positioning

Dynein is known to be loaded onto NPCs during late G2 and pro-
phase by either BICD2 or CENP-F (Splinter et al., 2010; Bolhy et al.,
2011). The microtubule-based asymmetric NPC distribution toward
the centrosomes in the absence of lamins suggests that the NPC-
localized dynein could move toward the minus ends of microtu-
bules, exerting forces on NPCs. Because NPCs are known to directly
interact with lamins, the lamin meshwork could resist the dynein
forces to prevent the movement of NPCs (Figure 2E). To dissect
whether dynein mediates the asymmetric distribution of NPCs and
whether the dynein adaptor BICD2 or CENP-F or both are respon-
sible for this dynein force, we depleted each of these proteins by
two different siRNAs in lamin-depleted EDFCs or tMEFs. Approxi-
mately 40-80% reduction of dynein heavy chain (DHC), BICD2, and
CENP-F were achieved (Figure 4, A and B). Reduction of DHC and
BICD2 significantly rescued NPC asymmetry in lamin-depleted cells,
but CENP-F reduction had no effect (Figure 4, C and D). Similar to
nocodazole treatment (Figure 3), the reduction of NPC asymmetry
upon DHC or BICD2 depletion resulted in a corresponding increase
of clustered NPC distribution (Figure 4, C and D).

Because BICD2 is known to recruit dynein to NPCs (Splinter et al.,
2010; Bolhy et al., 2011; Hu et al., 2013), RNAi of BICD2 could per-
turb dynein loading onto NPCs, thereby preventing the dynein force
from pulling NPCs toward the centrosomes. To test this possibility,
we first attempted to detect the localization of dynein or its regulator
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dynactin and BICD2 on NPCs by immunofluorescence. We found
that 1 h of nocodazole treatment was sufficient to reveal the nuclear
envelope localization of p150, a subunit of dynactin and BICD2 in
pH3-positive tMEFs (Figure 4E), which is consistent with previous
studies (Splinter et al., 2010; Bolhy et al., 2011; Jodoin et al., 2013).
RNAI of lamin-A/C in LBDKO tMEFs resulted in asymmetric distribu-
tion of p150 and BICD2, which colocalized with the asymmetrically
aggregated NPCs (Figure 4F). In both control tMEFs and tMEFs de-
pleted of all lamins, RNAi of BICD2, but not of CENP-F, greatly re-
duced p150 localization to the nuclear envelope, which also amelio-
rated NPC asymmetric distribution in lamin-depleted tMEFs (Figure
4G). We also analyzed the localization of Sun1 and Sun2 in TKO
EDFCs because they are part of the link of nucleoskeleton and cyto-
skeleton (LINC) complex, which can also interact with NPCs and dy-
nein at the nuclear envelope. Whereas Sun2 did not exhibit asym-
metric distribution in cells with NPC asymmetric localization
(Supplemental Figure S3, A and B), nuclear Sun1 signal was greatly
diminished in the absence of lamins (Supplemental Figure S3C).
These studies demonstrate that BICD2, but not CENP-F or the LINC
complex, serves as an adaptor between dynein and NPCs, which al-
lows dynein forces to pull NPCs toward the centrosome during late
G2 and prophase in lamin-depleted cells.

Lamins facilitate centrosome separation by distributing the
NPC-associated dynein forces
Multiple pathways are involved in centrosome separation during
prophase and prometaphase in tissue culture cells. For example, the
docking of dynein onto NPCs via BICD2 during prophase facilitates
the separation of duplicated centrosomes by pulling on the astral
microtubules nucleated from each centrosome (Figure B5A;
Tanenbaum et al., 2008; Raaijmakers et al., 2012; van Heesbeen
et al., 2013). On the other hand, the plus end-directed kinesin Eg5
is known to act on the antiparallel microtubules between the two
microtubule asters to drive apart the duplicated centrosomes
(Figure 5A; Tanenbaum et al., 2008; Raaijmakers et al., 2012; van
Heesbeen et al., 2013). The asymmetric distribution of p150 and
BICD2 in lamin-depleted cells (Figure 4F) suggests that dynein forces
are limited to a small area of the astral microtubules, which could
lead to inefficient separation of the duplicated centrosomes during
prophase (Figure 5A). To test this, we analyzed prophase centro-
some separation by immunostaining using pericentrin and pH3 anti-
bodies in EDFCs and tMEFs. Depletion of lamins in these two cell
types resulted in significantly shorter intercentrosome distance in
prophase cells (Figure 5, B and C). To confirm this result in live cells,
we performed dual-color live imaging of LBDKO tMEFs stably ex-
pressing GFP-EB3 and mCherry-Histone H2B (Figure 5D). GFP-EB3
concentrates on centrosomes during late G2 and prophase, allowing
us to localize centrosomes in tMEFs. A fraction of GFP-EB3 that dif-
fusely localizes in the cytoplasm in interphase and prophase diffuses
into the nuclear space upon NEBD, which allows accurate determi-
nation of the time of NEBD. We measured centrosome distance
in prophase right before NEBD based on GFP-EB3 and mCherry-
Histone H2B in tMEFs (Figure 5D, bracket) and found that lamin de-
pletion reduced centrosome distance in prophase within 1.5 min
before NEBD (Figure 5E). However, lamin depletion did not alter the
duration of prophase or prometaphase plus metaphase (Figure 5F).
Thus the prophase centrosome separation defect in lamin-depleted
tMEFs is not caused by shortened prophase in these cells.
Codepletion of dynein and lamins in tMEFs did not cause
additional decrease of centrosome distance compared with the
depletion of lamins alone (Figure 5G), which is consistent with the
idea that lamin is required for the proper distribution of dynein and
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therefore proper dynein forces on microtubules for centrosome  S4B). Inhibition of Eg5 by a chemical inhibitor, S-trityl-L-cysteine
separation. Depletion of lamins did not change the protein expres-  (STLC; Brier et al., 2004) resulted in an additional shortening of
sion levels of Eg5, DHC, and the dynein adaptors BICD2 and  centrosome distance in LBDKO tMEFs treated by either control or
CENP-F (Supplemental Figure S4A). Lamin depletion also did not  lamin-A/C RNAI (Supplemental Figure S3C). Thus lamin and Eg5
alter the localization of Eg5 in prophase cells (Supplemental Figure  forces are additive in driving centrosome separation in prophase
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(Figure 5A), which is consistent with previous reports (van Heesbeen
et al., 2013; Tanenbaum et al., 2008; Raaijmakers et al., 2012).

If lamins facilitated prophase centrosome separation by ensuring
even distribution of dynein on NPCs throughout the nuclear enve-
lope, we would expect a strict correlation between asymmetric NPC
distribution and the shortening of centrosome distance. We mea-
sured prophase centrosome distance in the lamin-depleted tMEFs
with or without NPC asymmetry and found that lamin-depleted cells
lacking NPC asymmetry had similar centrosome distance as the con-
trol cells, whereas the lamin-depleted cells exhibiting asymmetric
NPC distribution had significantly shortened centrosome distance
(Figure 5H). These findings show that lamins facilitate prophase cen-
trosome separation by regulating dynein distribution throughout
the nuclear envelope by the NPC-bound BICD2.

The asymmetric distribution of NPCs has been observed in la-
min-depleted Caenorhabditis elegans (Liu et al., 2000) and cells
from mouse brain explants (Jung et al., 2013), but neither the cause
nor the consequence of this distribution defect is clear. By analyzing
the effect of cell cycle, microtubules, and dynein on the distribution
of NPCs, we demonstrate that lamins anchor NPCs on the nuclear
envelope, which allows NPCs to resist dynein forces during late G2
and prophase of the cell cycle, thereby preventing the asymmetric
aggregation of NPCs. The even distribution of NPCs regulated by
lamins also ensures that BICD2 can recruit dynein to NPCs through-
out the nuclear envelope during prophase. This in turn allows dy-
nein to efficiently capture astral microtubules to separate the dupli-
cated centrosomes. Of interest, Drosophila cyst stem cells and cyst
cells lacking lamin-B exhibit aggregation of some nucleoporins, but
NPCs appear to be properly distributed (Chen et al., 2013). It is pos-
sible that a small amount of A-type lamin in these cells is sufficient
to ensure the even distribution of NPCs. Alternatively, dynein in this
cell type may not be loaded onto NPCs. It will be important to dis-
sect further how different cells in different organisms use lamins to
regulate NPC distribution and function.

The direct binding of the dynein regulator Nudel to lamin-B ap-
pears to help dynein to counteract the forces generated by Eg5 to
ensure spindle pole focusing in spindles assembled in Xenopus egg
extracts (Ma et al., 2009; Goodman et al., 2010), where centrosomes
do not play a major role at the spindle poles. Of interest, in cells in
which centrosomes are important for spindle pole organization, la-
min and dynein regulate spindle orientation but not spindle pole
focusing (Yingling et al., 2008; Kim et al., 2011). Although the role of
dynein in spindle orientation is well understood, how lamins regu-
late spindle orientation is unknown. Because the cortical capture of
microtubules nucleated from centrosomes is important for spindle
orientation, it is tempting to speculate that the defects in centro-
some separation in the lamin-null cells could result in defects in
spindle orientation. We have not been able to test this idea due to
the highly random spindle orientation in the tMEFs with or without
lamins and the extremely low proliferation rate of differentiating
EDFCs. However, the findings we report here should provide an

opportunity to dissect further whether lamins regulate spindle orien-
tation through dynein and centrosomes by employing cell types
that are more amenable for studying spindle positioning.

MATERIALS AND METHODS

Derivation and culture of EDFCs and tMEFs

The derivation and culture of EDFCs and primary MEFs were previ-
ously described (Guo et al., 2014). To generate tMEFs, 1.25 x 10°
primary MEFs at passage two or three were seeded in a well of a
six-well plate and cultured for 24 h. A 2-ug amount of pBsSVD2005
plasmid (plasmid #21826; Addgene, Cambridge, MA) expressing
SV4Q large T antigen was transfected into MEFs using Lipofectamine
2000 (11668-027; Invitrogen, Carlsbad, CA). At 24 h after transfec-
tion, cells were split into two 10-cm tissue culture dishes and cul-
tured for ~10 d until all nontransformed cells had died and colonies
of tMEFs formed. Cells were pooled and frozen as passage one
tMEFs. tMEFs were cultured using MEF medium: knockout DMEM
(10829-018) supplemented with 15% fetal bovine serum (26140-
079), 100 mM B-mercaptoethanol (21985-023), 2 mM L-glutamine
(GlutaMAX, 35050-061), 0.1 mM nonessential amino acids (11140-
050) and 50 U/ml penicillin/streptomycin (15140-122; all from Invit-
rogen). tMEFs were split every 48 h at 1:10 dilution.

RNA interference

Silencer Select siRNAs (4390771; Invitrogen) were used for all RNAi
experiments. Lamin-A/C siRNAs, 5-GGCUUGUGGAGAUCGAU-
AAtt-3” and 5-CCACCGAAGUUCACCCUAALt-3; DHC siRNAs,
5-GGAACGAAUGAAUACCCUUtt-3" and 5-GAAAGAUCCGC-
AACACGAALt-3"; BICD2 siRNAs, 5-CGACAGACCUCGUUGG-
AUALt-3" and 5-GCAUCAACGAUUCCUUCUALt-3"; and CENP-F
siRNAs, 5-GCUUGACUUUAAACGAAGALt-3"and 5-GCCUGAGAA-
UUUUCGAAUULt-3’. Control siRNA was purchased from Invitrogen
(4390847).

Transfection of siRNAs was performed using RNAIMAX transfec-
tion reagents (13778030; Invitrogen) following the manufacturer’s in-
structions. For siRNA treatment of EDFCs, 5 x 10%well ESCs were
seeded on gelatinized coverglasses in 24-well plates. ESCs were in-
duced to differentiate into EDFCs in MEF medium containing 0.4 uM
retinoic acid. siRNA (10 nM) was transfected at 24 h after induction of
differentiation. Cells were analyzed 48-72 h after siRNA transfection.

For RNAI in tMEFs, 1.25 x 105/well tMEFs were seeded in gelati-
nized six-well plates, followed by the first transfection. At 48 h after
the first transfection, 2.5 x 10%well tMEFs were split on gelatin-
coated coverglass in 24-well plates, followed by the second trans-
fection. At 48 h after the second transfection, cells were analyzed.
For single RNAI in tMEFs, 10 nM siRNA was transfected. For double-
RNAI treatments, 5 nM each of the indicated siRNA was used.

Nocodazole, STLC, and blebbistatin treatments
Nocodazole, 1 uM (Sigma-Aldrich, St. Louis, MO), was added into
the culture medium of tMEFs or EDFCs and incubated for 1, 4, 8, or

(C) allows measurement of centrosome distance (brackets) at prophase (left). Right, quantifications of centrosome
distance. (D) Time-lapse images of GFP-EB3 and mCherry-H2B in LBDKO tMEFs. Condensation of chromosomes
(marked by mCherry-H2B) indicates the start of prophase. Entry of EB3 into nucleus shows the occurrence of NEBD.
The bracket shows the centrosome distance in the frame before NEBD. (E) Quantification of centrosome distance in
LBDKO tMEFs in the first frame before NEBD. (F) Quantification of mitotic timing at prophase or prometaphase plus
metaphase in LBDKO tMEFs. (G) Quantification of centrosome distance in LBDKO tMEFs depleted of lamin-A/C, DHC,
or both. (H) Quantification of prophase centrosome distance in LBDKO tMEFs treated with control or lamin-A/C RNA..
The centrosome distance in lamin-A/C RNAi-treated cells were separately quantified as those exhibiting symmetric
(sym) or asymmetric (asym) NPC distribution. Scale bars, 5 pm. For all quantifications, >50 cells in three independent
experiments. Error bars, SD. n.s., not significant; ***p < 0.001 by Student'’s t test.

Volume 26 October 1, 2015

| 3387

Lamin counterbalances dynein force



16 h to depolymerize microtubules. Different concentrations (0.125,
0.22,0.5, 1, or 2 uM) of STLC (Sigma-Aldrich) were added into cul-
ture medium to inhibit Eg5 activity for 8 h. Blebbistatin, 5 uM
(Sigma-Aldrich), was used to treat cells for 8 h.

Immunofluorescence microscopy and quantifications

Primary antibodies used for immunofluorescence microscopy are
rat monoclonal anti-Nup98 (1:200; ab50610; Abcam, Cambridge,
UK), mouse monoclonal antibody 414 (mAb414, 1:1000; ab24609;
Abcam), rabbit polyclonal anti-TPR (1:200; ab84516; Abcam),
mouse monoclonal anti-Nup%3 (1:200; sc-81343; Santa Cruz Bio-
technology, Dallas, TX), rabbit polyclonal anti-Sun1 (1:200; ab74758;
Abcam), rabbit polyclonal anti-Sun2 (1:200; ab87036; Abcam),
rabbit polyclonal anti—cyclin-B1 (1:200; sc-752; Santa Cruz Biotech-
nology), mouse monoclonal anti—p-histone H3 (1:1000; 9706S; Cell
Signaling, Danvers, MA), rabbit polyclonal anti-pH3 (1:2000; 09797;
Millipore), mouse monoclonal anti—a-tubulin (1:500; DM1 o; Sigma-
Aldrich), rabbit polyclonal anti-pericentrin (M8, 1:1000; Doxsey
et al., 1994), mouse monoclonal anti-p150 (1:1000; 610473; BD,
Franklin Lakes, NJ), rabbit polyclonal anti-BICD2 antibodies (1:200;
81488; Novus, Littleton, CO), and rabbit polyclonal anti-Eg5 (1:200;
sc-66873; Santa Cruz Biotechnology). Secondary antibodies used
were Alexa 488 goat anti-mouse, Alexa 488 goat anti-rat, Alexa 488
goat anti-rabbit, Alexa 568 goat anti-mouse, Alexa 568 goat anti-
rabbit, and Alexa 633 goat anti-mouse antibodies (Invitrogen).

EDFCs and tMEFs were grown on gelatin-coated coverslips be-
fore immunofluorescence. For immunostaining of cyclin-B1, micro-
tubules, or BICD2, cells were fixed by —20°C methanol for 5 min.
Otherwise, cells were fixed by 4% paraformaldehyde (15711; EMS,
Hatfield, PA) for 10 min, followed by permeabilization with 0.1%
Triton-100 (T8532; Sigma-Aldrich) in phosphate-buffered saline
(PBS) for 10 min. After fixation, samples were blocked by 4% bovine
serum albumin (BSA; A4503; Sigma-Aldrich) in PBS for 1 h. The cells
were incubated with primary antibodies at 4°C overnight. Then cells
were washed with 4% BSA in PBS, followed by incubation with sec-
ondary antibodies for 1 h at room temperature. Cells were washed
twice with PBS, stained with 4’,6-diamidino-2-phenylindole (DAPI),
washed twice with PBS, and mounted with Immu-Mount (99-094-12;
Thermo Scientific, Waltham, MA).

Confocal images were acquired using a laser scanning confocal
microscope (Leica SP5) with a 63x/1.4 objective and an electron-
multiplying charge-coupled device (CCD) camera. Images were pro-
cessed using ImageJ software (National Institutes of Health,
Bethesda, MD). A Nikon Eclipse E800 epifluorescence microscope
with a PL APO 63x/1.4 oil objective was used for quantification.

To measure the distance between the two centrosomes, a pro-
phase cell was identified using DAPI and pH3 staining. The posi-
tions of the two centrosomes were manually defined at the center of
pericentrin staining. MetaMorph's caliber tools were used to mea-
sure the distance between the two centrosomes. For all quantifica-
tions, Excel (Microsoft) was used to calculate percentages, mean,
and SD. All plots were drawn using Prism software.

Live imaging of GFP-EB3 and mCherry-H2B tMEF

To generate LBDKO tMEFs stably expressing GFP-EB3 and mCherry-
H2B, LBDKO tMEFs were first transduced with GFP-EB3 lentivirus
(LentiBrite biosensor; Millipore, Billerica, MA). Single GFP+ LBDKO
cells were isolated by fluorescence-activated cell sorting (FACS;
FACSAvrialll; BD) to generate GFP-EB3 single-cell colonies. GFP-EB3
LBDKO tMEFs were next transfected with plasmids expressing
mCherry-H2B (55055; Addgene). GFP-EB3/mCherry-H2B double-
positive tMEFs were again isolated by FACS (FACSArialll).
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GFP-EB3/mCherry-H2B LBDKO tMEFs were transfected with
control and lamin-A/C siRNAs using the same RNAi protocol used
for tMEFs. After 72 h of RNAi, GFP-EB3/mCherry-H2B LBDKO
tMEFs were imaged using a TE2000 inverted microscope equipped
with a 20x/0.45 objective and a CCD camera. A LiveCell controller
(Pathology Devices, Westminster, MD) was used to maintain the
temperature, CO; level, and humidity during imaging. Cells were
imaged at 1.5-min intervals for 24 h using MetaMorph’s multidimen-
sional acquisition. GFP (150-ms exposure time) and mCherry (75-ms
exposure time) images were taken sequentially for each frame.
MetaMorph's caliber tools were used to measure the distance be-
tween the two EB3-GFP spots one frame before NEBD occurred.
Mitotic timing was measured by counting the number of frames in
which cells were in prophase or prometaphase plus metaphase
(from NEBD to chromosome separation).

Western blotting analyses

RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1%
SDS, 0.5% deoxycholic acid, 10 mg/ml DNase I) was used to gener-
ate whole-cell lysates at 5000-10,000 cells/pl, which was further di-
luted in SDS sample buffer. Cell lysates were analyzed by PAGE us-
ing 10% or 4-15% gradient polyacrylamide gels and transferred
onto nitrocellulose membranes. The membranes were blocked with
5% milk and probed with one of the following primary antibodies:
mouse monoclonal anti-lamin-A/C (1:5000; 39287; Active Motif),
rabbit polyclonal anti-CENP-F (1:2000, ab5; Abcam), rabbit poly-
clonal anti-DHC (1:2000, made in house; Wang and Zheng, 2011,
Wang et al., 2013), rabbit polyclonal anti-BICD2 (1:2000, 81488;
Novus), mouse monoclonal anti—a- tubulin (1:5000; DM1 a; Sigma-
Aldrich), rabbit polyclonal anti-Nudel (1:2000, made in house; Ma
et al., 2009), and rabbit polyclonal anti-Eg5 (1:1000; sc-365593;
Santa Cruz Biotechnology). Horseradish peroxidase—conjugated
anti-mouse (1:5000) or anti-rabbit (1:5000) antibodies (31432 and
31462; Thermo Scientific) and West Pico Chemiluminescent Sub-
strate (34078; Thermo Scientific) were used for detection.

Expression of 3xGFP-Nup133 and individual lamins

in TKO EDFCs

The 3xGFP-Nup133 plasmid was a kind gift from Valerie Doye,
Institut Jacques Monod, France (Bolhy et al., 2011). To express
3xGFP-Nup133 in EDFCs, the plasmid was used to transfect TKO
EDFCs at 3 d after the induction of differentiation on a glass-bottom
dish using Lipofectamine 2000 (Invitrogen). At 48-72 h after trans-
fection, cells were imaged using an inverted Nikon TE200 micro-
scope with a PL APO 63x/1.4 oil objective. Expression of individual
lamins in TKO EDFCs was described previously (Guo et al., 2014).
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