RanGTP and CLASP1 cooperate to position the

mitotic spindle
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ABSTRACT Accurate positioning of the mitotic spindle is critical to ensure proper distribu-
tion of chromosomes during cell division. The small GTPase Ran, which regulates a variety of
processes throughout the cell cycle, including interphase nucleocytoplasmic transport and
mitotic spindle assembly, was recently shown to also control spindle alignment. Ran is re-
quired for the correct cortical localization of LGN and nuclear-mitotic apparatus protein
(NuMA), proteins that generate pulling forces on astral microtubules (MTs) through cytoplas-
mic dynein. Here we use importazole, a small-molecule inhibitor of RanGTP/importin-B func-
tion, to study the role of Ran in spindle positioning in human cells. We find that importazole
treatment results in defects in astral MT dynamics, as well as in mislocalization of LGN and
NuMA, leading to misoriented spindles. Of interest, importazole-induced spindle-centering
defects can be rescued by nocodazole treatment, which depolymerizes astral MTs, or by
overexpression of CLASP1, which does not restore proper LGN and NuMA localization but
stabilizes astral MT interactions with the cortex. Together our data suggest a model for mi-
totic spindle positioning in which RanGTP and CLASP1 cooperate to align the spindle along
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the long axis of the dividing cell.

INTRODUCTION
Al organisms require proper regulation of cell division to maintain
the integrity of their genetic information. In most eukaryotic cells,
the position of the cleavage plane is predicted by the location of the
metaphase plate (Rappaport, 1971; Albertson, 1984; Strome, 1993;
Glotzer, 1997; Grill and Hyman, 2005), and failure to properly posi-
tion the mitotic spindle can have deleterious consequences, includ-
ing developmental defects, cell death, aneuploidy, and cancer
(O'Connell and Khodjakov, 2007; Gonczy, 2008). Control of spindle
positioning is achieved through interactions between the cell cortex
and the astral microtubules (MTs), which can either exert pushing
forces on the mitotic spindle through MT polymerization or apply
pulling forces through MT depolymerization or the activity of motor
proteins (Pearson and Bloom, 2004; Siller and Doe, 2009).

Control of mitotic spindle positioning has been studied primarily
in organisms that undergo asymmetric cell divisions, such as the
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Caenorhabditis elegans zygote and Drosophila melanogaster neu-
roblasts. In these systems, the mitotic spindle is oriented by pulling
forces exerted on the astral MTs by dynein/dynactin complexes that
are linked to the cell cortex by an evolutionarily conserved tripartite
protein complex (Ga/GPR-1/2/Lin-5 in worms and Go.-Pins-Mud in
flies; reviewed in Gonczy, 2008; Siller and Doe, 2009; Stevermann
and Liakopoulos, 2012; McNally, 2013). A similar mechanism oper-
ates to position the spindle in symmetrically dividing mammalian
cells, where the membrane-bound, receptor-independent Gai pro-
tein links the dynein/dynactin complex to the cortex through LGN
and nuclear-mitotic apparatus protein (NuMA; Du and Macara,
2004).

Whereas key players that position the mammalian mitotic spin-
dle have been identified, less is known about their regulation. Ex-
trinsic cues from the extracellular matrix are known to contribute to
spindle orientation (Thery et al., 2005; Toyoshima and Nishida,
2007), but recent work has also identified roles for the RanGTP gra-
dient and CLASP1 in the regulation of spindle positioning (Samora
et al., 2011; Kiyomitsu and Cheeseman, 2012). Ran is a Ras-related
small GTPase responsible for regulating a variety of processes
throughout the cell cycle, including nucleocytoplasmic transport,
mitotic spindle assembly, postmitotic nuclear envelope formation,
nuclear pore complex biogenesis, and protein ubiquitylation (Harel
etal., 2003; Walther et al., 2003; Clarke and Zhang, 2004; Goodman
and Zheng, 2006; Terry et al., 2007; Dishinger et al., 2010). Through-
out the cell cycle, Ran's guanine nucleotide exchange factor, RCC1,
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through the activity of conserved TOG do-
mains, which recruit tubulin dimers to MT
plus ends (reviewed in Al-Bassam and
Chang, 2011). Recent work showed that
CLASP1 activity is required for proper posi-
tioning of the mitotic spindle in both the
C. elegans embryo and mammalian cells,
but the relationship between the CLASP1
and RanGTP regulated spindle-positioning
pathways is unclear (Samora et al., 2011;
Espiritu et al., 2012).

Studying the function of Ran in mitosis
has been complicated by its multiple essen-
tial roles throughout the cell cycle, limiting
the usefulness of traditional techniques such
as genetics and RNA interference. To over-
come this problem, we made use of impor-
tazole, a small-molecule inhibitor of
RanGTP/importin-B activity, which allowed
us to investigate Ran pathway control of
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Importazole specifically disrupts importin-B-mediated spindle positioning.
(A) Representative images of DMSO-treated (control) and 40 yM importazole-treated cells
displaying importazole-associated mitotic phenotypes in spindle assembly, chromosome
congression, and spindle centering. Dashed white lines indicate the cell cortex, and arrowheads
point to lagging chromosomes. Note that multiple mitotic phenotypes often occur in the same
cell. (B) Asynchronously growing Hela cells expressing YFP-importin-8 or YFP alone (control)
were treated with DMSO, 20 pM, or 40 uM importazole for 1 h, and their mitotic defects were
quantified as a percentage of total mitotic cells. Note that importin-f overexpression partially
rescues importazole-induced defects. Scale bars, 10 pm. In B, n=5, and 100 metaphase cells
were counted per condition. Bars, SE. Asterisks denote statistical significance (p < 0.05).

is bound to chromatin, leading to a highly localized production of
RanGTP. In mitosis, this generates a gradient of RanGTP centered
around chromosomes, which in turn leads to the release and activa-
tion of spindle assembly factors from nuclear transport factors, such
as importin-B, inducing spindle assembly with high spatial specificity
(Kalab et al., 2002, 2006). One Ran/importin-B-regulated factor is
NuMA, a large coiled-coil protein that organizes the spindle poles
during mitosis and functions in spindle positioning (Gaglio et al.,
1995; Gordon et al., 2001; Nachury et al., 2001; Wiese et al., 2001;
Joukov et al., 2006; Wong et al., 2006).

Members of the CLASP family of proteins are involved in multiple
MT-dependent processes, including Golgi complex organization
and trafficking, kinetochore fiber dynamics and flux, mitotic spindle
assembly, and the stabilization of MT plus ends near the cortex
(Maiato et al., 2005; Mimori-Kiyosue et al., 2005; Miller et al., 2009;
Reis et al., 2009; Patel et al., 2012). CLASP proteins regulate MT
dynamics by promoting MT rescue and suppressing MT catastrophe
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40 " spindle positioning with high temporal pre-
cision and minimal manipulation of cellular
conditions (Soderholm et al., 2011). Here
we provide evidence that in addition to
regulating the cortical localization of NuUMA
and LGN, RanGTP enhances astral MT
dynamics and functions in conjunction with
CLASP1 to promote proper spindle posi-
tioning by increasing astral MT interactions
with the cell cortex.

RESULTS

Importazole disrupts importin-
B-mediated spindle positioning

We previously identified importazole as a
specific inhibitor of RanGTP/importin-B
function (Soderholm et al., 2011). Importa-
zole treatment induces several mitotic phe-
notypes, often leading to multiple mitotic
defects within the same cell (Figure 1A).
These include defects in spindle assembly,
chromosome congression, and spindle cen-
tering. Whereas in control cells >85% of the
mitotic spindles were accurately centered
within the cell, upon importazole treatment,
up to 38% of the cells displayed a spindle-centering phenotype in
which the center of the mitotic spindle was visually observed to be
closer to the cortex than the center of the cell. To test whether these
defects were due to a specific inhibition of the RanGTP/importin-f
pathway, we examined whether importin-f overexpression could
rescue the importazole-induced mitotic defects. Hela cells were
transiently transfected with either importin-B—yellow fluorescent
protein (YFP) or YFP alone and subsequently treated with the sol-
vent control dimethyl sulfoxide (DMSO) or 20 uM or 40 uM importa-
zole and then fixed 1 h later. Mitotic cells displaying visible YFP fluo-
rescence were then scored for the presence of mitotic defects
(Figure 1B). Under both control and importin-p overexpression con-
ditions, importazole treatment resulted in a dose-dependent in-
crease in mitotic spindle assembly, chromosome congression, and
spindle-centering defects. The number of mitotic cells displaying
each class of mitotic defect, however, was significantly reduced in
importazole-treated cells expressing importin-B-YFP (Figure 1B),
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FIGURE 2: Importazole impairs localization of cortical LGN. (A) DNA, tubulin, and LGN
localization in synchronized mitotic Hela cells treated with DMSO or 40 uM importazole for 1 h.
LGN in DMSO-treated cells localized to two arcs along the cortex in line with the axis of the
mitotic spindle. The cortical staining pattern of LGN was disrupted in importazole-treated cells,
with individual cells displaying more severe importazole phenotypes showing a more complete
disruption of LGN staining (arrowheads) than cells displaying relatively minor importazole
phenotypes (arrow). (B) Quantification of cortical LGN staining in synchronized metaphase Hela
cells treated with DMSO or 40 pM importazole for 1 h. LGN fluorescence intensity was
measured as percentage of maximum intensity starting at the cortex in line with the metaphase
plate and proceeding in the direction of the more prominent arc of cortical staining, as
diagrammed (C). DMSO-treated cells displayed two arcs of cortical LGN staining at 90 and 270°,
but importazole-treated cells displayed a single, smaller arc of LGN staining at ~180°. (D) Mean
cortical LGN fluorescence as a percentage of maximum intensity in DMSO- and importazole-
treated metaphase cells. Scale bars, 10 pm. For B and D, n = 3, and 40 cells were measured per
condition. Bars, SE. Asterisk denotes statistical significance (p < 0.001).

indicating that these defects result specifically from importazole in-
hibition of the RanGTP/importin-f pathway.

We next asked whether importazole could disrupt spindle posi-
tioning in cells with preformed metaphase spindles. Hela cells were
treated with 10 pM MG132 for 3 h to arrest cells in metaphase.
DMSO or 40 pM importazole was added during the last 30 min of
MG132 treatment, after which cells were washed twice with clean
media before an additional 30 min of DMSO or importazole treat-
ment before fixation. Of interest, MG 132 metaphase arrest resulted
in a higher percentage of cells displaying spindle defects upon im-
portazole treatment, as well as the appearance of an additional im-
portazole phenotype in which two or more spindle structures were
observed within the same cell (Supplemental Figure S1, A and B). By
contrast, analysis of mitotic defects in MG132-treated cells revealed
a similar percentage of mitotic cells displaying a defect in spindle

2508 | S.L.Birdetal
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centering compared with nonarrested
cells, indicating that Ran pathway control
of spindle position is not dependent on
assembly of the spindle (Supplemental
Figure S1A).

Importazole impairs localization of
cortical factors LGN and NuMA

In mammalian cells, the position of the mi-
totic spindle is determined by pulling forces
on the astral MTs exerted by dynein/dynac-
tin complexes (Pearson and Bloom, 2004;
Siller and Doe, 2009). These complexes are
linked to Gai at the cortical membrane by
LGN and NuMA (Du and Macara, 2004).
Previous work established that deactivation
of the Ran pathway via transfection of the
dominant-negative Ran™N mutant results
in a mislocalization of green fluorescent
protein (GFP)-LGN along the cortex (Kiyo-
mitsu and Cheeseman, 2012). To test how
the Ran/importin-B pathway regulates the
0/360/ localization of cortical positioning factors
under endogenous protein conditions, we
first observed mitotic localization of LGN in
response to importazole treatment. Be-
cause the localization of LGN changes dur-
ing mitosis (Kiyomitsu and Cheeseman,
2012), we synchronized Hela cells using a
double thymidine block and monitored
LGN staining specifically at metaphase, 9 h
after release from thymidine treatment. Syn-
chronized cells were treated with DMSO or
40 puM importazole 1 h before fixation. In
DMSO-treated cells, LGN localized to the
cell cortex in a pattern of two arcs adjacent
to the two poles of the mitotic spindle, but
this cortical staining pattern of LGN was dis-
rupted in  importazole-treated  cells
(Figure 2A). The degree to which cortical
LGN staining was disrupted in individual
cells corresponded to the severity of impor-
tazole defects observed in the cell, as cells
that displayed relatively minor defects
(Figure 2A, arrow) had minor disruptions in
LGN staining, whereas cells with more se-
vere mitotic defects (Figure 2A, arrowheads)
showed an almost complete lack of cortical LGN. In addition, in
many importazole-treated cells with an observable spindle-miscen-
tering phenotype, LGN was still present at the cortex but localized
to a single arc in line with the metaphase plate (Supplemental
Figure S2).

To quantify the role of the Ran pathway in LGN localization, we
measured the cortical intensity of LGN in DMSO- and importazole-
treated mitotic cells starting at the position closest to the metaphase
plate and moving in the direction of the wider arc of LGN staining
(Figure 2C). Quantification of DMSO-treated cells revealed two
large peaks of LGN localization at ~90 and 270°, corresponding to
the long axis of the mitotic spindle (Figure 2B). Quantification of
importazole treated cells, however, revealed a single, smaller LGN
peak at ~180°, corresponding to the position of the metaphase
plate. These results suggest that the Ran/importin-f pathway

Molecular Biology of the Cell
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FIGURE 3: Importazole impairs localization of cortical NuMA. (A) DNA, tubulin, and NuMA
localization in synchronized mitotic Hela cells treated with DMSO or 40 uM importazole for 1 h.
NuMA in DMSO-treated cells localized to spindle poles, as well as to two arcs along the cortex
in line with the long axis of the mitotic spindle, similar to the cortical staining pattern of LGN.
NuMA's cortical localization was disrupted in importazole-treated cells. Cytoplasmic NuMA foci
also appeared in importazole-treated cells (arrowhead). (B) Quantification of cortical NuMA
staining in synchronized metaphase Hela cells treated with DMSO or 40 uM importazole was
performed as described in Figure 2B. (C) Mean cortical NuMA fluorescence as percentage of
maximum intensity in DMSO and importazole-treated metaphase cells. (D) Quantification of the
mean number of cytoplasmic NuMA foci observed per cell in DMSO- and importazole-treated
cells. Scale bars, 10 pm. For B and C, n = 3, and 40 cells were measured per condition; for D,

n =3, and 20 cells were measured per condition. Bars, SE. Asterisk denotes statistical

significance (p < 0.001).

regulates the correct cortical localization pattern of LGN during mi-
tosis. Quantitative analysis of LGN staining revealed a second im-
portazole-induced phenotype, in which the total mean fluorescence
intensity of LGN across the entire cortex was reduced in importa-
zole-treated cells compared with the DMSO control (Figure 2D).
Taken together, these results show that Ran/importin-B activity is
required both for delivery of LGN to the cortex, as well as for its
proper pattern of localization at the cortex.

The cortical positioning factor NuMA was a good candidate as a
mediator of Ran pathway-regulated control of spindle positioning
due to its previously characterized role as an RanGTP-regulated mi-
totic importin-B cargo (Nachury et al., 2001; Wiese et al., 2001; Jou-
kov et al., 2006, Wong et al., 2006). To test whether the RanGTP
gradient regulates spindle positioning through NuMA, we first ob-
served the endogenous localization of NuMA in synchronized
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mitotic Hela cells treated with DMSO or
40 pM importazole. In DMSO-treated cells,
NuMA localized to the spindle poles as pre-
viously described (Lydersen and Pettijohn,
1980; Kalab and Heald, 2008; Haren et al.,
2009), but it also localized to the cell cortex
in a pattern of two arcs in line with the spin-
dle long axis, similar to what was observed
for LGN (Figure 3A). In importazole-treated
cells, NuMA still localized to the spindle
poles, but its cortical localization was dis-
rupted in a manner similar to LGN (Figure
3A). Similar to what was observed for LGN,
quantification of cortical NuMA in DMSO-
treated cells revealed two large peaks of
NuMA staining in line with the long axis of
the mitotic spindle, but this pattern of corti-
cal NuMA localization was disrupted by im-
portazole treatment (Figure 3B). In contrast
to LGN, however, the mean fluorescence
intensity of NUMA across the entire cortex
was not reduced in importazole-treated
cells, suggesting that Ran/importin- func-
tion is not essential to bring NuMA to the
cortex but is critical for its correct cortical
IPZ localization (Figure 3C). In addition, we ob-
% §ewed that NuMA formed cytoplasmic foci
in response to importazole treatment
(Figure 3, A, arrowhead, and D). Although
the significance of the importazole-induced
cytoplasmic NuMA foci is unclear, these
data further support a role for the Ran path-
way in the regulation of NuMA localization.
It was recently shown that the RanGTP/
importin-B pathway regulates the stability
of some of its mitotic targets (Song and
Rape, 2010). To determine whether impor-
tazole treatment affects the stability of LGN
and NuMA, we measured the relative abun-
dance of LGN and NuMA upon DMSO and
importazole treatment in mitotic Hela cells
by quantitative Western blot. Importazole
treatment did not result in a detectable de-
crease in the stability of either protein, sug-
gesting that Ran and importin- do not
regulate spindle positioning through a
mechanism of selective protein degrada-
tion (Supplemental Figure S3).

Importazole causes astral MT-dependent spindle movement
To better characterize the importazole-induced spindle-miscenter-
ing phenotype, we performed live-cell time-lapse fluorescence mi-
croscopy on mitotic Hela cells stably expressing GFP-tubulin and
mCherry-H2B. Cells were treated with a DMSO solvent control or
40 pM importazole, and early metaphase cells were imaged every
2 min for a total of 60 min starting 10 min after treatment. Spindles
in DMSO-treated cells aligned with the long axis of the cell and re-
mained close to this position before progressing through anaphase
(Figure 4A and Supplemental Movie S1). In contrast, spindles in im-
portazole-treated cells did not properly maintain their position near
the middle of the cell but instead appeared to move throughout the
cytoplasm in a random manner (Figure 4A and Supplemental

Ran and CLASP1 direct spindle position | 2509
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Importazole causes astral MT-dependent spindle movement. (A) Selected frames
from 60-min movies of Hela cells stably expressing GFP-tubulin and mCherry-H2B treated with
DMSO, 40 uM importazole, 20 nM nocodazole, or 20 nM nocodazole and 40 uM importazole.
Spindles in DMSO-treated cells move to the cell center before anaphase, whereas spindles in
importazole-treated cells move about the cytoplasm. Spindles in nocodazole- and nocodazole/
importazole-treated cells remained close to the center of the cell. (B) Mean square displacement
as a function of time measured for mitotic spindles from GFP-tubulin— and mCherry-H2B-
expressing Hela cells under the indicated treatment conditions. (C) Asynchronously growing
Hela cells were treated with DMSO, 40 uM importazole, 20 nM nocodazole, or 20 nM
nocodazole and 40 pM importazole for 1 h, and cells displaying spindle-centering defects were
quantified as a percentage of total mitotic cells. Dashed white lines indicate the cell cortex,

IPZ Noc

spindles in DMSO- and importazole-treated
cells. MSD analysis revealed that spindles in
importazole-treated cells traveled through-
out a much larger area of the cytoplasm and
were much less constrained compared with
DMSO-treated cells (Figure 4B). In addition,
importazole treatment resulted in an appar-
ent increase in the mean speed of spindle
movement, although the statistical signifi-
cance of this increase could not be estab-
lished due to the small number of cells mea-
sured (Supplemental Figure S4A).

To test the possibility that importazole-
induced spindle movement resulted from
aberrant astral MTs, we treated Hela cells
with a low dose (20 nM) of nocodazole,
which depolymerizes astral MTs (Thery et al.,
2005). Disruption of astral MTs upon no-
codazole treatment was confirmed via live-
cell fluorescence microscopy of Hela cells
stably expressing the MT plus end-binding
protein EB3 (Supplemental Movie S4). Strik-
ingly, spindles in GFP-tubulin—and mCherry-
H2B-expressing Hela cells treated with ei-
ther a low dose of nocodazole alone or
nocodazole in combination with importa-
zole remained close to the center of the cell
and did not move about the cytoplasm
(Figure 4A and Supplemental Movies S5
and Sé). The calculated MSD and spindle
movement speed of cells treated with low
nocodazole alone or both nocodazole and
importazole was comparable to that of
DMSO-treated cells (Figure 4B and Supple-
mental Figure S4A). In addition, when
treated with both importazole and nocoda-
zole, the percentage of mitotic Hela cells
displaying spindle-centering defects was
rescued to near-wild-type levels (Figure 4C).
Nocodazole treatment did not rescue im-
portazole-induced defects, however, in ei-
ther spindle assembly or chromosome con-
gression (Supplemental Figure S4B). Thus
destabilization of astral MTs itself does not
cause aberrant mitotic spindle movement
or positioning, suggesting that disruption of
Ran pathway function leads to the misregu-
lation of the connection between astral MTs
and the cell cortex, which in turn results in
actively moving mitotic spindles.

Noc/
IPZ

white Xs indicate the cell center, and white Os indicate the spindle center. Scale bars, 10 pm.

Spindles from six cells were analyzed for each condition in B. For C, n= 3, and 100 cells were
counted per condition. Bars, SE. Asterisk denotes statistical significance from all other

conditions (p < 0.001).

Movie S2). Of importance, importazole-treated cells with miscen-
tered spindles were sometimes capable of progressing through ana-
phase, suggesting that the spindle-movement phenotype produced
by importazole did not result from a general disruption of cell func-
tion (Supplemental Movie S3). We measured the movement of the
center of spindles corrected for the position of the center of the cell
and calculated the average mean square displacement (MSD) of

2510 | S.L. Birdetal

RanGTP and CLASP1 independently
promote spindle positioning through
astral MTs

Recently, a role for CLASP1 in mitotic spin-
dle positioning has been demonstrated in which CLASP1 helps to
initiate and stabilize end-on astral MT attachments with the cell cor-
tex (Samora et al., 2011). We therefore sought to elucidate the in-
terplay between CLASP1 and the Ran pathway in spindle position-
ing. We overexpressed GFP-CLASP1 in Hela cells and quantified
the frequency of mitotic defects in DMSO- and importazole-
treated cells. CLASP1 overexpression had little to no effect on

Molecular Biology of the Cell
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FIGURE 5: RanGTP and CLASP1 independently promote spindle positioning through astral MTs.
(A) Quantification of spindle-centering defects in asynchronously growing Hela cells expressing
either GFP-CLASP1 or YFP alone (control) treated with DMSO, 20 uM, or 40 pM importazole for
1 h. (B) The mean number of astral MT/cortex contacts per minute measured in asynchronous
Hela cells stably expressing GFP-EB3 transfected with BFP-CLASP1 or BFP alone (control) and
treated with DMSO or 40 uM importazole 10 min before live-cell imaging for 2 min. (C) Mean
astral MT elongation speed determined in EB3 Hela cells transfected with BFP-CLASP1 and
treated with DMSO or 40 uM importazole as in B. (D) Mean cortical LGN fluorescence as a
percentage of maximum intensity in synchronized metaphase Hela cells expressing GFP-
CLASP1 or YFP alone (control) treated with DMSO, 20 pM, or 40 uM importazole for 1 h before
fixation. (E) Quantification of cortical LGN and NuMA staining in synchronized metaphase Hela
cells expressing GFP-CLASP1 or YFP treated with DMSO or 40 uM importazole for 1 h before
fixation. For A-E, n = 3, with 100 metaphase cells counted/condition in A, 5 cells analyzed/
condition in B, 50 MTs from 5 cells measured/condition in C, and 20 cells measured/condition in
D and E. Bars, SE. Asterisks denote statistical significance (p < 0.05).

importazole-induced spindle assembly and chromosome congres-
sion defects (Supplemental Figure S5A). CLASP1 overexpression,
however, significantly reduced the number of mitotic cells display-
ing defects in spindle centering, demonstrating that increased
CLASP1 activity is sufficient to rescue spindle positioning in the ab-
sence of proper Ran pathway function (Figure 5A).

Volume 24 August 15, 2013
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To clarify the contribution of CLASP1 to
spindle positioning, we compared the ef-
fects of CLASP1 and the Ran pathway on
astral MTs. To do so, we used Hela cells sta-
bly expressing the MT plus-tip protein GFP-
EB3, in which growing astral MTs are clearly
visible in both DMSO- and importazole-
treated cells (Supplemental Movies S7 and
S8). GFP-EB3 Hela cells were transiently
transfected with blue fluorescent protein
(BFP)-CLASP1 or BFP alone and treated
with DMSO or 40 pM importazole before
imaging via live-cell time-lapse fluorescence
microscopy. Metaphase cells were imaged
every 5 s in a single z-plane that bisected
both spindle poles for a total of 2 min start-
ing 10 min after DMSO or importazole treat-
ment. We then quantified the number of
astral MTs observed to make contact with
the cell cortex. In agreement with the litera-
ture (Mimori-Kiyosue et al., 2005; Espiritu
et al., 2012), we found that overexpression
of CLASP1 resulted in a significant increase
in the number of astral MTs contacting the
cortex (Figure 5B). In contrast, disruption of
the Ran pathway with importazole caused a
significant decrease in astral MT/cortex con-
tacts. This observation was supported by
data from fixed mitotic Hela cells, in which
importazole treatment resulted in signifi-
cantly fewer and shorter astral microtubules
(Supplemental Figure S5, B and C). Overex-
pressing CLASP1 in importazole-treated
cells restored astral MT contacts with the
cortex to wild-type numbers. To determine
how RanGTP and CLASP1 affect astral MTs,
we measured the elongation speed of astral
MTs that remained in the same z-plane be-
tween subsequent image acquisitions. We
observed a significant reduction in astral
MT elongation speed from 0.348 + 0.014 in
DMSO- to 0.233 + 0.021 pm/s in importa-
zole-treated cells, demonstrating that Ran
pathway activity promotes astral MT growth
(Figure 5C). In contrast, overexpression of
CLASP1 had no significant effect on astral
MT elongation speed in either DMSO- or
importazole-treated cells. Together these
results show that both RanGTP and CLASP1
affect spindle positioning by regulating
contact of astral MTs with the cortex, but
that they do so through independent
mechanisms.

To further dissect the roles of CLASP1
and Ran in spindle positioning, we asked
whether CLASP1 overexpression affected

LGN and NuMA localization. Quantification of the cortical localiza-
tion patterns of LGN and NuMA in DMSO- and importazole-treated
cells revealed that CLASP1 overexpression did not rescue the arc-
like localization pattern of either LGN or NuMA (Figure 5E). This
demonstrates that CLASP1 promotes spindle positioning indepen-
dently of the Ran-regulated localization of LGN and NuMA. However,
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mean LGN intensity at the cortex was higher in importazole-treated
cells expressing GFP-CLASP1 compared with control cells, suggest-
ing that CLASP1 stabilization of astral MT/cortex interactions can
promote LGN localization at the cortex in general (Figure 5D).

DISCUSSION

Our work, in combination with recently published data (Kiyomitsu
and Cheeseman, 2012), clearly demonstrates a role for Ran and
importin-f in the regulation of mitotic spindle positioning in mam-
malian cells via the cortical positioning factors LGN and NuMA.
When Ran activity was inhibited either by transfection of Ran™*N or
by use of a RCC1'* mutant, GFP-LGN ceased to localize to two corti-
cal arcs in line with the long spindle axis but instead localized uni-
formly to the entire cortex (Kiyomitsu and Cheeseman, 2012). Simi-
larly, importazole treatment disrupted the localization pattern of
both LGN and NuMA. Importazole inhibition of the Ran/importin-
pathway, however, also resulted in lower levels of LGN localizing to
the cortex. The difference in the observed localization of LGN be-
tween these two studies could be due to differences in experimen-
tal technique. Rather than completely disrupting Ran activity like
Ran™*N or RCC1¥, importazole treatment likely causes a conforma-
tional change inimportin- that diminishes the gradient of importin-B
cargo release without completely inhibiting Ran activity (Soderholm
et al., 2011). Because Ran™*N and RCC1* affect the Ran pathway
upstream of importin-B, however, we cannot formally exclude the
possibility that cortical LGN localization is regulated by a Ran path-
way gradient independent of importin-p. In either case, our data are
consistent with the conclusion that cortical LGN and NuMA localiza-
tion is inhibited in the proximity of the Ran gradient. Indeed, we
often observed disrupted cortical LGN and NuMA staining in the
vicinity of lagging chromosomes, in agreement with this model
(data not shown). The molecular mechanism by which RanGTP regu-
lates cortical NuMA and LGN is unclear. NuMA's failure to localize to
the cortex in the proximity of the RanGTP gradient, where it should
be released by importin-B, as well as its formation of cytoplasmic
speckles in response to importazole treatment, suggests that addi-
tional factors may be involved in Ran regulation of cortical NuMA
function, although further work will be required to investigate this
possibility.

Our time-lapse imaging of mitotic Hela cells reveals that spin-
dles in importazole-treated cells move about a significantly larger
area of the cytoplasm than spindles in DMSO-treated cells, resulting
in the spindle-miscentering phenotype observed with importazole
treatment. In addition, both this increase in spindle movement and
the resulting defects in spindle centering depend on the presence
of astral MTs, whereas importazole-induced spindle assembly and
chromosome congression defects do not. Together these results
imply that misregulation of astral MTs under importazole treatment
induces spindles to actively move about the cell. How might this
active spindle movement be generated? Several clues exist that
help to explain this phenomenon. First, our observations show that
the cortical localization patterns of LGN and NuMA are disrupted in
importazole-treated cells. Improper localization of LGN and NuMA
is likely to cause abnormal associations between dynein/dynactin
and astral MTs capable of pulling the spindle away from the center
of the cell. In addition, the effect of importazole on astral MT dy-
namics may influence the movement of mitotic spindles. Importa-
zole treatment results in a decrease in the number of astral MTs
contacting the cortex and lowers the number of these contacts that
occur in line with the long axis of the spindle, which may make spin-
dles more vulnerable to improper pulling forces generated by the
mislocalization of LGN and NuMA.

2512 | S.L. Birdetal

Our study reveals that importazole-induced spindle miscenter-
ing can be rescued by overexpression of CLASP1. CLASP1 was
shown to be important for spindle positioning in multiple organ-
isms, likely due to stabilization of end-on astral MT attachments with
the cell cortex (Mimori-Kiyosue et al., 2005; Samora et al., 2011;
Espiritu et al., 2012). Our work demonstrates that CLASP1 overex-
pression can rescue astral MT/cortex contacts in importazole-treated
cells without affecting MT elongation speed, showing that RanGTP
and CLASP1 affect astral MT dynamics through different mecha-
nisms. In addition, the failure of CLASP1 to rescue the cortical local-
ization pattern of NuMA and LGN in importazole-treated cells sug-
gests that it does not directly regulate these proteins but instead
contributes to positioning through a general mechanism of stabiliz-
ing MT attachments with the cortex. It appears, however, that some
level of cross-talk exists between the CLASP1- and RanGTP-medi-
ated spindle-positioning pathways, as CLASP1 overexpression in-
creases the mean fluorescence intensity of LGN at the cortex in im-
portazole-treated cells. This suggests that astral MT/cortical contact
contributes to LGN localization to the cortex but that the action of
RanGTP and importin-B is needed for proper cortical localization.
This assertion is consistent with recent work the showing astral MTs
are required for establishment of LGN’s cortical localization pattern
(Zheng et al., 2013).

Taken together, our data suggest a model in which Ran controls
mitotic spindle positioning through two processes. First, the RanGTP
gradient surrounding chromosomes locally inhibits the cortical lo-
calization of LGN and NuMA through an unidentified mechanism. In
addition, our data support the existence of a second process, in
which RanGTP activity stimulates growth of astral MTs to promote
MT/cortex contacts. Simultaneously, the activity of CLASP1 inde-
pendently stabilizes astral MTs in proximity to the cortex. Associa-
tion of astral MTs with the cortex promotes cortical LGN and NuMA
function, which operates in conjunction with dynein/dynactin to
generate pulling forces on the spindle (Figure é). In summary, our
data support the presence of a positive feedback loop for spindle

RanGTP/importin-B pathway CLASP1

LGN/NuMA
cortical localization

astral MT elongation

astral MT/cortex contacts

zone of cortical
LGN/NuMA

B RanGTP gradient

FIGURE 6: Model for RanGTP and CLASP1 regulation of mitotic
spindle positioning. The RanGTP gradient negatively regulates the
cortical localization of LGN and NuMA in proximity to the
chromosomes along the metaphase plate axis. At the same time, the
RanGTP gradient elicits release of importin-f cargo factors that
promote astral MT elongation along the long axis of the spindle.
Growing astral MTs contact the cortex and are stabilized by CLASP1.
The cortical activity of NuMA and LGN is promoted in the vicinity of
astral MTs, creating a zone of cortex-bound dynein/dynactin
complexes that elicit pulling forces on the astral MTs in line with the
long axis of the spindle.
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positioning in which Ran pathway activity promotes delivery of posi-
tioning information from the spindle to the cortex via astral MTs. In
turn, the formation of cortical LGN/NuMA complexes provides po-
sitioning information to the spindle by generating pulling forces on
astral MTs in conjunction with dynein, maintaining the proper posi-
tion of the spindle within the cell.

Many questions remain about the role of the Ran pathway in
mitotic spindle positioning. Future work will address how the corti-
cal localization of LGN and NuMA is negatively regulated in proxim-
ity to the Ran gradient, which should lead to an increase in free
NuMA. In addition, future studies should clarify the mechanism by
which RanGTP promotes astral MT dynamics, as well as the role
these MTs play in directing NuMA and LGN to the cortex.

MATERIALS AND METHODS

Cell lines and tissue culture

Hela cells stably expressing GFP-tubulin and mCherry-H2B were a
gift of J. Ellenberg and were maintained in DMEM plus 10% fetal
bovine serum, 1% penicillin/streptomycin, 500 pg/ml G418, and
0.5 pg/ml puromycin. Hela cells stably expressing GFP-EB3 were a
gift of J. Ellenberg and were maintained in DMEM plus 10% fetal
bovine serum, 1% penicillin/streptomycin, and 500 pg/ml G418.
Hela cells were grown and maintained according to standard
protocols.

Protein overexpression

For importin-B overexpression experiments, 1.6 pg/well of importin-
B-YFP (pKW1735) or YFP (pKW1258) plasmid DNA was transfected
into six-well dishes containing 30-40% confluent Hela cells using
Lipofectamine LTX with PLUS reagent (Invitrogen, Carlsbad, CA).
Cells were allowed to incubate for 45 h posttransfection before fixa-
tion. Only cells displaying visible YFP fluorescence were counted for
quantification experiments. For CLASP1 overexpression experiments,
536 ng/well of GFP-CLASP1 (pKW3059; a gift of A. Akhmanova),
BFP-CLASP1 (pKW3125), control YFP (pKW1258), or BFP (pKW1259)
plasmid DNA was transfected into six-well dishes (for fixed samples)
or 35-mm glass-bottom Petri dishes (for live-cell movies) containing
30-40% confluent Hela cells using Lipofectamine LTX with PLUS re-
agent. Cells were allowed to incubate for 25 h posttransfection be-
fore fixation or imaging. Only cells displaying visible GFP, YFP, or BFP
fluorescence were counted for quantification experiments.

Cell synchronization

Cells were plated in dishes containing media with 2 mM thymidine
and incubated at 37°C and 5% CO, for 18 h. Cells were washed
twice with clean media and incubated for 8.5 h. Cells were changed
into media plus 2 mM thymidine and incubated for 17 h. Cells were
washed twice with clean media to release from thymidine treatment
and incubated for 9 h before fixation in mitosis.

Live-cell microscopy

GFP-tubulin and mCherry-H2B Hela cells were imaged at 37°C and
5% CO, in Ringer’s buffer (155 mM NaCl, 5 mM KCI, 2 mM CaCl,,
1 mM MgCly, 2 mM NaH,PO4, 10 mM 4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid, pH 7.2, 10 mM glucose) plus 10% fetal bo-
vine serum and 1% OxyFluor. Images were created from projections
of five z-slices (0.5 um/z-slice) captured every 2 min for a total dura-
tion of 60 min with a Nikon TE2000 inverted spinning disk confocal
microscope (Nikon, Melville, NY). GFP-EB3 Hela cells were imaged
at 37°C and 5% CO; in Ringer’s buffer, and single z-slice images
were captured every 5 s for a total duration of 2 min with a Nikon
TE2000 inverted spinning disk confocal microscope.
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Immunofluorescence microscopy

Cells were fixed in 4% formaldehyde with 0.1% Triton X-100 in phos-
phate-buffered saline (PBS) at 25°C for 5 min. Cells were then washed
and blocked (PBS + 4% bovine serum albumin) and stained by stan-
dard techniques using anti-LGN antibody (a gift of Q. Du) diluted at
1:200 or anti-NuMA antibody (a gift of D. Compton) diluted at 1:500
in addition to the E7-A anti-B-tubulin antibody (Developmental
Studies Hybridoma Bank, University of lowa, lowa City, IA) diluted
1:1000 and Hoechst dye. Images were created from projections of
10 z-slices (0.5 pm/z-slice) captured with a Nikon TE2000 inverted
spinning disk confocal microscope. We used 100-ms exposures for
all LGN and NuMA quantification. Fluorescence intensity was mea-
sured in ImageJ (National Institutes of Health, Bethesda, MD).

Image quantification

All image quantification was performed in ImageJ. Astral MT dy-
namics was determined by measuring the change in position of in-
dividual GFP-EB3 speckles that remained within the same z-slice
between subsequent movie frames. The contact frequency of astral
MT with the cell cortex was determined from the total number of
contacts observed in single zslice 2-min movies of Hela cells stably
expressing GFP-EB3 with exposures taken every 5 s. Spindle move-
ment was quantified in metaphase cells by measuring the change in
position of the center of the spindle corrected for movement of the
center of the cell. The center of the spindle was determined by the
midpoint of a line drawn between the spindle poles, and the center
of the cell was determined by the center of a circular shape traced
along the position of the cell cortex. Mean square displacement
data were then calculated for the corrected movement of mitotic
spindles using Matlab (MathWorks, Natick, MA). Cortical LGN and
NuMA localization was quantified in synchronized metaphase cells
by measuring the fluorescence intensity of a seven-pixel-wide line
traced along the cell cortex. The line was always started at the posi-
tion of the cortex closest to the metaphase plate (as determined by
Hoechst staining) and continued in the direction of the more promi-
nent cortical staining. The number of fluorescence intensity mea-
surements along this line was normalized to 360, corresponding to
the roughly circular shape of mitotic Hela cells. Background fluores-
cence intensity was subtracted from the cortical fluorescence inten-
sities of each individual cell, and the resulting cortical intensities
were normalized as the percentage of the maximum observed corti-
cal intensity for each replicate. Mean cortical intensities were deter-
mined by averaging the measured intensity along the entire cortex.
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