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p21Waf1/Cip1 deficiency causes multiple mitotic defects
in tumor cells
N-N Kreis1, M Sanhaji1, MA Rieger2,3,4,5, F Louwen1 and J Yuan1

As a multifaceted molecule, p21 plays multiple critical roles in cell cycle regulation, differentiation, apoptosis, DNA repair,
senescence, aging and stem cell reprogramming. The important roles of p21 in the interphase of the cell cycle have been
intensively investigated. The function of p21 in mitosis has been proposed but not systematically studied. We show here that p21 is
abundant in mitosis and binds to and inhibits the activity of Cdk1/cyclin B1. Deficiency of p21 prolongs the duration of mitosis by
extending metaphase, anaphase and cytokinesis. The activity of Aurora B is reduced and the localization of Aurora B on the central
spindle is disturbed in anaphase cells without p21. Moreover, HCT116 p21� /� , HeLa and Saos-2 cells depleted of p21 encounter
problems in chromosome segregation and cytokinesis. Gently inhibiting the mitotic Cdk1 or add-back of p21 rescues segregation
defect in HCT116 p21� /� cells. Our data demonstrate that p21 is important for a fine-tuned control of the Cdk1 activity in mitosis,
and its proper function facilitates a smooth mitotic progression. Given that p21 is downregulated in the majority of tumors, either
by the loss of tumor suppressors like p53 or by hyperactive oncogenes such as c-myc, this finding also sheds new light on the
molecular mechanisms by which p21 functions as a tumor suppressor.
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INTRODUCTION
p21 is the founding member of the cyclin-dependent kinase
inhibitors (CKIs).1–4 It binds to and inhibits both Cdk/cyclin
complexes and PCNA as a critical negative regulator of the cell
cycle.5,6 p21 induction, regulated through p53-dependent1 and
-independent pathways,7 is essential for the onset of cell cycle
arrest in DNA damage response and cell senescence. Using mouse
models, p21 has been proven as an inhibitor of cell proliferation
and as a tumor suppressor.8–12 However, new evidences have
revealed its novel functions in the control of cell motility, in the
regulation of apoptosis, in transcriptional activation and in
maintaining stem cell potential.13–16 In contrast to the negative
cell cycle regulation, p21 inhibits apoptosis and serves as an
assembly factor at low concentrations for Cdk4/6/cyclin D,
pointing to a dual role for p21 as both a tumor suppressor and
an oncogene.13,17

Most of the functional work of p21 has been focused on its role
in regulating the S phase arrest by inhibiting Cdk2 and by
blocking DNA synthesis in response to DNA damage and other
types of cellular stress.5,6 In the G2/M transition, studies on p21 are
concentrated on the response to genotoxic stress by inhibiting
Cdk2/Cdk1.18–20 Interestingly, compared to other Cdk complexes,
p21 is inefficiently bound to Cdk1/cyclin B1 and thus insensitively
affects the activity of the cyclin B1-associated kinase.2,3,21

However, several lines of evidence point to a direct role of p21
for Cdk1/cyclin B1 in the absence of DNA damage: functionally,
enforced expression of p21 inhibits the entry into mitosis,22

reduced p21 accelerates the entry into mitosis in fibroblasts23 and
phosphorylated p21 is involved in regulating the activity of Cdk1/
cyclin B1.24 Spatially, p21 transiently re-accumulates in the nucleus

near the G2/M boundary and associates with a fraction of Cdk1/
cyclin B1 complexes in non-transformed fibroblasts.23 Catalytically,
the cyclin B-associated kinase activity is reduced upon induction
of p21 in vivo.22 Phenotypically, overexpression or knockout of p21
induces polyploidy, particularly when the mitotic spindle is
disrupted with nocodazole.25–27 Hence, the data imply that p21
may play important roles in mitosis. However, systematic studies
are lacking to fundamentally decipher the function of p21 in
mitotic progression. In this work we have addressed this issue.

RESULTS
p21 is abundant in mitosis and facilitates a smooth mitotic
progression
To address whether p21 is important for efficient progression
through mitosis, human breast carcinoma MCF7 (p53 wild-type),
cervix carcinoma HeLa (p53 inactive) and osteosarcoma Saos-2
(p53 deficient) cells were synchronized to the G1/S boundary and
prometaphase, respectively. Compared to non-synchronized and
G1/S arrested cells, amounts of p21, accompanied by slowly
migrating bands, still appeared in prometaphase extracts in all
three cancer cell lines regardless of the p53 status (Figure 1a), in
line with the observation that p21 is phosphorylated in G2 and
early mitosis.24 Moreover, HeLa and MCF7 cells treated with
antimitotic agents, like paclitaxel, Polo-like kinase 1 (Plk1) inhibitor
BI 2536 or BI 6727, exhibited the phosphorylated p21 bands in
mitosis (Figure 1b). These results suggest that p21 is abundantly
present in mitosis, in particular, when mitotic cells face stress.
To address whether p21 plays a direct role in mitotic progression,

the isogenic colon cancer cell lines HCT116 with wild-type p21
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(HCT116 p21þ /þ ) and without p21 (HCT116 p21� /� ) were taken
for further analysis, as they comprise comparable cellular context
except the p21 status and are well characterized.28,29 Cells were
synchronized to the late G2 phase with RO-3306, a specific reversible
Cdk1 inhibitor,30 and released into fresh medium to allow cells to
pass through mitosis. At indicated time points, cells were harvested
for cell cycle measurement and for western blot analysis. Like
HCT116 p21þ /þ cells (Figure 1c, 0 h), HCT116 p21� /� cells were
arrested in G2 (Figure 1f, 0h) after incubation with RO-3306.
Importantly, while the majority of HCT116 p21þ /þ cells went to
the G1 phase 1.5 h post release (Figures 1c and d), a great proportion
of HCT116 p21� /� cells were still arrested at the G2/M even 6h

post release (Figures 1f and g), indicating that cells without p21
were not able to smoothly progress through and exit mitosis.
Further, western blot analysis corroborated a mitotic arrest in HCT116
p21� /� cells by showing increased levels of mitotic proteins Plk1
and cyclin B1 6h post release (Figure 1h), compared to HCT116
p21þ /þ cells (Figure 1e). The synchronization experiment was also
performed with a double thymidine block and release demonstrating
a similar tendency that HCT116 p21� /� cells needed more time to
exit mitosis than their partner HCT116 p21þ /þ cells
(Supplementary Figure 1A–F). The data strengthen the notion that
p21 is important for an accurate mitotic progression and HCT116
cells face problems during mitosis in the absence of p21.
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Figure 1. p21 is present in mitosis and facilitates a smooth mitotic progression. (a) Western blot analysis. MCF7, HeLa and Saos-2 cells were
non-treated (C), synchronized to the G1/S boundary with a double thymidine block (T) or to prometaphase with thymidine/nocodazole
treatment (N) and cellular extracts were prepared for western blot analysis with antibodies as indicated. b-actin served as loading control.
(b) Western blot analysis. HeLa or MCF7 cells were treated with nocodazole (noc, 50 ng/ml), paclitaxel (pacli, 50 nM), the Plk1 inhibitor BI 2536
(50 nM) or BI 6727 (50 nM) for 16 h and cellular extracts were prepared for western blot analysis with antibodies as indicated. con: cellular
extracts from control cells without any treatment. b-actin served as loading control. (c) Cell cycle profile of HCT116 p21þ /þ cells. Cells were
synchronized to late G2 with RO-3306 and released into fresh medium. At indicated time points, cells were harvested for cell cycle analysis.
(d) Quantification of cell cycle distribution in (c). (e) HCT116 p21þ /þ cells were treated as in (c) and western blot analyses were carried out
with antibodies as indicated. C: control cellular lysates. b-actin served as loading control. (f ) Cell cycle profile of HCT116 p21� /� cells. Cells
were synchronized to late G2 with RO-3306 and released into fresh medium. Cells were harvested for cell cycle analysis at indicated time
points. (g) Quantification of cell cycle distribution in (f ). (h) HCT116 p21� /� cells were treated as in (f ) and western blot analyses were
carried out with antibodies as indicated. C: control cellular lysates. b-actin served as loading control.

Function of p21 in mitosis
N-N Kreis et al

5717

& 2014 Macmillan Publishers Limited Oncogene (2014) 5716 – 5728



HCT116 p21� /� cells exhibit an extended duration of the cell
cycle and mitosis
In comparison with HCT116 p21þ /þ cells, HCT116 p21� /�
cells expanded much slowly in culture (Figure 2a). The results
suggest that depletion of p21 hinders, possibly indirectly, smooth
proliferation of HCT116 cells. To closely examine the role of p21 in
the cell cycle, time-lapse imaging in living cells was carried out in
HCT116 cells with fluorescent histones (H2B-tdTomato). In line
with the observation in Figure 2a, tracking individual cells by time-
lapse microscopy showed that HCT116 p21� /� cells took 4 h
more to complete a cell cycle than HCT116 cells with p21
(Figure 2b). Not only the cell cycle but also mitosis, from
chromosome condensation with round-up cell shape to the
formation of the cytoplasm membrane of two daughter cells,
was prolonged in p21-deficient HCT116 cells. 8.3% of HCT116

p21� /� cells had an extreme long mitosis with more than
90min (Figure 2d). The remaining 92% of HCT116 p21� /� cells
still needed 20% more time to complete mitosis (average of
44.5min), whereas HCT116 p21þ /þ cells showed an average
mitosis of 37.1min (Figures 2c and e).

p21 binds to and inhibits Cdk1/cyclin B1 in mitosis
In response to genotoxic stress, p21 interferes with the activity of
Cdk1/cyclin B1 at the G2/M transition.20,23,31 We were wondering
whether p21 directly binds to and inhibits the activity of Cdk1/cyclin
B1 in mitosis. HCT116 cells were synchronized to prometaphase
and shake-off cells were reseeded with fresh medium for 65min
to reach late metaphase. Cellular extracts were prepared for
immunoprecipitation with antibody against cyclin B1. p21 was
obviously bound to Cdk1/cyclin B1 complex in late metaphase
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Figure 2. HCT116 cells exhibit a prolonged cell cycle and extended mitosis in the absence of p21. (a) HCT116 p21� /� cells expand more slowly
than HCT116 p21þ /þ cells. Cells were seeded in 96-well plates and viable cells in each well were measured at indicated time points. The results are
presented as mean±s.d. and statistically analyzed. **Po0.01. This experiment was independently performed three times. (b) The duration of a cell
cycle. HCT116 cells stably marked with H2B-tdTomato were examined by time-lapse imaging at 5min image intervals. Time (hour) for each cell cycle
was evaluated (n¼ 30 cells of each cell line). The results are presented as mean±s.d. and statistically analyzed. ***Po0.001. (c) The duration of mitosis,
captured by time-lapse imaging at 3min image intervals, was evaluated (n¼ 390 cells of each cell line, based on three independent experiments). The
results are presented as mean±s.e.m. and statistically analyzed. *Po0.05. (d) Mitotic cells with extreme long duration were calculated (n¼ 390 cells of
each cell line, based on three independent experiments). Extreme long mitosis was defined as more than 90min. The results are presented as
mean±s.e.m. and statistically analyzed. **Po0.01. (e) Representative pictures of mitotic cells from both cell lines. Scale: 10mm.
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(Figure 3a). Importantly, p21 directly inhibited the activity of Cdk1/
cyclin B1 in HCT116 p21þ /þ cells, compared to HCT116 p21� /�
cells (Figure 3b). This association of p21 with Cdk1/cyclin B1 in
mitosis was also observed in mitotic MCF7 and HeLa cells
(Figure 3c). To address how long p21 interacted with Cdk1/cyclin
B1, HCT116 cells were again synchronized to prometaphase and
shake-off cells were reseeded for 0, 0.5, 1, 1.5, 2 and 4h. Lysates
were harvested for western blot analysis. p21 was present
throughout mitosis (Figure 3d). Moreover, p21 was associated with
the complex of Cdk1/cyclin B1 even in late mitosis in HCT116 cells
(Figure 3e). Our data further highlight the notion that p21 is a
negative regulator of Cdk1/cyclin B1 in mitosis by directly binding to
and inhibiting the catalytic activity of Cdk1/cyclin B1.

Loss of p21 induces mitotic defects
We next asked why mitosis was prolonged instead of shortened in
the absence of the Cdk inhibitor p21. To address this point, we took
a closer look into the mitotic progression by evaluating the time of
each sub-phase of mitosis via time-lapse microscopy. While the
time for prophase and prometaphase appeared comparable
between HCT116 cells with and without p21, HCT116 p21� /�
cells had an extended metaphase (Figure 4a and Supplementary
Figure 1G). The results indicate that cells are able to manage to pass
through prophase and prometaphase but get stuck at metaphase
in the absence of p21. Moreover, the time for anaphase and

cytokinesis was definitely prolonged in HCT116 without p21
(Figure 4a). The anaphase, the major extended sub-phase of mitosis
in HCT116 p21� /� cells, attracted our attention. To explore the
reason for prolonged anaphase, HCT116 cells were synchronized to
the late G2 phase with RO-3306 and released into fresh medium for
75min. The major problem in HCT116 cells without p21 was
defective chromosome segregation, mainly lagging chromosomes
(Figure 4b). The observation was further underscored by a
double thymidine block and release: 47.8% of HCT116 p21� /�
cells and 23.3% of HCT116 p21þ /þ cells displayed abnormal
chromosome segregation, respectively (Figure 4c). To verify
this phenotype in other cell lines, HeLa and Saos-2 cells
were transiently depleted of p21 with siRNA targeting p21
(Figures 4f and i, respectively) and were synchronized to mitosis.
Compromised chromosome segregation was enhanced in HeLa
and Saos-2 cells depleted of p21 (Figures 4d, e, g and h,
respectively). The results further underscore that p21 is important
for successful chromosome segregation and the absence of p21
results in mitotic defects, which extend the duration of mitosis.

Localization and activity of Aurora B are not changed in
metaphase in HCT116 p21� /� cells
Aurora B is responsible for correcting error attachments of
microtubule-kinetochore at metaphase and further for faithful
chromosomal segregation at anaphase. In order to fulfill these
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Figure 3. p21 binds to and inhibits Cdk1/cyclin B1 in mitosis. (a) Immunoprecipitation. Cells were treated with nocodazole for 16h and the shake-
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antibody against cyclin B1. The precipitates were separated by western blotting and probed with antibodies as indicated. Non-immunized IgG
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in vitro. Immunoprecipitations were carried out as in (a) and the precipitates were used for kinase assay with the specific substrate GST-MCAK 1-
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respectively. Quanti: the phospho-signals were quantified, relative to the amounts of precipitated cyclin B1 and the substrate MCAK.
(c) Immunoprecipitation using cyclin B1 antibody with mitotic extracts from MCF7 and HeLa cells. The precipitates were separated by western
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prepared for western blot analysis with antibodies against cyclin B1 and p21. C: untreated. b-actin served as loading control.
(e) Immunoprecipitation. HCT116 p21þ /þ cells were treated as described in (d) and lysates at 1, 1.5 and 2h were used for immunoprecipitations
with antibody against cyclin B1. The precipitates were analyzed by western blotting with antibodies targeting cyclin B1, Cdk1 and p21.
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mitotic tasks, Aurora B is found to be associated with chromosome
arms at prometaphase, localizes at the centromeres at metaphase
and is recruited to the central spindle at early anaphase.32 To
investigate the reasons for defective chromosomal segregation,

the localization of Aurora B was at first examined in metaphase
cells of both cell lines using confocal laser scanning microscopy.
Compared to HCT116 p21þ /þ cells, we could not observe an
obvious change of Aurora B localization at the centromeres in
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HCT116 cells without p21 (Figure 5a). Moreover, using the anti-
centromere antibody staining, the distance of the sister centro-
meres at metaphase, a functional marker for the Aurora B activity,

was comparable between both cell lines (Figure 5b). The data
suggest that loss of p21 does not affect the localization and
function of Aurora B in metaphase of HCT116 cells.
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Figure 5. While the localization and activity of Aurora B are barely changed in metaphase, the activity of Aurora B is reduced in early anaphase
in HCT116 cells without p21. (a) HCT cells were synchronized with a double thymidine treatment and released into fresh medium. 9 h later
cells were incubated with the proteasome inhibitor MG-132 (10 mM) for 90min to arrest cells in metaphase. Cells were then fixed and stained
with indicated antibodies and examined by confocal laser scanning microscopy. Representative pictures were shown for each cell line. Scale:
5mm. (b) Upper panel: evaluation of the distance between sister centromeres. Cells were treated as in (a) and the length of paired ACA (anti-
centromere antibody) staining was evaluated (n¼ 50 pairs of each cell line) with the LAS AF software. Lower panel: example of ACA staining
from each cell line. Scale: 5 mm. Insets show representative sister centromeres with 2.5-fold magnification. (c) HCT116 cells were synchronized
to prometaphase and the shake-off cells were reseeded with fresh medium for 65min (noc shake) to reach early anaphase. Cellular extracts
were analyzed by western blotting with indicated antibodies. con: cellular lysates from non-synchronized cells as control. b-actin served as
loading control. (d) Kinase assay in vitro. HCT116 cells were treated as in (c) and cellular extracts were prepared for immunoprecipitations with
Aurora B antibody. The precipitates were used for kinase assay with the specific substrate GST-MCAK 1-263. Upper panel: autoradiogram.
Lower panel: Coomassie staining for loading control. The phospho-signals were quantified as percentage, relative to the levels of precipitated
Aurora B and the substrate MCAK. (e) Precipitated Aurora B was analyzed by western blotting as input control for kinase assay.

Figure 4. Lack of p21 extends the sub-phases of mitosis and induces defective chromosome segregation. (a) Time evaluation for each sub-phase
of mitosis, based on the data obtained by time-lapse imaging at 3.5min intervals (n¼ 50 cells per each cell line). The results are presented as
mean±s.d. and statistically analyzed between HCT116 p21þ /þ and HCT116 p21� /� . *Po0.05, ***Po0.001. P: prophase, PM: prometaphase,
M: metaphase, A: anaphase, T: telophase, CY: cytokinesis. (b) Defect in chromosome segregation. HCT116 p21� /� cells were synchronized with
RO-3306 treatment and released to fresh medium for 75min. Cells were then fixed and stained with antibodies as indicated and examined by
confocal laser scanning microscopy. Arrow: lagging chromosome. Scale: 5mm. (c) Anaphase HCT116 p21� /� cells, synchronized by double
thymidine block and release, were analyzed (n¼ 90) and the results are presented as mean±s.d. **Po0.01. (d) HeLa cells were treated with
siRNA p21 and synchronized to mitosis by RO-3306 treatment and release. Cells were fixed and stained with antibodies as indicated and studied
by confocal laser scanning microscopy. Arrow: lagging chromosome. Scale: 5mm. (e) Control anaphase HeLa cells (sicon) or HeLa cells depleted of
p21 (sip21) were evaluated (n¼ 90 per condition) and the results are presented as mean±s.d. (f ) Western blot analysis as control for siRNA
treatment. b-actin served as loading control. (g) Saos-2 cells were treated with control siRNA (sicon) or siRNA targeting p21 (siRNA p21) and
synchronized to mitosis. Cells were fixed and stained with antibodies as indicated and studied by confocal laser scanning microscopy. Arrow:
lagging chromosome. Scale: 5mm. (h) Control anaphase Saos-2 (sicon) or Saos-2 cells depleted of p21 (sip21) were evaluated (n¼ 90 per
condition) and the results are presented as mean±s.d. (i) Western blot analysis as control for siRNA treatment. b-actin served as loading control.
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Decreased activity of Aurora B in anaphase in HCT116 p21� /�
cells
We then wondered about the kinase activity of Aurora B in early
anaphase. HCT116 cells were synchronized to prometaphase and
shake-off cells were reseeded with fresh medium for 65min to
reach the transition of metaphase to anaphase, indicated by
degradation of mitotic proteins cyclin A and Emi1 and reduced
level of cyclin B1 (Figure 5c). At this time point, the lysates were
prepared for immunoprecipitations with antibodies against Aurora
B. The amounts of precipitated Aurora B from both cell lines were
comparable (Figure 5e). The precipitates were subjected to kinase
assays in vitro using the amino-terminus and neck domain (1-263
amino acids) of MCAK, the mitotic centromere-associated kinesin,
as specific substrate for Aurora B. Interestingly, the activity of
Aurora B in anaphase cells was reduced to 62% in HCT116 cells
without p21 compared to that in HCT116 cells with p21 (Figure 5d).

Localization of Aurora B is altered in early anaphase in HCT116
cells without p21
Interestingly, not only the activity but also the staining of Aurora B
in early anaphase was altered: Aurora B was easily detectable and
finely aligned on the central spindle in HCT116 p21þ /þ cells,
whereas the staining of Aurora B on the central spindle was often
weak, diffused and discontinued in HCT116 cells without p21
(Figure 6a). Further evaluation showed that 25.6% of HCT116
p21� /� cells displayed altered staining of Aurora B on the
central spindle, compared to 5.6% in HCT116 p21þ /þ cells
(Figure 6c). The same experiments were also performed in HeLa
cells depleted of p21 and similar results were obtained (Figures 6b
and d). Given that microtubule ends are concentrated at the
central spindle, we reasoned that the weak/diffused staining of
Aurora B on the central spindle in the cells depleted of p21 could
be resulted from a reduced recruitment of Aurora B to the
microtubule ends of the central spindle. To test this hypothesis, an
established experiment33 was performed: monopole spindles in
HCT116 cells were induced with monastrol, the kinesin Eg5
inhibitor,34 and the localization of Aurora B to the microtubule tips
was examined. HCT116 cells without p21 displayed a much
weaker staining of Aurora B on the ends of microtubules than that
in HCT116 cells with p21 (Figure 6e). The results suggest that p21
impacts, possibly indirectly, the recruitment of Aurora B on the
central spindle of the early anaphase cells.
To study the reason for the diffused Aurora B staining, we next

examined the localization of INCENP, which is responsible for the
localization of the CPC on the central spindle in anaphase. Yet, in
comparison with HCT116 p21þ /þ cells, the staining of INCENP
seemed not to be changed in HCT116 p21� /� cell lines
(Supplementary Figure 2A), although the recruitment of INCENP
from the centromeres to the central spindle was obviously
disturbed in anaphase cells with chromosomal segregation
defects (Supplementary Figure 2A, last row). To find out why
normal INCENP recruitment was not accompanied by a proper
localization of Aurora B on the central spindle, immuno-

precipitations using an antibody against INCENP were carried out
with cellular extracts from early anaphase cells. Intriguingly, the
affinity of INCENP to Aurora B was reduced in HCT116 p21� /�
cells (Figure 6f). We assumed that different post-modifications,
such as phosphorylation, could account for the reduced binding
affinity of INCENP to Aurora B. To this end, we were not able to find
a different phosphorylation status of INCENP or Aurora B in
anaphase between both cell lines because of low sensitivity and
specificity of the currently available phospho-antibodies. None-
theless, the results imply that INCENP, the direct interacting partner
of the CPC with the mitotic kinesin-like protein 2 (MKLP2) on the
central spindle, binds improperly to Aurora B and leads possibly to
its deregulated localization on the central spindle. Further
investigations are required to define the molecular mechanisms
by which Aurora B is not able to recruit to the central spindle in
early anaphase in the absence of p21.
Survivin is an important member of the CPC and is responsible

for Aurora B localization at the centromeres in metaphase. Its
staining on the central spindle in anaphase cells was not much
altered in both cell lines (Supplementary Figure 2B). In addition,
the stain intensity of MKLP2, critical for the CPC recruitment to the
central spindle by binding to INCENP, was hardly changed in
anaphase cells of HCT116 p21� /� (Supplementary Figure 2C).

Cytokinesis defect in cells depleted of p21
Our next focus was to look for the molecules possibly responsible
for extended cytokinesis in cells with p21 deficiency. One major
structure change at the anaphase onset is the central spindle
assembly. For this process, MKLP1 plays an important role by
bundling the plus ends of antiparallel microtubules and is
essential for the initiation and completion of cytokinesis.35,36 To
study if MKLP1 is correctly localized on the central spindle in
anaphase, synchronized HCT116 cells were stained for MKLP1.
Interestingly, an obviously weaker staining of MKLP1, very often
associated with discontinuity and diffusion, was displayed on the
central spindle in HCT116 cells without p21, compared to
cells with p21 (Figures 7a and b). Moreover, diffused staining
was also observed in HeLa cells depleted of p21 with siRNA
(Figures 7c and d). The results imply that cancer cells are not
capable of properly collecting MKLP1 to the central spindle in the
absence of p21, directly or indirectly.
The staining of the Rho family GTPase-activating protein Cyk4

(MgcRacGAP), the member of the centralspindlin complex and of
PRC1, the protein regulator of cytokinesis 1, was however
comparable on the central spindle of anaphase cells in both
HCT116 cell lines (Supplementary Figures 3A and B). The similar
staining pattern of PRC1 was also observed in HeLa cells with or
without p21 (Supplementary Figure 3C).
Finally, since a timely recruitment of MKLP1 is important for

proper central spindle formation and for cytokinesis progression,
we evaluated next the percentages of cells with defective
cytokinesis. Compared to HCT116 p21þ /þ cells, HCT116

Figure 6. Weak staining of Aurora B in early anaphase cells without p21. (a) HCT cells were synchronized with RO-3306 treatment, fixed and
stained with indicated antibodies. Representative pictures were presented. Scale: 5 mm. (b) HeLa cells were treated with control siRNA (sicon)
or siRNA targeting p21 (sip21), then synchronized and released into anaphase. Cells were stained for DNA, Aurora B, centromeres (ACA: anti-
centromere antibody) and tubulin. Scale: 5mm. (c) HCT cells were also synchronized with a double thymidine block and then released in fresh
medium for 10 h. Cells were then fixed and stained as in (a). Weak and diffused staining of Aurora B on the central spindle was quantified
(n¼ 90 anaphase cells of each cell line). The results are presented as mean±s.d. ***Po0.001. (d) Quantification of weak and diffused staining
of Aurora B on the central spindle from (b) (n¼ 90 anaphase cells per condition). The results are presented as mean±s.d. **Po0.01.
(e) HCT116 cells were treated overnight with monastrol (50 mM) and retained in metaphase with medium containing the proteasome inhibitor
MG-132 for 2 h. 30Min prior to the fix, cells were incubated with microtubule stabilizer paclitaxel (1 mM) and the Cdk1 inhibitor RO-3306 (9 mM).
Cells were stained for tubulin, Aurora B, centromeres (ACA) and DNA. Representatives from confocal laser scanning microscopy were
presented. Scale: 5 mm. (f ) HCT116 cells were synchronized to prometaphase with nocodazole treatment and the shake-off cells were reseeded
in culture dishes with fresh medium for 65min to reach early anaphase. Cellular extracts were prepared for immunoprecipitation with INCENP
antibody and the precipitates were analyzed by western blotting with indicated antibodies. Non-immunized IgG (IgG) was taken as negative
control. b-actin and the light chain served as loading controls for input and precipitates, respectively.
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p21� /� cells showed 8.1% more multi/binuclear cells (Figures
7e and f). In addition, the percentages of bi-nucleated cells were
also increased in Saos-2 and HeLa cells depleted of p21 (Figures

7g–i, and Figures 7j–l, respectively). Our data underscore the
notion that p21 facilitates successful cytokinesis, in accordance
with a previous study.29
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Inhibition of Cdk1 or rescue with p21 restores the phenotype
We next wondered if increased activity of Cdk1 is indeed
responsible for failures in late mitosis observed in cells without
p21. To address this issue, mitotic HCT116 p21� /� cells were
treated with 100 nM RO-3306, the Cdk1 inhibitor (Figure 8a). This
low dose is based on the dose kinetics (Supplementary Figures 4A
and B) to ensure a gentle inhibition of Cdk1 without inducing cell
cycle arrest or mitotic slippage. The segregation defect in treated
cells was rescued upon 1 h treatment with a low dose of RO-3306,
compared to non-treated cells (Figures 8b and c). Moreover, the
weak/diffused staining of Aurora B and MKLP1 on the central
spindle was also decreased (Figures 8d–f). To corroborate these
results HCT116 p21� /� cells were added back with pBI-p21, a
bidirectional expression vector expressing both p21 and a green
fluorescent protein as transfection marker. Green fluorescent cells
were evaluated for segregation defect. Relative to HCT116 parent
cells, 21.1% of HCT116 p21� /� cells demonstrated segregation
failure after transfection with the control vector, whereas only
2.2% of HCT116 p21� /� cells displayed this defect upon add-
back of pBI-p21 (Supplementary Figure 4C–E). The data under-
score the notion that the loss of p21, consequently a relatively
hyperactive Cdk1 in late mitosis, is responsible for the mitotic
defects in cells without p21.

DISCUSSION
In the present study, we show that p21 is important for fine-tuned
control of the Cdk1 activity, which is a prerequisite for an errorless
expiry throughout mitosis. The Cdk1 activity is dynamically
regulated during mitosis: it is low for entering mitosis, increases
at prometaphase, reaches its peak at metaphase and is sharply
reduced at the onset of anaphase by degradation of its regulatory
subunit cyclin B1.37–39 The Cdk1/cyclin B1 activation is positively
amplified by several feedback loops,39 including cyclin B1
phosphorylation by Plk1.40 However, the negative control over
Cdk1 in mitosis is not well understood. We show here that p21 is
abundant in prometaphase (Figure 1a), consistent with a previous
report,24 increases upon mitotic stress (Figure 1b) and keeps its
level throughout mitosis (Figures 1e and 3d and Supplementary
Figure 1C). Furthermore, p21 directly interacts with and inhibits
Cdk1/cyclin B1 even in late metaphase (Figures 3a, b and e), where
cyclin A is already degraded. In addition, the binding of p21 with
Cdk1/cyclin B1 is also easily observable in mitotic MCF7 and HeLa
cells (Figure 3c). Based on these and other data,22–24,29 we
propose that p21 plays an important role in controlling the activity
of Cdk1 in mitosis. p21 regulates Cdk1 and allows its activity to
gradually reach the peak at metaphase till the turnover of its
majority in prometa/metaphase.41 The remaining low activity of
Cdk1 in late mitosis must also be under control, possibly by p21
and phosphatases, as a slight expression of non-degradable cyclin

B1 blocks the final stage of cytokinesis,38,42 or Cdk1AF-expressing
cells exit mitosis-like state without carrying out cytokinesis.43 In
accordance with this notion, our data show that p21 binds to
Cdk1/cyclin B1 even in late mitosis (Figure 3e). Moreover,
deficiency of p21 prolongs the duration of mitosis (Figures 1c–h
and 2c–e and Supplementary Figures 1A-F) by extending
metaphase, anaphase and cytokinesis (Figure 4a). Loss of p21
results in severe mitotic defects, such as lagging chromosome
(Figures 4b–i) and failed cytokinesis (Figures 7e–l). These results
are further underscored by a recent report suggesting that lack of
p21 may extend the duration of mitosis in normal cells.44

Importantly, gently inhibiting Cdk1 in mitosis for only 1 h rescues
segregation defect (Figures 8a–c) and decreases the weak/diffused
staining of Aurora B and MKLP1 on the central spindle of anaphase
cells (Figures 8d–f). Given that p21 is able to directly bind to Cdk1/
cyclin B1 under genotoxic stress18,31 and different phosphorylation
status of p21 impacts its association with and the activity of
Cdk1/cyclin B1,24 we propose that the binding affinity of p21 to
Cdk1/cyclin B1 could be changed upon stress, which is possibly
involved in the post-modifications of p21. Collectively, our
data, together with previous observations,18,22–24,29 strongly
suggest that p21 is an important regulator for Cdk1/cyclin
B1, and its proper function facilitates an errorless progression
of mitosis.
Unexpectedly, HCT116 cells without p21 display a reduced

activity of Aurora B in early anaphase (Figure 5d). It could be
associated with a still highly active Cdk1/cyclin B1 complex in late
metaphase/early anaphase in cells without p21 (Figure 3b), as
Cdk1 affects, directly or indirectly, the activity of Aurora B by
interacting with Aurora B itself,45 its regulatory subunits
survivin,46,47 INCENP48 and Borealin.49 We assume that different
phosphorylation status or other post-modifications of the CPC
subunits could be linked to the reduced activity of Aurora B in late
metaphase/early anaphase (Figure 5d). Unfortunately, it is
currently not possible to define the phosphorylation status of
each subunit of the CPC, due to low specificity and sensitivity of
available human phospho-antibodies. In addition, decreased
binding affinity of INCENP to Aurora B (Figure 6f) could also
contribute to the reduced activity of Aurora B (Figure 5d).
Moreover, while the localization and the function of Aurora B at
the centromeres are not affected in metaphase (Figures 5a and b),
the recruitment of Aurora B to the central spindle is hampered in
early anaphase in HCT116 cells without p21 or HeLa cells depleted
of p21 (Figure 6). This could be partially explained by the fact that
the activity of Aurora B is reduced in cells without p21 (Figure 5d),
since a high level of Aurora B activity is required for its recruitment
to the central spindle at anaphase onset.50 Additionally, decreased
binding affinity of INCENP to Aurora B (Figure 6f) could also
contribute to the weak and diffused staining on the central
spindle in cells depleted of p21. Nevertheless, our data imply that
the loss of p21 may indirectly affect the function of Aurora B in

Figure 7. Weak MKLP1 staining and cytokinesis defects in cells deficient of p21. (a) HCT116 cells were treated with a double thymidine
block and released into fresh medium for 10 h. Cells were then fixed and stained with indicated antibodies and examined by fluorescence
microscopy. Representative cells were shown. Scale: 5mm. (b) The MKLP1 staining on the central spindle was evaluated (n¼ 90 anaphase
cells from each cell line) and the results are presented as mean±s.d. **Po0.01. (c) HeLa cells were depleted of p21, treated and stained
as in (a). Example cells were shown. Scale: 5 mm. (d) The MKLP1 staining on the central spindle was evaluated (n¼ 90 anaphase cells from
HeLa cells treated with control siRNA (sicon) or siRNA targeting p21 (sip21)) and the results are presented as mean±s.d. **Po0.01. (e) HCT116
cells were treated with a double thymidine block and released for 10 h. Cells were then stained as indicated and examined by fluorescence
microscopy. Representative cells were shown. Scale: 10 mm. (f ) Multi/binuclear HCT116 cells were counted (n¼ 270 cells of each cell line).
The results are presented as mean±s.d. **Po0.01. (g) Saos-2 cells were treated with control siRNA (sicon) or siRNA against p21 (sip21)
and synchronized with RO-3306 treatment. Cells were stained as indicated and evaluated by confocal laser scanning microscopy.
Representatives are shown. Scale: 10mm. (h) Bi/multinucleated Saos-2 cells were counted (n¼ 500 cells per condition). The results
are presented as mean±s.d. **Po0.01. (i) Western blot analysis with p21 antibody as siRNA treatment control. b-actin served as loading
control. (j) HeLa cells were treated with control siRNA (sicon) or siRNA against p21 (sip21) and synchronized with RO-3306 treatment.
Cells were stained as indicated and evaluated by confocal laser scanning microscopy. Representatives are shown. Scale: 10 mm.
(k) Bi/multinuclear HeLa cells were counted (n¼ 300 cells per condition). (l) Western blot analysis with p21 antibody as siRNA treatment
control. b-actin served as loading control.
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Figure 8. A low dose of Cdk1 inhibitor or add-back of p21 reduces mitotic defects in HCT116 p21� /� cells. (a) Illustration of experimental
schedule. 100 nM RO-3306 was used for one hour to gently inhibit mitotic Cdk1. (b) Treated cells were stained for tubulin, DNA and
pericentrin. Representative examples are presented. White arrows: failed chromosome segregation. Scale bar: 5mm. (c) Evaluation of
failed chromosome segregation in control or RO-3306-treated HCT116 p21� /� cells, relative to HCT116 p21þ /þ cells (n¼ 150 anaphase
cells per condition). The results are presented as mean±s.d. **Po0.01. (d) Treated cells were also stained for Aurora B, tubulin and
DNA. Representative examples are presented. Scale bar: 5mm. (e) Evaluation of the weak/diffused staining of Aurora B on the central
spindle in control or RO-3306-treated HCT116 p21� /� cells, relative to HCT116 p21 þ /þ cells (n¼ 270 anaphase cells per condition,
based on three independent experiments). The results are presented as mean±s.e.m. *Po0.05. (f ) Evaluation of the weak/diffused
staining of MKLP1 in control or RO-3306-treated HCT116 p21� /� cells (n¼ 90 anaphase cells per condition). The results are presented
as mean±s.d. *Po0.05.
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mitosis, which is in line with a recent report that depletion of p21
rescues the premature mitotic exit in Aurora B-null cells.44 Further
investigations are needed to delineate the precise molecular
mechanisms by which the activity and localization of Aurora B is
disturbed in anaphase cells without p21.
Furthermore, we observed a defective recruitment of MKLP1 to

the central spindle in early anaphase in cells deficient of p21
(Figures 7a–d). MKLP1 and the Rho family GAP Cyk4 (MgcRacGAP)
form the centralspindlin complex required for central spindle
assembly. Cdk1 phosphorylates the motor domain of MKLP1, which
diminishes the motor activity by reducing its affinity for micro-
tubules.51 Thus, the weak staining of MKLP1 on the central spindle
in cells without p21 (Figures 7a–d) could be partly ascribed to the
relatively high activity of Cdk1 in late metaphase (Figure 3b),
which is supported by the observation that a gentle inhibition of
mitotic Cdk1 for only 1 h improves the signal of MKLP1 on the
central spindle (Figure 8f). Similar to MKLP1, PRC1 is also
inhibited by phosphorylation of Cdk1, which blocks the recruit-
ment of PRC1 to the central spindle.52,53 However, the
recruitment of PRC1 to the central spindle seems to be
unaffected in cells without p21 (Supplementary Figures 3B and
C). The results suggest that the localization of MKLP1 and PRC1 to
the central spindle could be regulated by different thresholds of
the Cdk1 activity, or PRC1 is additionally regulated by other
mitotic kinases, such as Plk1.54 Reduced Aurora B activity and
defective recruitment of Aurora B and MKLP1 to the central
spindle could affect the structure and stability of the central
spindle by impairing the RhoA activity and lead further to
problems in late mitosis and cytokinesis. Indeed, our data clearly
demonstrate that cancer cells without p21 exhibit mitotic defects
and cytokinesis failure (Figures 4b–i and 7e–l), which could be
rescued, at least partially, by gently inhibiting Cdk1 or adding
back of p21 (Figure 8 and Supplementary Figures 4C–E),
indicating that a relatively high active Cdk1 in late mitosis is
possibly to be in charge of the defects.
Collectively, like the function of p21 in the G2/M transition, p21

is an important regulator for Cdk1/cyclin B1 in mitosis and supports
an efficient and accurate mitotic progression. Loss/downregulation
of p21 results in defects in mitosis. p21 expression is promoted by
numerous tumor suppressors, like p53,1,55 and repressed by many
oncogenes, such as c-myc.56 Consistent with its regulation, p21 is
downregulated in the majority of tumors. Abnormal chromosome
segregation and defective cytokinesis in cells deficient in p21 could
contribute to chromosomal instability and promote oncogenesis.
Thus, this finding also sheds new light on the molecular
mechanisms by which p21 functions as a tumor suppressor.

MATERIALS AND METHODS
Cell culture, synchronization and cell cycle analysis
MCF7, HeLa, Saos-2, HCT116 p21þ /þ and HCT116 p21� /� cells were
cultured as instructed. Cells were synchronized to the G1/S boundary by a
double thymidine block and to prometaphase by thymidine/nocodazole
treatment as described.57 To arrest cells in G2, cells were treated with
the specific Cdk1 inhibitor RO-3306 (9mM) for 18 h and released into
fresh medium. BI 2536 and BI 6727 were purchased from Selleck Chemicals
LLC (Houston, TX, USA). Paclitaxel, monastrol and MG132 were obtained
from Sigma-Aldrich (Taufkirchen, Germany). Cell cycle was analyzed as
described.57

Western blot analysis, immunoprecipitation and kinase assay
in vitro
Cells were lysed in RIPA buffer and western blot analysis was performed, as
previously described.57 Information of antibodies used for western blot
analyses is documented in the Supplementary Information. Immunopre-
cipitation was carried out as described.57 GST-tagged MCAK 1-263 and 1-
592 as substrates were expressed and purified as described.58 Kinase assay
in vitro was performed as described.57

siRNA transfection, cell proliferation assay and time-lapse imaging
siRNA (10–20 nM) was transiently transfected as described,57–59 and its
sequence is shown in the Supplementary Information. Cell proliferation
assays were carried out as described.60 The generation of the stable cell
line HCT116 with H2B-tdTomato and the construct pBI-p21 and
performance of time-lapse image are described in the Supplementary
Information.

Indirect immunofluorescence microscopy and confocal laser
scanning microscopy
Indirect immunofluorescence staining was performed as described.58,61

Antibodies used for staining are detailed in the Supplementary
Information. Slides were examined using an Axio Imager 7.1 microscope
(Zeiss, Göttingen, Germany) and images were taken using an AxioCam
MRm camera (Zeiss). Intercentromeric distances of metaphase cells were
measured using the LAS AF software (Leica, Heidelberg, Germany). The
immunofluorescence stained slides were further examined by a confocal
laser scanning microscope (CLSM) (Leica CTR 6500, Munich, Germany).

Statistical analysis
Student’s t-test (two tailed and paired) was used to evaluate the
significance of difference between two groups. Difference was considered
as statistically significant when Po0.05.

ABBREVIATIONS
Cdk1, cyclin-dependent kinase 1; CPC, chromosomal passenger
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sin; MKLP, mitotic kinesin-like protein; PRC1, protein regulator of
cytokinesis 1.
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