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Cohesin is an essential protein complex required for sister chromatid cohesion. Cohesin associates with chromosomes and
establishes sister chromatid cohesion during interphase. During metaphase, a small amount of cohesin remains at the
chromosome-pairing domain, mainly at the centromeres, whereas the majority of cohesin resides in the cytoplasm, where
its functions remain unclear. We describe the mitosis-specific recruitment of cohesin to the spindle poles through its
association with centrosomes and interaction with nuclear mitotic apparatus protein (NuMA). Overexpression of NuMA
enhances cohesin accumulation at spindle poles. Although transient cohesin depletion does not lead to visible impair-
ment of normal spindle formation, recovery from nocodazole-induced spindle disruption was significantly impaired.
Importantly, selective blocking of cohesin localization to centromeres, which disrupts centromeric sister chromatid
cohesion, had no effect on this spindle reassembly process, clearly separating the roles of cohesin at kinetochores and
spindle poles. In vitro, chromosome-independent spindle assembly using mitotic extracts was compromised by cohesin
depletion, and it was rescued by addition of cohesin that was isolated from mitotic, but not S phase, cells. The combined
results identify a novel spindle-associated role for human cohesin during mitosis, in addition to its function at the
centromere/kinetochore regions.

INTRODUCTION

Mitotic spindle formation is critical for proper chromosome
congression, alignment, and segregation during cell division
(Compton, 2000; Scholey et al., 2003; Kline-Smith and Walc-
zak, 2004). Microtubules (MTs) undergo drastic changes in
their dynamics and organization as the cell enters mitosis to
form the bipolar spindle apparatus. As the nuclear mem-
brane breaks down at the G2/M transition, interphase cy-
toskeletal MTs are destabilized, and mitotic spindle MTs
nucleate from two opposing centrosomes/spindle poles
with increased growth and turnover rates (Saxton et al.,
1984; Zhai et al., 1996). This mitosis-specific change of mi-
crotubule behavior indicates the presence of cell cycle-spe-
cific regulators of spindles. Indeed, studies identified many
important microtubule-associated proteins (MAPs) that reg-
ulate different aspects of mitotic spindle dynamics, such as
the efficiency of MT nucleation and minus-end focusing at

spindle poles, MT plus- and minus-end dynamics, and over-
all spindle stability (Kline-Smith and Walczak, 2004). How-
ever, the intricate regulatory mechanisms for spindle orga-
nization are not completely understood, and there are most
likely additional factors that contribute to proper spindle
regulation during mitosis.

Cohesin is a conserved and essential multiprotein com-
plex required for sister chromatid cohesion (Losada et al.,
1998; Uhlmann and Nasmyth, 1998; Toth et al., 1999). Ge-
netic studies in both yeast and metazoans revealed that
inhibition of cohesin function leads to premature separation
of sister chromatids, chromosome misalignment, and melo-
teric attachment of spindles to kinetochores, which all result
in missegregation of chromosomes, indicating the crucial
role of cohesin in mitosis (Tanaka et al., 2000; Hauf et al.,
2001; Sonoda et al., 2001; Hoque and Ishikawa, 2002; Vass et
al., 2003). Cohesin is composed of two structural mainte-
nance of chromosomes family proteins, SMC1 and SMC3,
which form a stable heterodimer that associates with the two
non-SMC components Rad21 (Scc1/Mcd1) and SA protein
(Scc3) (Toth et al., 1999; Losada et al., 2000; Sumara et al.,
2000; Tomonaga et al., 2000). In vertebrates, two mitotic SA
protein homologues, SA1 and SA2, were found to form
distinct cohesin complexes (Losada et al., 2000).

In metazoans, cohesin is loaded onto chromosomes in
interphase to establish sister chromatid cohesion. During
G2/prophase, the majority of cohesin dissociates from chro-
mosomes as an intact complex in a Polo-like kinase-regu-
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lated manner (Losada et al., 2000; Sumara et al., 2000; Greg-
son et al., 2001). Only a small amount of cohesin (�5%)
remains at the chromosome-pairing domain to mediate sis-
ter chromatid cohesion, which is eventually terminated by
the cleavage of Rad21 at the onset of anaphase leading to
chromosome segregation (Waizenegger et al., 2000; Hoque
and Ishikawa, 2001; Gimenez-Abian et al., 2004). However,
the functional significance of the abundant cytoplasmic co-
hesin remained an enigma.

Previously, we showed that microinjection of anti-human
(h)SMC1 antibody into human metaphase cells led to imme-
diate disorganization of the metaphase plate and cell cycle
arrest (Schmiesing et al., 1998). Because this particular anti-
body detects hSMC1 in the cytoplasm, but not at the pairing
domain of metaphase chromosomes (likely due to steric
hindrance), the notion was raised that cytoplasmic cohesin
may play an important role in mitosis. Subsequently, we
found that a subpopulation of cytoplasmic cohesin localizes
to the mitotic spindle poles and interacts with the nuclear
mitotic apparatus protein (NuMA) (Gregson et al., 2001).
NuMA is a factor that localizes to the spindle poles in a
mitosis-specific manner and plays an important role in mi-
totic spindle assembly at the spindle poles (Gaglio et al.,
1995; Merdes et al., 1996). We also demonstrated that cohesin
is required for mitotic spindle aster assembly in vitro, sug-
gesting that cytoplasmic cohesin plays a role in mitotic
spindle organization (Gregson et al., 2001). However, the in
vivo significance of this observation was unclear. Here, we
report that cohesin localizes to spindle poles and functions
in mitotic spindle formation in vivo and in vitro. Our results
indicate a mitosis-specific and chromosome-independent
role for cohesin in spindle function in vertebrates.

MATERIALS AND METHODS

Cell Lines and Cell Synchronization
HeLa cells were grown in DMEM (Sigma-Aldrich, St. Louis, MO) supple-
mented with 10% fetal bovine serum, l-glutamate, and penicillin/streptomy-
cin. Wild-type, CENP-H or Scc1/Rad21 conditional knockout DT40 cells were
cultured as described previously (Fukagawa et al., 2001, 2004; Sonoda et al.,
2001). HeLa cells were synchronized to S phase by using double-thymidine
block and to M phase by an additional nocodazole treatment as described
previously (Schmiesing et al., 2000; Gregson et al., 2001).

Antibodies
Rabbit polyclonal antibody was raised against the N terminus of NuMA
(amino acids 1-307) expressed in Escherichia coli. Antigen-affinity purified
antibodies against hSMC1, SA-1, and hRAD21 were described previously
(Gregson et al., 2001, 2002). Mouse monoclonal antibody (mAb) specific for
CENP-E and rabbit polycloncal antibody specific for Tripin/hSgo2 were
published previously (Yen et al., 1991; Huang et al., 2007). Polyclonal antibod-
ies against Aurora A (rabbit; Novus Biologicals, Littleton, CO) and SA2 (goat;
Bethyl Laboratories, Montgomery, TX) as well as mouse monoclonal antibod-
ies specific for NuMA (Calbiochem, San Diego, CA), Polo-like kinase 1 (Plk1)
(Abcam, Cambridge, MA), SUV39H1 (Millipore, Billerica, MA), CENP-A
(Abcam), and �-tubulin, �-tubulin, and �-tubulin (Sigma-Aldrich) were used.
Secondary antibodies conjugated with alkaline phosphatase or horseradish
peroxidase (Promega, Madison, WI) for Western blot, and with Cy3 (The
Jackson Laboratory, Bar Harbor, ME) and fluorescein (Vector Laboratories,
Burlingame, CA) for immunostaining, were also used.

Plasmids and Transfection
NuMA deletion mutants were generated by polymerase chain reaction (PCR)
by using NuMA cDNA (kindly provided by Dr. D. Compton, Dartmouth
Medical School) as the template and cloned into the Tet-Off vector. Cells were
transfected using Effectene (QIAGEN, Valencia, CA) according to the manu-
facturer’s instructions. The SMC1 gene, with green fluorescent protein (GFP)
or FLAG peptide fused in-frame at its C-terminal end, was cloned into the
pIRESneo3 vector (Clontech, Mountain View, CA) for eukaryotic gene expres-
sion. G418-resistant stable cell lines, expressing either hSMC1-GFP or hSMC1-
FLAG (hSMC1-flg), were generated and used for further experiments.

Cell Extraction, Immunofluorescent Staining, and Image
Analysis
In situ cell extraction was performed essentially as described to remove the
majority of cytoplasmic cohesin to visualize cohesin associated at the spindle
poles (Schmiesing et al., 2000; Gregson et al., 2001). Briefly, cells were extracted
using the cytoskeleton (CSK) buffer [10 mM piperazine-N,N�-bis(2-ethanesul-
fonic acid) (PIPES), pH 7.0, 100 mM NaCl, 300 mM sucrose, and 3 mM MgCl2]
with 0.5% Triton X for 5 min at 4°C to remove soluble cytoplasmic proteins,
and then they were fixed with 4% paraformaldehyde at 4°C for 10 min. For
metaphase chromosome spreads, mitotic cells were enriched by the addition
of 0.05 �g/ml nocadazole for 4–6 h. Mitotic cells were collected by shaking,
washed with phosphate-buffered saline (PBS), and resuspended in 75 mM
KCl. Cells were spun onto polylysine-coated slides by using Cytospin at 1900
rpm for 2 min. Cells were fixed with 3.7% formaldehyde for 10 min at 4°C.
Slides were rinsed and stored in SNBP buffer (0.02% saponin, 0.05% NaN3,
and 1% bovine serum albumin in PBS) for subsequent immunostaining.
Immunofluorescent staining of cells was carried out as described previously
(Schmiesing et al., 2000; Gregson et al., 2001). Immunofluorescent image
analysis was performed using an IX70 with the MagnaFire digital charge-
coupled device camera system (Olympus, Tokyo, Japan). Quantity One soft-
ware (Bio-Rad, Hercules, CA) was used for quantification of the immunoflu-
orescent images.

Coimmunoprecipitation, Silver Staining, and Western
Analysis
Coimmunoprecipitation was performed as described previously (Schmiesing
et al., 2000; Gregson et al., 2001). The immunoprecipitated proteins were
analyzed by SDS-polyacrylamide gel electrophoresis and silver staining or
transferred to nitrocellulose membrane for Western blotting as described
previously (Schmiesing et al., 2000; Gregson et al., 2001). Western blots were
developed by either colorimetric reaction (Promega) or enhanced chemilumi-
nescence (ECL kit; GE Healthcare, Little Chalfont, Buckinghamshire, United
Kingdom).

Centrosome Purification
Isolation of human centrosomes from HeLa cells was carried out following
protocols described previously (Moudjou and Bornens, 1998). Briefly, HeLa
cells were synchronized to S phase and M phase, and treated with nocodazole
(1 �g/ml) and cytochalasin B (5 �g/ml) for 1 h before harvest. Cells were then
collected and washed with PBS and 8% sucrose. The pellet was resuspended
in buffer containing 1 mM Tris-HCl and 0.1% �-mercaptoethanol (�ME), spun
down at 3K for 5 min, and resuspended in the same buffer containing 1%
NP-40. After spinning down the pellet at 13K for 30 s, a 1/50 volume of 50�
PE (10 mM PIPES and 1 mM EDTA, pH 7.2) was added to the supernatant.
The supernatant was then applied to a 70% sucrose cushion at 10,000 � g for
30 min. Most of the supernatant was aspirated, and the sucrose interface
(�150 mg of extract) was applied to a continuous sucrose gradient (40–70%)
at 100,000 � g for 16 h in a SW28 rotor. Twelve fractions were collected from
the bottom. Western blot analysis with anti-Aurora A antibody was used to
identify the fractions containing centrosomes.

Cohesin Purification
Crude extracts of the HeLa stable cell line expressing hSMC1-flg synchro-
nized to M phase or S phase were incubated with anti-FLAG M2 affinity gel
for 3 h and then washed sequentially with 0.1 M HNAD (25 mM HEPES, pH
7.6, 0.1 mM EDTA, 12.5 mM MgCl2, 10% glycerol, 0.1 M KCl, 0.1% NP-40, 1
mM dithiothreitol [DTT], and 0.2 mM 4-(2-aminoethyl)-benzenesulfonyl flu-
oride [AEBSF]), 1 M HAD (25 mM HEPES, pH 7.6, 0.1 mM EDTA, 12.5 mM
MgCl2, 1 M KCl, 10% glycerol, 1 mM DTT, and 0.2 M AEBSF) and KHM buffer
(78 mM KCl, 50 mM HEPES, pH 7.0, 4 mM MgCl2, and 2 mM EGTA) with
DTT and AEBSF. The purified cohesin containing hSMC1-flg (i.e., flg-cohesin)
was eluted with 100 �g/ml FLAG peptide (Sigma-Aldrich) in KHM buffer.

In Vitro Mitotic Spindle Aster Assembly
The in vitro aster assembly assay was performed as described previously
(Gregson et al., 2001), by using the protocol of Gaglio et al. (1995, 1996, 1997)).
Briefly, HeLa cells were synchronized to mitosis and were collected by
shake-off and incubated with 20 �g/ml cytochalasin B. Cells were then
washed with phosphate-buffered saline and resuspended in KHM buffer
containing cytochalasin B at a concentration of �3 � 107 cells/ml. Cells were
Dounce homogenized, and the crude extract was subjected to ultracentrifu-
gation at 100,000 � g for 15 min. at 4°C. The supernatant was collected, and
a fraction of it was subjected to immunodepletion. Approximately 10–20 �g
of either preimmune immunoglobulin (IgG), anti-hSMC1, anti-Rad21, or anti-
NuMA antibody was coupled to protein A beads and incubated with 20 �l of
mitotic extracts for 45 min at 4°C. The beads were spun down, the superna-
tants were collected, and the depletion process was repeated. The final
supernatants were passed through empty spin columns to remove any re-
maining beads. In add-back experiments, flg-cohesin immunopurified from S
phase or M phase extracts was added to 20 �l of each depleted extract. The
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supernatants were incubated for one hour at 30°C in the presence of 2.5 mM
ATP and 10 �M Taxol for the in vitro aster assembly. After the reaction, a
small portion of each sample of equal volume was dropped onto a coverslip,
fixed with methanol at �20°C for 20 min, and subjected to immunofluorescent
staining with an antibody specific for �-tubulin (Sigma-Aldrich) or costained
with anti-NuMA antibody. The criteria for asters used in the experiments are
as follows: 1) distinct clustering of �-tubulin with colocalization of NuMA at
the center, and 2) diameter of the �-tubulin/NuMA clustering must be �1
�m. The number of such asters was counted in 40 randomly chosen areas on
the coverslip under the microscope with the 100� objective. The number of
asters in the preimmune-depleted extracts was considered to be 100%.

Small Interfering RNA (siRNA) Transfection
The 21-nucleotide siRNA duplexes were designed and synthesized by QIA-
GEN against hSMC1 (5�-CAC CAT CAC ACT TTA ATT CCA-3�), hRad21
(5�-CTG GGA GTA GTT CGA ATC TAT-3�), SA1 (5�-CAC GTA GAA TCA
GAT GTT CTA-3�), SA2 (5�-TCG GTG GTA GAT GAT TGG ATA-3�), and
CENP-E (5�-AAC ACG GAT GCT GGT GAC CTC-3�) (Tanudji et al., 2004).
The target sequence for SUV39H1 is as described previously (Ait-Si-Ali et al.,
2004). The control siRNA consists of a random sequence (QIAGEN). Trans-
fection of siRNA into HeLa cells was performed twice using RNAiFect
(QIAGEN) following the manufacturer’s instructions. Samples were analyzed
24 h after the second siRNA transfection by immunofluorescence and Western
blot analyses.

Spindle Recovery and Taxol Experiments In Vivo
For the spindle recovery experiments, cells were treated with 0.5 �g/ml
nocodazole for 30 min at 24 h after the second siRNA transfection. Cells were
then washed three times and were incubated in fresh medium for 20 min.
Alternatively, cells were treated with 10 �M Taxol for 5 min after the nocoda-
zole treatment to induce centrosome-independent spindle aster formation.
Experiments were repeated three times, and an average of 50 cells was
examined per sample.

Spindle Assembly Analysis in Chicken DT40 Cells
Wild-type or Rad21 knockout DT40 cells were treated with doxycycline (Dox)
for 24 h before the 1-h 0.1 �g/ml nocodazole treatment for the disruption of
spindles. Cells were then released from nocodazole treatment by being
washed three times and further incubated in nocodazole-free media. The
experiments were done in the continuous presence of Dox. At different time
points after the nocodazole release, cells were harvested by centrifugation
(2000 rpm; 5 min; GS-6R tabletop refrigerated centrifuge; Beckman Coulter,
Fullerton, CA), and they were resuspended to a final concentration of 0.4–
1.5 � 106 cells/ml. Next, 50–100 �l of each cell suspension was spun onto
poly-l-lysine–coated slides by Cytospin and fixed with 3.5% formaldehyde
(in PBS, at room temperature for 10 min). Alternatively, wild-type, Rad21, or
CENP-H knockout cells were treated with Dox for 27 h, and spindle mor-
phology was analyzed without any nocodazole treatment.

RESULTS

Mitosis-specific Association of Cohesin with Spindle Poles
In previous work, we found that hSMC1, hSMC3, and SA
(SA1 or SA2) localize to mitotic spindle poles in human cells
by immunofluorescent staining of the endogenous proteins
by using antibodies specific for each cohesin component
(Gregson et al., 2001). Human Rad21 localization at spindle
poles was also reported previously (Hoque and Ishikawa,
2001). These results were further confirmed by the localiza-
tion of the recombinant hSMC1 fused to GFP at mitotic
spindle poles in a stable HeLa cell line expressing hSMC1-
GFP (Supplemental Figure S1A). Together, these results
demonstrate unequivocally that a subpopulation of cohesin
localizes to the spindle poles.

To distinguish whether cohesin associates with the cen-
trosomes or localizes to the pericentrosomal area in a spin-
dle-dependent manner similar to NuMA (Kallajoki et al.,
1991), we examined cohesin localization after disruption of
spindle MTs. After nocodazole treatment, no �-tubulin was
observed, and NuMA no longer clustered to the spindle
poles (Figure 1A). In contrast, hSMC1 and SA remained at
the spindle poles, although at lower levels (�20–30% com-
pared with the control cells). This suggests that a subpopu-
lation of cohesin associates with centrosomes independently
of spindle MTs. To further confirm this, centrosomes from M

and S phase cells were purified by sequential sucrose gra-
dient centrifugation and probed for the presence of cohesin

Figure 1. Cohesin association with centrosomes. (A) Microtubule-
independent recruitment of cohesin to spindle poles. HeLa cells were
treated with 0.1 �g/ml nocodazole for 1 h before preextraction and
fixation. Cells were then stained with antibodies specific for �-tubulin,
�-tubulin, NuMA, SMC1, and SA antibodies as indicated. Untreated
control mitotic cells are also shown. Bar, 5 �m. The exposure time for
all images was identical, with the exception of NuMA in the control
cell, which was decreased to one-fifth due to the strong signal. (B)
Western blot analysis of the 40–70% sucrose gradient fractions of
purified centrosomes from HeLa cells synchronized to mitotic (M)
phase. Centrosome peak fractions were detected by the presence of
Aurora A. (C) Same as in B, except for S phase-synchronized cells.
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by Western blot (Figure 1, B and C). In this method, spindle
MTs were removed by nocodazole treatment, which also re-
moves NuMA from mitotic centrosome fractions (Figure 1B).
Consistent with the immunolocalization results (Figure 1A), all
four cohesin components cofractionated with centrosomes pu-
rified from mitotic cells as marked by the presence of Aurora A
(Figure 1B) (Stenoien et al., 2003). In contrast, the cohesin com-
plex was not detected in centrosomes purified from S phase
cells (Figure 1C). Weak signals of hSMC3 and hRAD21 were
detected, but at levels significantly lower than those in mitosis.
This is consistent with the fact that the majority of cohesin
localizes in the nucleus during interphase (Schmiesing et al.,
1998; Losada et al., 2000; Sumara et al., 2000). A complete
absence of NuMA in the S phase centrosome fractions further
ensures that there is no contamination of nuclear proteins into
this preparation. Interestingly, however, a significant popula-
tion of hSMC1 was found to cofractionate with Aurora A
(Figure 1C). Consistent with this, hSMC1, but not SA, was
detected at the centrosomes by immunofluorescent staining of
interphase cells (Supplemental Figure S1B). This indicates
that hSMC1 alone is capable of interacting with interphase
centrosomes, providing the first example of SMC1 behav-
ing differently from either the SMC1-SMC3 heterodimer
or the holo-cohesin complex. Together, these results dem-
onstrate mitosis-specific association of cohesin with cen-
trosomes, and indicate that one mechanism of cohesin
recruitment to the mitotic spindle poles is through cell
cycle-specific interaction with centrosomes.

We next tested whether cohesin also localizes to the spin-
dle poles in a centrosome-independent manner. We found
that cohesin localizes to in vitro assembled mitotic asters,
distributing diffusely along astral MTs with NuMA cluster-

ing at the center (Figure 2A). Furthermore, we found that
both cohesin and NuMA cluster to the Taxol-induced cen-
trosome-independent asters in vivo (Figure 2B). These re-
sults indicate that cohesin localizes to the mitotic spindle
pole by two different mechanisms, both centrosome depen-
dent and independent.

The N Terminus of NuMA Is Important for Mitotic
Cohesin Targeting to Spindle Poles
Because cohesin interacts and colocalizes with NuMA at the
spindle poles (Figure 2, A and B) (Gregson et al., 2001),
NuMA may play a role in recruiting cohesin to the spindle
poles. To address this, we first mapped the domain of
NuMA that is involved in the cohesin interaction. Antibod-
ies against hSMC1 and hRad21, which precipitate the entire
cohesin complex (Gregson et al., 2001), both coprecipitated
GFP-full-length NuMA, confirming the in vivo interaction
between cohesin and NuMA (Figure 2C). We next tested
deletion mutants of NuMA and found that cohesin interacts
with the N-terminal region, but not with either the middle or
C-terminal regions, of NuMA (Figure 2D).

Based on the above-mentioned results, we examined the
possible dominant-negative effects of overexpression of the
full-length and deletion mutants of NuMA on cohesin local-
ization in vivo. GFP-full-length NuMA localized to the spin-
dle poles and significantly enhanced the cohesin clustering
at the spindle poles (Figure 2E). In contrast, the N-terminal
deletion mutant GFP-NuMA-MC that retains the spindle
pole-targeting domain (Compton and Cleveland, 1993) but
lacks hSMC1-binding site localized to the spindle poles with
no positive effect on cohesin localization at spindle poles.
The N-terminal fragment of NuMA that interacts with

Figure 2. NuMA recruits cohesin to the spin-
dle poles through its N-terminus domain. (A)
Cohesin localization to in vitro assembled mi-
totic spindle asters. Immunofluorescent stain-
ing of in vitro assembled mitotic spindle asters
with mAb specific for �-tubulin (�-tub) and
polyclonal antibodies specific for SMC1, Rad21,
or NuMA as indicated. Bar, 2 �m. (B) Cohesin
localization to Taxol-induced centrosome-inde-
pendent asters in vivo. HeLa cells were treated
with nocodazole and Taxol sequentially fol-
lowed by preextraction and fixation. Cells were
then stained with antibodies specific for �-tu-
bulin, SMC1, and NuMA as indicated. Bar, 5
�m. (C) Coimmunoprecipitation-Western anal-
ysis of the interaction between endogenous co-
hesin and GFP-NuMA in vivo. Extracts from
293T cells expressing the full-length NuMA
fused to GFP (lanes 1–4) were used for coim-
munoprecipitation with antibody against
SMC1 (�SMC1; lane 3), Rad21 (�Rad21; lanes
4), or preimmune IgG (pre-IgG; lane 2), and
eluted with 2 M guanidine-HCl after a 1 M KCl
wash. Anti-GFP antibody was used as the pri-
mary antibody for Western analysis. (D) Coim-
munoprecipitation-Western analysis of the
interaction between GFP-NuMA deletion mu-
tants and endogenous cohesin. The experi-
ments were carried out in a manner similar to
C by using anti-hSMC1 antibody for immuno-
precipitation and anti-GFP antibody for West-
ern analysis. An asterisk indicates the IgG
heavy chain. A schematic diagram of NuMA

deletion mutants is shown. The C-terminal spindle pole-targeting domain of NuMA is indicated. (E) The effects of overexpression of the
full-length and deletion mutants of GFP-NuMA on cohesin targeting to the spindle poles in vivo. A GFP-only control is also shown. Cells
were preextracted before fixation and immunostained with anti-SMC1 antibody. Bar, 5 �m.
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hSMC1, but lacks the pole-targeting domain failed to cluster
at spindle poles and inhibited cohesin accumulation there.
These results indicate that the interaction of cohesin with the
N terminus of NuMA is important for efficient cohesin tar-
geting to mitotic spindle poles. Together, the results suggest
that cohesin is capable of associating with the mitotic cen-
trosomes in a NuMA-independent manner, but spindle pole
clustering of cohesin is further enhanced by cohesin’s inter-
action with NuMA in the pericentrosomal region.

Cohesin Is Required for Mitotic Spindle Formation in
Chicken DT40 Cells
Although a role for cohesin in mitotic spindle assembly was
suggested in vitro in human mitotic extracts (Gregson et al.,

2001), its in vivo relevance was undefined. Thus, we tested
the effect of cohesin depletion using Dox-inducible Rad21
knockout chicken DT40 cells (Figure 3). Cohesin compo-
nents also localize to mitotic spindle poles in these cells,
demonstrating that cohesin localization at spindle poles is
conserved in at least two vertebrates (Supplemental Fig-
ure S1C).

After 24 h of Dox treatment, there was no detectable
Rad21 in these cells by Western blotting (Figure 3A). At this
time point, there was no significant difference in mitotic
spindle morphology between the wild-type and Rad21
knockout cells (Figure 3B), which is consistent with pub-
lished observations (Sonoda et al., 2001). However, when we
briefly treated these cells with nocodazole to disrupt the

Figure 3. Effects of Rad21 depletion on mitotic spindle organization in DT40 cells. (A) Western analysis of Rad21 conditional knockout [Rad21(�)]
chicken DT40 cells after Dox treatment. The wild-type and Rad21(�) cells were treated with Dox for the duration of time indicated at top. (B)
Spindle morphology of the wild-type and mutant cells after 24-h Dox treatment. Dox-treated wild-type and Rad21(�) mitotic cells were fixed and
stained with antibody specific for �-tubulin (green) and NuMA (red) as well as 4,6-diamidino-2-phenylindole (DAPI; blue). The merged images are
shown. Bar, 5 �m. (C) Rad21 depletion affects the efficiency of spindle reassembly. Wild-type or Rad21(�) cells were treated with nocodazole for
1 h after 24-h incubation with Dox. Cells were then released from nocodazole treatment and incubated for 1 h to restore the spindle. Immuno-
staining is same as described in B. The percentage of normal and abnormal spindles is shown in the graph. The total numbers of mitotic cells
examined are shown at the bottom. Representative spindle morphology for each category (specifically, “normal spindles,” “abnormal short
spindles,” and “poles with no visible asters”) is shown. Bar, 5 �m. (D) Time course analysis of spindle reassembly in Rad21(�) DT40 cells after
nocodazole release. Spindle morphology in mitotic cells was analyzed at 1, 5, 10, and 15 min after nocodazole release as indicated. Representative
morphology of spindles is shown. Green, �-tubulin; red, NuMA; and blue, DAPI. Almost no spindle was observed within the first 15 min of
reassembly in 70% of the Rad21-depleted mitotic cells examined, in contrast to the efficient recovery of spindles in the wild-type cells. The other
30% of mutant mitotic cells exhibited shorter spindles compared with wild type cells. Bar, 5 �m. (E) Rad21 depletion inhibits Taxol-induced
nonspecific aster assembly in vivo. After the nocodazole treatment as described in C, wild-type or Rad21(�) cells were further incubated with Taxol.
Cells were then fixed and stained with anti-�-tubulin antibody and DAPI. The wild-type cells exhibited centrosome-independent aster formation
upon Taxol treatment, whereas Rad21-depleted cells failed to form asters. Bar, 5 �m. (F) Prolonged Rad21 depletion abolishes mitotic spindle
formation. Rad21(�) cells were treated with Dox for 27 h, and mitotic spindle morphology was compared with Dox-treated wild type cells and
CENP-H(�) cells. Approximately 40 mitotic cells for each cell line were analyzed in one experiment and the experiments were repeated three times
to obtain the SE of the mean. The percentage of mitotic cells with and without spindles is shown in the graph. Representative images
(“spindle-positive” and “poles with no visible asters”) (staining is the same as described in B) is shown below.
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spindles and examined their subsequent reassembly, there
were significant differences in the efficiency of spindle re-
covery between the wild-type and mutant cells (Figure 3C).
Although �70% of the wild-type mitotic cells reassembled
normal mitotic spindles, an abnormal morphology with
short spindles was observed in �70% of the mutant mitotic
cells. In addition, some of the mutant cells failed to assemble

any visible asters. Thus, Rad21 depletion in chicken cells
compromised efficient spindle reassembly.

One possible explanation for the observed spindle defect
is that it is an indirect result of destabilization of spindles at
the kinetochores by centromere dysfunction (loss of tension)
caused by cohesin depletion at the centromere pairing do-
main. To address this, a time course analysis of spindle

Figure 4. Cohesin depletion inhibits mitotic
spindle recovery in vivo. (A) Western blot anal-
ysis of siRNA-transfected cell lysates. Cell ly-
sates were prepared 24 h after the second trans-
fection with siRNA for hSMC1, Rad21, SA1,
SA2, or CENP-E. Control cells were transfected
with a randomized siRNA. �-Tubulin serves as
a loading control. (B) Cohesin depletion inhibits
the spindle recovery. Cells transfected with
siRNA were treated with nocodazole and incu-
bated in fresh medium for 20 min before fixa-
tion. Mitotic cells were stained with antibodies
specific for �-tubulin (green) and NuMA (red).
DNA is visualized by DAPI staining (blue). The
depleted proteins are indicated at top. Bar, 5
�m. (C) Multiple NuMA signals are not due to
centrosome amplification. In a similar experi-
ment as described in B, cells were stained with
�-tubulin (green) to visualize centrosomes and
colocalization with NuMA was analyzed. Bar, 5
�m. (D) Cohesin depletion inhibits Taxol-in-
duced spindle asters in vivo. Cohesin-depleted
cells and control cells were treated with Taxol
for 5 min as in Figure 2B. Bar, 5 �m.
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reassembly was carried out. If the spindles are destabilized
indirectly due to kinetochore defects, we should first ob-
serve extension of spindles to kinetochore regions before
degradation after nocodazole release. However, the results
show that spindles that emanate from the poles remain short
and never reach the chromosomes, suggesting that the de-
fect is independent of kinetochores (Figure 3D).

To further substantiate these results, these cells were fur-
ther treated with Taxol immediately after nocodazole treat-
ment to examine the induction of centrosome- and chromo-
some-independent nonspecific multiaster formation (Figure
3E). Taxol-induced aster formation was significantly com-
promised in the mutant cells. Thus, the efficiency of spindle
aster formation seems to be decreased in cohesin-depleted
cells.

Cohesin at spindle poles seems to be stable and relatively
resistant to depletion because there was still a small amount
of residual Rad21 at the spindle poles in some of the mutant
cells treated with Dox for 24 h (Supplemental Figure S1C,
Rad21). Therefore, the Dox treatment was further extended
to 27 h, and the mitotic spindle morphology was examined.
At this time point, without nocodazole treatment, the ma-
jority of Rad21-depleted mitotic cells exhibited very weak, if
any, spindle formation (Figure 3F). This is not due simply to
spindle checkpoint activation, because similar conditional
depletion of CENP-H by Dox treatment, which was shown
to activate the spindle checkpoint resulting in mitotic arrest
(Fukagawa et al., 2001), did not result in loss of spindle
formation (Figure 3F). After 27 h of Dox treatment, Rad21
and CENP-H depletion caused the increase of the mitotic
indices to 30 and 20%, respectively (Supplemental Figure
S2). The mitotic spindles in CENP-H–depleted cells are as
dense as those in the control cells, and there was no loss of
spindles as observed in the Rad21-depleted cells. Similarly,
the normal spindles were observed in CENP-H–depleted
mitotic cells at 35 h of Dox treatment, at which time the
mitotic index was 30% (Supplemental Figure S2). In fact, a
previous study reported that mitotic spindles were still ob-
served after 48 h of Dox treatment, with a mitotic index of
85% (Fukagawa et al., 2001). Thus, the observed Rad21 de-
pletion phenotype is specific, strongly suggesting that cohe-
sin is required for mitotic spindle formation in vivo.

Cohesin Depletion Affects the Efficiency of Spindle
Assembly in Human Cells
To further substantiate the observations in chicken cells, we
treated HeLa cells with siRNAs targeting both SMC and
non-SMC components of cohesin (i.e., hSMC1, hRad21, SA1,
and SA2). Two sequential transfections of siRNAs resulted
in �80% depletion of each component (Figure 4A).

Twenty-four hours after the second siRNA transfection,
no significant defect of mitotic spindle morphology was
observed (Supplemental Figure S3). However, similar to
what was observed in Rad21-depleted chicken DT40 cells,
after transient disruption of spindles by nocodazole, reas-
sembly of spindles was significantly abrogated in cohesin-
depleted mitotic cells (Figure 4B). In mitotic cells treated
with a negative control siRNA of randomized sequence,
almost complete recovery of spindles was observed at 20
min after the removal of nocodazole, accompanied with
efficient reclustering of NuMA at the spindle poles. In con-
trast, the mitotic cells depleted of any tested cohesin com-
ponent exhibited similar defects in spindle recovery. Specif-
ically, multiple short disorganized spindle asters were
formed in the mitotic cytoplasm colocalizing with some of
the NuMA foci, which failed to cluster to the spindle poles.
Consistent with the absence of holo-cohesin at interphase

centrosomes (Figure 1C and Supplemental Figure S1B),
hRad21 depletion had no effect on microtubule regrowth in
interphase cells (Supplemental Figure S4). Abnormal mitotic
spindle aster formation in cohesin-depleted cells was not
due to abnormal centrosome numbers because only two
�-tubulin foci were present in these cells (Figure 4C).

Cohesin defects were shown to lead to merotelic attach-
ment of spindles to kinetochores, indicating that cohesin is
important for proper kinetochore–spindle attachment
(Tanaka et al., 2000; Hoque and Ishikawa, 2002; Deehan
Kenney and Heald, 2006). To address whether the observed
spindle abnormality is due to kinetochore dysfunction,
CENP-E was depleted by siRNA (Figure 4A). CENP-E de-
pletion was shown to impair bipolar spindle attachment to
kinetochores in human cells (Schaar et al., 1997; Tanudji et al.,
2004). Furthermore, CENP-E depletion leads to spindle
checkpoint activation (Schaar et al., 1997; Yao et al., 2000;
McEwen et al., 2001; Tanudji et al., 2004). In contrast to the
cohesin depletion, however, no spindle assembly defect was
observed in CENP-E–depleted cells in mitosis (Figure 4B).
The results suggest that the defect associated with cohesin
depletion is not due to kinetochore dysfunction and check-
point activation. This is in agreement with the clear pheno-
typic differences between Rad21 and CENP-H depletion in
chicken DT40 cells (Figure 3F). Furthermore, although
Rad21 depletion increased the mitotic index to 20–50% un-
der this condition, the mitotic indices after hSMC1 and SA
depletion were comparable with that of the control siRNA-
treated cells (4–5%), indicating that the cohesin depletion
phenotype is not due simply to the prolonged mitotic arrest.
In addition, cells expressing GFP-NuMA-N, which abro-
gates cohesin localization at spindle poles (Figure 2E), also
exhibited similar spindle reassembly defect in mitosis (Sup-
plemental Figure S5), further supporting the notion that the
cohesion–NuMA interaction and cohesin localization at mi-
totic spindle poles are functionally significant.

To further assess the efficiency of spindle assembly in
cohesin-depleted cells, cells were treated with Taxol. Im-
mediately after nocodazole release, the Taxol treatment
induced multiple spindle asters in the control mitotic cells
(Figure 4D). In contrast, in cohesin-depleted mitotic cells,
no significant aster formation was observed, except to a
minimal extent at the two spindle poles, which is similar
to the observation in cohesin-depleted chicken DT40 cells
(compare Figures 3E and 4D). Thus, the efficiency of spin-
dle aster nucleation is decreased in cohesin-depleted
cells. The limited aster formation at the spindle poles is
likely due to residual cohesin (see below; Supplemental
Figure S7).

When further depletion was achieved after three rounds
of hRad21 siRNA transfections, �40% of mitotic cells exhib-
ited spindle abnormality with a weaker �-tubulin signal
accompanied by a multispindle pole phenotype (Figure 5A).
Similar multipole phenotype by hRad21 (Scc1) depletion
was also reported previously (Losada et al., 2005). �-Tubulin
staining also revealed that centrosomes were fragmented in
a mitosis-specific manner, but not in interphase cells, sug-
gesting a structural defect of mitotic spindle poles (Figure
5B). Together, these results demonstrate that cohesin is im-
portant for spindle pole function as well as centrosome
integrity in human cells.

The Effect of Cohesin Depletion on Spindle Assembly Is
Distinct from the Effect on Centromeric Sister Chromatid
Cohesion
To further distinguish cohesin’s function at spindle poles
from cohesin’s role in centromeric sister chromatid cohesion,
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SUV39H1 was depleted by siRNA (Figure 6). SUV39H1 is a
major histone H3 lysine 9 (H3K9) methyltransferase
(HMTase) important for H3K9 methylation (H3K9me) at the
pericentromeric heterochromatin in mammalian cells (Aa-
gaard et al., 1999, 2000). Enrichment of H3K9me at the peri-
centromeric heterochromatin was shown to recruit the het-
erochromatin binding protein HP1 (Swi6 in S. pombe), which
further recruits cohesin in Schizosaccharomyces pombe (Ber-
nard et al., 2001; Nonaka et al., 2002). Pericentromeric het-
erochromatin-dependent cohesin recruitment is necessary
for centromeric sister chromatid cohesion during mitosis in
S. pombe (Bernard et al., 2001; Nonaka et al., 2002). A similar
requirement for H3K9me and HP1 for cohesin recruitment
to the centromeres and subsequent centromeric sister chro-
matid cohesion was demonstrated in chicken DT40 cells
(Fukagawa et al., 2004). Consistent with these observations,
we found that SUV39H1 depletion in HeLa cells results in
displacement of cohesin from centromeres and disruption of
centromeric sister chromatid cohesion (Figure 6, B and C).
We found that cohesin localization at the spindle poles is not
affected by SUV39H1 depletion, thus separating the cohesin
function at centromeres and spindle poles (Figure 6B). Con-
sistent with the intact cohesin localization at the spindle
poles, we found that spindle assembly and recovery after
nocodazole-mediated disruption at the poles is intact (Fig-

ure 6D). It should be noted that despite the clear sister
chromatid cohesion loss observed in metaphase chromo-
some spreads after hypotonic treatment (Figure 6C), centro-
meres are still relatively clustered in both cohesin- and
SUV39H1-depleted mitotic cells after CSK extraction (Sup-
plemental Figure S6A and B). Interestingly, however, after
disruption and reassembly of spindles by transient nocoda-
zole treatment, centromeres were severely dispersed in co-
hesin-depleted cells with lack of proper spindle reassembly,
whereas they remained relatively clustered in the SUV39H1-
depleted cells with efficient spindle recovery (Supplemental
Figure S6C). The results further indicate that the spindle
defect caused by cohesin depletion additionally compro-
mised chromosome positioning, further accentuating the co-
hesion defect. Together, the results clearly separate the func-
tion of cohesin at centromeres from that at spindle poles and
indicate that the spindle abnormality caused by cohesin
depletion is not due to depletion of cohesin at the centro-
mere regions of chromosomes.

Purified M Phase Cohesin, but not S Phase Nuclear
Cohesin, Functions in Mitotic Aster Assembly In Vitro
Because cohesin targeting to the spindle poles is specific to
mitosis as shown above, we next addressed whether cohe-
sin’s ability to support spindle assembly is also specific to
mitosis. As observed previously, depletion of cohesin from
HeLa mitotic extracts by using anti-hRad21 antibody re-
sulted in abrogation of spindle aster assembly in vitro (Fig-
ure 7A) (Gregson et al., 2001). Because this assay does not
include any chromosomes, the effect of cohesin on spindle
assembly is likely independent of its function in sister chro-
matid cohesion. The depleted extracts were then comple-
mented with human cohesin immunopurified from a stable
cell line expressing FLAG-tagged hSMC1 (hSMC1-flg). The
bound cohesin holocomplex was stringently washed (i.e., 1
M salt) before elution with FLAG peptide, and the purity of
both mitotic and S phase cohesin was verified by silver stain
(Figure 7B). When cohesin purified from mitotic extracts was
added back to the cohesin-depleted extracts, spindle aster
assembly was partially restored (Figure 7A, lane 3). How-
ever, adding back a comparable amount of S phase nuclear
cohesin failed to restore any aster assembly (Figure 7A, lane
4, and B). Thus, cohesin’s ability to support spindle aster
assembly is specifically associated with mitotic cohesin, and
not with S phase nuclear cohesin, providing further evi-
dence that cohesin’s role in spindle assembly is distinct from
that in sister chromatid cohesion.

The spindle phenotype of cohesin depletion is distinct
from that of NuMA depletion (Figure 7A). Although loss of
either NuMA or cohesin drastically decrease the numbers of
asters, a few short asters are observed in the cohesin-de-
pleted extracts with residual NuMA at the center (Figure 7A,
lane 2) (Gregson et al., 2001). In contrast, long and unfocused
microtubule fibers with no central clustering were observed
in the NuMA-depleted extracts (Figure 7A, lanes 5 and 6).
This is consistent with the previous observations that NuMA
is important for both proper focusing of spindle asters and
formation of spindles (Gordon et al., 2001; Levesque et al.,
2003). In addition, purified mitotic cohesin failed to reestab-
lish spindle assembly activity in the NuMA-depleted ex-
tracts (Figure 7A, lane 6), further supporting the notion that
the functions of cohesin and NuMA in spindle assembly are
distinct.

Figure 5. hRad21 depletion induces spindle abnormality and cen-
trosome fragmentation. (A) Spindle morphology of control- and
hRad21-siRNA transfected cells. For prolonged Rad21 depletion,
siRNA transfection was repeated three times at 24-h intervals. At
12 h after the third siRNA transfection, hRad21 depletion led to
spindle abnormality in �40% of mitotic cells. Top, �-tubulin only.
Bottom, �-tubulin and DAPI overlay. Bar, 5 �m. (B) �-Tubulin and
DAPI staining of mitotic and interphase cells. M phase centrosomes
in high magnification are shown. Magnification is identical to that
described in A.
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DISCUSSION

Two Distinct Functions of Cohesin in Mitosis
Our results suggest that cohesin promotes proper chromo-
some segregation in two different ways. First, there is its
well-characterized function of sister chromatid cohesion
through interaction with chromatin. The second mode in-
volves localization at spindle poles to function in spindle
organization as described in this study. Although it is un-
usual for a chromatin-associated factor to play a role in
spindle organization, it is not unprecedented. For example,
origin recognition complex protein 2 (ORC2) and ORC6
have, in addition to their activities at the replication origins,
spindle-related functions at the centrosomes and kineto-
chores, respectively (Prasanth et al., 2002, 2004). DNA repair
factors such as BRCA1 were also shown to localize to the
centrosomes and play a role in centrosome duplication (Xu
et al., 1999; Fukasawa, 2005).

We hypothesize that specific interactions with other cel-
lular factors determine subcellular localization and func-
tional specificity of cohesin (Figure 8). Several factors have
been identified to be required for specific targeting of cohe-
sin. For example, Dicer and HP1 are required for pericen-
tromeric heterochromatin recruitment of cohesin in S. pombe
and vertebrates, whereas kinetochore components are in-
volved in centromere targeting of cohesin in Saccharomyces
cerevisiae (Megee and Koshland, 1999; Megee et al., 1999;
Tanaka et al., 2000; Bernard et al., 2001; Nonaka et al., 2002;
Hall et al., 2003; Fukagawa et al., 2004). Furthermore,
hSNF2h is important for human cohesin recruitment to a
type of Alu repeat sequence, whereas Mre11-Rad50 recruits
cohesin to DNA damage sites (Hakimi et al., 2002; Kim et al.,
2002). CCCTC-binding factor (CTCF) was also shown to
target cohesin to many of the CTCF-binding sites in mam-
malian cells (Parelho et al., 2008; Stedman et al., 2008; Wendt
et al., 2008). Our results reveal that cohesin is recruited to the
spindle poles in a mitosis-specific manner through two
mechanisms: interaction with centrosomes or with NuMA.
Therefore, we propose that NuMA and centrosomal pro-
tein(s) are critical for recruiting, and thus determining the
functional specificity of, cohesin in spindle organization
(Figure 8). This is consistent with our observation that de-
pletion of SUV39H1, which is required for proper localiza-
tion of HP1 and subsequent recruitment of cohesin to the
centromeres, had no effect on cohesin localization at spindle
poles and spindle assembly in mitosis. Interestingly, a recent
study reported that SUV39h1 and SUV39h2 double knock-

Figure 6. Depletion of SUV39H1 selectively inhibits cohesin func-
tion at centromeres but not at spindle poles. (A) Western blot
analysis of control- and SUV39H1-siRNA–treated cells. There is no
effect on the cohesin subunit hRad21. Plk1 serves as a loading
control. (B) Cohesin localization at kinetochores, but not spindle
poles, is affected by SUV39H1 depletion. Cells growing on glass
coverslips were extracted with MTSB buffer (MTSB: 4 M glycerol,
100 mM PIPES, pH 6.8, 1 mM EGTA, and 5 mM MgCl2) contain-
ing 0.5% Triton X-100 for 2 min at room temperature followed by

rinsing in MTSB. They were then fixed in �20°C methanol for 10
min. Cohesin is detected by antibody specific for hSMC1 (red).
Antibody specific for Tripin/hSgo2 (green) was used as a centro-
mere marker. The kinetochore regions in higher magnification are
shown at the top right corners. Spindle poles are indicated by
arrows. Bar, 5 �m. (C) Metaphase chromosome spreads of control-
and SUV39H1-siRNA–treated cells. Immunofluorescent staining
was carried out using antibodies specific for hSMC1 (red) and
Tripin/Sgo2 (green). For comparison, metaphase chromosome
spreads of control- and Rad21-depleted cells are also shown using
antibodies specific for hSMC1 (red) and CENP-A (green). DNA is
visualized by DAPI staining (blue). Bar, 2 �m. The kinetochore
regions in higher magnification are shown at the top right corners.
(D) SUV39H1 depletion does not affect spindle recovery. Cells trans-
fected with siRNA as indicated were treated with nocodazole and
incubated in fresh medium for 20 min before fixation similar to the
experiments in Figure 4B. Mitotic cells were stained with antibodies
specific for �-tubulin (green) and NuMA (red) as indicated at top.
Bar, 5 �m.
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out had no effect on centromeric localization of cohesin in
mouse embryonic fibroblasts despite the significant loss of
H3K9me and HP1 (Koch et al., 2008). The discrepancy be-
tween this study and our current study in human cells, as

well as the previous study demonstrating loss of H3K9me,
HP1, and cohesin in Dicer-depleted chicken cells (Fukagawa
et al., 2004), is currently unclear. It is possible that in mouse
embryonic fibroblasts, other HMTases may compensate for
the lack of Suv39h1/h2. The residual H3K9me may thus be
sufficient to recruit some HP1 and cohesin to the centro-
meres, which may also explain the increased distance be-
tween sister centromeres, but not the total loss of centro-
meric cohesion, in these cells (Koch et al., 2008).

Mitosis-specific Activity of Cohesin at the Spindle Poles
It was shown that cohesin dissociates from chromosomes
before metaphase, which requires the Plk1 (Sumara et al.,
2002). A recent study revealed that Rad21/Scc1 and SA2/
Scc3 are the major targets of Plk1 (Hauf et al., 2005). It is
possible that cell cycle-specific covalent modification such as
phosphorylation of cohesin subunit(s) and/or its interacting
protein(s) at centrosomes is involved in mitosis-specific cen-
trosome targeting of cohesin. Our observation that only
mitotic cohesin, but not S phase-derived cohesin, is able to
restore spindle aster formation in vitro further suggests that
the interphase nuclear cohesin and mitotic cytoplasmic co-
hesin are qualitatively different.

Because a subpopulation of interphase nuclear cohesin
interacts with NuMA (Gregson et al., 2001), it is possible that
this NuMA-interacting cohesin clusters to the mitotic spin-
dle poles by piggy-backing onto NuMA, which accumulates
at the spindle poles in a mitosis-specific manner. This
NuMA clustering is dynein dependent (Merdes et al., 2000).
Consistent with this, a weak but specific interaction of co-
hesin with dynein was observed previously (Gregson et al.,
2001). Interestingly, the mRNA export factor Rae1, which
also binds to NuMA and is required for mitotic spindle
assembly (Blower et al., 2005; Wong et al., 2006), was recently
found to interact with hSMC1 at the mitotic spindle pole
(Wong and Blobel, 2008), further supporting the notion that
cohesin functionally localizes to the spindle poles. In addi-
tion, hSMC1 found at the interphase centrosomes may serve
as a core to assemble the holo-cohesin complex at spindle
poles for mitosis. Further study is necessary to address the
role of hSMC1 at interphase centrosomes.

Figure 7. M phase-, but not S phase-, cohesin
complements mitotic spindle aster assembly in
vitro. Bar, 2 �m. (A) Cohesin add-back to cohe-
sin- and NuMA-depleted extracts. Cohesin was
depleted from HeLa mitotic aster assembly ex-
tracts using anti-Rad21 antibody (-cohesin,
lanes 2–4). Aster assembly was compared with
those of the preimmune IgG-depleted extracts
(lane 1), and the extracts depleted with anti-
NuMA antibody (-NuMA, lanes 5 and 6). Lane
3, FLAG-purified cohesin (cohesin-flg) from M
phase extracts was added to the cohesin-de-
pleted extracts before aster assembly. Lane 4, a
comparable amount of cohesin-flg purified
from S phase-synchronized extracts was added
to the cohesin-depleted extracts. Lane 6, M
phase cohesin-flg was added to the NuMA-
depleted extracts before aster assembly. Typical
spindle morphology observed in each depletion
(and add-back) is shown below. Green, �-tubu-
lin. Red, NuMA. Yellow, overlap between �-tu-
bulin and NuMA. (B) A silver stain of cohesin-
flg from S phase and M phase. Cohesin
components are indicated.

Figure 8. A model for two distinct roles of cohesin in mitotic
chromosome organization and function. (A) During mitosis, cohesin
has two distinct functions. By associating with chromosomes, cohe-
sin mediates the pairing of sister chromatids. By associating with
mitotic spindle poles, cohesin plays a role in mitotic spindle dynam-
ics. (B) The functional specificities of cohesin at different subcellular
locations may be determined by the interactions with factors specific
for each role. For example, HP1, SNF2h, CTCF, and Mre11-Rad50
were shown to function in chromosome loading of cohesin, whereas
NuMA and an unknown centrosome component(s) are required for
its spindle pole localization in vertebrate cells.
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Role of Cohesin in Spindle Formation
Our results reveal a novel function of cohesin in mitotic
spindle assembly at the spindle poles. This function of co-
hesin in human and chicken cells may also be conserved in
other organisms. Localization of Rad21 (DRAD21) at spindle
poles was reported previously in Drosophila (Warren et al.,
2000). siRNA against DRAD21 led to abnormal spindle mor-
phology lacking astral MTs (Vass et al., 2003). The abnormal
spindle morphology was originally interpreted as a result of
destabilization of kinetochore MTs due to the lack of tension
caused by the defective centromeric cohesion. However, our
results with SUV39H1-depleted cells strongly argue that the
observed spindle defects caused by cohesin depletion are
not caused by loss of cohesin at centromeres. Thus, the lack
of astral MTs observed in Drosophila could also be explained
by dysfunction of cohesin at spindle poles. Based on the
Western blot analysis, the amount of cohesin associated with
centrosomes in a microtubule-independent manner is esti-
mated to be �1% of the cytoplasmic cohesin (Figure 1B; data
not shown). However, based on the immunofluorescent sig-
nals (compare Figures 1A and 6B), up to 10-fold more cohe-
sin was estimated to cluster to the intact spindle poles,
including the pericentrosomal area (which is facilitated by
NuMA), suggesting that cohesin’s role at spindles poles is an
important function of the cytoplasmic cohesin in mitosis.

Although cohesin depletion by siRNA in human cells
affected the efficiency of mitotic spindle assembly, it did not
lead to the complete abolishment of mitotic spindle forma-
tion in our study. This is in contrast to the in vitro mitotic
spindle aster assembly assay using human cell extracts, in
which immunodepletion of cohesin led to almost complete
abrogation of spindle assembly (Figure 7A). This discrep-
ancy can be explained by the incomplete depletion of cohe-
sin by transient siRNA transfection. We found that cohesin
remains at the spindle poles in mitotic cells even after the
majority of cytoplasmic cohesin is depleted by siRNAs (Sup-
plemental Figure S7). Consistent with this, a prolonged de-
pletion in chicken DT40 cells did lead to the loss of mitotic
spindles. Although a secondary effect due to long-term de-
pletion of cohesin cannot be excluded, the results agree with
the in vitro depletion experiments.

It remains unclear as to how cohesin influences centro-
some/spindle pole activity. One possibility is that loss of
cohesin from centrosomes disrupts the association of essen-
tial centrosome components, thus affecting centrosome in-
tegrity and function. Alternatively, but not mutually exclu-
sively, cohesin may directly participate in microtubule
nucleation/assembly. The fact that purified cohesin (resis-
tant to a 1 M salt wash) has the ability to restore spindle
assembly activity in vitro strongly suggests that cohesin
itself, and not necessarily an associated factor, is functionally
important. For example, although NuMA interacts with co-
hesin, their depletion phenotypes are different and adding
back the purified cohesin to NuMA-depleted extracts failed
to even partially restore spindle assembly, indicating that
the observed effect is not due to cohesin-associated NuMA.
According to the model of cohesin ring formation (Gruber et
al., 2003), one provocative idea is that cohesin may bundle
spindle fibers instead of chromatin fibers to stabilize the
spindles. The importance of cohesin for the maintenance of
centrosome integrity is supported by the observation that
Rad21 depletion leads to centrosome fragmentation. How-
ever, the fact that impairment of spindle reassembly can be
observed without centrosome fragmentation suggests that
there may be two different aspects to cohesin’s function at
spindle poles. Although further study is necessary to dissect

this novel function of cohesin, our results demonstrate that
cohesin functions in mitotic spindle formation in vivo,
which is distinct from its role in sister chromatid cohesion.
The spindle function of cohesin may contribute to its chro-
matid cohesion function to ensure proper chromosome or-
ganization and segregation in mitosis.
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