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Echinoderm microtubule-associated protein (EMAP)-like (EML) family proteins are microtubule-associated proteins
that have a conserved hydrophobic EMAP-like protein (HELP) domain and multiple WD40 domains. In this study, we
examined the role of EML4, which is a member of the EML family, in cell division. Time-lapse microscopy analysis
demonstrated that EML4 depletion induced chromosome misalignment during metaphase and delayed anaphase
initiation. Further analysis by immunofluorescence showed that EML4 was required for the organization of the mitotic
spindle and for the proper attachment of kinetochores to microtubules. We searched for EML4-associating proteins by
mass spectrometry analysis and found that the nuclear distribution gene C (NUDC) protein, which is a critical factor for
the progression of mitosis, was associated with EML4. This interaction was mediated by the WD40 repeat of EML4 and
by the C-terminus of NUDC. In the absence of EML4, NUDC was no longer able to localize to the mitotic spindle,
whereas NUDC was dispensable for EML4 localization. Our results show that EML4 is critical for the loading of NUDC

onto the mitotic spindle for mitotic progression.

Introduction

The proliferation of living cells requires an accurate distribu-
tion of duplicated genetic materials to daughter cells. The failure
of this process produces aneuploidy and induces cellular apoptosis
or transformation.'” A dynamic structural arrangement of micro-
tubules is initiated at the onset of mitosis to generate the mitotic
spindle to achieve the high fidelity distribution of the genome.
The mitotic spindle is a bipolar array of microtubules with minus
ends that are concentrated at the MTOC (microtubule organizing
center) or centrosomes and with plus ends that extend outward
from the MTOC.? In metaphase cells, spindle microtubules that
are attached to the kinetochore, which is a large multi-protein
complex on each chromosome, are bundled and stabilized to
form kinetochore fibers (k-fibers).* Once all the kinetochores are
properly attached to the spindle microtubules, then the spindle
assembly checkpoint (SAC) is inactivated to initiate the separation
of chromosomes to either side of spindle poles; this separation is
mediated by the depolymerization and shrinkage of the spindle
microtubules.”® With the separation of chromosomes to each
pole, some spindle microtubules further extend to the opposite
poles and interdigitate at the center of 2 separating cells to form a
structure called the central spindle. The central spindle is a critical
structure for the determination of the site of furrow ingression.7‘8
With the progression of furrow ingression, microtubules and asso-
ciated proteins are tightly packed to form an electron dense struc-
ture called the midbody.9 These dynamic rearrangements of the
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mitotic spindle are regulated by several associating proteins and
by their post-translational modification, such as phosphorylation.
Although extensive studies have been performed to identify these
microtubule-associated proteins, not all their functions are under-
stood in detail.

Echinoderm microtubule-associated protein (EMAP) is the
most abundant microtubule-associated protein in sea urchin.'®"?
EMAP is localized to the interphase microtubules and to the
mitotic spindle and regulates microtubule dynamics.'*"> The
EML (EMAP-like) protein family is composed of mammalian
homologs of EMAP. Six EML proteins (EML1-6) have been
identified, and all the EML proteins have a HELP (hydrophobic
EMAP-like protein) domain, which is unique to this family, and
multiple WD40 domains.'®**°  Although EML proteins are
highly similar in sequence and localize to the microtubules, these
proteins have little sequence homology with other microtubule-
associated proteins, and their exact functions are largely unknown.
EML2 promotes microtubule catastrophes and may be a microtu-
bule destabilizer;'® however, whether other EML proteins have
similar functions has not been determined. Some studies have
reported that EML proteins are required for the spindle function
during mitosis. EML3 is localized to the nucleus during inter-
phase; however, once the nuclear membrane has broken down for
mitosis, EML3 accumulates to the mitotic spindle."” EML3
depletion induced chromosome misalignment during metaphase
and delayed anaphase initation. EML4 is also localized to the
mitotic spindle, and its depletion inhibited cell proliferation.'®
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These studies have shown that EML proteins are localized to the
mitotic spindle and necessary for the correct spindle function;
however, a detailed understanding of EML functions during mito-
sis is lacking. In this report, we studied the role of EML4 in
mitotic progression. We demonstrated that EML4 is required for
the organization of the mitotic spindle and for the proper attach-
ment of spindle microtubules to kinetochores. We also showed
that EML4 is essential for the recruitment of NUDC, which is a

critical factor for mitotic progression, to the mitotic spindle.

Results

EML4 knockdown delays the progression of mitosis

First, we examined the subcellular localization of EML4 during
mitosis by indirect immunofluoresence analysis to obtain further
insight into the role of EML4 in cell division. EML4 accumulated
at the MTOC during prophase and localized to the mitotic spin-
dle during metaphase. During telophase, EML4 concentrated to
the either side of the midbody where microtubule bundles accu-
mulated (Fig. 1A). We observed EML4 siRNA-transfected cells
using time-lapse microscopy to characterize the defects induced
by EML4 knockdown during mitosis. We used 2 different siR-
NAs (siRNA#1 and siRNA#2) that efficiendy depleted EML4
(Fig. 1B). Hela cells that constitutively expressed GFP-histone
H2B were transfected with control or EML4 siRNAs, and 24 h
later, the cells were observed by time-lapse microscopy for an
additional 48 h. We observed a significant defect in the chromo-
some alignment of EMIL4-knockdown cells. Control siRNA-trans-
fected cells showed prompt chromosome alignment at the division
plane during metaphase (Fig. 1C). In contrast, the chromosomes
in EMI4-depleted cells were unstable, and fractions of chromo-
somes were dispersed during metaphase (Fig. 1C). Most of the
control cells entered anaphase within 50 min after nuclear enve-
lope breakdown (NEBD) (Fig. 1D). However, some EMIL4-
knockdown cells took more than 100 min for anaphase initdation
(Fig. 1D). EML4-knockdown cells finally completed cytokinesis;
however, some cells eventually underwent apoptosis after cytoki-
nesis completion. The delay in the initiation of anaphase indicated
that EML4-knockdown induced the spindle assembly checkpoint
(SAC). We co-depleted EML4 and MAD2, which is a critical
component for the SAC, and observed the cells using time-lapse
microscopy (Fig. 1C). The time duration from the NEBD to the
anaphase initiation of EMI4-knockdown cells was significantdy
reduced by the co-depletion of MAD2 (Fig. 1D). These results
indicated that EML4 knockdown delayed proper chromosome
alignment and induced the SAC.

EML4 depletion inhibits spindle organization and
kinetochore-microtubule attachment

EML4 siRNA-transfected cells were fixed and immunostained
with anti-tubulin antibody and Hoechst to further investigate the
mitotic defects induced by EML4 depletion. Most of the control
siRNA-transfected cells showed an organized bipolar spindle and
properly aligned chromosomes during metaphase. In contrast, a
of EMIL4-depleted cells displayed

significant  number
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disorganized mitotic spindles (Fig. 2A). In addition, more than
60% of EML4-knockdown cells showed uncongressed chromo-
somes during metaphase (Fig. 2A). Impaired chromosome align-
ment is often induced by defects in the attachment of
kinetochores and microtubules. Kinetochore attachment to the
ends of spindle microtubules organizes k-fibers that are stable
under cold temperatures.21 We incubated siRNA-transfected
cells on ice for 10 min and then fixed the cells to observe k-fiber
formation to determine whether EML4 depletion induced the
disruption of microtubule-kinetochore attachment. As shown in
Fig. 2B, EML4 depletion significantly reduced the number of
metaphase cells with stable mitotic spindles. We observed the
kinetochore-microtubule attachment of monastrol-induced
monopolar cells to corroborate these results further. A previous
study showed that monopolar cells allowed the easy evaluation of
side-on or end-on kinetochore attachment.?> Most of the kineto-
chores in control siRNA-transfected cells were attached to the
ends of microtubules (Fig. 2C). In contrast, we observed that
many kinetochores in EML4-depleted cells were attached to the
sides of microtubules (Fig. 2C). Consistent with the increase in
side-on attached kinetochores, the distance from the pole to each
kinetochore significantly decreased in EML4-depleted monopo-
lar cells (Fig. 2D). These results indicate that EML4 is required
for the organization of the mitotic spindle and for the proper
attachment of spindle microtubules to kinetochores.

HELP domain and adjacent WD40 domains are required for
mitotic progression

Next, we attempted to determine the region of the EML4 pro-
tein that is essential for mitotic progression. EML4 has a coiled-
coil region and a HELP domain in the N-terminus, and multiple
WD40 domains are in the C-terminus. As depicted in Fig. 3A,
EML4 deletion mutants were generated, and the cells that consti-
tutively expressed GFP-tagged mutants were established by retro-
viral infection (Fig. 3B). First, we examined the localization of
mutant proteins in the absence of endogenous EML4. Each cell
line was transfected with EML4 siRNA#2 that targeted the
3’ UTR of EML4 mRNA to deplete the endogenous EML4 pro-
tein specifically, and then the cells were fixed for GFP and tubu-
lin immunostaining. Neither the fragment comprising the N-
terminal region that contained the coiled-coil region and HELP
domain (aa 1-298) nor the WD40 repeats (aa 299-981) alone
localized to the mitotic spindle (Fig. 3C). However, an EML4
deletion mutant that contained the N-terminal region and adja-
cent partial WD40 repeats (aa 1-478) clearly localized to the
mitotic spindle (Fig. 3C). Notably, EML4 (aa 1-298) localized
to the mitotic spindle in the presence of endogenous EML4
(Fig. SI1A). EML4 (aa 1-298) is able to form a homodimer with
full-length EML4 (Fig. S1B); thus, EML4 (aa 1-298) seems to
localize to the mitotic spindle by binding to the endogenous
EML4 protein. Each cell line was transfected with EML4
siRNA#2 to determine whether these deletion mutants could res-
cue the mitotic defect induced by EML4 depletion. The expres-
sion of full-length EML4 clearly reduced the number of cells
with disorganized spindles or with uncongressed chromosomes

(Fig. 3D). Neither EML4 (aa 1-298) nor EML4 (aa 299-981)
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Figure 1. Depletion of EML4 inhibits chromosome alignment during metaphase and activates the SAC. (A) Hela cells were immunostained for EML4,
a-tubulin and nuclear material (Scale bar = 5 um). (B) HeLa cells were transfected with siRNAs, and EML4 protein expression was examined by immuno-
blot 72 h later. (C) siRNA-transfected cells were observed by time-lapse microscopy. Representative images of each siRNA-transfected cell group are
shown (Scale bar = 10 wm). (D) The graph shows the time duration from the NEBD to the initiation of anaphase of each siRNA-transfected cells. Three
independent experiments were performed, and more than 25 cells in total were evaluated (mean =+ SEM).
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Figure 2. For figure legend, see page 1533.
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Figure 3. HELP domain and N-terminal WD40 domains in EML4 are required for mitotic progression. (A) Schematic representation of EML4 deletion
mutants. (B) Cells that constitutively expressed GFP-tagged EML4 deletion mutants were lysed, and the expression of each mutant was examined by
immunoblot. (C) Each GFP-EML4 cell line was transfected with EML4 siRNA#2, and the cells were immunostained for GFP and tubulin 72 h later (Scale
bar = 5 wm). (D) The graph shows the percentage of metaphase cells with the indicated defect. Three independent experiments were performed, and
more than 150 cells in total were evaluated (mean =+ SEM, ***P < 0.01, n.s; not significant compared to Ctrl siRNA).

Figure 2 (See previous page). EML4 knockdown disrupts spindle organization and kinetochore-microtubule attachment. (A) siRNA-transfected cells
were fixed and immunostained with anti-a-tubulin antibody and Hoechst. Representative images are shown (Scale bar = 1 pum). The graph indicates the
percentage of metaphase cells with the indicated phenotype. Three independent experiments were performed, and more than 300 cells in total were
evaluated (mean =+ SEM, ***P < 0.01). (B) siRNA-transfected cells were non-treated or cold-treated and then immunostained with anti-a-tubulin and
anti-CREST antibodies. Representative images are shown (Scale bar = 1 wm). The graph indicates the percentage of cold-treated cells with stable k-fibers.
Three independent experiments were performed, and more than 150 cells in total were evaluated (mean =+ SEM, ***P < 0.01). (C) siRNA-transfected cells
were treated with monastrol and then immunostained with anti-a-tubulin and anti-CREST antibodies (Scale bar = 1 wm). The graph indicates the per-
centage of side-on and end-on attached kinetochores. Three independent experiments were performed, and approximately 1,000 kinetochores from 50
cells were evaluated (mean =+ SEM, ***P < 0.01). (D) siRNA-transfected cells were treated with monastrol and immunostained with anti-Hec1 and anti-
a-tubulin antibodies and Hoechst (Scale bar = 1 um). Representative images are shown. The image above the graph shows how the distance from the
pole to each kinetochore was measured. The graph shows the average distance of the pole to each kinetochore. Horizontal lines in the boxes indicate
medians and the boxes extend from 25th to 75th percentiles. Three independent experiments were performed, and more than 600 kinetochores from
40 cells were evaluated using Image J software (***P < 0.01, **P < 0.05).

www.tandfonline.com Cell Cycle 1533



deletion mutants could rescue the mitotic defect induced by
endogenous EML4 knockdown; however, the expression of
EML4 (aa 1-478) clearly reduced the number of cells with disor-
ganized spindles or with uncongressed chromosomes (Fig. 3D).
These results indicated that the N-terminal HELP domain and
adjacent partial WD40 repeats are required for the localization
and functionality of EML4.

EML4 associates with NUDC

We attempted to identify EMIL4-associating proteins by mass
spectrometry analysis to investigate the functions of EML4 in
detail. Cells that constitutively expressed Flag-tagged EM14 were
established, and a cell lysate was prepared from nocodazole-
released cells. Flag-EML4 and its associated proteins were immu-
noprecipitated, eluted with Flag peptide and then identified by
mass spectrometry analysis. Among the proteins that co-
precipitated with Flag-EML4, we focused on NUDC, which is
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D Input
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essential for spindle organization and for chromosome align-
ment.”>* Indirect immunofluorescence analysis demonstrated
that both EML4 and NUDC were localized to the mitotic spin-
dle and concentrated to both sides of the midbody during telo-
phase (Fig. 4A). GFP-EML4 and Flag-NUDC were transiently
expressed in 293T cells to confirm the association of these 2 pro-
teins. GFP-EML4 was immunoprecipitated from the cell lysate
by anti-GFP antibody and immunoblotted with anti-Flag anti-
body. As shown in Fig. 4B, Flag-NUDC was co-precipitated
with GFP-EML4. Next, we examined the association of endoge-
nous proteins. Control IgG or anti-NUDC antibody was mixed
with the cell lysate, and immunoprecipitated proteins were blot-
ted for EML4. EML4 was detected in the anti-NUDC antibody
immunoprecipitate, but not in the control IgG antibody immu-
noprecipitate (Fig. 4C). Cells were treated with nocodazole or
non-treated, and endogenous NUDC was immunoprecipitated
to determine whether this interaction is specific during mitosis.
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Figure 4. EML4 associates with NUDC. (A) HeLa cells were immunostained with anti-EML4 and anti-NUDC antibodies (Scale bar = 5 pum). (B) 293T cells
were transfected with a plasmid encoding the indicated gene, and the cells were lysed 24 h later. GFP-EML4 was immunoprecipitated with anti-GFP anti-
body and immunoblotted for GFP and Flag. (C) HeLa cells were lysed and immunoprecipitated with anti-NUDC antibody, followed by immunoblot with
anti-NUDC and anti-EML4 antibodies. An arrow indicates endogenous NUDC. (D) Nocodazole-treated or non-treated cells were lysed, and endogenous
NUDC was immunoprecipitated with anti-NUDC antibody. The immunoprecipitates were immunoblotted with anti-NUDC and anti-EML4 antibodies.

1534

Cell Cycle

Volume 14 Issue 10



As shown in Fig. 4D, the interaction was observed in both non-
treated cells and mitosis-arrested cells.

We used several EML4 deletion mutants (Fig. 5A) to deter-
mine the region of the EML4 protein that is required for the
association with NUDC. First, we determined whether the N-
terminal region or WD40 repeats were responsible for this associ-
ation. As shown in Fig. 5B, the WD40 repeats were responsible
for this interaction. Interestingly, multiple WD40 domains con-
tributed to the binding to NUDC because the WD40 domains
in the N-terminus, C-terminus and central region associated
with NUDC (Fig. 5C). NUDC has a coiled-coil region in the
N-terminus and a highly conserved nuclear migration domain in
the C-terminus (Fig. 5D). Immunoprecipitation analysis
revealed that the C-terminal region was responsible for the associ-

ation with EML4 (Fig. 5E).

EM14 is required for the loading of NUDC to the mitotic
spindle

Previous studies showed that NUDC was essential for mitotic
progression. Consistent with the previous report,” > we
observed that NUDC depletion resulted in disrupted spindles
and uncongressed chromosomes during metaphase (Fig. S2).
The phenotype observed by EML4 depletion was similar to that
observed by NUDC knockdown; thus, we speculated that the

association between EML4 and NUDC is critical for the func-
tionality of either protein. First, we tested whether this associa-
tion was important for the expression of NUDC and EML4.
EML4 depletion did not affect the levels of NUDC; however,
EML4 expression increased in the absence of NUDC (Fig. 6A).
RT-PCR analysis did not demonstrate any significant increase in
EML4 mRNA (Fig. 6B). Next, we examined the localization of
either protein in the absence of NUDC or EML4. EML4 locali-
zation along the mitotic spindle was clearly observed in the
absence of NUDC (Fig. 6C). In contrast, NUDC localization at
the spindle significantly decreased by the depletion of EML4
(Fig. 6C). We performed a rescue experiment using cells that
constitutively expressed full-length or deletion mutants of EML4
to confirm that EML4 is required for the localization of NUDC
to the mitotic spindle. NUDC was clearly localized to the mitotic
spindle of full-length EML4-expressing cells transfected with
EML4 siRNA#2 (Fig. 6D). The expression of the HELP domain
(aa 1-298) or WD40 repeats (aa 299-981) of EML4 did not
recover NUDC localization (Fig. 6C). However, the EML4 (aa
1-478) deletion mutant, which has the HELP domain and adja-
cent WD40 domains sufficient for binding to NUDC, clearly
restored NUDC localization to the mitotic spindle (Fig. 6D).
These results clearly demonstrated that EML4 is crucial for the
loading of NUDC to the mitotic spindle.
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Figure 5. WD40 domains of EML4 and the C-terminus of NUDC are required for the interaction between these proteins. (A) Schematic representation of
EML4 deletion mutants. (B) 293T cells were transfected with a plasmid encoding each gene, and the cells were lysed 24 h later. GFP-tagged proteins
were immunoprecipitated with anti-GFP antibody and immunoblotted for Flag and GFP. (C) The interaction between Flag-NUDC and GFP-tagged EML4
deletion mutants was examined. (D) Schematic representation of NUDC deletion mutants. (E) The interaction between Flag-EML4 and GFP-tagged
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Discussion

EML4 mediates the dimerization of the EML4-ALK fusion pro-
tein, which subsequently promotes the catalytic activation of the

EML4 has attracted many researchers since the discovery of ~ kinase for cancer progression.”” Some inhibitors for EML4-ALK
the EML4-ALK (anaplastic lymphoma kinase) fusion oncogene are already in clinical trials, and extensive studies have been per-

for non-small cell lung cancer in 2007.%° The N-terminus of formed to elucidate the function of this fusion protein.
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However, the physiological functions of EML4 remain unclear.
In this report, we showed that EML4 was required for mitotic
spindle organization and for microtubule-kinetochore attach-
ment. The depletion of EML4 by siRNAs induced cells with dis-
organized mitotic spindles and uncongressed chromosomes
during metaphase. Uncongressed chromosomes are often
observed when microtubule-kinetochore attachment is disrupted.
Consistently, the stable organization of k-fibers decreased, and
the side-on attachment to microtubules
increased. These results show that EML4 has a crucial role in
mitosis by contributing to mitotic spindle organization and to
microtubule-kinetochore attachment.

We found that EM14 associates with NUDC and is required
for the localization of NUDC to the mitotic spindle. NUDC is a
highly conserved gene in a wide range of species, including fila-
mentous fungi, plants, invertebrates and vertebrates.”” NUDC
was first identified as a necessary gene for the migration of the

of kinetochores

nucleus in the filamentous fungus Aspergillus nidulans, and later
studies revealed that mammalian NUDC associated with the
dynein/dynactin complex and was essential for neurogenesis and
for neuronal migration.’”® Recent studies also demonstrated
that NUDC is critical for cytokinetic progression. NUDC deple-
tion induces multinuclear cells and defects in spindle organiza-
tion.”® PLK1 is a mitotic kinase that regulates multiple steps of
cell division.***> The phosphorylation of NUDC by PLK1 is
essential for the end-on attachment of microtubules and kineto-
chores.? In addition, NUDC is required for the accumulation of
PLK1 at the kinetochore to promote chromosome congression.**
These results clearly show that NUDC is critical for spindle for-
mation and for microtubule-kinetochore attachment. It is likely
that the defect in microtubule-kinetochore attachment and spin-
dle organization induced by EML4 knockdown results from the
disruption of NUDC localization to the spindle.

All the EML family proteins contain WD40 domains in the
C-terminus. WD40 domains have a B-propeller structure and
mediate protein-protein interactions for many biological func-
tions.>® Our immunoprecipitation analysis demonstrated that
the association of EML4 with NUDC was dependent on the
WD40 domains in EML4. Consistent with our finding, NUDC
has been shown to associate with the WD40 domains of LIS1.%
Similar to NUDC, LISI associates with the dynein/dynactin
complex and regulates nuclear motility and neuronal move-
ment.”"*® Interestingly, a previous proteomics analysis showed
that NUDC was in complex with CDC20, which is a critical reg-
ulator of mitosis and which has multiple WD40 domains.”
These results suggest that NUDC may associate with WD40
domain-containing proteins other than EMIL4 to regulate
mitosis.

NUDCL and NUDCL2 are homologs of NUDC in mam-
mals, and both proteins are thought to have specific roles in mito-
sis. NUDCL is phosphorylated during mitosis, and its expression
is regulated during cell cycle progression.** NUDCL is localized
to the centrosomes and to the midbody, and the depletion of this
protein induces multiple mitotic defects.* NUDCL2 is localized
to the centrosome and kinetochore during mitosis. Although
both proteins can associate with LISI and the dynein/dynactin
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complex, the exact mechanisms by which NUDCL and
NUDCL2 accumulate to specific sites during mitosis remain
unknown.”> NUDCL and NUDCL2 appear to interact with
proteins with WD40 domains because both proteins can interact
with LIS1 therefore, EML family proteins may interact with
NUDCL and NUDCL2 for the proper localization of both pro-
teins.**4? Furcher studies elucidating the association between
EML and NUDC family proteins may reveal interesting features
of the molecular mechanisms of mitosis.

Materials and Methods

Cells, antibodies, and chemicals

Hela cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, Wako, Osaka, Japan) supplemented with
10% fetal bovine serum (FBS, Equitec, Hendra, Australia). The
following antibodies were used: anti-a-tubulin (T6199) and
anti-B-actin (A5411) antibodies, which were purchased from
Sigma-Aldrich (St. Louis, MO, USA); anti-EML4 antibodies
(2428 and A310-675A), which were purchased from Cell Signal-
ing (Beverly, MA, USA) and Bethyl Laboratories (Montgomery,
TX, USA); anti-NUDC antibody (sc-135366), which was pur-
chased from Santa Cruz Biotechnology (Santa Cruz, CA, USA);
anti-MAD2 antibody (610678), which was purchased from BD
Biosciences (San Jose, CA, USA); anti-Flag antibody
(018-22381), which was purchased from Wako (Osaka, Japan);
anti-GFP antibodies (75-131 and 598), which were purchased
from NeuroMab (Davis, CA, USA) and Medical and biological
laboratories (MBL, Nagoya, Japan); anti-Hecl antibody
(ab3613), which was purchased from Abcam (Cambridge, UK);
and FITC-conjugated anti-CREST antibody (15-234-0001),
which was purchased from Antibodies Inc. (Davis, CA, USA).
Anti-NUDC antibody, which was used for immunofluorescence
and immunoblot analysis, was kindly provided by Dr. Yu-Lee
(Baylor College of Medicine, Houston, Texas, USA). Nocoda-
zole was purchased from Sigma-Aldrich (St. Louis, MO, USA).

DNA constructs

Human EML4 ¢cDNA and NUDC ¢DNA were amplified by
PCR from a Hela ¢cDNA library. Full-length EML4 and
NUDC were cloned into a pQCXIP retrovirus vector with a
Flag, GFP or HA tag on the N-terminus (Clontech, Mountain
View, CA, USA). The deletion constructs for EML4 and NUDC
were generated by PCR.

siRNA transfection

The sequences of the siRNAs that were used to suppress
EML4 expression were 5'- CCAAAUGGCUGCAAACUAATT-
3’ (EML4 siRNA#1), 5'-CCAGUGGAUGUCCAGACAUTT-
3’ (EML4 siRNA#2). EML4 siRNA#2 targeted the 3’ untrans-
lated region (UTR) of EML4 mRNA. The sequence of the
MAD?2 siRNA was 5-GCUUGUAACUACUGAUCUUTT-3,
and the sequences of the NUDC siRNAs were 5'-CCAACUU-
CAGACGAACAGAAG-3' (NUDC siRNA#1) and 5'-CCUA-
CUGUUACACAUUAAAAC-3' (NUDC siRNA#2). The
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sequence of the control siRNA targeting luciferase was 5'-
CUUACGCUGAGUACUUCGATT-3'. All the siRNAs were
obtained from Hokkaido System Science (Sapporo, Japan).
HeLa cells were transfected with 40 nM siRNA using Lipofect-
amine RNAIMAX (Invitrogen, Carlsbad, CA, USA).

Live-cell imaging

HeLa cells that were plated on 35 mm glass-bottom dishes
(Iwaki, Tokyo, Japan) were transfected with siRNAs using Lipo-
fectamine RNAIMAX (Invitrogen Carlsbad, CA, USA). At 24 h
after transfection, the cells were monitored for 48 h using a time-
lapse microscope system (LCV110, Olympus, Tokyo, Japan)
equipped with a Retiga EXi camera (QImaging, Tokyo, Japan).
Images were analyzed using the MetaMorph Imaging System
(Universal Imaging, Silicon Valley, CA, USA).

Generation of stable cell lines

HeLa cells that constitutively expressed each protein were
established by retroviral infection. 293T cells were transfected
with the pQCXIP retroviral vector that encoded each cDNA in
combination with the pVPack-GP and pVPack-Ampho vectors
(Stratagene, La Jolla, CA, USA) using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA, USA). At 48 h after transfection, the
supernatants were added to the cells with 2 pwg/ml polybrene
(Sigma-Aldrich, St. Louis, MO, USA), and infected cells were
selected with 1 pg/ml puromycin for 3 days.

Immunofluorescence analysis

The cells were grown on glass coverslips coated with fibronec-
tin, fixed with cold methanol/acetone (1:1) or 4% paraformalde-
hyde, and blocked with phosphate-buffered saline (PBS)
containing 7% FBS for 30 min. Then, the cells were incubated
with primary antibodies for 1 h, washed with PBS, and incu-
bated with Alexa Fluor 488- or Alexa Fluor 594-labeled second-
ary antibodies (Invitrogen, Carlsbad, CA, USA) for 1 h. Images
were acquired using a FV1000 laser scanning confocal micro-

scope (Olympus, Tokyo, Japan).

Immunoprecipitation

The cells were washed twice with cold PBS, lysed in lysis
buffer (35 mM Tris-HCI (pH 7.4), 150 mM NaCl, and 0.1%
NP-40) for 15 min on ice and centrifuged at 15,000 rpm for
20 min to obtain clear cell lysates. Then, the cell lysates were
incubated with the indicated primary antibodies coupled to pro-
tein A-agarose beads (Thermo Scientific, Waltham, MA, USA)
or Flag beads (Wako, Osaka, Japan) at 4°C for 3 h or overnight.
The beads were washed 3 times with lysis buffer and suspended
in sample buffer.

Mass spectrometry analysis

Cells that constitutively expressed Flag-EM14 were generated
by retrovirus infection. The Flag-EML4-expressing cells were
lysed and immunoprecipitated with an anti-Flag antibody and
immunoprecipitates were mixed with a Flag peptide to elute
immunoprecipitated proteins. The eluted proteins were digested
with trypsin and subjected to mass spectrometry analysis using
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the LC-MS/MS system (Paradigm MS4, Michrom Bioresources,
Sacramento, CA; HTS-PAL, CTC Analytics AG, Zwingen,
Swiss; LTQ Orbitrap XL, Thermo Scientific). The proteins were
identified using the Mascot software package (Matrix Science,
London, UK).

Cold treatment

Hel a cells were grown on glass coverslips and transfected with
EMIL4 siRNA. Sixty hours later, the cells were washed twice with
cold medium, placed on ice for 10 min, fixed in 4% paraformalde-
hyde for 7 min, incubated with 0.3% Triton X-100 in PBS for
5 min and blocked with 7% FBS in PBS for 30 min. The cells
were immunostained with anti-a-tubulin antibody and FITC-
conjugated anti-CREST antibody for 1 h and then analyzed using
a FV1000 laser scanning confocal microscope (Olympus, Tokyo,
Japan). Then, the number of cells with stable k-fibers was counted.

Monopolar cell assessment by monastrol treatment

HeLa cells that were plated on glass coverslips were transfected
with EML4 siRNA, and 24 h later, the cells were treated with the
Eg5 inhibitor monastrol at 100 wM for 14 h. Next, the cells
were fixed with ice-cold methanol/acetone (1:1) for 10 min and
stained with anti-a-tubulin antibody and FITC-conjugated anti-
CREST antibody. Last, the cells were analyzed using a confocal
microscope.

Statistical analysis
Statistical analyses were done by one way or 2 way analysis of

variance (ANOVA) using GraphPad Prism 5. P value < 0.05
was considered statistically significant.
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