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ABSTRACT
Wip1 belongs to the protein phosphatase C (PP2C) family, of which expression is up-regulated by a number of external stresses, and serves as a
stress modulator in normal physiological conditions. When overexpressed, premature dephosphorylation of stress-mediators by Wip1 results in
abrogation of tumor surveillance, thus Wip1 acts as an oncogene. Previously, the functional regulation of Wip1 in cell-cycle progression by
counteracting cellular G1 and G2/M checkpoint activity in response to DNA damage was reported. However, other than in stress conditions, the
function and regulatory mechanism ofWip1 has not been fully determined. Herein, we demonstrated that protein regulation ofWip1 occurs in a
cell cycle-dependent manner, which is directly governed by APC/CCdh1 at the end of mitosis. In particular, we also showed evidence that Wip1
phosphatase activity is closely associated with its own protein stability, suggesting that reduced phosphatase activity of Wip1 during mitosis
could trigger its degradation. Furthermore, to verify the physiological role of its phosphatase activity duringmitosis, we established doxycycline-
inducible cell models, including a Wip1 wild type (WT) and phosphatase dead mutant (Wip1 DA). When ectopically expressing Wip1 WT, we
observed a delay in the transition frommetaphase to anaphase. In conclusion, these studies show that mitotic degradation ofWip1 by APC/CCdh1

is important for normal mitotic progression. J. Cell. Biochem. 116: 1602–1612, 2015. � 2015 Wiley Periodicals, Inc.
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The wild-type, p53-induced phosphatase 1 (Wip1, encoded by
PPM1D) was initially identified as a member of the protein

phosphatase 2C (PP2C) family of serine/threonine phosphatases,
which has Mg2þ-dependent phosphatase activity and is insensitive to
okadaic acid [Fiscella et al., 1997].Wip1 is induced in response to DNA
damage stimuli such as ionization radiation (IR), reactive oxygen
species (ROS) and other genotoxic agents in a p53-dependent manner
[Xia et al., 2009; Douarre et al., 2013]. Consequently, it is regarded as a
homeostatic modulator of a number of stress pathways because Wip1
preferably dephosphorylates pivotal stress-mediators with conserved
phosphorylationmoieties, i.e., p(S/T)Q or pTXpY site, including H2AX

(139pS), p53 (15pS), ATM (1981pS), Chk1 (345pS), Chk2 (68pT) and
p38 (180pT) [Yamaguchi et al., 2007; Cha et al., 2010; Ciccia and
Elledge, 2010; Lowe et al., 2012]. Thereby, when Wip1 is overex-
pressed, which is frequently observed in many types of cancers,
oncogenic progression can readily occur due to premature abrogation
of the tumor surveillance network [Lowe et al., 2012]. In addition,
other than in cancer or stress signaling, the functional role ofWip1 has
not been extensively explored. For example, Wip1 plays roles in
autophagy to control obesity and atherosclerosis [Le Guezennec et al.,
2012], in neutrophil migration and inflammation [Sun et al., 2014],
and even in heterochromatin silencing [Filipponi et al., 2013].
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Of interest, p(S/T)Q motifs in Wip1 substrates such as H2AX, p53,
Chk1 and Chk2 are mostly phosphorylated by PI3K-like kinases such
as ATM, which suggests that Wip1 may serve as a major phosphatase
to dampen the ATM-mediated stress response (e.g., cell cycle arrest at
G1 or G2) upon DNA damage [Yamaguchi et al., 2007]. A recent study
revealed that Wip1 contributes to recovery from G2 arrest by
modulating the p53-mediated gene response upon DNA damage
[Shaltiel et al., 2014].

Given that Wip1 controls ATM activity or ATM-dependent
substrate phosphorylation, a novel function of Wip1 is identified
when novel functions of ATM are disclosed [Le Guezennec et al.,
2012; Filipponi et al., 2013]. Although ATM-dependent G1 or G2
arrest after DNA damage has been well-characterized, the roles of
ATM during normal mitosis through ATM-dependent phosphoryla-
tion of mitotic proteins [Matsuoka et al., 2007] have only been
limitedly examined [Oricchio et al., 2006; Shen et al., 2006]. In a
previous study, ATMwas demonstrated to be important in the spindle
assembly checkpoint through phosphorylating Budding uninhibited
by benzimidazoles 1 (Bub1) [Yang et al., 2011], which suggests that
the phosphorylation status of mitotic substrates of ATM is also
important in controlling normal mitotic progression. Recently,
Macurek et al. [2013] demonstrated that a Wip1 protein with
decreased phosphatase activity is downregulated during mitosis and
that ectopic expression of Wip1 failed to influence normal mitotic
progression.

In this study, we also found that the expression levels of Wip1
phosphatase were decreased during mitosis and that its regulation
was mediated by APC/CCdh1-dependent protein degradation rather
than a change in transcriptional levels, as shown in a previous study
[Macurek et al., 2013]. Furthermore, by taking advantage of theWip1
inducible H2B-GFP-HeLa cell line, we found that timely induction of
Wip1 wild type (WT), but not a phosphatase-dead (DA) mutant,
during mitosis significantly delayed normal mitotic progression,
suggesting that timely reduction of its phosphatase activity or protein
level may be important for normal mitotic exit. Our results provide a
novel perspective in which the phosphorylation status of certain
mitotic targets of Wip1 would be necessary for normal mitotic
progression.

MATERIALS AND METHODS

CELL CULTURE
MCF7 and H2B-GFP-HeLa cells (expressing green fluorescent protein
(GFP)-fused Histone H2B protein), were maintained in DMEM
supplemented with 10% fetal bovine serum (FBS) and 50mg/ml
gentamycin (Gibco, 15750-060) at 37°C in a humidified 5% CO2

incubator. H1299 cells were maintained in RPMI Medium 1640
supplemented with 10% fetal bovine serum and 50mg/ml
gentamycin.

GENERATION OF Wip1 INDUCIBLE CELL LINES
CSIV-TRE-RfA-UbC-KT lentiviral plasmids expressing doxycycline-
inducible Wip1 WT or DA were constructed using Gateway
Technology with Clonase II (Invitrogen) as described previously
[Kurita et al., 2013]. The following primers were used: attB-Wip1-S:

50-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCACCATGGCGGG-
GCTGTACTCGCTG-30, attB-Wip1–AS: 50-GGGGACCACTTTGTACA-
AGAAAGCTGGGTCTCAGCAAACACAAACAGTTTT-30. The lenti-
viruses containing doxycycline-inducible Wip1 WT or DA were
produced using ViraPower Lentiviral expression system in 293FT
cells (Invitrogen). Briefly, 293FT cells were transfected with this
lentiviral plasmid and three packaging plasmids (pLP1, pLP2, and
pLP/VSVG) at a ratio of 1:3. The supernatants were collected at 48 h
post-transfection, filtered, and then transduced into HeLa-H2B-GFP
cells at a 1:1 ratio twice. The GFP/Kusabira-Orange double positive
cells were sorted by FACS.

REAGENTS AND ANTIBODIES
Nocodazole (Cat# M1404) and CCT007093 (Cat# C9369) were
purchased from Sigma–Aldrich. Thymidine (Cat# 194754) was
obtained from MP biomedical. MG132 (Cat# 474790) was bought
from Calbiochem. Cyclohexamide (Cat# 54646) was acquired from
Biomol. The anti-protein phosphatase 1D (PPM1D) antibody (A300-
664A) was acquired from Bethyl Laboratories. The antibodies against
ERK2 (Sc-154), proliferating cell nuclear antigen (PCNA) (Sc-56),
Cyclin B1 (Sc-245), Securin (Sc-56207), HA (Sc-7392), Myc (Sc-40),
b-actin (Sc-47778), and a-tubulin (Sc-8035) were obtained from
Santa Cruz Biotechnology, Inc. The anti-Histone H3 (phospho-Ser10)
antibodies for western blotting (LF-PA20214) and for flow cytometry
(ab14955) was bought from Abfrontier and Abcam, respectively. The
antibodies against pCDK2 (T160, #2561), cleaved poly (ADP-ribose)
polymerase (PARP) (#5625), phospho-H2AX (S139, #9718), cleaved
caspase 9 (#9505), and a/b tubulin (#2148) were purchased from Cell
signaling Technology.

CELL SYNCHRONIZATION
Cells were synchronized at the G1/S boundary using double
thymidine block (DTB). In brief, cells were initially treated with
2.5mM thymidine for 16 h. After removal of the thymidine, the cells
were incubated in fresh medium for 8 h, and then 2.5mM thymidine
as a final concentration was added for an additional 16 h. Following
removal of the thymidine, the cells were incubated in fresh medium,
and then harvested at respective time points. In order to perform the
thymidine-nocodazole block, cells were initially synchronized at the
G1/S boundary with 2.5mM thymidine for 24 h, and then incubated
in fresh medium including nocodazole (50 ng/ml) for 12 h. After
mitotic shake-off, the cells were released into fresh medium at
different time points.

WESTERN BLOTTING
Cells were rinsed in phosphate-buffered saline (PBS) twice, and then
lysed with tissue lysis buffer (TLB) (20mM Tris–HCl, pH 7.4, 137mM
NaCl, 2mMEDTA, 1% TritonX-100, and 10% glycerol) supplemented
with 0.2mM sodium vanadate and 1mM protease inhibitor cocktail
(Roche, 11873580001) on ice for 30min to extract soluble and
membrane-bound proteins. Approximately 10–20mg of total proteins
were separated on a 10% or 12% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
transferred to polyvinylidene fluoride (PVDF)-membrane, and then
blocked for 1–2 h in Tris-buffered saline with 0.1% Tween-20 (TBS-T)
with 5% non-fat dry milk. The membrane was incubated with specific
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primary antibodies (1:1000) in TBS-T at 4°C overnight, and then
washed in TBS-T for each 5min three times, followed by incubation
with HRP-conjugated secondary antibodies (1:10000) (Jackson
Immunoresearch Laboratories) at room temperature for 1 h. Finally,
immunoreactivity was measured by enhanced chemiluminescence
detection system (Amersham Biosciences).

IMMUNOPRECIPITATION AND IN VIVO UBIQUITYLATION ASSAY
Cells were rinsed with PBS twice, lysed in TLB, and centrifuged at
13,000 rpm at 4°C for 10min. Approximately 100–500mg of total
proteins were incubated with 1mg of specific primary antibodies at
4°C overnight, followed by addition of Protein G Sepharose (GE
health, 17-0618-01) or Protein A Sepharose (GE health, 17-0780-1)
beads, and then incubated at 4°C for an additional 4 h. The
precipitates were washed with TLB for each 20min three times,
and then separated by SDS-PAGE. Western blotting was conducted
using standard methods. For in vivo ubiquitylation assay, synchro-
nized cells by the thymidine-nocodazole block were treated with
5mM MG132 for 12 h before harvesting.

IMMUNOFLUORESCENCE
Cells were fixed with 4% paraformaldehyde for 10–15min, and then
permeabilized with 0.1% Triton X-100 in PBS for 5min. The fixed
cells were incubated for 1–2 h in TBS-T containing 3% bovine serum
albumin (BSA) for blocking, followed by incubation with the PPM1D
antibody (1:200) in TBS-T containing 3% BSA at 4°C overnight. The
cells were washed in TBS-T for each 5min three times, and then
incubated with the Alexa 594-conjugated secondary antibody (1:200)
and 0.5mg/ml 40,6-diamidino-2-phenylindole (DAPI) for cellular
DNA staining.

PLASMID DNA, siRNA OLIGONUCLEOTIDE AND RECOMBINANT
WIP1
HA-tagged ubiquitin, Myc-tagged Cell division cycle 20 (Cdc20) and
HA-tagged Cdh1 expression vectors were previously described [Cho
et al., 2012]. The day before transfection, cells were seeded at
approximately 5� 106 in 10-cm plates. In brief, 6mg of each plasmid
was transfected into cells using Lipofectamine 2000 (Invitrogen,
11668-027) in accordance with the manufacturer0s instruction. The
human Cdh1 siRNA (50-AATGAGAAGTCTCCCAGTCAG-30) was
previously described [Cotto-Rios et al., 2011]. The siRNA was
transfected into H2B-GFP-HeLa expressing inducible Wip1WT cells
in the presence of 0.1mg/ml doxycycline using Dharma-FECT
(Thermo Scientific) according to the manufacturer0s instructions.
The recombinant humanWip1 proteins were previously isolated from
bacteria [Belova et al., 2005].

QUANTITATIVE REAL-TIME PCR
Total RNA was extracted from cells using Total RNA Extraction Kit
(Intron, 17061), and then converted to cDNA using PrimeScript RT
Master Mix (Takara, RR036) in accordance with the manufacturer0s
instruction. The synthesized cDNAswere used as templates to perform
the real-time PCR with LightCycler 480 Instrument II (Roche) using
SYBR Premix Ex Taq (Takara, RR420) under the following conditions:
denaturation at 95°C for 30 s, followed by 40 cycles of 95°C for 5 s,
58°C for 15 s, and 72°C for 20 s. For validation of PCR, the amplified

products were separated on 2% agarose gel and then visualized via
ethidium bromide staining. Used gene-specific primers were as
follows: Wip1 (50-TACCTGAACCTGACTGACAG-30, 50-CGAGCTAT-
CTCAGCTGAAAC-30), b-actin (50-GTCCTCTCCCAAGTCCACAC-30,
50-GGGAGACCAAAAGCCTTCAT-30, GAPDH (50-GTGATGGCATG-
GACTGTGGT-30, 50-AAGGGTCATCATCTCTGCCC-30).

FLOW CYTOMETRY
Cells were initially synchronized with double thymidine block, and
then collected at respective time points after the release from this
block. The cells were washed in PBS twice, and then fixed with chilled
70% ethanol at 4°C overnight. The fixed cells were rinsed in PBS
twice, and then incubatedwith RNaseA (60mg/ml, Invitrogen, 12091-
021) and propidium iodide (40mg/ml, Sigma, P4170) at 37°C for
30min in dark room, followed by analyzed on a BD FACSCalibur
(BD Biosciences). For measuring the pHH3-positive cells, cells were
fixed in ice-cold 80% methanol drop by drop at 4°C overnight. The
fixed cells were permeabilized 0.25% Triton X-100 in PBS for 5min
on ice, and then incubated with 5mg/ml anti-Histone H3 (phospho
S10) antibody in PBS containing 1% BSA at 4°C overnight with
gentle agitation. Following washing with PBS, the cells were
incubated with 1.2mg/ml anti-mouse Peridinin chlorophyll protein
(PerCP)-conjugated secondary antibody (F0114) in PBS containing
1% BSA at room temperature for 1 h, washed with PBS, and analyzed
by the flow cytometer.

LIVE-CELL IMAGING
H2B-GFP-HeLa cells were synchronized at the G1/S boundary by
double thymidine block. The arrested cells were incubated on the
microscope in CO2-independent medium (Invitrogen) supplemented
with 10% FBS, 100U/ml penicillin G, and 0.1mg/ml streptomycin at
37°C in a 5% CO2 chamber. Time-laps images were acquired using a
Nikon eclipse Ti with a 20� 1.4 NA Plan-Apochromat objective every
5min for 24 h. Images were captured with an iXonEMþ897 Electron
Multiplying CCD camera and controlled using NIS elements Ar
microscope imaging software.

STATISTICAL ANALYSIS
Graphical data are presented as mean� SD. Statistical significance
among three groups and between groups were determined using
one-way or two-way analysis of variance (ANOVA) following
Bonferroni multiple comparison post-test and Student0s t-test,
respectively.

RESULTS

CELL CYCLE-SPECIFIC Wip1 REGULATION
To determine Wip1 protein levels during the cell cycle, the MCF7 cell
line, which is a breast cancer cell line highly expressing Wip1
[Bulavin et al., 2002], was synchronized at the G1/S boundary by a
double thymidine block (DTB) and then released back into normal cell
cycle. At 13 h after release from this block, the levels of phospho-
Histone H3 (pHH3, S10) increased, indicating mitosis. In contrast, the
levels of Wip1 protein significantly decreased at 13 h post-thymidine
release (Fig. 1A). For more precise cell cycle synchrony, HeLa S3 cells,
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which widely used in normal cell cycle study, were utilized.
Consistently, the levels of Wip1 protein were maintained for several
hours after G1/S release and began to disappear at mitosis, as
evidenced by the dramatic increase in the pHH3 levels at 9–12 h. Of
note, Wip1 protein level, which was significantly decreased at 10 h,
was slightly recovered by just 1 h pretreatment of MG132, a
proteasome inhibitor (Fig. 1B). To confirm that the cell cycle was
synchronized correctly under this experimental condition, each stage
of the cell cycle of HeLa S3 cells was further determined by flow
cytometric analysis after G1/S release. As shown in Figure 1C, timely
progression of the cell cycle was observed at 4 h (S phase), 7 h (G2
phase), 9 h (mitosis), 12 h (end of mitosis) and 14 h (G1 phase) post-
thymidine release, supporting that Wip1 was downregulated during
mitosis in a timelymanner.We further investigated which sub-phases

during mitosis were considerably responsible for Wip1 down-
regulation. To answer this question, MCF7 cells were synchronized
at prometaphase by a thymidine-nocodazole block, and most mitotic
cells were collected by mitotic shake-off, while G2 cells were simply
acquired from the remaining adherent cells [Cho et al., 2012].
Interestingly, the levels of Wip1 protein in mitosis appeared to be
markedly reduced until 1 h post-nocodazole release and then
increased in G1 phase. Both significantly reduced levels of Securin
and Cyclin B1 with constant levels of phospho-Histone H3 (pHH3,
S10) showed that a time course of 1 h post-nocodazole release
represented the anaphase during mitosis (Fig. 1D). Therefore, these
data indicate that Wip1 expression levels begin to be specifically
reduced at mitosis during the cell cycle, in particular, metaphase-to-
anaphase transition.

Fig. 1. Wip1 decreases at mitosis during the cell cycle. (A) MCF7 and (B) HeLa S3 cells were synchronized at the G1/S boundary and then released until the indicated time points.
Western blotting was performed using the indicated antibodies, and 10mM MG132 was incubated for 1 h before harvesting. The band intensity of Wip1 was normalized against
a/b tubulin and then presented. (C) The cell cycle synchrony of HeLa S3 cells was analyzed by flow cytometry with propidium iodide. The percentage of cells in the different phases
at each respective time was represented by a stacked bar graph (right panel). (D) MCF7 cells were synchronized by a thymidine-nocodazole block. Samples were collected at the
indicated times after mitotic shake-off and subjected to immunoblotting analysis. PCNA served as a protein-loading control.
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UBIQUITIN DEPENDENT DOWN REGULATION OF Wip1 DURING
MITOSIS
To test the possibility that Wip1 mitotic downregulation results from
the suppression ofWip1 mRNA expression, we determined the mRNA
levels during the cell cycle by real-time PCR analysis. However, there
was no remarkable change in the Wip1 mRNA levels during the cell
cycle in HeLa S3 cells (Fig. 2A).

As mitotic protein downregulation is mostly governed by
ubiquitin-mediated proteolysis during cell cycle control [Nakayama
and Nakayama, 2006; Teixeira and Reed, 2013], it is readily surmised
that Wip1 would also undergo ubiquitin-mediated proteolysis during
mitosis. To prove this hypothesis, we utilized MG132, to rescue the
protein from ubiquitin-mediated proteolysis. Because mitotic pro-
gression can also be affected byMG132 treatment, whichwould block

proper, timely proteolysis of mitosis-specific proteins within cells, an
in vitro cell-free system was adopted to measure the effect of MG132
onWip1 protein degradation and exclude undesirable bias. As shown
in Figure 2B, the Wip1 recombinant protein was markedly reduced
when it was incubated with mitotic cell lysate compared to that from
G1/S phase, with clear phosphorylation of nucleophosmin (NPM),
which only occurs during mitosis [Cha et al., 2004; Zhang et al.,
2004]. In contrast, the degradation of Wip1 was markedly reduced by
MG132 treatment in the mitotic cell lysate as well as in vivo cell
system (Fig. 1B), indicating that Wip1 underwent proteasome-
dependent degradation during mitosis. To further examine whether
Wip1 is subject to ubiquitination, Wip1 expression was induced in a
doxycycline (Dox)-inducible cell line (H1299 cells) [Cha et al., 2010]
after HA-ubiquitin was introduced, and ubiquitination of Wip1 was

Fig. 2. Wip1 is down-regulated by the ubiquitin-proteasome pathway. (A) HeLa S3 cells were synchronized by a DTB, released with fresh media, and then harvested at G1/S phase
(0 h), G2 phase (7 h), and mitosis (10 h). The extracted RNAs were quantified by real-time PCR analysis.b-actin for loading control. Immunoblot data show each phase of cell cycle.
(B) RecombinantWip1 proteins were incubated with G1/S or mitotic lysates from 293T cells in the absence or presence of 10mMMG132 for 2 h in vitro. pNPMwas used as amitotic
marker. MCM7 was used for equal protein loading. (C) Ectopically expressed HA-ubiquitin in H1299 cells was immunoprecipitated (IPed) with HA antibody. The Wip1 protein
(induced by 0.5mg/ml Dox) level in HA-ubiquitin immunoprecipitates after induction in the absence or presence of 5mMMG132 was determined by subsequent immunoblotting
analysis. (D) Wip1 was IPed from G2 or mitotic cells of inducible iWip1-H2B-GFP-HeLa Wip1 cells after HA-ubiquitin expression and subjected to immunoblotting for
HA-ubiquitin.
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monitored by immunoprecipitation (IP) using the anti-HA antibody
followed by immunoblotting (IB) with Wip1 antibody. Wip1 binding
to ubiquitin was clearly observed when Wip1 was induced (Fig. 2C).
As it is plausible to investigate the ubiquitination of Wip1 protein
relative tomitosis, we further utilized H2B-GFP-HeLa cells tomonitor
mitotic phase. We introduced the CSIV-TRE-RfA-UbC-KT vector
[Kurita et al., 2013] containing the Wip1 wild type (WT) or Wip1
phosphatase dead mutant (DA) [Cha et al., 2010] into H2B-GFP-HeLa
cells to generate Wip1-inducible HeLa cell lines. Due to the presence
of humanized Kusabira-Orange 1 (hKO1) fluorescent protein, H2B-
GFP-HeLa cells transfected with the CSIV-TRE-RfA-UbC-KT vector
were detected well using red fluorescence (Red, Fig. S1A). Cells
expressing inducible Wip1 WT or DA vectors were further treated
with various concentrations of Dox to determine a concentration for
the equivalentWip1 expression betweenWT and DA (WT: 0.05mg/ml
and DA: 0.5mg/ml of Dox) (Fig. S1B). Upon Dox treatment, Wip1
expression appeared to be retained for 16 h and then decreased
thereafter (Fig. S1C). By taking advantage of the newly established,
Wip1-inducible H2B-GFP-HeLa cells (iWip1-H2B-GFP-HeLa), we
examined the mitosis-specific ubiquitination of Wip1. HA-ubiquitin
was first introduced into iWip1-H2B-GFP-HeLa cells, and the cells
were then subjected to DTB followed by nocodazole with Dox
treatment to collect only the mitotic population using mitotic shake-
off. The undetached population during mitotic shake-off can be
considered the G2 population [Cho et al., 2012]. Wip1 induced by Dox
treatment at G1/S was equivalently expressed in the G2 and mitotic
populations (Fig. 2D, the first panel). Extracted Wip1 was then
subjected to IB for HA to determine the associated ubiquitination
level. As predicted, multiple ubiquitination signals were significantly
increased in Wip1 extracted from the mitotic population than that of
the G2 population (Fig. 2D).

INVOLVEMENT OF APC/CCDH1 IN WIP1 DOWN-REGULATION
Cell cycle-regulatory E3 ligases play an important role in degradation
of the cell-cycle machinery [Peters, 1998]. In particular, APC/CCdc20 or

Cdh1 specifically govern mitotic regulatory proteins as well as Cyclins,
of which timely degradation is essential for the onset of the
metaphase-anaphase transition [Peters, 2002; Peters, 2006; Man-
chado et al., 2010]. To examine the involvement of either Cdc20 or
Cdh1 in endogenous Wip1 mitotic degradation, MCF7 cells were
transfected with Cdc20 (C20) or Cdh1 (C1) in the absence or presence
of MG132. Immunoblot analysis showed that the Wip1 protein levels
were also decreased by Cdh1 (Fig. 3A). Furthermore, the suppressed
Wip1 protein levels were recovered by incubation with MG132,
indicating that Wip1 expression was regulated by a Cdh1-dependent
proteasomal degradation pathway. As Cdc20- as well as Cdh1-
dependent APC activity is supposedly fully activated during mitosis,
endogenous Wip1 downregulation by Cdh1 would also occur during
mitosis. For this reason, the Wip1 protein levels were monitored in
mitotic MCF7 cells collected by shake-off after transfection of either
Cdc20 or Cdh1. Consistent with the result in Figure 3A, the Wip1
protein levels under Cdh1 expression were also reduced as similar as
that of Cdc20, while MG132 treatment rescued Wip1 downregulation
(Fig. 3B). Therefore, Wip1 ubiquitination upon ectopic expression of
ubiquitin should be increased in the presence of Cdh1 activity during
mitosis. When Cdh1 and ubiquitin were co-transfected into iWip1-

H2B-GFP-HeLa cells in the presence of Dox, the ubiquitination of
ectopic Wip1 was clearly increased without affecting the cell cycle,
while the level of phosphorylated BubR1, which occurs duringmitosis
due to the action of Plk1 [Elowe et al., 2007], remained unaltered
regardless of Cdh1 or ubiquitin expression (Fig. 3C). Level of
ubiquitination toward Wip1 between Cdc20 and Cdh1 appeared to be
comparable when Cdc20 or Cdh1 was co-transfected with ubiquitin
(Fig. S2). When Cdh1-siRNA-transfected iWip1-H2B-GFP-HeLa cells
in the presence of Dox were released from G2/M, the Wip1 protein
levels were markedly increased and sustained throughout mitosis
when compared to the control. Cyclin B1, a known-target of Cdh1-
mediated APC action [Raff et al., 2002], was used as a positive control
(Fig. 3D). To evaluate if Wip1 can be a direct target of the APC/CCdh1

ubiquitin ligase, we next attempted to find the recognition motifs of
APC/CCdh1, such as a destruction box (D-box) or a KEN-box, using the
GPS-ARM software (http://arm.biocuckoo.org/faq.php) [Liu et al.,
2012]. From the results, we were able to predict that human Wip1
has a D-box with a consensus sequence of RxxL (where X is any
amino acid) at amino acids 76–79 (data not shown). Based on the
prediction, mitotic Wip1 downregulation may be governed by
direct interaction between APC/CCdh1 and Wip1. Thereby, the protein
interaction between Cdh1 and Wip1 was examined. As shown in
Figure 3E and 3F, Wip1 was found to directly interact with Cdh1.
These data indicate that APC/CCdh1 is responsible for Wip1
ubiquitination and degradation during mitosis.

THE EFFECT OF THE PHOSPHATASE ACTIVITY OF WIP1 ON
ITS STABILITY
Wip1 protein downregulation during diverse events other than the
cell-cycle process was reported inmultiple studies [Zhang et al., 2010;
Crescenzi et al., 2013]. We also observed that the Wip1 protein levels
were markedly downregulated after ultra-violet (UV) exposure [Lee
et al., 2014]. Of note, we also observed that Wip1 chemical inhibitor
treatment facilitated Wip1 protein downregulation [Lee et al., 2014],
suggesting that Wip1 protein downregulation might be controlled by
its own phosphatase activity. Supporting this idea, Wip1 phosphatase
activity during mitosis, when Wip1 is subject to protein degradation,
was weakened by increased phosphorylation of Wip1 by active CDK1
[Macurek et al., 2013]. Therefore, we surmised that loss of Wip1
phosphatase activity would be linked to a signal for Wip1
degradation. To validate the previous observation, MCF7 cells were
treated with CCT007093 (CCT), a commercially available chemical
inhibitor of Wip1 [Rayter et al., 2008]. Interestingly, the levels of
Wip1 protein were significantly reduced by treatment with CCT
compared to the control, and the Wip1 protein level remained
unaltered by CCT treatment in the presence of MG132 (Fig. 4A). In the
same condition, Wip1 mRNA levels remained constant, showing that
Wip1 phosphatase activity can affect its own integrity at the post-
translational level (Fig. 4B). Thus, these results suggest that inhibition
of Wip1 phosphatase activity could trigger the molecular machinery
to promote Wip1 destruction. To avoid off-target effects of CCT on
JNK activity, which could introduce unexpected bias in Wip1
downregulation, as shown previously in cells with low expression of
Wip1 [Lee et al., 2014], we next took advantage of the Wip1 WT- and
DA-inducible system. The half-lives of equivalently induced Wip1
WT and DA by Dox treatment were determined after treatment with
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CHX. As shown in Figure 4C, the DA mutant, which showed no
apparent phosphatase activity toward p38 [Bulavin et al., 2004], as
well as H2AX [Cha et al., 2010] (Fig. S1D) were more promptly
degraded compared to WT (Fig. 4C). The half-life of DA mutant was
close to 4 h, whereas that of Wip1 was close to 8 h (Fig. 4C). Taken
together, these data demonstrate that downregulation ofWip1 during
mitosis correlates with the loss of its phosphatase activity.

ESSENTIAL ROLE OF WIP1 DOWN-REGULATION AT THE
METAPHASE-ANAPHASE TRANSITION
Considering the fact that a number of mitotic regulatory proteins,
such as Plk1 and Cyclin B1, are supposed to be degraded by APC/C
duringmitosis, we surmised that timelyWip1mitotic downregulation
would also be important for proper mitotic progression once their

timely mitotic action became dispensable. Given that ATM is
activated during mitosis and serves as an important mitotic regulator
[Yang et al., 2011], ATM-dependent phosphorylation (pS/TQ motif),
which targets a common site withWip1 [Yamaguchi et al., 2007], may
remain sustained when Wip1 undergoes protein degradation. Thus,
timely induction of Wip1 WT, but not DA, during mitosis, which may
alter various protein phosphorylation statuses, could affect mitotic
progression. Such an assumption could be well supported by recent
data showing that mitotic Wip1 phosphatase activity is significantly
weakened by Cyclin-dependent kinase 1 (Cdk1)-dependent phos-
phorylation [Macurek et al., 2013].

To prove the effect of prolonged phosphatase action of Wip1
toward mitotic progression, iWip1-H2B-GFP-HeLa cells were
synchronized at G1/S and released back to the normal cycle with

Fig. 3. APC/CCdh1-dependent Wip1 down-regulation. The Wip1 protein levels in asynchronous MCF7 cells (A) and mitotic lysates (B) expressing either Myc-Cdc20 or HA-Cdh1
were determined by immunoblotting analysis. MG132 (10mM) was added for 6 h. ERK2 (A) or PCNA (B) served as protein-loading controls. The band density of Wip1 was
quantified versus ERK2 (A) and PCNA (B), respectively. (C) HA-Cdh1 and/or HA-ubiquitin were expressed in iWip1-H2B-GFP-HeLa cells. The ubiquitin level of Wip1 was
determined by IP for Wip1 followed by IB for HA-ubiquitin. b-actin served as a protein-loading control. (D) The mitotic Wip1 protein levels after mitosis release (0.5 h) were
determined in iWip1-H2B-GFP-HeLa cells transfected with mock (siCont) or Cdh1 siRNA (siCdh1) in the presence of Dox (0.1mg/ml). ERK2 served as a protein-loading control. (E)
iWip1-H2B-GFP-HeLa cells were transfected with HA-Cdh1 in the presence of Dox (0.5mg/ml). HA-Cdh1 was IPed, andWip1 binding was determined by IB with a Wip1 antibody.
(F) 293T cells were co-transfected with HA-Cdh1 and Flag-Wip1. Flag-Wip1 was IPed, and reciprocal interaction of Cdh1 was confirmed by IB with a HA antibody.
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concomitant expression of Wip1 WT or DA by Dox treatment. As
described in Figure 1C and S1C,Wip1 induction was distinct from 8 to
16 h after Dox treatment, which is when cells are ready to exit from
mitosis. As shown in Figure 5A, flow cytometric analysis revealed
that ectopic expression of WT or DA showed no noticeable change in
the cell population at each cell-cycle phase when compared to the
control, as previously described by Macurek et al. [2013]. To more
closely examine mitotic progression, the pHH3-positive population
after G1/S release was determined by flow cytometry. The results
revealed that the expression of Wip1 WT, but not DA, during mitosis
decreased the peak percentage of the mitotic population (Fig. 5B);
these results were contrary to a previous observation [Macurek et al.,
2013]. To resolve this discrepancy, the mitotic duration of each
individual cell timely expressingWT or DA expression in iWip1-H2B-
GFP-HeLa cells was determined by time-lapse microscopy. To our
surprise, a significant delay of mitotic progression, especially
between metaphase and anaphase, was manifested by mitotic
induction of Wip1 WT, but not DA (Fig. 5C). Statistical analysis of
the mitotic duration of more than 50 independent cells of each group
showed that Wip1 WT-expressing cells significantly retarded mitotic
progression compared to the control (Fig. 5D). Detailed assessment
of the timing of mitotic sub-phases, such as ‘nuclear envelope
breakdown (NEB) to metaphase’, “metaphase to anaphase” and

“anaphase to chromosome decondensation (G1)”, indicated that the
expression of Wip1 WT, but not DA, significantly delayed the
transition from metaphase to anaphase, which was consistent with
the results in Figure 5C (Fig. 5E) and when Wip1 was subject to
APC/Cdh1-dependent mitotic degradation (Figs. 1–3). In conclusion,
mitotic downregulation of Wip1 and/or loss of its phosphatase
activity are important pre-requisites for normal mitotic progression.

DISCUSSION

Mitosis is tightly regulated due to sequential phosphorylation and
dephosphorylation of mitotic regulatory proteins, which emphasizes
the pivotal roles of the timely action of not only kinases but also
phosphatases during mitosis [Novak et al., 2010; Hunt, 2013;
Seshacharyulu et al., 2013]. In particular, Cdk1 and Cdc25B/C serve a
major mitotic kinase and phosphatase, respectively, that predomi-
nantly control mitotic phosphorylation and dephosphorylation
events. In addition, recent studies revealed that mitotic activation
of stress kinases, such as ATM [Yang et al., 2011], CHK1/2 [Kramer
et al., 2004; Stolz et al., 2010; Tang et al., 2006] or p38 [Cha et al.,
2007], occurs and their activation is engaged in normal mitotic
progression. Thereby, perturbation of the timely phosphorylation

Fig. 4. The phosphatase activity ofWip1 determines its stability. (A) MCF7 cells were treated with 20mMCCT007093 for 24 h in the absence or presence of 10mMMG132 for 6 h
before harvesting. The Wip1 protein levels were determined by IB analysis. PCNA served as a protein-loading control. (B) The mRNA levels of Wip1 after treatment with DMSO or
20mMCCT007093were quantified by real-time PCR (top panel) and RT-PCR analysis (bottom pane). GAPDH served as an equal RNA loading control. (C) Equal levels ofWip1WT or
DA were induced in iWip1-H2B-GFP-HeLa cells, and their protein stabilities after CHX treatment at the indicated times were determined by IB for Wip1. PCNA served as an equal
protein-loading control (top panel). The relative band density was measured by a Fusion SOLO chemiluminescence imaging system, and the relative level is presented as a graph
(bottom panel).
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Fig. 5. Wip1 degradation failure delays the anaphase transition. Wip1 WT or DA was induced in iWip1-H2B-GFP-HeLa cells after being released from a DTB. (A) The cell cycle
profiles at the indicated times were monitored by flow cytometry with propidium iodide staining. (B) The mitotic index 9 h after release from a DTB was determined by flow
cytometry with pH3 (S10). The percentage of the pH3 level is depicted in the graph. (C) Images were captured every 5min to monitor the mitotic progression of iWip1-H2B-GFP-
HeLa cells after WT or DA induction. Still frames from time-lapse movies of representative cells are shown. (D and E) The duration from nuclear envelop breakdown (NEB) to the
formation of a metaphase chromosome (“NEB toMetaphase”), frommetaphase to anaphase (“Meta to Ana”), and anaphase to G1 (“Ana to G1”) were determined at each condition
(Mock, WT and DA) (n> “30 to 60”). The duration of each sub-phase is presented as a “scatter plot with bar” graph (n/s: not significant, � < 0.05, �� < 0.001).
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status of downstream substrates of such stress kinases leads to either
premature mitotic kinase activation [Kramer et al., 2004; Tang et al.,
2006], increased chromosome instability [Stolz et al., 2010] or proper
onset of mitotic checkpoints [Lee et al., 2010; Yang et al., 2011]. To
tightly regulate the phosphorylation status, the proper action of
kinases as well as phosphatases should be strictly controlled.

In the present study, we demonstrated that Wip1 phosphatase,
whose expression is dependent on a variety of stress stimuli and who
serves as a major phosphatase to remove active phosphorylation for
homeostasis [Lowe et al., 2012], is downregulated duringmitosis (Fig. 1)
in a Cdh1-dependent manner (Fig. 3). Most importantly, unlike the
previous study [Macurek et al., 2013], disturbance of Wip1 down-
regulation by mitotic Wip1 induction clearly delayed the metaphase to
anaphase transition (Fig. 5). Of note, the aforementioned stress kinases,
including ATM, CHK1/2 and p38, which are novel mitotic regulators,
are common substrates ofWip1 phosphatase under the stress condition
[Lowe et al., 2012]. Thereby, a sustained phosphorylation status of these
stress mediators or their downstream molecules, such as Bub1 [Yang
et al., 2011] or Plk1 [Tang et al., 2006], during mitosis by timely
deactivation following downregulation of Wip1 may be important for
proper mitotic progression. It is noteworthy that among the 700
putative ATM or ATM substrates under the DNA damage condition, a
number of proteins in the spindle assembly checkpoint, such as Bub1,
Mad1, Sgo1 andMad2BP, are newly identified as putative substrates of
ATM or ATR [Matsuoka et al., 2007]. Considering induction of Wip1
WT, but not DA, during mitosis could significantly weaken ATM-
dependent phosphorylation (Fig. S1D), lesser phosphorylation of those
molecules during mitosis may be associated with delay of the
metaphase to anaphase transition during Wip1 WT induction
(Fig. 5C and D). Accordingly, monitoring the alteration of the pS(pT)
Q phosphorylation status duringmitosis after induction ofWT or DA in
iWip1-H2B-GFP-HeLa cells would be an interesting approach to
identify novel mitotic regulators whose phosphorylation statuses are
able to address the mitotic delay during Wip1 induction. Such an
interesting possibility remains to be verified in future studies.

In summary, we showed evidence that Wip1 underwent Cdh1-
dependent proteolysis during mitosis and sustained Wip1 activity
during mitosis, resulting in mitotic delay at the metaphase to
anaphase transition. Therefore, we suggest that timely degradation of
Wip1 phosphatase by APC/Ccdh1 is required for normal mitotic
progression.
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