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To maintain genomic stability, chromosome architecture needs to be tightly regulated as chromosomes undergo
condensation during prophase and separation during anaphase, but the mechanisms remain poorly understood.
Here, we show that the Plk1-binding protein PICH and Plk1 kinase coordinately maintain chromosome architecture
during prometaphase. PICH knockdown results in a loss of Plk1 from the chromosome arm and an increase in highly
disorganized “wavy” chromosomes that exhibit an “open” or “X-shaped” configuration, consistent with a loss of
chromosome arm cohesion. Such chromosome disorganization occurs with essentially no change in the localization
of condensin or cohesin on chromosomes. Interestingly, the chromosome disorganization could be prevented by
treatment with a topoisomerase II inhibitor ICRF-193, suggesting that the PICH–Plk1 complex normally maintains
chromosome architecture in a manner that involves topoisomerase II activity. PICH knockdown does not affect initial
chromosome compaction at prophase but causes anaphase DNA bridge formation and failed abscission. Our studies
suggest that the PICH–Plk1 complex plays a critical role in maintaining prometaphase chromosome architecture.

INTRODUCTION

Faithful transmission of the genome to daughter cells requires
the coordination of major chromosomal events during mitosis,
including chromosome condensation and sister chromatid res-
olution, cohesion, and separation. Previous studies suggest
that two chromosomal proteins topoisomerase II (Topo II)
(Newport and Spann, 1987; Uemura et al., 1987; Wood and
Earnshaw, 1990; Adachi et al., 1991; Gorbsky, 1994) and con-
densin (Hirano and Mitchison, 1994; Saka et al., 1994) are
important for chromosome condensation. Recent knock-
down studies showed that Topo II and condensin contribute
to the proper timing of sister chromosome resolution, stabi-
lization of already condensed chromosomes, and proper
chromosome segregation (Hirano, 2005; Belmont, 2006; Xu
and Manley, 2007).

Chromosome cohesion is mediated by a multiprotein
cohesin complex (Guacci et al., 1997; Michaelis et al., 1997;
Losada et al., 1998) that is loaded onto chromosomes
during S phase and removed in a stepwise manner from
chromosomes by different mechanisms to allow sister
chromosomes to separate during mitosis. These include
bulk cohesin removal from chromosome arms after Plk1-
and Aurora B-mediated phosphorylation (Losada et al.,
2002; Sumara et al., 2002; Gimenez-Abian et al., 2004; Hauf
et al., 2005) of cohesin subunits and by association with a
cohesin-binding protein Wapl during prophase (Gandhi et

al., 2006; Kueng et al., 2006), and cleavage of the cohesin
subunit Scc1 by separase (Uhlmann et al., 2000) at the
centromere during anaphase. However, recent cohesin
knockdown (Vagnarelli et al., 2004; Deehan Kenney and
Heald, 2006; Toyoda and Yanagida, 2006; Diaz-Martinez
et al., 2007) and other studies (Sullivan et al., 2004; Diaz-
Martinez et al., 2006; Baumann et al., 2007; D’Ambrosio et al.,
2008; Wang et al., 2008) suggest that in addition to the
cohesin complex physically entrapping sister chromatids,
chromosome cohesion also involves interchromatid catena-
tions that intertwine sister chromatids (Diaz-Martinez et al.,
2008). To what extent DNA catenation contributes to sister
chromatid cohesion remains unclear. The resolution of such
DNA catenations is mediated by the DNA decatenating
enzyme Topo II (Clarke and Lane, 2009; Nitiss, 2009). How-
ever, how Topo II activity for chromosome separation is
regulated remains unknown.

A helicase-like protein PICH is found as a Plk1-binding
protein (Baumann et al., 2007). PICH is localized at the
centromere and can be detected on “threads” that are
thought to contain unresolved catenated DNA between
separating centromeres during anaphase (Baumann et al.,
2007; Wang et al., 2008). PICH was initially suggested to
act as a tension-sensing spindle checkpoint regulator at
the kinetochore (Baumann et al., 2007), but this function
was questioned in a recent work done by the same group
(Hubner et al., 2010). PICH also has been suggested to
contribute to chromosome compaction through its ATPase
domain (Leng et al., 2008). Here, we show that PICH
knockdown resulted in a loss of chromosome arm cohe-
sion and chromosome organization. Furthermore, this
chromosome disorganization phenotype could be pre-
vented by treatment with a Topo II inhibitor. Thus, our
studies suggest that the PICH–Plk1 complex functions to
maintain chromosome architecture.
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MATERIALS AND METHODS

Antibodies
Antibodies were used for immunofluorescence (IF) and immunoblotting (IB)
at the following concentrations. Mouse anti-Plk1 (F-8 [Santa Cruz Biotechnol-
ogy, Santa Cruz, CA], 1:1000–1:1500 for IF, 1:1500 for IB; and PL2�PL6
[Zymed Laboratories, South San Francisco, CA], 1:500 for IF), rabbit anti-Plk1
(H-152 [Santa Cruz Biotechnology], 1:1000 for IF; and ab14209 [Abcam, Cam-
bridge, MA], 1:400–500 for IF), mouse anti-PICH (anti-FLJ20105 3F12-2B10
[Abnova, Taipei, Taiwan], 1:1000 for IF, 1:2000 for IB), rabbit MP-PAb1
(mitotic phosphoprotein polyclonal antibody 1; see Supplemental Figure 1;
1:400–1500 for IF, 1:2000–4000 for IB), rabbit anti-SMC2 (A300-058A [Bethyl
Laboratories, Montgomery, TX], 1:1000–1500 for IF, 1:1000 for IB), rabbit
anti-topoisomerase IIa (2011-1 [TopoGEN, Port Orange, FL], 1:1000 for IF),
rabbit anti-Scc1 (from Dr. Jun Qin [Baylor College of Medicine, Houston, TX],
1:250 for IF), rabbit anti-Mad2 (BL1462 [Bethyl Laboratories], 1:400–1000 for
IF), rabbit anti-Cdc20 (Santa Cruz Biotechnology, 1:1000 for IB), mouse anti-
�-tubulin (tub2.1 [Sigma-Aldrich, St. Louis, MO], 1:2000 for IB), and rabbit
anti-phospho-histone H3 (Ser10) (Millipore, Billerica, MA, 1:1000 for IB).
Secondary antibodies conjugated to Texas Red, Alexa Fluor 488, and Alexa
Fluor 594 (Invitrogen, Carlsbad, CA, 1:1000) were used for immunofluores-
cence and those conjugated to horseradish peroxidase (Vector Laboratories,
Burlingame, CA, 1:10000–15000) were used for immunoblot detection.

Cell Lysates, Immunoblotting, Phosphatase Treatment,
and Coimmunoprecipitations
Cells were harvested with a scraper (or by shake-off in case of nocodazole-
arrested lysate) and lysed in the lysis buffer (0.5% Triton X-100, 150 mM NaCl,
5 mM EGTA, 1.5 mM EDTA, 5% glycerol, and 50 mM Tris-HCl pH 8.0)
supplemented with 1 mM phenylmethylsulfonyl fluoride; 5 mM Na3VO4; 5
mM NaF; 200 nM microcystin-LR; and mammalian protease-, serine-threo-
nine phosphatase-, and tyrosine phosphatase-inhibitor cocktails (all from
Sigma-Aldrich). For immunoblotting, samples were prepared by adding Nu-
PAGE LDS sample buffer (Invitrogen) with 2% �-mercaptoethanol, resolved
by Novex-NuPAGE-gel (Invitrogen) and transferred to nitrocellulose mem-
brane (Bio-Rad Laboratories, Hercules, CA). Membrane was blocked with 5%
nonfat milk in Tris-buffered saline (TBS; 137 mM NaCl and 20 mM Tris-HCl,
pH 7.6) at room temperature for 1 h, incubated with primary (4°C; �3 h) and
secondary (1–2 h at room temperature) antibodies in 0.1% Tween 20 in TBS
(TBS-T) containing 5% bovine serum albumin (BSA) and processed for chemi-
luminescence SuperSignal West Pico (Pierce Chemical, Rockford, IL). Be-
tween each step, membrane was washed in TBS-T three times for a total of
�30 min. For coimmunoprecipitations, 1 mg of lysates (in 250 �l) was pre-
cleared by incubation for 1 h with protein G-Sepharose beads (GE Healthcare,
Piscataway, NJ) and then incubated with both 1.5 �l of each antibody and
protein G-Sepharose at 4°C overnight. The beads were washed four times

Figure 1. PICH and Plk1 colocalize on mitotic chromosome arms. (A) HeLa cells undergoing unperturbed mitosis were stained with
anti-PICH (green) and anti-Plk1 (red) antibodies and counterstained with DAPI (blue) and then analyzed by confocal microscopy.
Images with single antibody staining are shown in black and white for better contrast. Bars, 10 �m. Note, PICH-positive “threads” in
an anaphase cell. (B) HeLa cells were treated with 2 mM thymidine for 14.5 h, released for 6.5 h, and incubated with 25 ng/ml
nocodazole for 1.5 h. Chromosome spread preparations were made as described in Materials and Methods, and chromosomes were
stained for PICH together with Plk1, condensin SMC2, or Topo II� as indicated. MP-PAb1 that was used to isolate PICH (see
Supplemental Data) also stained the kinetochore intensely. Bars, 5 �m. (C) Magnified images of selected chromosomes in B. Note that
the kinetochore localization of PICH is more readily detected in fixed cells (A) than in the chromosome spread preparations (B and C).
Bars, 1 �m.
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with lysis buffer, and the bound proteins were eluted in the sample buffer and
then analyzed by immunoblotting. For partial purification of the 150-kDa
protein, mitotic lysate (85 mg) was precleared for 1- to 2-h incubation with
protein G-Sepharose preincubated with normal goat serum once and then
with protein G-Sepharose twice. The precleared lysate was used for the initial
immunoprecipitation with 85 �l of Plk1 (F-8) antibody. Proteins bound to
Plk1–immunoprecipitate beads were quickly eluted with 200 �l of 0.1 M
glycine-HCl, pH 3.0, three times. Combined eluents were immediately neu-
tralized by adding 90 �l of 0.2 M Tris-HCl, pH 8.8, and 690 �l of lysis buffer
and then used for the second immunoprecipitation with MP-PAb1 antibody.
Purification steps of the 150-kDa protein were checked by SDS-polyacryl-
amide gel electrophoresis followed by either silver staining or immunoblot-
ting with MP-PAb1 antibody. For phosphatase treatment, membranes con-
taining transferred proteins were washed with a phosphatase buffer (1 mM
MgCl2, 0.1 mM ZnCl2, 1 mM spermidine, and 50 mM Tris-HC1 pH 9.3),
incubated with or without 10 U/ml calf intestinal alkaline phosphatase (Pro-
mega, Madison, WI) in the buffer at 37°C for 5 h and subjected to immunoblot
analysis.

Cell Culture and Synchronization
HeLa cells were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS). HeLa cells stably expressing green fluorescent protein (GFP)-
tagged histone H2B (BD Biosciences Pharmingen, San Diego, CA) were gen-
erated by cotransfection of the H2B-GFP vector with a blasticidin-resistant
construct at a 10:1 ratio, followed by selection with blasticidin. To enrich for
mitotic cells, HeLa cells were cultured with 2 mM thymidine (Sigma-Aldrich)
for �12–16 h and then either released into fresh medium for 6.5–7.5 h, or

released for 5.5–7 h in fresh medium followed by an incubation with 25–100
ng/ml nocodazole (Sigma-Aldrich) plus 20 �M MG132 (Calbiochem, San
Diego, CA) (noc/MG132) for 2–5 h, depending on the experiment. In some
experiments, two cycles of thymidine block and release was used. To obtain
highly synchronized mitotic progression, cells were synchronized with a
thymidine block and then enriched at the G2/M phase boundary by an
incubation with 9 �M RO-3306 (Vassilev et al., 2006) (Calbiochem) for 10–13
h. Next, they were released either into regular medium for live-cell imaging
analysis or medium containing noc/MG132 for chromosome spread prepa-
rations. For all synchronization protocols, cells were washed with prewarmed
(37°C) medium in between steps for the best results. For Topo II inhibition, 20
�M ICRF-193 (BIOMOL Research Laboratories, Plymouth Meeting, PA) or
dimethyl sulfoxide (DMSO) vehicle was added to mitotic cells.

RNA Interference and Transient DNA Transfection
HeLa cells were transfected with 100 nM small interfering RNA (siRNA)
duplexes for control siCONTROL#2, PICH (Leng et al., 2008) (5�-GTTAT-
GCTCTTGACTTTAA-3�), Plk1 (Ahonen et al., 2005) (5�-GATCACCCTCCT-
TAAATAT-3�), and Mad2 (Stegmeier et al., 2007) (5�-CTATTGAATCAGTT-
TCCAA-3�) (all from Dharmacon RNA Technologies, Lafayette, CO) using
oligofectamine (Invitrogen) according to the manufacturer’s protocol. For
PICH knockdown, cells were transfected with PICH siRNA oligonucleotides
(oligos), synchronized using either thymidine or RO-3306 treatment, and
analyzed 2 d after transfection. For Plk1 knockdown, cells were cultured for
26 h after Plk1 siRNA oligo transfection and then treated with 25 ng/ml
nocodazole for 4 h. For Mad2 knockdown, cells were analyzed 2 d after Mad2
siRNA oligo transfection. Plasmid transfection was performed using Lipo-

Figure 2. PICH regulates Plk1 targeting to the chromosome arm. (A and B) HeLa cells were transfected with control or PICH-specific siRNA
oligo using protocols indicated on the left. Fixed cell (A) or chromosome spread (B) preparations were stained with anti-PICH (green) and
anti-Plk1 (red) antibodies and counterstained with DAPI (blue). Bars, 10 �m (A) and 5 �m (B). (C–E) Chromosome spreads were prepared
from siRNA-transfected HeLa cells that were treated with or without 20 �M ICRF-193, a Topo II inhibitor, for 2 h and then costained for
condensin SMC2 and Plk1 and counterstained with DAPI (C). The fluorescence intensities of SMC2 (D) or Plk1 (E) staining on chromosomes
were normalized against that of DAPI on the same chromosome arm region (see Materials and Methods). Values � SEM were obtained from
�80 chromosomes (5 chromosomes/spread) evaluated in three independent experiments (n � 3).
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fectamine 2000 (Invitrogen) according to the manufacturer’s protocol specific
for HeLa cells. Cells transfected with wild type GFP-PICH (GFP-PICH-WT) or
GFP-PICH-TA containing a T1063A mutation (Leng et al., 2008) for 24 h were
treated with 100 ng/ml nocodazole for 2 h and harvested for chromosome
spread analysis (see below).

Indirect Immunofluorescence
HeLa cells were cultured on coverslips, rinsed twice with prewarmed PHEM
(60 mM piperazine-N,N�-bis(2-ethanesulfonic acid) [PIPES], 25 mM HEPES,
10 mM EGTA, and 2 mM MgCl2, pH 6.9 with KOH), permeabilized with 0.5%
Triton X-100 in PHEM at 4°C for 1 min, and fixed with 4% paraformaldehyde
in PHEM at 4°C for 20 min. For Scc1 staining, permeabilized cells were fixed
in 1% paraformaldehyde in PHEM at 4°C for 5 min. The fixed cells were
incubated at 4°C for 1 h with an antibody blocking solution (0.1 M PIPES, 1
mM MgSO4, 1 mM EGTA, 1.83% l-lysine, 1% BSA, and 0.1% NaN3, pH 7.2
with KOH, presaturated with nonfat milk at 4°C) and then incubated over-
night with primary antibody followed by secondary antibody plus 100 ng/ml
4,6-diamidino-2-phenylindole (DAPI) for 3 h. Samples were mounted in
ProLong Gold antifade reagent with DAPI (Invitrogen). Between each step,
cells were quickly washed twice with ice-cold phosphate-buffered saline.

Chromosome Spread
Mitotic HeLa cells were synchronized and treated with noc/MG132 as de-
scribed above and collected by gentle pipetting. Cells were transferred to
another tube, briefly centrifuged, and the residual medium around the cell
pellet was completely removed. For swelling, the cell pellet was suspended in
1 ml of prewarmed (37°C) hypotonic solution (55 mM KCl and 50 ng/ml
nocodazole) and incubated at room temperature for 5 min followed by 4°C for
1.5 min. The swollen cell suspension (1.4 � 104 cells/0.2 ml) was transferred
into a Cytospin Cytofunnel (Thermo Fisher Scientific, Waltham, MA) that was
prefilled with a glycerol solution (3% glycerol, 55 mM KCl, and 3 mM
Tris-HCl, pH 6.8, [4°C; 0.4 ml]). A coverslip was assembled between the
Cytofunnel and a glass slide. Cells were spun onto the coverslip at 1500 rpm
for 2 min. The coverslip was quickly removed to avoid drying and immedi-
ately processed for indirect immunofluorescence as described above.

Microscopy and Fluorescence Intensity Measurements
Images were acquired using a D-Eclipse C1 confocal laser scanning micro-
scope or a TE2000 widefield microscope system (both from Nikon, Tokyo,
Japan). Confocal images were acquired as z-stacks with a step size of 0.2 �m
by using a 60� oil/1.40 numerical aperture objective, and maximal intensity
projections of all optical sections are shown. For quantification of fluorescence
intensities, a chromosome region was marked as a region of interest (ROI).
The average intensity of signals in the ROI for both the Plk1 channel and the
SMC2 channel were obtained, and background signals obtained from the
vicinity outside of the chromosomes were subtracted from the measurements.
The signals were then normalized against that of DAPI from the ROI to
generate the actual intensities on the chromosome arm, by using NIS-Ele-
ments (Nikon) software. Five chromosomes were measured from each single
spread, and �80 chromosomes were measured.

Live-Cell Time-Lapse Imaging
Cells cultured in a glass-bottom dish (VWR, West Chester, PA) were
synchronized using the RO-3306 treatment for G2/M phase enrichment.
After quickly rinsing twice with prewarmed medium and replacing with
fresh medium, the culture dish was placed into the live-imaging chamber
in a Nikon BioStation IM to let settle for 5 min. Multiple image capture
points and the focal plane (11 �m higher than the focusing plane at the
center of the dish) were selected, and image capture was initiated 10 min

after the release from G2/M arrest. Images were acquired every 2 min and
compiled using NIS-Elements software.

Detecting Connected Cells by Trypsin Treatment
Cells cultured in a 12-well plate were treated with 10–15 �l of 0.05% trypsin-
EDTA (Invitrogen), incubated at 37°C for 4 min, gently suspended in 0.5 ml
of culture medium, and centrifuged. After removing 0.4 ml of the superna-
tant, cells were resuspended in the remaining 0.1 ml of medium, mixed with
0.5 ml of a hypotonic solution (40% culture medium containing FBS and 60%
water; 37°C), and incubated for 5 min at room temperature. To fix the cells, 0.2
ml of 16% paraformaldehyde (Electron Microscopy Science, Hatfield, PA) was
added to the cell suspension and incubated at room temperature for 20 min.
After a brief centrifugation, cells were resuspended in 50 �l of the remaining
fixation solution, spread over a coverslip, and excess liquid around the cells
were gently removed by aspiration. Cells were dried onto the coverslip for 3
min, treated with 0.25% Triton X-100 in PHEM for 10 min, and mounted in
100% glycerol.

Statistical Analysis
Data were confirmed in multiple independent experiments. Data quanti-
fication was performed by using the Student’s t test and expressed as
mean � SD or mean � SEM. p values of �0.05 were considered statistically
significant.

RESULTS

PICH Targets a Subpopulation of Plk1 to Chromosome
Arms at Prometaphase
We originally isolated a 150-kDa Plk1-binding protein as the
recently identified PICH ATPase (Baumann et al., 2007),
from biochemical studies of a mitotic phosphoepitope anti-
body MP-PAb1 (see Supplemental Material and Supplemen-
tal Figure 1). In addition to localizing at the centromere and
on anaphase thread structures (Baumann et al., 2007), PICH
is also found on chromosome arms in GFP-PICH overex-
pression studies (Leng et al., 2008). Here, we examined en-
dogenous PICH localization over mitosis by confocal mi-
croscopy analysis. PICH is not detected in the nucleus before
nuclear envelope breakdown in prophase, but it is localized
at the kinetochore and chromosome arm during promet-
aphase and metaphase, and it remains on DNA in anaphase,
often enriched on thread-like structures (Figure 1A). Using
chromosome spreads for higher resolution, we found that
PICH exhibits a punctate staining pattern along the chromo-
some arm (Figure 1, B and C). This punctate pattern is
different from the more uniform staining pattern observed
for Plk1, Topo II� and a condensin component SMC2 on the
chromosome arm (Figure 1, B and C). Plk1 is clearly seen on
the axis of the chromosome arm, using four different anti-
Plk1 antibodies (Supplemental Figures 1D and 2). PICH
staining partially overlapped with Plk1 staining (Figure 1, B
and C). The specificities of PICH (Figure 2, A and B, and

Figure 3. Overexpression of GFP-PICH-TA
mutant causes mistargeting of Plk1 from the
chromosome arm and a loss of chromosome
arm cohesion. HeLa cells were transfected with
a GFP-PICH wild-type construct (GFP-PICH-
WT) or a PICH mutant construct (GFP-PICH-
TA), which contains a mutation (T1063A) in a
Cdk1 phosphorylation site, that can no longer
bind to Plk1 and target Plk1 to the chromosome
arm (Leng et al., 2008). Chromosome spreads
were prepared and GFP-positive spreads (green)
were stained for Plk1 (red) and counterstained
with DAPI (blue). Bars, 10 �m.

PICH Regulates Chromosome Arm Structure

Vol. 21, April 1, 2010 1191



Supplemental Figure 1E) and Plk1 (Supplemental Figures 1E
and 2) staining on chromosome arms were confirmed by
siRNA-based knockdowns. Interestingly, unlike in fixed
cells (Figure 1A), PICH was not readily detectable at the
kinetochore in chromosome spreads (Figure 1, B and C), as
such preparations required a nocodazole treatment that de-

stroys microtubules, which suggests that kinetochore ten-
sion might promote PICH accumulation at the centromere
(Baumann et al., 2007). Note that PICH staining on chro-
mosomes increased in the Plk1 knockdown cells (Supple-
mental Figure 2) as described previously (Baumann et al.,
2007).

Figure 4. PICH depletion results in disorganized chromosomes and a loss of chromosome arm cohesion, which could be prevented by treatment
with a Topo II inhibitor ICRF-193. (A) HeLa cells were treated with siRNA for control or PICH for �48 h. Cells were treated with 2 mM thymidine
for �12–16 h, released into media containing 9 �M Cdk1 inhibitor RO-3306 for 10–13 h, and incubated with nocodazole plus MG132 for 30 min.
Then, ICRF-193 or DMSO was added and further incubated for 1.5 h. (B) Chromosome spreads of cells treated as in A were prepared and stained
with anti-SMC2 (red) and anti-Plk1 (green) antibodies and counterstained with DAPI (blue). Magnified images of chromosomes in the left panels
(bars, 10 �m) are shown in the right panels (bars, 2 �m). (C) Chromosomes prepared as in A were stained with anti-SMC2. Chromosome
morphologies were classified into three categories: parallel (P) for normal chromosome organization and chromosome arm cohesion, widely
separated (W) for normal chromosome organization but widely separated chromosome arms, and disorganized (D) for loss of both chromosome
organization and arm cohesion. Bars, 5 �m. (D) Quantification of chromosome structures classified as in C in cells treated as in B. The data represent
the mean percentage � SD obtained from at least 60 chromosome spreads in three independent experiments (n � 3).
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We found that knockdown of PICH resulted in a reduction
of Plk1 on chromosome arms, whereas Plk1 localization at the
centrosome, spindle and kinetochore remained unchanged
(Figure 2A). Quantification of Plk1 fluorescence intensity using
chromosome spreads (Figure 2C) showed that PICH knock-
down resulted in a 33.8% reduction of Plk1 on chromosome
arms (Figure 2, B and E; p � 2.52 � 10	2). For comparison, the
fluorescence intensity of condensin SMC2 that was costained
with Plk1 on the same chromosome region remained essen-
tially unchanged (Figure 2D). The fact that Plk1 was clearly
detected at the kinetochore even as it was reduced on the
chromosome arm (Figure 2, B and E) strongly suggests that
Plk1 targeting to the kinetochore versus chromosome arms
may be regulated differently. However, we noticed that Plk1
accumulates on DNA during prophase, at a time when PICH is
not detected in the nucleus (Figure 1A). This observation sug-
gests that Plk1 on chromosome arms may consist of two sub-
populations: one population that is recruited to chromosomes
during prophase and another that is targeted by PICH in
prometaphase. That PICH targets Plk1 to the chromosome arm
was further supported by overexpression studies in which
GFP-PICH was found to colocalize with Plk1 on the chromo-
some arms. In contrast, a mutant GFP-PICH containing a
T1063A mutation, which no longer binds to Plk1 and seemed
to be more concentrated at centromeres, was unable to target
Plk1 to the chromosome arms (Figure 3) (Leng et al., 2008).
Together, the PICH knockdown as well as overexpression
studies clearly show that PICH is involved in targeting Plk1 to
the chromosome arms.

PICH Depletion Results in a Disorganized Chromosome
Structure and a Loss of Chromosome Arm Cohesion
Dissociation of cohesin from chromosome arms is partly
regulated by Plk1 (Losada et al., 2002; Sumara et al., 2002;
Gimenez-Abian et al., 2004; Hauf et al., 2005). Because PICH
depletion resulted in a significant reduction of Plk1 from chro-
mosome arms, we next investigated whether chromosome co-
hesion might be perturbed. PICH knockdown cells were syn-
chronized with 2 mM thymidine; released for 10–13 h into
media containing 9 �M RO-3306, a Cdk1 inhibitor that arrests
cells at the G2/M transition (Vassilev et al., 2006); and incu-
bated with 100 ng/ml nocodazole and 20 �M MG132 for 2 h.
Then, chromosome spreads were prepared (Figure 4A). Unex-
pectedly, cohesion between sister chromatids was not en-
hanced but instead was lost in PICH knockdown cells (Figure
4B, without ICRF-193). Careful examination revealed that
PICH depletion led to a highly disorganized chromosome
structure (Figure 4C, disorganized), in which the chromosome
arms seemed to be more condensed and “wavy,” and sister
chromatid arms showed an “open” or “X-shaped” configura-
tion that is consistent with a loss of arm cohesion. We quanti-
fied the chromosome morphologies into three categories, based
on the degree of chromosome organization and sister chroma-
tid cohesion (Figure 4, C and D): parallel (P) for normal chro-
mosome organization and chromosome arm cohesion, widely
separated (W) for normal organization but loss of arm cohe-
sion, and disorganized (D) for loss of both chromosome orga-
nization and arm cohesion. Although the majority of chromo-
somes in control cells showed normal parallel chromosome
morphology (73.4%; Figure 4D, without ICRF-193), in contrast
the majority of chromosomes in PICH-deficient cells showed a
disorganized, wavy chromosome arm structure (85.6%; Figure
4D, without ICRF-193; p � 2.62 � 10	4). Because control cells
exhibited a normal chromosome structure, the chromosome
disorganization observed in PICH knockdown cells is not the
result of hypotonic treatment during the chromosome spread
preparation. Note that the use of nocodazole plus MG132 in the

chromosome spread protocol was essential in obtaining con-
sistent chromosome morphologies, because MG132 has been
suggested to preserve chromosome structure through regulat-
ing cohesin cleavage (Nakajima et al., 2007). We also note that
chromosomes that have accumulated GFP-PICH-TA that could
no longer target Plk1 to chromosome arms also exhibited a loss
of chromosome arm cohesion (Figure 3), as observed in PICH
knockdown cells (Figure 4). This result suggests that GFP-
PICH-TA alone is not enough to maintain “closed” chromo-
some arm structure. Together, these data suggest that PICH
and cotargeted Plk1 might be important for chromosome arms
to maintain chromosome structure.

Next, because chromosome cohesion seems to be lost in
PICH knockdown cells, we examined whether the level of a
cohesin subunit Scc1 is reduced on the disorganized chromo-
somes. During prophase, cohesin is removed in bulk from
chromosome arms (Hauf et al., 2005; Gandhi et al., 2006; Kueng
et al., 2006), whereas centromere cohesin is removed by sepa-
rase-mediated cleavage of Scc1 (Uhlmann et al., 2000) during
anaphase. In control cells, Scc1 was detected weakly on chro-
mosome arms but strongly at the centromere (Figure 5), as
observed by others (Gimenez-Abian et al., 2004). In PICH
knockdown cells, in addition to the centromere localization,
Scc1 staining was found to spread to the disorganized chro-
mosome arms. Thus, the level of cohesin is not reduced on the
disorganized chromosome arms in PICH knockdown cells.
These results suggest that the opening of chromosome arms in
the highly disorganized chromosomes in PICH-deficient cells
is not correlated with the level of cohesin on the chromosome
arm.

Chromosome Disorganization in PICH Knockdown
Cells Is Prevented by Treatment with Topo II Inhibitor
ICRF-193
Because we did not observe a significant change in either the
localization or levels of cohesin (Scc1 in Figure 5) or condensin
(SMC2 in Figures 2D and 4B) on the disorganized chromo-
somes arms, we next examined whether interchromatid cate-
nations that intertwine sister chromatids (Diaz-Martinez et al.,
2008) might be altered in PICH knockdown cells. Because Topo
II� is required to decatenate DNA to resolve intertwined sister
chromatids (Clarke and Lane, 2009), we first examined Topo
II� levels on chromosomes by using anti-Topo II� antibodies.
Immunofluorescence analysis of chromosome spreads showed
that Topo II� levels were equally present in control as well as
PICH knockdown cells, and on chromosome arms regardless

Figure 5. PICH maintains chromosome structure independently of
cohesin removal. HeLa cells were treated with siRNA for control or
PICH as described in Figure 2B. Chromosome spreads were exam-
ined by staining with anti-cohesin subunit Scc1 antibody (red) and
counterstained with DAPI (blue). Bars, 10 �m.
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of whether they were weakly or highly disorganized (Figure
6A). These results suggest that PICH knockdown does not
affect the localization of Topo II� on chromosomes.

Next, we used ICRF-193, a Topo II inhibitor (Clarke et al.,
1993), to block Topo II activity in PICH knockdown cells. We
treated PICH knockdown cells as in Figure 4A, except that the
nocodazole/MG132 incubation was for 30 min before 20 �M
ICRF-193 was added for another 1.5 h in the continued pres-
ence of nocodazole/MG132. Surprisingly, the occurrence of
disorganized chromosomes in PICH knockdown cells was dra-
matically reduced by ICRF-193 treatment, from 85.6% in the
absence to 5.9% in the presence of ICRF-193 (Figure 4, B and D,
PICH siRNA with/without ICRF-193; p � 2.57 � 10	4). This
result suggests that the severe chromosome disorganiza-
tion observed in PICH knockdown cells could be pre-

vented by treatment with a Topo II inhibitor. Interest-
ingly, although ICRF-193 treatment rescued chromosome
structure in PICH knockdown cells, it did not recover Plk1
levels on the chromosome arm (Figures 2E and 4B), sug-
gesting that Plk1 targeting to chromosome arms by PICH
lies upstream of the maintenance of chromosome arm archi-
tecture. Thus, our data suggest that PICH and cotargeted
Plk1 normally maintain chromosome arm architecture and
that this process may involve Topo II activity.

Prometaphase Chromosome Architecture, but Not
Prophase Chromosome Compaction, Is Regulated by
PICH/Plk1
Recently, PICH was suggested to promote chromosome
compaction (Leng et al., 2008). However, our data showed

Figure 6. PICH knockdown does not affect Topo II localization on chromosomes or Topo II-dependent chromosome condensation in early
prophase. (A) HeLa cells were treated with siRNA for control or PICH for �48 h. Cells were treated with 2 mM thymidine for 13 h, released
into media for 17 h, treated with thymidine again for 22.5 h, released for 5.5 h, and incubated with 50 ng/ml nocodazole plus 20 �M MG132
for 1.5 h. Chromosome spreads were examined by costaining for Topo II� (red) and PICH (green) and counterstained for DAPI (blue). Both
weakly and highly disorganized chromosomes in PICH knockdown cells are shown. Bars, 10 �m. (B and C) HeLa cells were transfected with
siRNAs for �48 h. Cells were treated with 2 mM thymidine for �12–16 h, released into media containing 9 �M RO-3306 Cdk1 inhibitor for
10–13 h, and released into nocodazole/MG132 for 45 min to examine progression into early prophase (B). ICRF-193 (20 �M) was added to
inhibit Topo II activity, either simultaneously with nocodazole/MG132 (0 min) or at 5, 10, 20, or 30 min after the start of nocodazole/MG132
incubation. Cells were incubated for a total of 45 min and harvested. Chromosome spreads were prepared and stained with DAPI for analysis
(C). Similar results were obtained in two independent experiments. Bars, 10 �m.
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that chromosomes seemed to be more condensed in PICH
knockdown cells (Figure 4, B and C), suggesting that PICH
may instead inhibit chromosome condensation. To resolve
this apparent difference, we examined the role of the PICH–
Plk1 complex in chromosome behavior during early mitotic
progression. Because ICRF-193 has been shown to block
chromosome condensation (Ishida et al., 1991), we used
ICRF-193 to examine chromosome condensation during
prophase (Figure 6B). PICH knockdown cells were synchro-
nized in the following manner. Cells were treated for
�12–16 h with thymidine, released for 10–13 h into media
containing 9 �M RO-3306 and then released in media con-
taining nocodazole plus MG132 for 45 min to allow mitosis
progression. During this 45-min incubation with nocodazole
and MG132, ICRF-193 was added either simultaneously (0
min after RO-3306 release), progressively later (5, 10, 20, and
30 min after RO-3306 release) or not at all (without ICRF-
193) to block chromosome condensation at various times as
cells entered early mitosis (Figure 6, B and C). We observed
that ICRF-193, when added immediately within the first 10
min of cells entering prophase, blocked the condensation
and compaction of chromatin as chromatin remained as thin
ribbons rather than highly organized chromosomes (Figure
6C and Supplemental Figure 3). Interestingly, ICRF-193 also
blocked chromosome condensation and compaction in PICH
knockdown cells in the same time frame (Figure 6C). These
results suggest that PICH does not regulate the initial chro-
mosome compaction in prophase.

Next, we examined chromosome morphology of PICH
knockdown cells during prometaphase. PICH knockdown
cells were synchronized in early mitosis essentially as in
Figure 6B, except that cells were enriched in prometaphase
by a 30-min incubation with nocodazole plus MG132 before

the addition of 20 �M ICRF-193 in the continued presence of
nocodazole plus MG132. Chromosome spreads were pre-
pared at different times after ICRF-193 addition, and stained
for SMC2 and Plk1 as in Figure 4 to monitor chromosome
morphology during prometaphase. With prolonged incuba-
tion in nocodazole plus MG132, chromosomes in control
cells showed a little more compaction (Figure 7). In contrast,
chromosomes in PICH-deficient cells exhibited more wavy
and disorganized morphology after 2.0 and 3.5 h in addition
to being more compacted. Such a disorganized chromosome
phenotype was prevented in the presence of ICRF-193 (Fig-
ure 7). These findings are consistent with our interpretation
that the initial chromosome compaction during prophase is
mediated in part by Topo II in a PICH–Plk1-independent
manner (Figure 6C), whereas chromosome architecture dur-
ing prometaphase is regulated by a PICH/Plk1 complex on
the chromosome arms (Figures 4 and 7).

PICH Knockdown Leads to Anaphase DNA Bridge
Formation and Failed Abscission
We wondered whether the highly disorganized chromo-
some structure may impact chromosome segregation and
mitotic exit. To investigate this, we examined control versus
PICH knockdown cells undergoing unperturbed mitosis us-
ing time-lapse live-cell imaging. In PICH-deficient cells, the
metaphase plate was less tightly organized than that in
control cells (Figure 8A and Supplemental Figure 4), and
these less well-organized metaphase plates often led to chro-
matin bridge formation during anaphase (Figure 8A, arrow-
heads). These observations raise the possibility that the dis-
organized chromosomes in prometaphase and metaphase in
PICH knockdown cells contributed to chromatin bridges in
anaphase. Live-cell imaging analysis clearly showed that

Figure 7. PICH knockdown cells display dis-
organized chromosome morphology during
prometaphase. HeLa cells were treated with
siRNA for control or PICH for �48 h. Cells
were synchronized with 2 mM thymidine for
�12–16 h and released into media containing 9
�M RO-3306 for 15 h. Cells were then released
into mitosis in the presence of 100 ng/ml no-
codazole and 20 �M MG132 for 30 min, further
incubated in the presence or absence of 20 �M
ICRF-193 for the indicated times, and subjected
to chromosome spread preparation. Spreads
were stained with anti-SMC2 (red), anti-Plk1
(green) antibodies and counterstained with
DAPI (blue). Bar, 10 �m (for all images).
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these DNA bridges can persist for an unusually long time
(�148 min) (t � 38 to t � 186 min in Figure 8, B and C) and

that cells harboring these connections were largely indistin-
guishable from interphase cells. Thus, to better quantitate

Figure 8. PICH knockdown results in anaphase DNA bridge formation and failed abscission independently of the Mad2-dependent
checkpoint mechanism. (A–C) HeLa cells stably expressing H2B-GFP were treated with control, PICH siRNA or Mad2 siRNA oligos for 48 h,
synchronized at the G2/M transition with the Cdk1 inhibitor RO-3306, and released into fresh medium (Time � 0). After 10 min of release,
live-cell imaging of H2B-GFP fluorescence was initiated, with images captured at 2-min intervals. (See Supplementary Figure 4 for images
taken from the beginning.) Representative cells are shown in (A), with arrowheads pointing to DNA bridges. Time-lapse images of a typical
PICH knockdown cell (B). Arrowheads point to persistent chromatin bridges from 40 to 186 min after RO-3306 release. Magnified and
enhanced (left) images of cells at t � 186 min in B show DNA protrusions (arrowheads) from the connected daughter nuclei (C). (D and E)
HeLa cells treated with control or PICH siRNA oligos for 48 h or 70 h were trypsinized and fixed before connected doublet cells (arrowheads
in D) were quantified in E. The mean percentage � SD of connected cells was scored from at least 390 cells in each of three independent
experiments (n � 3). (F and G) HeLa cells were treated with control or PICH siRNA oligos for 48 h, stained with anti-Mad2 (red), anti-PICH
(green), and counterstained with DAPI (blue), and then they were analyzed in fixed cell (F) or chromosome spread (G) preparations. (H)
Live-cell imaging was performed as described in A. Timing of anaphase entry was determined for control, PICH- or Mad2-knockdown cells
(n � 150, 181, and 62 cells, respectively) with time 0 set as the time of RO-3306 release. Bars, 10 �m (for all images).
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the number of cells that are connected by chromatin bridges,
we trypsinized the cells before counting the connected dou-
blet cells (Figure 8D, arrowheads). Using this approach, we
found that the number of connected doublet cells increased
from 8.4% in controls to 20.7% after PICH knockdown for
3 d (Figure 8E; p � 1.62 � 10	2). This observation suggests
that PICH knockdown led to failed abscission due to persis-
tent DNA bridge formation in between the divided cells.

We wondered whether Mad2 mislocalization and per-
turbed spindle assembly checkpoint initially reported for
PICH knockdown cells (Baumann et al., 2007) might cause
DNA bridge formation and failed abscission. To address
this, we examined Mad2 localization in fixed cells and in
chromosome spreads. We did not observe any changes in
the kinetochore localization of Mad2 after PICH knockdown
in either fixed cells (Figure 8F) or chromosome spreads
(Figure 8G). Furthermore, we found that PICH-deficient
cells progressed through mitosis and entered anaphase with
similar kinetics as that in control cells (Figure 8H), in con-
trast to Mad2-deficient cells that clearly exhibited premature
anaphase entry (Figure 8H and Supplemental Figure 4).
Together, our data suggest that the anaphase DNA bridges
and the resultant failed abscission phenotypes of PICH
knockdown are probably a result of chromosome disorga-
nization in prometaphase that is independent of a Mad2-
dependent checkpoint mechanism.

DISCUSSION

Sister chromatid resolution is a stepwise process whereby
sister chromosomes are resolved from each other during
prophase, and complete resolution of sister chromatids is
required for chromosomes to separate during anaphase. In
this study, we showed that the chromosomal proteins PICH
ATPase and Plk1 kinase coordinately maintain sister chro-
mosome architecture during prometaphase and contribute
to chromosome resolution. A failure in chromosome resolu-
tion in PICH knockdown cells can lead to DNA bridge
formation and failed abscission.

Interestingly, prometaphase chromosome disorganization
in PICH knockdown cells could be prevented by treatment
with a Topo II inhibitor (Figures 4 and 7). This finding raises
the intriguing possibility that PICH normally suppresses
Topo II decatenating activity in prometaphase and that the
absence of PICH can lead to the improper activation of Topo
II that results in chromosome disorganization during pro-
metaphase. It is known that the decatenating activity of
Topo II in mitosis is crucial for chromosome compaction
during early prophase (Ishida et al., 1991; Gorbsky, 1994) as
well as anaphase chromosome separation (Clarke et al., 1993;
Gorbsky, 1994). Although the details are not yet clear, we
speculate that the PICH–Plk1 complex regulates Topo II
activity at these two distinct steps (Figure 9): First, the
PICH–Plk1 complex terminates Topo II activity after chro-
mosome compaction; and second, the PICH–Plk1 complex
inhibits Topo II function in chromosome decatenation be-
tween sister chromatids before their separation (Diaz-Mar-
tinez et al., 2008; Clarke and Lane, 2009; Nitiss, 2009). This
working model can partly explain how chromosome disor-
ganization occurs in PICH knockdown cells (Figure 4). Loss
of the PICH–Plk1 complex results in premature activation of
Topo II at prometaphase, which leads to prolonged chromo-
some condensation due to the failure of terminating the
early Topo II function. Concurrently, loss of the PICH–Plk1
complex also leads to premature chromosome arm opening
due to the inability to inhibit another Topo II function in
chromosome separation. The combination of loss of these

two Topo II-dependent functions in PICH knockdown cells
would result in the observed highly disorganized chromo-
somes (Figure 9), that is, more condensed and wavy chro-
mosomes where sister chromatid arms are X-shaped due to
the premature loss of arm cohesion. Our findings thus raise
the interesting possibility that the temporal inactivation of
Topo II at prometaphase by the PICH–Plk1 complex might
help Topo II to switch its tasks from chromosome conden-
sation to chromosome separation (Figure 9). The lack of a
temporal regulation of Topo II activity in PICH knockdown
cells would lead to the accumulation of unresolved DNA
links between chromosome arms early in mitosis that would
probably cause multiple mitotic defects later, such as persis-
tent DNA bridges and failed abscission (Figure 8). The pre-
cise mechanisms involved await further experimentation.

Overexpression of the GFP-PICH-TA mutant (Figure 3)
suggests that the Plk1 subpopulation that is targeted to the
chromosome arm by PICH contributes to the maintenance of
chromosome arm structure. Plk1 may phosphorylate down-
stream targets on chromosome arms to maintain chromo-
some arm structure. A recent study showed that Plk1 phos-
phorylates Topo II in vitro and cells expressing a Plk1
unphosphorylatable mutant Topo II showed chromosome
bridge formation in anaphase (Li et al., 2008). These findings
support our working model in which the PICH–Plk1 com-
plex regulates Topo II activity, albeit to inhibit Topo II
activity in prometaphase (Figure 9).

Our working model supports the presence of two Plk1
populations on the chromosome arm, one population that
accumulates during prophase and may be involved in the
bulk removal of cohesin during prophase (Losada et al.,
2002; Sumara et al., 2002; Gimenez-Abian et al., 2004; Hauf et
al., 2005), and one population that is recruited by PICH to
the chromosome arm during prometaphase to maintain
chromosome arm architecture (Figure 9). The notion of two
populations of Plk1 may explain in part why the morphol-
ogies of Plk1-deficient chromosomes by PICH knockdown
(disorganized chromosomes with open chromosome arms;
Figure 4) versus Plk1-depleted chromosomes by siRNA
(rod-shaped and closed chromosome arms; Gimenez-Abian
et al., 2004; Supplemental Figure 2) are extremely different.
The Plk1-depleted chromosomes after Plk1 siRNA have a
combined deficiency in both Plk1 subpopulations, where the
absence of bulk cohesin removal in prophase (early Plk1
function) may have masked improper chromosome arm

Figure 9. Working model for a PICH/Plk1 complex in maintain-
ing chromosome architecture. See text for details.
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opening in prometaphase (later PICH/Plk1 function in our
model), thus sister chromatid arms remain closed. This is
consistent with previous suggestions that cohesin removal
may be a prerequisite for sister-DNA decatenation (Losada
et al., 2002). Our study illustrate that differential targeting of
Plk1 subpopulations may be essential for mediating sequen-
tial events on the chromosome arm.

What regulates the accumulation and/or dissociation of
the PICH–Plk1 complex on the chromosome arm? Initially,
nuclear membrane breakdown might simply allow the
PICH–Plk1 complex access to chromosome arms and thus
generate a different Plk1 subpopulation along the chromo-
some arm. PICH may also be actively recruited to specific
sites along chromosome arms (Figure 1B). It is interesting to
speculate that the elevated level of PICH on chromosome
arms after Plk1 depletion (Baumann et al., 2007; Supplemen-
tal Figure 2) might be in response to the accumulation of
hypercondensed and unresolved catenated chromosomes.
As one way to terminate PICH–Plk1 function, phosphoregu-
lation on PICH may be crucial (Baumann et al., 2007). Check-
point silencing may gradually remove Cdk1 phosphoryla-
tion on PICH that serves as a docking site for Plk1 (Baumann
et al., 2007), thereby promoting the dissociation of Plk1 from
PICH in anaphase (Figure 1A). In our model, because the
PICH–Plk1 complex is primarily responsible for the negative
regulation of Topo II activity, the dissociation of Plk1 from
chromosomes may be sufficient to allow Topo II reactivation
to complete sister chromatid decatenation at the centromere
as well as on the chromosome arm.

PICH was originally suggested to be a spindle assembly
checkpoint protein that regulates Mad1–Mad2 interaction
(Baumann et al., 2007). However, a recent study by the same
group (Hubner et al., 2010) questioned the checkpoint func-
tion of PICH. Our data agree with the revised conclusion
that PICH does not have a spindle checkpoint function. We
did not observe mislocalization of Mad2 from the kineto-
chore in PICH-depleted cells (Figure 8, F and G), which
exhibited normal timing of anaphase entry, in contrast to the
premature anaphase onset observed in Mad2 knockdown
cells (Figure 8H). Our results show that Mad2-dependent
checkpoint is normal in PICH-depleted cells.

Although this study has focused primarily on PICH func-
tions on chromosome arms during prometaphase, PICH is
also localized at the centromere (Baumann et al., 2007) and
may also regulate chromosome resolution at the centromere
during anaphase. However, because centromeric catenation
at prometaphase was maintained even in the absence of
PICH (Figure 4), centromeric DNA decatenation must be
inhibited by an additional, probably checkpoint-dependent
mechanism (Gimenez-Abian et al., 2002). How the PICH–
Plk1 complex regulates chromosome decatenation between
sister chromatids on either chromosome arms (Funabiki et
al., 1993; Bhat et al., 1996; Sullivan et al., 2004; Spence et al.,
2007; D’Ambrosio et al., 2008) and/or centromeres remains
to be determined.
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