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Two different condensin complexes make distinct contributions to metaphase chromosome architecture in vertebrate cells.
We show here that the spatial and temporal distributions of condensins I and II are differentially regulated during the cell
cycle in HeLa cells. Condensin II is predominantly nuclear during interphase and contributes to early stages of
chromosome assembly in prophase. In contrast, condensin I is sequestered in the cytoplasm from interphase through
prophase and gains access to chromosomes only after the nuclear envelope breaks down in prometaphase. The two
complexes alternate along the axis of metaphase chromatids, but they are arranged into a unique geometry at the
centromere/kinetochore region, with condensin II enriched near the inner kinetochore plate. This region-specific distri-
bution of condensins I and II is severely disrupted upon depletion of Aurora B, although their association with the
chromosome arm is not. Depletion of condensin subunits causes defects in kinetochore structure and function, leading to
aberrant chromosome alignment and segregation. Our results suggest that the two condensin complexes act sequentially
to initiate the assembly of mitotic chromosomes and that their specialized distribution at the centromere/kinetochore

region may play a crucial role in placing sister kinetochores into the back-to-back orientation.

INTRODUCTION

The faithful segregation of duplicated genetic information
into two daughter cells is central to cell proliferation. In
eukaryotic cells, amorphous interphase chromatin is con-
verted into individual chromosomes composed of a pair of
cylindrical structures (sister chromatids) by metaphase. This
process is followed by synchronous segregation of sister
chromatids that initiates at the onset of anaphase. During the
past decade, a variety of approaches have been combined to
demonstrate that a large protein complex called condensin is
one of the key regulators of chromosome behavior during
mitosis (reviewed by Nasmyth, 2002; Swedlow and Hirano,
2003).

The condensin complex is composed of five subunits that
are widely conserved among eukaryotic organisms from
yeast to humans (Hirano et al., 1997; Sutani et al., 1999;
Freeman et al., 2000; Schmiesing ef al., 2000; Kimura et al.,
2001). The two core subunits of condensin (CAP-E/SMC2
and CAP-C/SMC4) belong to a large family of chromosomal
ATPases known as the structural maintenance of chromo-
somes (SMC) family. The SMC proteins participate in many
aspects of higher order chromosome dynamics that include
not only chromosome condensation but also sister chroma-
tid cohesion and recombinational repair (reviewed by
Hirano, 2002; Jessberger, 2002; Hagstrom and Meyer, 2003).
The remaining subunits (CAP-D2, -G, and -H) are not re-
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lated with SMCs, and share structural motifs with some
components involved in cohesion (Neuwald and Hirano,
2000; Schleiffer et al., 2003). The holo-complex of condensin
introduces positive superhelical tension into DNA in an ATP
hydrolysis-dependent manner in vitro (Kimura and Hirano,
1997; Bazett-Jones et al., 2002), and this activity is believed to
be important for initiating the assembly of mitotic chromo-
somes in the cell.

Functional assays using Xenopus lacvis egg extracts dem-
onstrated that the condensin complex is required for both
chromosome assembly in metaphase (Hirano and Mitchison,
1994; Hirano et al., 1997) and segregation in anaphase (Wig-
nall ef al., 2003). Concurrently, genetic studies provided
strong lines of evidence that condensin function is essential
for proper segregation in a number of model organisms,
including Schizossaccharomyces pombe (Saka et al., 1994; Su-
tani et al., 1999), Saccharomyces cerevisiae (Strunnikov et al.,
1995; Bhalla et al., 2002; Lavoie et al., 2002), Caenorhabditis
elegans (Lieb et al., 1998; Hagstrom et al., 2002), Drosophila
melanogaster (Bhat et al., 1996; Steffensen et al., 2001; Coelho et
al., 2003; Somma et al., 2003), and chicken DT40 cells (Hud-
son et al., 2003). The severity of defects in chromosome
architecture observed in these condensin-deficient cells is,
however, somewhat variable among different organisms or
different mutations. The most commonly observed pheno-
type is the defect in sister chromatid resolution in meta-
phase, which in turn causes the formation of chromosome
bridges in anaphase. Abnormal kinetochore-microtubule at-
tachment is also observed in some cases, but the exact reason
for this defect remains unclear.

The recent discovery of a second class of condensin (con-
densin II) in vertebrate cells provides an additional layer of
complexity to this problem (Ono et al., 2003). Condensin II
possesses the same pair of SMC core subunits as the canon-
ical condensin complex (now referred to as condensin I), but
contains a different set of non-SMC subunits (CAP-D3, -G2,
and -H2). The two complexes show distinct distributions
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along the longitudinal axis of mitotic chromosomes, and
small-interfering RNA (siRNA)-mediated depletion of con-
densin I- or II-specific subunits produces a distinct, highly
characteristic defect in metaphase chromosome architecture.
It remains to be determined how similarly or how differently
the two condensin complexes are regulated during the cell
cycle, and how each of them contributes to chromosome
alignment and segregation in mitosis.

In this study, we show that condensins I and II display
different kinetics in chromosomal association during the cell
cycle, in particular, outside the window from prometaphase
to anaphase. Condensin II associates with chromosomes
within the nucleus in prophase, whereas condensin I gains
access to chromosomes only after the nuclear envelope
breaks down in prometaphase. In metaphase chromosomes,
the two complexes display a unique distribution at the cen-
tromere/kinetochore region, which is distinct from their
distribution along the chromosome arm. Depletion of indi-
vidual condensin subunits produces characteristic defects in
chromosome alignment and segregation, which are closely
associated with aberrant kinetochore structure and function.
Our results suggest that the two condensin complexes co-
operate to provide a structural basis for specifying the back-
to-back orientation of sister kinetochores.

MATERIALS AND METHODS
Antibodies

Rabbit polyclonal antisera were raised against synthetic peptides correspond-
ing to the N-terminal amino acid sequence of human CENP-A (RRRSRKPEA-
PRRRS) and human Aurora B (SRRVLPPSALQSVA). Other rabbit polyclonal
antibodies used in this study were anti-hCAP-C, -E, -G, -D2, and -H (Kimura
et al., 2001); anti-hCAP-D3, -G2, and -H2 (Ono ef al., 2003); anti-phosphoH3
(Kimura and Hirano, 2000); and anti-human CENP-E (Yen et al., 1991). Mouse
monoclonal anti-human cyclin A and human CREST serum were provided by
J. Gannon/T. Hunt and Y. Muro (Muro ef al., 1990), respectively. The follow-
ing mouse monoclonal antibodies were purchased from commercial sources
and used for immunolabeling: anti-human cyclin Bl (Sc-245; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-human lamin B (Calbiochem, San Diego,
CA), anti-human aurora B (anti-hAIM1; BD Biosciences, San Jose, CA), and
anti-a-tubulin (Sigma-Aldrich, St. Louis, MO). All secondary antibodies were
purchased from Jackson ImmunoResearch Laboratories (West Grove, PA).

RNA Interference and Monastrol Treatment

The siRNA duplexes specific to hCAP-C, -E, -G, and -G2 were described
previously (Ono et al., 2003). The sequences of the sense strand for other
condensin subunits used in this study are as follows:

hCAP-D2 (RD2-1, 5'-UCAGUAUGUUGUGCAAGAGTT-3;
RD2-2, 5'-GAAGAUACUCUGGAAUUCCTT-3"), hCAP-D3
(RD3-1, 5'-CUGGAUUUCACAGAGACUGTT-3'; RD3-2,
5'-GCAGAGAUCAUAGAGACUGTT-3'), hCAP-H (RH-1, 5'-
GACUUUCCUCAGAAUGACGTT-3'; RH-2, 5'-
CAUUACUCCACCUGUAUCATT-3'), and hCAP-H2 (RH2-1, 5'-
GGAUUUCAGGAUGAACACGTT-3'; and RH2-2, 5'-
GCUGCAGGACUUCCACCAGTT-3").

The sense sequence of the targeted region in the human Aurora B is 5'-
GAGCCUGUCACCCCAUCUGTT-3'. HeLa cells were grown on coverslips
coated with poly-L-lysine in DMEM containing 10% fetal bovine serum, and
transfected with 120 nM RNA duplexes with Oligofectamine (Invitrogen,
Carlsbad, CA) at 0 and 24 h at ~20% starting confluence (Elbashir et al., 2001).
Control cells were transfected with a mixture containing no siRNA. The cells
were processed for further analyses at 24 h after the second round of trans-
fection. The two duplexes designed for each condensin subunit depleted the
target subunit with similar efficiency as judged by immunoblotting and
produced almost identical morphological phenotypes. When necessary, 100
M monastrol (Calbiochem) was added to siRNA-treated or control cells at
24 h after the second round of transfection and incubated for another 10 h
before processing for immunofluorescent analysis.

Immunofluorescence

For immunofluorescence analysis of condensins, two different fixation meth-
ods were used. In the first method (referred to as postextraction), the cells
were fixed with 2% formaldehyde in phosphate-buffered saline (PBS) (pH 7.4)
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at room temperature for 15 min and then permeabilized in 0.5% Triton X-100
in PBS for 5 min (Figures 1A and 2). In the second one (referred to as
preextraction), the cells were permeabilized in 0.1% Triton X-100 in XBE2 (10
mM HEPES, pH 7.7, 2 mM MgCl,, 100 mM KCl, and 5 mM EGTA) at room
temperature for 2 min and then fixed with 2% formaldehyde in XBE2 for 15
min (Figure 1B). To label the mitotic spindle and kinetochores, the cells were
fixed with 100% methanol at —20°C for 10 min (Figures 5, B and C, and 6, B
and C). Alternatively, the cells were treated with 60 mM KCl at room tem-
perature for 30 min, fixed with 2% formaldehyde for 15 min, permeabilized in
0.5% Triton X-100 in PBS for 5 min, and then postfixed with 100% methanol
at —20°C for 10 min (Figure 6A). Metaphase chromosome spreads were
prepared by cytospin as described previously (Ono et al., 2003) and fixed with
the postextraction method (Figures 3 and 4). When anti-condensin II antibod-
ies were used, the spreads were fixed with the preextraction method with
0.1% Triton X-100. The inner kinetochore signal with anti-hCAP-H2 was most
clearly observed when the preextraction method was combined with decon-
volution microscopy (Figure 3A). A similar distribution also was detected
with anti-hCAP-G2 under the same condition. The coverslips were incubated
with antibodies and counterstained with 4,6-diamidino-2-phenylindole
(DAPI) as described previously (Ono et al., 2003). They were mounted on
slides with Vectachield (Vector Laboratories, Burlingame, CA) and examined
with an Axioskop microscope (Carl Zeiss, Jena, Germany) equipped with a
cooled charge-coupled device camera. Grayscale images were pseudocolored
and merged using Adobe Photoshop.

Deconvolution Microscopy

To preserve chromosome structure, metaphase chromosome spreads were
made by cytospin technique with a minor modification. In brief, mitotic cells
collected by tapping culture dishes were treated with 75 mM KCl at 37°C for
30 min and then centrifuged onto coverslips at 1000 rpm for 2 min. After
fixation with the preextraction method, the coverslips were simultaneously
labeled with anti-hCAP-G and -H2. Chromosomal DNA was stained with
DAPIL Three-dimensional image stacks of the chromosomes were acquired
with a DeltaVision restoration microscope system (Applied Precision, Issa-
quah, WA) consisting of an Olympus IX70 inverted microscope equipped
with a Plan Apo oil-immersion objective lens (60X, numerical aperture 1.40
Olympus), and a Photometrics cooled charge-coupled device camera (Roper
Scientific, Trenton, NJ). The image stacks of metaphase chromosomes with a
Z-step size of 0.15 um were subjected to constrained iterative (15 iterations)
deconvolution (Chen et al., 1996) by using softWoRx software (Applied Pre-
cision).

Immunoblotting

Whole cell lysates were prepared from HeLa cells transfected with no siRNA
or siRNA specific to each of condensin subunits or Aurora B at 24 h after the
second round of transfection. Approximately 1 X 10° cells were suspended in
50 ulin 0.5X PBS and 1X SDS sample buffer, boiled for 5 min, and sonicated
for 10 s. Aliquots (10-20 ul) were fractionated by SDS-PAGE and analyzed by
immunoblotting by using antibodies against condensin subunits or Aurora B.
ISWI, a subunit of chromatin remodeling complexes (MacCallum et al., 2002),
was used as a loading control.

RESULTS

Condensins I and II Associate with and Dissociate from
Chromosomes at Different Stages in Mitosis

To examine the kinetics of chromosomal association of con-
densins I and II during the cell cycle, HeLa cells were stained
simultaneously with antibodies against hCAP-G (a conden-
sin I-specific subunit) and hCAP-H2 (a condensin II-specific
subunit). Here, we compared two different fixation protocols
(see MATERIALS AND METHODS). In the first protocol
(referred to as postextraction), the cells were first fixed with
formaldehyde and then permeabilized with a nonionic de-
tergent before being incubated with the antibodies. Under
this condition, the majority of the signal with anti-hCAP-G
was found in the cytoplasm in interphase and prophase
(Figure 1A, Inter and Pro, anti-G). In striking contrast, the
signal with anti-hCAP-H2 was primarily detected within the
nucleus during these stages (Figure 1A, Inter and Pro, anti-
H2). The signals obtained with anti-hCAP-G and anti-
hCAP-H2 started to colocalize on chromosomes in promet-
aphase (Figure 1A, Prometa) and became concentrated on an
axial structure within each chromatid during metaphase and
anaphase (Figure 1A, Meta and Ana). The two signals ob-
served along the chromatid axis did not completely overlap,
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consistent with the alternate distribution of condensin I and
condensin II that we previously observed in metaphase
chromosome spreads (Ono ef al., 2003). In telophase, the
axial localization of hCAP-G and -H2 became less clear as
chromosomes decondensed (Figure 1A, Telo).

To visualize the population of condensins that is tightly
bound to chromatin or chromosomes, we next used the
second protocol (referred to as preextraction) in which the
cells were first permeabilized with a nonionic detergent and
then fixed with formaldehyde. As expected, the cytoplasmic
signals observed with anti-hCAP-G in interphase and
prophase cells were reduced under this condition (Figure
1B, Inter and Pro). The nuclear signal observed with anti-
hCAP-H2 in interphase cells was also drastically reduced,
but the signal in prophase nuclei was less affected. From
prometaphase through anaphase, the axial distribution of
hCAP-G and hCAP-H2 on chromosomes was visualized
very clearly, due to removal of the cytoplasmic pool of
condensins by preextraction (Figure 1B, Prometa, Meta, and
Ana). In telophase, hCAP-H2 was more stably retained on
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Figure 1. Localization of condensins I and
I during the cell cycle. (A) HeLa cells were
fixed with the postextraction protocol (see
MATERIALS AND METHODS) and labeled
with biotinylated anti-hCAP-G/condensin I
(anti-G) and anti-hCAP-H2/condensin II
(anti-H2). Chromosomal DNA was stained
with DAPIL Merged images of labeling with
anti-hCAP-G (green) and anti-hCAP-H2
(red) are also shown. Bar, 10 um. (B) HeLa
cells were fixed with the preextraction proto-
col (see MATERIALS AND METHODS) and
visualized as described in A. Bar, 10 um.

chromosomes compared with hCAP-G (Figure 1B, Telo).
The subcellular distribution of another condensin II-specific
subunit, hCAP-G2, was indistinguishable from that of
hCAP-H2 under both fixation conditions. Furthermore, the
distribution of the SMC core subunits corresponded to the
sum of the distributions of hCAP-G and hCAP-H2 as ex-
pected (our unpublished data). These results suggest that
condensins I and II display distinct localizations during the
cell cycle, in particular, outside the window from promet-
aphase to anaphase.

Distinct Distributions and Functions of Condensins I and
II during Early Stages of Mitosis

To determine the localization of condensins I and II during
early mitosis more precisely, we performed double labeling
experiments using antibodies specific to cyclin B1, lamin B,
and cyclin A. Consistent with a previous report (Pines and
Hunter, 1991), cyclin Bl was cytoplasmic during interphase,
was translocated to the nucleus in prophase, and was de-
graded after metaphase (Figure 2A, anti-CycB). We found
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DAPI

Figure 2. Distinct distributions and func-
tions of condensins I and II during early
stages of mitosis. (A and B) HeLa cells were
fixed with the postextraction protocol and
labeled with anti-hCAP-G/condensin I (an-
ti-G) and anti-cyclin Bl (A) or anti-lamin B
(B). Chromosomal DNA was stained with
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that hCAP-G (condensin I) remained in the cytoplasm when
cyclin Bl first entered the nucleus (Figure 24, anti-G). The
condensin I subunit gained access to chromosomes only
after the nuclear envelope started to be broken down as
judged by anti-lamin B labeling (Figure 2B). Unlike cyclin
B1, however, cyclin A was nuclear in interphase and most of
it disappeared at the time when condensin I bound to chro-
mosomes by prometaphase (Supplemental Figure S1A). On
the other hand, hCAP-H2 (condensin II) coexisted with cy-
clin A in the nucleus from interphase through prophase, and
with cyclin B on chromosomes in prophase (Supplemental
Figures S1B and S1C). These results suggest that cyclin
A-cdk and cyclin Bl-cdkl may phosphorylate the two con-
densin complexes at different stages of the cell cycle and
coordinate sequential structural changes of chromosomes
from prophase to metaphase (see DISCUSSION).

To test the possibility that initial stages of chromosome
assembly in prophase are supported by condensin II, HeLa
cells were transfected with siRNAs specific to either
hCAP-G or hCAP-G2, and labeled with antibodies against a
phosphorylated form of histone H3 (phospho-H3) and lamin
B. Although the control and transfected cells had a similar
mitotic index as we described previously (Ono et al., 2003),
we found that there were some variations in the frequency
of cells at different stages of mitosis (Figure 2C [1]). We then
focused on the prophase population that displays whole
nuclear phospho-H3 labeling and has an intact nuclear en-
velope and classified it further into two categories on the
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basis of their nuclear morphology. In the “early” category,
both DAPI and phospho-H3 signals were uniformly distrib-
uted throughout the nucleus with some signs of local heter-
ogeneity (Figure 2D, control, early). In the “late” category,
thread-like structures were clearly visualized by both DAPI
staining and phospho-H3 labeling (Figure 2D, control, late).
We noticed that, from the cultures transfected with no
siRNA and with hCAP-G siRNA, 55% (n = 206) and 48%
(n = 231) of prophase cells, respectively, were classified into
the early category. In contrast, 81% (n = 194) of prophase
cells belonged to the early category from the culture trans-
fected with hCAP-G2 siRNA (Figure 2C [2]; Figure 2D,
G2-dep). These results suggest that the initial stages of chro-
mosome assembly within the prophase nucleus are compro-
mised when the functional level of condensin II is reduced.

Condensins I and II Display a Unique Geometry at the
Centromere/Kinetochore Region

We previously showed that condensins I and II distribute
along the longitudinal axis of metaphase chromatids in a
distinctive manner (Ono ef al., 2003). To visualize the chro-
mosomal localization of the two complexes in more detail,
we labeled metaphase chromosome spreads with anti-
hCAP-G and -H2 and analyzed them by deconvolution mi-
croscopy. Two representative examples of the labeling are
shown in Figure 3A. The hCAP-G signal within each chro-
matid resembled a spiral (Figure 3A, anti-G). The axis la-
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beled with anti-hCAP-H2 also displayed a spiral-like, yet
somewhat irregular, appearance (Figure 3A, anti-H2).
Merged images revealed an alternate distribution of the two
signals, but it was not completely even along the chromatid
axis (Figure 3A, anti-G/H2). The most prominent example
of such local heterogeneity was observed at the primary
constriction of each chromosome. In this region, the signal
with anti-hCAP-G was thinner, less coiled, and more inter-
nal than the signal with anti-hCAP-H2 (Figure 3B, anti-G).
Anti-hCAP-H2 intensely labeled paired dot-like structures
in this region, which were likely to be located near the
kinetochores (Figure 3B, anti-H2).

We then determined the localization of the hCAP-H2-
enriched structure relative to known centromere/kineto-
chore markers (Figure 3, C and D). In terms of the lateral
position, the pair of the hCAP-H2 signals largely overlapped
with CENP-A, a component of the inner kinetochore plate
(Palmer et al., 1991), whereas they were located internally
with respect to CENP-E, a marker for the outer kinetochore
plate (Yen et al., 1991). The two spots labeled with a CREST
serum colocalized with hCAP-H2 at the kinetochore region
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mere/kinetochore regions indicated by red boxes in A.
Bar, 1 um. (C) Chromosome spreads were labeled with
biotinylated anti-hCAP-H2 and anti-CENP-A (a), bio-
tinylated anti-hCAP-H2 and anti-CENP-E (b), anti-
hCAP-H2 and a CREST serum (c), or the CREST serum
and anti-CENP-A (d). Merged images with chromo-
somal DNA stained with DAPI (blue) are shown. Bar,
2 pm. (D) Close-ups of the centromere/kinetochore
regions indicated by white boxes in C. Bar, 1 um.

(Figures 3Cc and 3Dc) as well as with CENP-A (Figures 3Cd
and 3Dd). In many cases, however, the signals obtained with
anti-hCAP-H2 were more extended in the axial directions
compared with those of the other kinetochore markers.

Specialized Organization of Condensins I and II at the
Centromere/Kinetochore Region Depends on Aurora B

Our previous results showed that targeting of condensins I and
II to the chromosome arm is independent of each other both in
HelLa cells and in Xenopus egg extracts (Ono et al., 2003).

We wished to test whether it was also the case at the
centromere/kinetochore region. To this end, metaphase
chromosome spreads were prepared from HeLa cells de-
pleted of hCAP-G (condensin I) or hCAP-G2 (condensin II),
and labeled with either anti-hCAP-G or anti-hCAP-H2 (Fig-
ure 4A). Whereas sister chromatids were swollen and cen-
tromeric cohesion was somewhat loosened in the chromo-
somes depleted of hCAP-G, the enrichment of hCAP-H2 at
the kinetochore region was still detectable (Figure 4A, G-
dep, anti-H2, arrows). Likewise, the hCAP-G signal in the
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Figure 4. Specialized organization of con-
densins at the centromere/kinetochore re-
gion depends on Aurora B. (A) Metaphase
chromosome spreads were prepared from
HelLa cells transfected with no siRNA (con-
trol) or siRNA specific to hCAP-G/conden-
sin I (G-dep) or hCAP-G2/condensin II (G2-
dep) and were labeled with anti-hCAP-G
(anti-G) and anti-hCAP-H2 (anti-H2). Ar-
rows indicate the enrichment of the
hCAP-H2 signal at the kinetochore region.
Bar, 1 um. (B) Whole cell lysates were pre-
pared from Hela cells treated with no
siRNA (control) or Aurora B siRNA (AuB-
dep) and analyzed by immunoblotting with
the indicated antibodies. ISWI was used as a
loading control. (C) Metaphase chromosome
spreads were prepared from control and D
Aurora B-depleted cells and labeled with
anti-Aurora B (anti-AuB) and anti-G (a) or
anti-H2 (b). Chromosomal DNA was stained
with DAPIL Merged images of labeling with
anti-AuB and anti-G (a) or anti-H2 (b) are
also shown. Bar, 1 um. (D) Control or Au-
rora B-depleted chromosomes were stained
with DAPI and labeled with CREST serum
and anti-CENP-E. Bar, 1 um. (E) Tip-to-tip
distance of the CREST signals were mea-
sured in the control (0.59 * 0.06 um; n =
116) and Aurora B-depleted (0.73 = 0.11 um;
n = 120) chromosomes.

DAPI

control

AuB-dep

primary constriction was not severely affected after deple-
tion of hCAP-G2 (Figure 4A, G2-dep, anti-G).

We next tested whether Aurora B, a protein kinase that
becomes enriched at the pericentromeric region in early mitosis
(reviewed by Andrews ef al.,, 2003; Carmena and Earnshaw,
2003), may contribute to specifying the unique geometry of the
two condensin complexes at the centromere/kinetochore re-
gion. In metaphase chromosome spreads prepared from cells
depleted of Aurora B (Figure 4B), localization of both hCAP-G
and hCAP-H2 to the chromosomal arm was largely normal
(Figure 4C). We noticed, however, that the primary constric-
tion was severely disorganized or almost lost in these chromo-
somes. Unlike control chromosomes in which the two sister
axes (as visualized with condensin antibodies) formed a typical
X shape, the axes looked like parallel lines along the entire
length of the chromosomes in the absence of Aurora B. Fur-
thermore, the enrichment of hCAP-H2 at the kinetochore re-
gion was greatly diminished or no longer observed in these
chromosomes (Figure 4Cb, AuB-dep, anti-H2). The signals la-

Vol. 15, July 2004

anti-G (1)

anti-AuB  anti-G

L b
IR
B =

Regulation of Condensins I and II

anti-H2 (Il)  anti-G/H2

control AuB-dep

anti-AuB -

anti-ISW| e —

anti-AuB/
b DAPI anti-AuB antiH2  H2

oLl
I

anti- AuB/
G
]
*
anti-CENP-E E
1.0

CREST anti-CENP-E CREST

Distance (um)
o
4]

MMy

Control AuB-dep

beled with CREST serum were stretched laterally (Figure 4D),
providing additional evidence that the primary constriction
was severely compromised in the Aurora B-depleted chromo-
somes: the tip-to-tip distance of the CREST signals in these
chromosomes (0.73 * 0.11 wm; n = 120) was significantly
longer than that in the control chromosomes (0.59 * 0.06 wm;
n = 116) (Figure 4E). Finally, we found that the level of
CENP-E located at the tips of the CREST signals was often
reduced and somewhat variable from chromosomes from
chromosomes after depletion of Aurora B (Figure 4D, red).
These results suggest that Aurora B influences the specialized
localization of condensins I and II at the centromere/kineto-
chore region, but not their bulk distribution along the chromo-
some arm.

Depletion of Condensin Subunits Leads to Characteristic
Defects in Chromosome Alignment and Segregation

To evaluate the role of condensins in mitotic chromosome
segregation, we depleted each of the eight subunits individ-
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ually by treating HeLa cells with specific siRNAs. The de-
pletion level of the target subunit in each case was at least
80-90% as judged by immunoblotting (Figure 5A; Ono et al.,
2003). Although none of the depletions caused a noticeable
accumulation of mitotic cells, immunofluorescent labeling
with anti-tubulin and anti-CENP-E revealed highly charac-
teristic segregation defects in many of the mitotic cells (Fig-
ure 5, B-D).

The defective phenotypes detected in prometa- and meta-
phase populations could be classified into two groups,
which we referred to as type I and type II spindle defects.
The type I defect represented the primary phenotype that
was broadly observed after depletion of any one of the
condensin subunits (Figure 5D). In these cells, the formation
of a bipolar spindle was apparently normal, but the mass of
chromosomes was largely displaced from the spindle axis
and failed to align on the metaphase plate (Figure 5B, type I).
The CENP-E signals were not aligned properly and were
often found on the periphery of the spindle with a stretched
appearance. The type II spindle defect was a less prominent
phenotype found in cells depleted of the SMC core or con-
densin II-specific subunits (Figure 5D). This phenotype was
barely detectable in condensin I-depleted cells. In this class
of cells, the two poles were not fully separated from each
other, and the mass of chromosomes was sprayed away
from one side of the spindle (Figure 5B, type II). Most
CENP-E signals were located on the convex side of the
spindle, but some of them were often found in abnormal
positions far away from the poles (Figure 5B, type II, bottom,
arrow). Although this chromosome-spindle arrangement
was reminiscent of that observed during normal promet-
aphase, such a population was extremely minor in control
cells (Figure 5D, control). We also detected aberrant figures
in the anaphase population of cells after depletion of con-
densin subunits. In some cases, the two masses of daughter
chromosomes had asymmetrical shapes and were unequally
distributed to the two poles (Figure 5C, second column from
left). Lagging chromosomes or chromosome bridges were
also frequently observed (Figure 5C, third and fourth col-
umns from left, arrows). Transfer of CENP-E from the ki-
netochores to the midzone was largely normal in these cells.

Figure 5 (facing page). Alignment and segregation defects in con-
densin-depleted cells. (A) Whole cell lysates were prepared from
HeLa cells treated with no siRNA (control) or siRNAs specific to
hCAP-D2, -D3, -H, or -H2, and analyzed by immunoblotting with
the indicated antibodies. ISWI was used as a loading control. The
blots corresponding to the depletion of hCAP-E, -C, -G, and -G2
have been reported previously (Ono ef al., 2003). (B) Representative
examples of the segregation defects observed in the prometaphase-
and metaphase-like populations. HeLa cells were transfected with
no siRNA (control) or siRNAs specific to hCAP-C, -G, or -D3 (C-
dep, G-dep, and D3-dep). After fixation, they were stained with
DAPI (grayscale images, top; blue, bottom) and labeled with anti-
a-tubulin (green, bottom) and anti-CENP-E (red, bottom). A delo-
calized CENP-E signal is indicated by arrow. Bar, 10 um. (C) Rep-
resentative examples of the segregation defects observed in
anaphase-like populations. HelLa cells were transfected with no
siRNA (control) or siRNAs to specific to hCAP-G (G-dep) or
hCAP-G2 (G2-dep) and were subjected to immunofluorescence
analysis as described above. Lagging chromosomes are indicated by
arrows. Bar, 10 um. (D) Quantification of the segregation defects.
The frequency of each phenotype is expressed as a percentage of the
mitotic population: normal metaphase (column 1); normal anaphase
(2); the type I spindle defect (3); the type II spindle defect (4);
abnormal anaphase, including chromatin bridges and lagging chro-
mosomes (5); and multipolar spindles (6). More than 100 mitotic
cells were analyzed in each depletion.
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Defective Kinetochore Structure and Function in
Condensin-depleted Cells

To get more insight into the segregation defects described
above, we next tested whether depletion of condensin sub-
units might affect kinetochore structure and function. To this
end, control or siRNA-transfected cells were hypotonically
treated, fixed, and immunolabeled with a CREST serum and
anti-CENP-E. Representative examples of the labeling of
metaphase cells are shown in Figure 6A. In the control cells,
the signals of the two markers displayed a well-organized
geometry, in which a pair of discrete CENP-E dots localized
to the tips of a dumbbell-shaped CREST signal (Figure 6A,
control). In the condensin-depleted cells, the targeting of the
two markers to the centromere/kinetochore region was
largely normal. However, the geometry of the two signals
was often disrupted, producing a variety of disorganized
structures. The most severe defects were observed in the
cells depleted of hCAP-E, an SMC core subunit (Figure 6A,
E-dep). The CREST signal was no longer dumbbell-shaped,
displaying a somewhat expanded or roundish appearance.
The pair of the CENP-E signals was often stretched or fused
with each other and located on the same side of a CREST-
positive structure. Less severe yet similar defects were ob-
served in the cells depleted of condensin I- or condensin
II-specific subunits (Figure 6A, D2-dep or G2-dep). These
results suggest that depletion of condensin subunits desta-
bilizes the structural organization of the centromere/kinet-
ochore regions, resulting in alteration of the back-to-back
orientation of sister kinetochores.

When the control cells were fixed and labeled under the
standard condition in which spindle microtubules are pre-
served, CREST signals flanked by pairs of CENP-E signals
were aligned on the metaphase plate (Figure 6B, control). In
contrast, CREST signals were often stretched, together with
CENP-E signals, along the spindle axis in the cells display-
ing the type I spindle defect (Figure 6B, type I). Such
stretched signals were barely detectable in the cells display-
ing the type II defect (Figure 6B, type II).

To further understand the abnormal kinetochore-
microtubule interactions observed in the condensin-de-
pleted cells, we induced the formation of monopolar spin-
dles by using monastrol, a chemical inhibitor of the kinesin
motor Eg5 (Mayer et al., 1999). When mock-depleted cells
were treated with monastrol, chromosomes and their kinet-
ochores (as judged by labeling with anti-CENP-E) uniformly
radiated from a single pole (Figure 6C, control). In contrast,
when the same drug was applied to condensin-depleted
cells, the pole-to-kinetochore distance became extremely
variable and chromosomes were irregularly placed around
the pole (Figure 6C, E-dep, G-dep, and G2-dep). These re-
sults show that kinetochore-microtubule interactions are
compromised in condensin-depleted chromosomes even un-
der a condition where bipolar spindle assembly is sup-
pressed.

DISCUSSION

Spatial and Temporal Distribution of Condensins I and 11
during the Cell Cycle

Specific localization of condensin subunits to chromosomes
during mitosis has been well established in many different
organisms (reviewed by Swedlow and Hirano, 2003). Con-
flicting data, however, have been reported regarding the
location of condensin subunits during interphase. For exam-
ple, early studies showed that the SMC2/CAP-E subunit is
primarily localized within the nucleus (Hirano and Mitchi-
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son, 1994; Saitoh et al., 1994), whereas other studies reported
that SMC4 or non-SMC subunits (of condensin I) are largely
cytoplasmic (Schmiesing et al., 2000; Steffensen et al., 2001;
Ball et al., 2002). The recent discovery of condensin II (Ono et
al., 2003) has prompted us to readdress and clarify this
problem. In this study, we have used antibodies specific to
condensins I and II and found that the distributions of the
two condensin complexes are distinct outside the window
from prometaphase to anaphase. The most drastic difference
was observed during interphase when condensin I is largely
cytoplasmic, whereas condensin 1II is located within the nu-
cleus. Several lines of recent evidence from yeasts show that
condensin subunits play important roles in checkpoint con-
trol and gene repression during interphase (Aono et al., 2002;
Bhalla et al., 2002; Machin et al., 2004). Although such non-
mitotic functions for condensins remain to be explored in
vertebrate cells, our current results suggest that condensin
II, rather than condensin I, may be the major form that
contributes to the functional organization of the genome
within the interphase nucleus.

Our current data also provide new insights into the spatial
and temporal regulation of mitotic chromosome assembly
and disassembly. Mitosis-specific phosphorylation of con-
densin subunits has been suspected to regulate chromo-
somal targeting of the complex (Hirano et al., 1997). Further-
more, we showed that cyclin Bl-cdkl phosphorylates
CAP-D2 and stimulates the supercoiling activity of conden-
sin I in vitro (Kimura et al., 1998). Like CAP-D2, the CAP-D3
subunit of condensin II has a cluster of cdk-consensus sites
in its C-terminal domain (Ono et al., 2003) and is phosphor-
ylated in a mitosis-specific manner (Yeong et al., 2003). On
the basis of the results from the immunolabeling and siRNA-
mediated depletion experiments, one possibility is that a
cyclin A—cdk complex phosphorylates condensin II in early
prophase and triggers the initial structural changes of chro-
mosomes within the nucleus (Figure 7A). Condensin I is
sequestered in the cytoplasm until the end of prophase and
gains access to chromosomes only after the nuclear envelope
breaks down in prometaphase. At this stage, active cyclin
Bl-cdkl is most likely to phosphorylate condensin I and to
further modify condensin II, thereby regulating their coor-
dinated actions at the late stages of chromosome assembly.
Intriguingly, it has been reported that chromosome conden-
sation in early prophase, but not that in late prophase, can be
reversed by inducing a DNA damage (Rieder and Cole,
1998) and that cyclin A-cdk may be the target of this
“prophase checkpoint” (Furuno et al., 1999). The sequential
phosphorylation/targeting model for the action of con-
densins described above nicely fits the previous proposals
and further predicts that targeting of condensin I to chro-
mosomes may represent one of the key events that makes
the final commitment to mitosis (Pines and Rieder, 2001).
Clearly, future work is required to test and refine this model.

Global and Region-specific Localization of Condensins I
and II in Metaphase Chromosomes

Deconvolution analysis of metaphase chromosomes labeled
with antibodies against condensins I and II confirms their
distinct distribution along the chromatid axis that we de-
scribed previously (Ono et al., 2003). More importantly, it
unveils a unique organization of the two condensin com-
plexes at the centromere/kinetochore region (Figure 7B).
The axial distribution of condensin I at this region is less
coiled than that at the arm region, often displaying a pair of
loosely juxtaposed lines. A subpopulation of condensin II is
concentrated on paired spots that lie close to the inner
kinetochore plate and are located on the outer sides of the
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two condensin I-labeled lines. Such enrichment of condensin
IT at the kinetochore region is not unique to HeLa cells but is
also found in X. laevis, both in somatic chromosomes (Ono,
unpublished data) and embryonic chromosomes assembled
in the cell-free extracts (Losada, unpublished data). We pro-
pose that this specific arrangement of condensins I and II
provides a structural basis for building centromeric chroma-
tin and plays an important role in establishing and/or sta-
bilizing the back-to-back orientation of the sister kineto-
chores (see below).

It has been reported that Aurora B is required for chro-
mosomal association of some of the condensin subunits in
Drosophila (Giet and Glover, 2001) and C. elegans (Hagstrom
et al., 2002; Kaitna et al., 2002). In contrast, other studies have
shown that depletion or inhibition of Aurora B has little, if
any, impact on bulk association of the SMC subunits with
chromosomes in yeast and vertebrate cells (Losada et al.,
2002; MacCallum et al., 2002; Hauf et al., 2003; Lavoie et al.,
2004). Our current work extends this conclusion and dem-
onstrates that neither condensin I nor condensin II requires
Aurora B for localization to the chromosome arm. We find,
however, that depletion of Aurora B disrupts the unique
geometry of condensins I and II at the centromere/kineto-
chore region and causes loss of the primary constriction in
metaphase chromosomes. Such a drastic effect on chromo-
some structure was surprising although it had been shown
that dominant negative inhibition or depletion of aurora B
delocalizes some proteins from the centromere/kinetochore
region (Murata-Hori and Wang, 2002; Andrews ef al., 2004).
Conversely, depletion of condensin subunits barely affected
the enrichment of Aurora B at the pericentromeric region
(Supplemental Figure S2). It is possible that Aurora B di-
rectly phosphorylates condensin subunits in a region-spe-
cific manner and helps establish the structural integrity of
the centromere/kinetochore region. In fact, one of the con-
densin subunits (Ycgl/CAP-G) is phosphorylated in an
Ipll/aurora-dependent manner in S. cerevisiae, although the
functional significance of this phosphorylation remains un-
known (Lavoie et al., 2004). Alternatively, the specialized
distribution of condensins may be regulated indirectly by
other substrates of Aurora B functioning at this region, such
as topoisomerase II (Morrison et al., 2002) and CENP-A
(Zeitlin et al., 2001; Kunitoku et al., 2003).

Defects in Kinetochore Structure and Function in
Condensin-depleted Cells

One prominent phenotype observed in condensin-deficient
cells in many different organisms is the massive amount of
chromosome bridges in anaphase (Saka et al., 1994; Bhat et
al., 1996; Steffensen et al., 2001; Coelho et al., 2003; Hudson et
al., 2003). Kinetochores seem to be functional in these cells,
attempting to pull chromatin to the opposite poles without
success. It is reasonable to assume that the primary source of
this phenotype is poor resolution and/or abnormal compac-
tion of sister chromatids in the preceding metaphase. In
striking contrast, the most frequently detected phenotype in
the current study was the defect in metaphase chromosome
alignment (the type I spindle defect), which cannot be easily
explained by the model described above. Several lines of
evidence support the idea that the primary source of this
alignment defect is structural and functional distortions of
the centromere/kinetochore region. First, condensins I and
IT are arranged into a very specific and unique geometry in
this region. Notably, condensin II seems to underlie the
inner kinetochore plate or be a part of it. Second, depletion
of condensin subunits induces structural alterations in the
centromere/kinetochore region and causes aberrant interac-
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Figure 6. Kinetochore defects in conden-
sin-depleted cells. (A) Metaphase cells from
cultures transfected with no siRNA (control)
or siRNAs specific to hCAP-E, -D2, or -G2
(E-dep, D2-dep, or G2-dep). After hypotonic
treatment, the cells were fixed and stained
with DAPI (blue, fifth column) and labeled
with CREST serum (grayscale, first column;
green, third to fifth column) and anti-
hCENP-E (grayscale, second column; red,
third to fifth column). Bar, 5 um. The fourth
column represents close-ups of the centro-
mere/kinetochore region indicated by white
boxes in the third column. Bar, 1 um. (B)
Representative examples of normal meta-
phase (control), the type I spindle defect
(hCAP-E depletion) and the type II spindle
defect (h\CAP-D3 depletion). The cells were
fixed without hypotonic treatment, labeled
with anti-hCENP-E (red) and CREST serum
(green) and stained with DAPI (blue). Ar-
rows indicate stretched kinetochore signals.
Bar, 5 um. (C) HeLa cells transfected with no
siRNA (control) or specific siRNAs (E-dep,
G-dep and G2-dep) were treated with 100
uM monastrol for 10 h, labeled with anti-a-
tubulin (green) and anti-CENP-E (red), and
stained with DAPI (grayscale, top; blue, bot-
tom), Bar, 5 pm.
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tions with the mitotic spindle. The stretched kinetochores attachment would be another source of lagging chromo-
observed in the type I spindle defect are likely to be caused somes in anaphase as has been demonstrated previously
by their merotelic attachment to microtubules. This mode of (Cimini et al., 2001, 2002). On the other hand, the type II
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spindle defects may be produced by syntelic or monotelic
attachments accompanied by a partial delay at a promet-
aphase-like stage. It remains to be determined why this
phenotype is more frequently found in condensin II-de-
pleted cells than in condensin I-depleted cells. Third and
finally, chromosomes depleted of condensins fail to interact
properly with monopolar spindles produced in the presence
of monastrol. The defective phenotype reported here is dis-
tinct from that observed when the chromokinesin Kid is
inhibited under a similar condition (Levesque and Compton,
2001), suggesting that polar ejection forces operate, at least
partially, on the chromosome arm depleted of condensin
subunits. Consistently, an apparently normal level of Kid
was detectable in these chromosomes as judged by immu-
nofluorescence (Ono, unpublished data).

To our knowledge, this is the first study to demonstrate
that the two condensin complexes in vertebrate cells display
a specialized geometry at the centromere/kinetochore re-
gion and play a crucial role in placing sister kinetochores
into the back-to-back orientation. It should be mentioned,
however, that some indications of kinetochore defects have
previously been reported in other organisms such as S.
cerevisiae (Lavoie et al., 2000; Ouspenski et al., 2000), C. el-
egans (Hagstrom et al., 2002; Stear and Roth, 2002), and X.
laevis (Wignall et al., 2003). Among them, Stear and Roth
(2002) described the most compelling example of merotelic
attachment of C. elegans chromosomes deficient in Hep6, one
of the non-SMC subunits of condensin II. Because the chro-
mosomes in this organism seem to lack condensin I (Ono et
al., 2003) and have a very unique holocentric structure, it is
not straightforward to compare this work with our current
study in HeLa cells. It is nevertheless intriguing to note that
the condensin II subunits in C. elegans become concentrated
at the centromere/kinetochore region by metaphase in an
Aurora B-dependent manner (Hagstrom et al., 2002; Kaitna
et al., 2002; Stear and Roth, 2002). Thus, the C. elegans chro-
mosomes have many molecular properties in common with
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Figure 7. Models. (A) Sequential phosphor-
ylation/targeting model for the action of con-
densins. In G2 phase, condensin II localizes to
the nucleus, whereas condensin I is seques-
tered in the cytoplasm. In prophase, phos-
phorylation of condensin II by cyclin A-cdk
(cycA) initiates structural changes of chromo-
somes within the nucleus. Cyclin B (cycB) is
transported into the nucleus and forms an ac-
tive cyclin B-cdkl complex to trigger nuclear
envelope breakdown (NEBD). This allows
condensin I to access the chromosomes in pro-
metaphase, and the two condensin complexes,
phosphorylated by cyclin B-cdk1, cooperate to
support later stages of chromosome assembly
from metaphase through anaphase. In telo-
phase, condensin I is exported out of the reas-
sembling nucleus whereas condensin II re-
mains in the nucleus. (B) A model for the
distinct distributions of condensin I (blue) and
condensin II (magenta) along the chromosome
arm and at the centromere/kinetochore re-
gion. The inner and outer kinetochore plates
are shown by light and dark green, respec-
tively. The back-to-back orientation of the ki-
netochores is compromised in condensin-de-
pleted chromosomes (inset, left). Depletion of
Aurora B causes disruption of the specialized
geometry of condensins I and II at the centro-
mere/kinetochore region (inset, right).

NE
assembly

@
[

the mammalian centromeres. Structural and functional com-
parison of monocentric and holocentric chromosomes in the
future would undoubtedly help enhance our understanding
of chromosome biology.
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