Cellular and Molecular Life Sciences (2021) 78:2821-2838

https://doi.org/10.1007/500018-020-03665-x Cellular and Molecular Life Sciences
ORIGINAL ARTICLE q
Check for
updates

Wip1 controls the translocation of the chromosomal passenger
complex to the central spindle for faithful mitotic exit

Xianghua Zhang' - Ji Eun Park’ - Eun Ho Kim? - Jihee Hong' - Ki-Tae Hwang? - Young A. Kim* - Chang-Young Jang'

Received: 10 March 2020/ Revised: 12 August 2020 / Accepted: 5 October 2020 / Published online: 16 October 2020
© Springer Nature Switzerland AG 2020

Abstract

Dramatic cellular reorganization in mitosis critically depends on the timely and temporal phosphorylation of a broad range
of proteins, which is mediated by the activation of the mitotic kinases and repression of counteracting phosphatases. The
mitosis-to-interphase transition, which is termed mitotic exit, involves the removal of mitotic phosphorylation by protein
phosphatases. Although protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) drive this reversal in animal cells,
the phosphatase network associated with ordered bulk dephosphorylation in mitotic exit is not fully understood. Here, we
describe a new mitotic phosphatase relay in which Wip1/PPM1D phosphatase activity is essential for chromosomal pas-
senger complex (CPC) translocation to the anaphase central spindle after release from the chromosome via PP1-mediated
dephosphorylation of histone H3T3. Depletion of endogenous Wipl and overexpression of the phosphatase-dead mutant
disturbed CPC translocation to the central spindle, leading to failure of cytokinesis. While Wipl was degraded in early
mitosis, its levels recovered in anaphase and the protein functioned as a Cdk1-counteracting phosphatase at the anaphase
central spindle and midbody. Mechanistically, Wip1 dephosphorylated Thr-59 in inner centromere protein INCENP), which,
subsequently bound to MKLP2 and recruited other components to the central spindle. Furthermore, Wip1 overexpression
is associated with the overall survival rate of patients with breast cancer, suggesting that Wip1 not only functions as a weak
oncogene in the DNA damage network but also as a tumor suppressor in mitotic exit. Altogether, our findings reveal that
sequential dephosphorylation of mitotic phosphatases provides spatiotemporal regulation of mitotic exit to prevent tumor
initiation and progression.
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Electronic supplementary material The online version of this Entry into mitosis involves a comprehensive structural reor-
article (https://doi.org/10.1007/s00018-020-03665-x) contains ganization, including cell rounding and cortical stiffening
supplementary material, which is available to authorized users. via rearrangement of the cytoskeleton [1, 2], nuclear enve-
lope breakdown [3, 4], chromosome condensation [5], and
assembly of the mitotic spindle [6]. These structural changes
depend on a spatially and temporally confined pattern of
phosphorylation by the activation of diverse mitotic Ser/Thr
protein kinases, most importantly cyclin-dependent kinase
Drug Information Research Institute, College of Pharmacy, 1 (Cdk1) and numbers of the Aurora and Polo-like kinase
Sookmyung Women’s University, Seoul 04310, (PIK) families [7], and by the inactivation of counteracting
Republic of Korea e e .
phosphatases [8—10]. Among the mitotic kinases, Cdkl
plays a dominant role because it orchestrates mitotic entry
and progression until all sister chromatids have aligned at the
mitotic equator [11-13]. Following chromosome segrega-
tion, cells break down the mitotic structures such as mitotic
spindles and reassemble interphase structures including the
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«Fig. 1 Wipl is an essential phosphatase for mitotic exit. a Overall
survival curves of patients stratified according to the expression of
the Wipl mRNA in the METABRIC database. b, ¢ HeLa cells were
synchronized by a double thymidine block (b) or thymidine-nocoda-
zole block (c), released into fresh media, and harvested at the indi-
cated times. Cell lysates were analyzed via Western blotting with the
indicated antibodies. Relative intensities of the bands were measured
with image processing software (Image Studio ver5.0). The mitotic
index (MI) was determined by fluorescence-activated cell sorting
(FACS) with anti-MPM2 antibody staining. Hsp70 served as a load-
ing control. d HeLa cells were fixed with MeOH and stained with the
indicated antibodies. Images are maximum projections from z stacks
of representative cells stained for Wipl (green), B-tubulin or Plkl
(red), and DNA (blue). Scale bars, 5 pm. e HeLa cells were trans-
fected with control (siControl) or Wipl-specific siRNAs (siWipl-
A and siWipl-B) and harvested at 72 h after transfection. Lysates
were analyzed by Western blotting with the indicated antibodies. f,
g HeLa/GFP-histone H2B cells were treated with siWipl-A or the
Wipl1 inhibitor GSK2830371, and imaged for GFP-histone H2B using
time-lapse microscopy starting at 60 h after transfection. Images were
captured every 3 min to monitor mitotic progression. The duration
from nuclear envelope breakdown (NEB) to chromosome segregation
(NEB to anaphase onset) and from anaphase onset to chromosome
decondensation (mitotic exit) were measured for control and Wipl-
depleted cells (n=40 cells). Still frames from time-lapse movies of
representative cells are shown in (g). Scale bar, 10 pm. h, i HeLa/
GFP-histone H2B cells stably transfected with tetracycline-induci-
ble WT Wipl or the DA mutant were transfected with siControl or
siWipl. The cells were treated with doxycycline to induce Wipl
protein expression at 48 h post-transfection and fixed with metha-
nol. After staining with a B-tubulin antibody, binucleated cells were
counted in three independent experiments (n=>500 interphase cells
for each quantification). Scale bar, 20 pm. Error bars, SEM. *p <0.01
(two-tailed ¢-test)

nuclear envelope. Mitotic exit requires the reversal of mitotic
phosphorylation, and a decrease in Cdk1 activity due to Cyc-
lin B degradation concomitant with ordered bulk dephospho-
rylation of the substrates by mitotic exit phosphatases drives
these processes in the eukaryotic cell cycle [14]. In budding
yeast, the well-characterized dual-specificity phosphatase
Cdc14 appears to dephosphorylate most of the mitotic reg-
ulators that were phosphorylated by Cdkl during mitotic
entry [15, 16]. While the vertebrate orthologues Cdc14A
and Cdc14B may compensate for Cdc14 yeast phenotypes
through functional conservation [17, 18], they are dispensa-
ble for mitotic exit in higher eukaryotes [19, 20]. Although
phosphatases of the PP1 and PP2A families have come into
focus as Cdk1-counteracting phosphatases in animal cells
[10, 21], the identity of the phosphatases responsible for
the temporal ordering of mitotic exit events is still debated.

Aurora B, one of the main regulators of mitotic exit,
forms the chromosomal passenger complex (CPC) in con-
junction with Survivin, inner centromere protein (INCENP),
and Borealin [22, 23]. Dynamic translocation of the CPC
during mitosis secures spatiotemporal phosphorylation
of substrates that are associated with chromosome con-
densation, correct kinetochore-microtubule attachments,
and cytokinesis [24]. At the entry of mitosis, the CPC is

recruited to the chromosome arms and induces hypercon-
densation of mitotic chromosomes by phosphorylation of
histone H3 Ser10 [25, 26]. During prometaphase, Survivin
reads phosphorylated histone H3 Thr3 (H3T3) through a
process mediated by Haspin and promotes the accumulation
of the complex at the inner centromeres [27], where it con-
trols activation of the spindle assembly checkpoint (SAC)
to achieve spindle biorientation [28]. For mitotic exit, the
complex dissociates from chromosomes via PP1-mediated
H3T3 dephosphorylation and transfers to the central spindle
via the interaction of INCENP and Aurora B with mitotic
kinesin-like protein 2 (Mklp2) upon anaphase because the
Cdk1-mediated inhibitory phosphorylation at Thr59 in
INCENP is removed by mitotic exit phosphatases including
PP2A [29-31]. Dephosphorylated INCENP also localizes
to the equatorial cortex, where the CPC coordinates central
spindle formation, cleavage furrow ingression, and abscis-
sion via the assembly of the cytokinetic machinery [32, 33].

Here, we show that Wip1/PPM1D drives CPC reloca-
tion by dephosphorylating of Thr59 in INCENP at the ana-
phase central spindle after CPC release from the chromo-
some via dephosphorylation of Thr3 in histone H3 by PP1.
Because Wipl localizes to the central spindle by interacting
with MKLP2 and dephosphorylates INCENP around the
central spindle, its depletion induces a delay in mitotic exit
and eventually results in binuclear cells. Thus, coordina-
tion among the PP1, PP2A, and Wipl dephosphorylation
cascades plays a critical role during determining the cellular
localization of the CPC in mitotic exit and secures precise
cytokinesis.

Results

Wip1 localizes to the central spindle and midbody
for faithful mitotic exit

Wipl was first identified as a p53 target gene induced
by various types of DNA damage and maintains homeo-
static balance by dephosphorylating proteins involved in
DNA damage processing such as ATM, Chkl, Chk2, p53,
v-H2AX, XPA, and XPC after repairing damaged DNA [34,
35]. In this regard, Wip1 functions as an oncogene by sup-
pressing DNA repair and the concomitant development of
new mutations during tumorigenesis. Consistent with this
evidence, the Wip1 gene is amplified and overexpressed
in numerous tumors, including breast cancer [36, 37]. To
delineate the role of Wip1l as an oncogene in tumor progres-
sion, we sought to analyze the mRNA expression patterns
of phosphatases, including Wipl, PP1, PP2A, and PP2B
and their correlations with clinical factors in patients with
breast cancer based on the data obtained from the META-
BRIC (Molecular Taxonomy of Breast Cancer International

@ Springer



X.Zhang et al.

A
o
€
o
Q
o
<
o
=
o
o
€
o
Q
®
<
o
=
o
IS
e
@]
Q
o
¥
o
=
o
B

1
1
1

Fluorescence intensity (AU)

@ Springer

4+
2

Tubulin

DNA

Control
| siWip1-A
GSK2830371

0.8 . K r .
061 0" [ ]
0.4 i
0.2

04 . . .

Aurora B Borealin INCENP Survivin

g eJoiny

ullealog

dN3ONI

UIAIAING

Aurora B Borealin INCENP Survivin

o ;
€ | siWip1-A /
o
o
|_
= .
< | siWip1-A ¢
= ;
< "
Q
=
siControl
B siWip1-A
25, siWip1-B

Fluorescence intensity (AU)

Wip1: - WTDA - WTDA - WTDA - WTDA

Aurora B Borealin INCENP  Survivin



Wip1 controls the translocation of the chromosomal passenger complex to the central spindle... 2825

«Fig.2 Wipl is required for CPC translocation to the central spindle
in anaphase. a, b After treatment with siWip1-A for 72 h or the Wipl
inhibitor for 24 h, HeLa cells were stained with antibodies against
CPC components, and the intensity was determined from 30 anaphase
cells in three independent experiments. ¢, d Forty-eight hours after
siRNA transfection, HeLa/GFP-histone H2B cells stably transfected
with tetracycline-inducible WT Wipl or the DA mutant were treated
with doxycycline for 24 h to induce Wipl protein expression. The
cells were stained with a B-tubulin antibody and the intensity of CPC
components was determined from 30 anaphase cells in three inde-
pendent experiments. Scale bars, 5 pm. Error bars, SEM. *p <0.01
(two-tailed -test)

Consortium) database. Although PP2B, but not PP1 and
PP2A, correlated with the overall survival rate among these
proteins, Wipl showed the strongest correlation with the
overall survival rate of patients with breast cancer (Fig. 1a,
Supplementary Fig. 1a). Strikingly, the high-Wip1 group
exhibited a higher overall survival rate than the low-Wipl
group, which cannot be explained by the oncogenic potential
of Wipl. To interpret this unexpected result, we focused
on the mitotic function of Wipl, whose phosphatase activ-
ity has reportedly been necessary for normal mitotic pro-
gression [38, 39]. Although Wipl expression decreased in
early mitosis, the levels of Wipl recovered during mitotic
exit in the synchronous cell cycle progression of HeLa cells
(Fig. 1b, c). Interestingly, Wipl showed a mutually exclu-
sive expression pattern with Cyclin B, suggesting that Wip1
appears to act as a Cdkl-counteracting phosphatase after
degradation of Cyclin B and concomitant inactivation of
Cdk1 during mitotic exit. We next determined the cellular
localization of endogenous Wipl throughout the cell cycle
and found that recovered Wip1 was concentrated in the cen-
tral spindle and midbody during mitotic exit (Fig. 1d). This
localization contrasts with other mitotic phosphatases, such
as PP1, PP2A, and PP2B, which appear in the centrosome,
mitotic spindle, and telophase microtubules, respectively
[40, 41] (Supplementary Fig. 1b—d). Therefore, Wipl is the
mitotic phosphatase that localizes to the mitotic structure
for cytokinesis (Supplementary Fig. 2a). Consistent with
previous data, Wip1 depletion by a siRNA or inhibition by
an inhibitor caused a delay in mitotic exit and increased the
numbers of anaphase cells and telophase cells (Fig. le, Sup-
plementary Fig. 2b—d). To determine the function of Wip1
in cytokinesis, we generated HeLa cells stably expressing
GFP-histone H2A for live cell imaging and found that the
depletion of Wipl resulted in a delay in mitotic exit and the
formation of binucleated cells (Fig. 1f, g; Movie 1 and 2).
Similar mitotic defects were observed in Wipl inhibitor-
treated HeLa cells (Fig. 1f, Supplementary Fig. 1e) and non-
cancerous RPE1 cells (Supplementary Fig. 2f). To further
confirm whether phosphatase activity is required for Wip1
function in mitotic exit, we took advantage of Wip1 induc-
ible HeLa/GFP-H2B cells and found that wild type (WT)
and a phosphatase-dead (DA) mutant [42, 43] localized to

the anaphase central spindle (Supplementary Fig. 3a, b).
Indeed, HeLa/GFP-H2B cells expressing WT Wipl showed
a reduction in the number of binucleated cells caused by
Wipl depletion with a siRNA targeting the untranslated
region of the endogenous Wip1l gene, whereas HeL.a/GFP-
H2B cells expressing the DA mutant showed an increase
in the number of binucleated cells by the DA itself and did
not rescue Wipl depletion (Fig. 1h, i). Thus, we conclude
that Wip1 localizes to the central spindle and midbody upon
mitotic exit and fulfills a crucial role at the end of mitosis as
a mitotic exit phosphatase.

Wip1 mediates CPC translocation to the central
spindle in anaphase

To elucidate the molecular function of Wipl in cytokinesis,
we searched for Wipl-interacting proteins by performing
immunoprecipitation with mass spectrometry and obtained
Aurora B as an interacting partner (Supplementary Fig. 3c,
d). Immunoprecipitation assays indicated that Wip1 copre-
cipitated with Aurora B, Borealin, INCENP, and Survivin
because Aurora B is a catalytic subunit of the CPC (Supple-
mentary Fig. 3e). Although the levels of CPC components
were not decreased (Supplementary Fig. 3f), the signals of
CPC components at the central spindle were diminished and
dispersed in Wip1-depleted or Wip1-inhibited cells (Fig. 2a,
b, Supplementary Fig. 4f). Consistent with this finding, CPC
components were decreased in the karyotypically stable cell,
RPEL, after the treatment of the Wip1 inhibitor (Supplemen-
tary Fig. 4b). Strikingly, the level of the CPC at the central
spindle was substantially increased upon the overexpres-
sion of WT Wipl and the translocation defect of the CPC
in Wipl-depleted cells was significantly reversed by WT
Wipl, but not by the DA mutant (Fig. 2c, d). Although CPC
and Mklp?2 are interdependent for their translocation to the
central spindle during anaphase [30], the levels of Mklp2,
but not Mklp1, were not decreased in Wip1-depleted cells
(Fig. 3a, Supplementary Fig. 5a). Interestingly, treatment
with the Aurora B inhibitor, Hesperadin, decreased the lev-
els of Mklp2 at the central spindle in Wip1-depleted cells
(Supplementary Fig. 5b), suggesting that the kinase activ-
ity of Aurora B is essential for the translocation of Mklp2
to the central spindle and the subsequent recruitment of
CPC and Mklpl. To determine whether Mklp2 acts as a
docking site for Wip1 at the central spindle, we analyzed
anti-Wipl, anti-Mklp2, and anti-Myc immunoprecipitates
and identified an interaction of Wipl with Mklp2 (Fig. 3b,
Supplementary Fig. 5¢). Furthermore, overexpressed Wipl
WT did not localize to the central spindle in Mklp2-depleted
cells (Fig. 3c—e), indicating that Wip1 binds to Mklp2 in the
central spindle and recruits CPC and Mklpl. In contrast,
Wipl-depleted cells did not show these defects in early mito-
sis (Supplementary Fig. 5d). Therefore, we conclude that
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«Fig.3 MKLP2 acts as a docking site for Wip1 at the central spindle
in anaphase. a After treatment with siWipl-A or -B for 72 h or the
Wipl inhibitor for 24 h, HeLa cells were stained with the indicated
antibodies and the intensity was determined from 30 anaphase cells
in three independent experiments. b Lysates of HeLa cells were sub-
jected to IP with an INCENP antibody followed by Western blotting.
c—e Forty-eight hours after siRNA transfection, cells were prepared as
described in Fig. 2c. The lysates were subjected to Western blotting
(c). Cells were stained with an Mklp2 (d) or Wipl antibody (e). The
intensities of Mklp2 (d) and Wipl (e) were determined from ten ana-
phase cells in three independent experiments. Scale bars, 5 pm. Error
bars, SEM. *p <0.01 (two-tailed #-test)

Wipl plays a crucial role in CPC translocation to the central
spindle for perfect cytokinesis.

Wip1 dephosphorylates Thr59 in INCENP
during anaphase onset for CPC translocation

To determine the distinct function of Wipl among the
mitotic phosphatases, we examined mitotic defects such
as chromosome alignment and binucleated cells in phos-
phatase inhibitor-treated cells. Although treatment with the
PP2B inhibitor cyclosporin A caused chromosome align-
ment defects, the PP1/PP2A inhibitor calyculin A induced
both chromosome alignment defects and the formation of
binucleated cells (Fig. 4a, Supplementary Fig. 6a). We con-
sistently found that the Wip1 inhibitor GSK2830371 pro-
moted the formation of binucleated cells due to a cytoki-
nesis failure, but not unaligned chromosomes. To analyze
the spatiotemporal dynamics of cytokinesis after inhibition
of mitotic phosphatases, we recorded data sets of mitotic
chromosomes labeled with GFP-histone H2B. We followed
the frames from the onset of anaphase to the completion of
chromosome decondensation and confirmed similar cytoki-
nesis failures such as the formation of binucleated cells and
delay of mitotic exit, in cells treated with calyculin A and
GSK2830371 (Fig. 4b, Supplementary Fig. 6b). Because
calyculin A inhibits PP1 and PP2A in cells rescued by
WT Wipl overexpression (Fig. 4c), we took advantage of
siPP1 and siPP2A siRNAs to examine the functional redun-
dancy of Wipl in cytokinesis. Intriguingly, overexpression
of WT Wipl reduced the number of binucleated cells in
PP2A-depleted cells (Fig. 4d) but not in PP1-depleted cells
(Fig. 4e). Because overexpression of WT Wipl reverses the
perturbation of CPC localization in PP2A-depleted cells
(Fig. 4f), we reasoned that Wip1 and PP2A might mutually
assist with the dephosphorylation of mitotic exit regulators
as Cdkl-counteracting phosphatases. Therefore, we postu-
late that Wip1 plays a crucial role in mitotic exit in addition
to its role in the homeostatic balance in the p53-dependent
DNA damage response [43, 44].

To delineate the role of Wip1 in mitotic exit, we sought to
identify the mitotic substrate during anaphase. Because PP1
and PP2A are involved in CPC translocation to the anaphase

central spindle via dephosphorylation of Thr3 in histone H3
and Thr59 in INCENP [45-47], respectively, we analyzed
the dephosphorylation of INCENP by using recombinant
GST-Wipl protein. We immunoprecipitated phosphoryl-
ated INCENP from HeLa S3 cells that were synchronized
at prophase to perform an in vitro phosphatase assay and
found that Wipl dephosphorylated Thr59 of INCENP
(Fig. 5a). In contrast, GST-Wipl did not dephosphoryl-
ate Aurora B, which was immunoprecipitated from the
same mitotic extract. In agreement with this finding, Wip1
dephosphorylated Thr59 of INCENP which was phospho-
rylated by recombinant Cdk1/Cyclin B in vitro (Fig. 5b),
suggesting that INCENP is the physiological substrate of
Wipl in mitosis. These results raised the possibility that
Thr59 in INCENP might be one of the target residues of
Wipl for faithful cytokinesis in mitotic exit. To explore
this idea further, we sought to express an unphosphorylat-
able T59V or phosphomimetic TS9E INCENP mutant in
Wipl-depleted cells stably transfected with inducible WT
Wipl and observed translocation from the metaphase chro-
mosome to the anaphase central spindle. Consistent with a
previous study [31], WT and T59V mutant INCENP showed
successful translocation to the central spindle at anaphase,
in contrast to the INCENP T59E mutant (Fig. 5c, d). Inter-
estingly, depletion of Wipl perturbed the translocation of
the INCENP WT but not the T5S9V mutant, indicating that
Thr59 in INCENP is the major residue dephosphorylated by
Wipl during translocation to the central spindle. Consistent
with this finding, the mislocalization of the INCENP WT,
but not the INCENP T59E mutant, in Wip1-depleted cells
was rescued by overexpression of WT Wipl (Fig. 5c, d).
Notably, double knockdown of Wipl and PP2A showed a
significant lack of translocation of INCENP WT compared
with the depletion of Wipl or PP2A alone (Fig. 5Se). Strik-
ingly, however, knockdown of Wipl and/or PP2A did not
affect the localization of INCENP T59V and T59E mutants
at anaphase. Thus, we conclude that Wipl and PP2A col-
laborate in the dephosphorylation of Thr59 in INCENP for
CPC translocation to the anaphase central spindle.

Wip1 cooperates with PP1 for CPC translocation

Given that dephosphorylation of H3 at Thr3 by PP1 is
involved in CPC translocation from the chromosome to
the anaphase central spindle [47], we sought to investigate
the relationship between PP1 and Wipl in CPC translo-
cation. Because the overexpression of WT Wipl did not
overcome the mislocation of the CPC induced by PP1
depletion (Supplementary Fig. 6¢) and half of the T59E
mutant was released from the chromosome to the cytosol
in cells transfected with siControl (Fig. 6a), we speculated
that the dephosphorylation of H3 Thr3ph is an initial step
in CPC translocation during anaphase and Wipl or PP2A
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«Fig.4 Wipl compensates for the lack of PP2A during mitotic exit.
a HeLa cells were treated with the PP1/PP2A inhibitor calyculin A
for 5 h, the PP2B inhibitor cyclosporin A for 5 h, or the Wip1 inhibi-
tor GSK2830371for 24 h. After staining with a p-tubulin antibody,
binucleated cells and metaphase cells containing unaligned chromo-
somes were counted in three independent experiments (n =500 inter-
phase cells for each quantification). b HeLa/GFP-histone H2B cells
were treated with the indicated inhibitors and imaged for GFP-histone
H2B by time-lapse microscopy. Images were captured every 3 min
to monitor mitotic progression. Metaphase cells containing una-
ligned chromosomes, binucleated cells, and cytokinetic cells showing
delayed mitotic exit (more than 40 min) were counted and plotted. ¢
After inducing WT Wipl or DA mutant protein, the cells were treated
with calyculin A for 5 h and fixed with methanol. After staining with
a p-tubulin antibody, binucleated cells were counted in three inde-
pendent experiments (n=500 interphase cells for each quantifica-
tion). d—f Forty-eight hours after siPP1 or siPP2A transfection, HeL.a/
GFP-histone H2B cells stably transfected with tetracycline-inducible
WT Wipl were treated with doxycycline for 24 h to induce Wip1 pro-
tein expression. After staining with a p-tubulin antibody, binucleated
cells were counted in three independent experiments (d, e, n=500
interphase cells for each quantification). The cells were also stained
with antibodies against CPC components, and the intensity was deter-
mined from 30 anaphase cells in three independent experiments (f).
Scale bar, 5 pm. Error bars, SEM. *p <0.01 (two-tailed #-test)

dephosphorylates INCENP at Thr59 to promote CPC trans-
location after its release from the chromosome via PP1-
mediated dephosphorylation of H3 at Thr3. Indeed, WT
INCENP, the T59E mutant, and the T59V mutant did not
release from chromosome in PP1-depleted cells (Fig. 6a).
Because Wipl localized at the anaphase central spin-
dle (Supplementary Fig. 2b) and PP2A accumulated at
the mitotic spindle during metaphase and anaphase (Sup-
plementary Fig. 1c), we focused on the localization of
Wipl to delineate the roles of Wipl and PP2A in INCENP
Thr59 dephosphorylation. Inadvertently, we found that both
N-terminal Flag-tagged and C-terminal Flag-tagged Wipl
detached from the central spindle and diffused around the
cytoplasm (Supplementary Fig. 7a). Because Flag-tagged
Wipl interacted with INCENP but not Mklp2 (Fig. 6b), we
reasoned that the masking of the Mklp2 binding domain in
Wipl might be the reason for the mislocalization of Flag-
tagged Wipl. Strikingly, Flag-tagged Wip1, which report-
edly possessed normal phosphatase activity [39] and dephos-
phorylated etoposide-induced phosphorylated y-H2AX
(Fig. 6¢) [43], failed to overcome cytokinetic failure caused
by Wipl-depletion (Fig. 6d, e). This result raised the possi-
bility that enrichment of Wip1 activity in the central spindle
might be required for faithful cytokinesis in mitotic exit.
Indeed, Wip1l-depleted cells expressing Flag-tagged Wipl
still showed a reduction in CPC signals at the anaphase
central spindle (Supplementary Fig. 7a), although Wip1-
depleted cells expressing nontagged WT Wipl showed a
recovery of CPC levels at the central spindle (Fig. 2c, d).
To dissect the role of PP2A and Wipl in CPC translocation
from the chromosome to the central spindle, we analyzed

the localization of CPCs in anaphase after the depletion
of PP1, PP2A, or Wipl (Fig. 6f, g). We consistently found
that most CPCs did not release from the chromosome in
siPP1 cells. Interestingly, CPCs localized at the chromosome
and central spindle in PP2A-depleted cells, suggesting that
PP2A-mediated INCENP Thr59ph dephosphorylation facili-
tates detachment of CPCs from the chromosome in addi-
tion to PP1-mediated H3 Thr3ph dephosphorylation, but
CPCs can be targeted to the central spindle without PP2A-
mediated INCENP Thr59 dephosphorylation. In contrast,
CPCs mainly dispersed in the cytosol and a few CPCs were
located in the central spindle in Wipl-depleted cells, indi-
cating that Wip1 dephosphorylates INCENP Thr59 at the
anaphase central spindle after PP1-mediated release of CPCs
from the mitotic chromosome. Although PP2A dephospho-
rylates INCENP Thr59ph, Wipl1 is the major phosphatase
against INCENP Thr59ph in cytokinesis, because overex-
pressed Wipl rescued the generation of binucleated cells
and mislocalization of CPC in siPP2A-transfected cells
(Fig. 4c, e). Based on these results, we conclude that Wip1
dephosphorylates INCENP Thr59 at the chromosome and
central spindle after the PP1-mediated release of CPC from
the chromosome to target it to the central spindle (Fig. 7a).

Wip1 expression correlates with good patient
prognosis in breast cancer

Despite the fact that Wip1 has been reported as an onco-
gene and is amplified in numerous tumors [37, 48], the high-
Wip1 group showed a higher overall survival rate among
patients with breast cancer (Fig. 1a), possibly because
Wip1 has weak oncogenic potential in tumor progression
by functioning as a negative regulator of DNA damage
processing but suppresses tumor progression by ensuring
faithful mitotic exit. In contrast, significant differences in
PP2A levels were not observed between patients with breast
cancer (Supplementary Fig. 1a), presumably because Wipl
compensates for a low level of PP2A as in PP2A-depleted
cells (Fig. 5e). In this respect, we analyzed the correlation
between the expression of Wipl and PP2A in patients with
breast cancer and observed a negative correlation (Supple-
mentary Fig. 7b). Similar to Wipl amplification in differ-
ent intrinsic subtypes of breast cancer based on the PAMS50
molecular profile [49], a high level of Wipl expression was
also related to a higher overall survival rate in patients with
luminal A and luminal B but not in Her2 or basal subtypes
of breast cancers (Fig. 7b). To confirm this pathophysiologi-
cal data, we examined MCF-7 and T47D cells as luminal
A breast cancer cell lines and MDA-MB-231 and HS578T
cells as basal breast cancer cell lines. Consistent with the
clinical data, MCF-7 and T47D cells showed a more signifi-
cant increase in the number of binucleated cells than MDA-
MB-231 and HS578T cells after Wipl1 depletion (Fig. 7c, d,
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«Fig.5 Wipl dephosphorylates Thr59 in INCENP for CPC transloca-
tion to the central spindle. a Thymidine-nocodazole arrested HeLa
cells were treated with calyculin A for 5 h and then released into
fresh media for 2 h. The lysates were incubated with Protein A aga-
rose beads conjugated with antibodies against INCENP. Immunopre-
cipitates were incubated with GST-Wip1 for 30 min and analyzed by
immunoblotting with antibodies as indicated. Relative intensities of
the bands were measured from cells in three independent experiments
using image processing software (Image Studio ver5.0). b HeLa cells
were harvested under a non-synchronous condition. The lysates were
incubated with Protein A agarose beads conjugated with antibody
against INCENP. Immunoprecipitates were incubated with Cdk1/
Cyclin B for 30 min. After washing with kinase buffer, phosphoryl-
ated immunoprecipitates were incubated with GST-Wipl for 30 min
and analyzed by immunoblotting with antibodies as indicated. Rela-
tive intensities of the bands were measured in cells from three inde-
pendent experiments using image processing software (Image Studio
ver5.0). c—e Forty-eight hours after siRNA transfection, HeLa/GFP-
histone H2B cells were transfected with Flag-INCENP WT, the T59V
mutant, or the TS9E mutant. Twenty-eight hours after DNA trans-
fection, the cells were stained with antibodies against Flag and the
intensity was determined from 30 anaphase cells in three independent
experiments. Scale bar, 5 pm. Error bars, SEM. *p <0.01 (two-tailed
t-test)

Supplementary Fig. 7c). Thus, we conclude that Wip1 plays
a crucial role in tumor progression as a mitotic exit phos-
phatase in addition to its role in the DNA damage response
network in a genotypic background-dependent manner.

Discussion

During mitosis, structural upheavals such as nuclear enve-
lope breakdown, chromosome condensation, and cohesion,
and spindle assembly are achieved through a combination of
regulated proteolysis, phosphorylation, and dephosphoryla-
tion [10, 50, 51]. Massive phosphorylation is a landmark for
mitotic entry and results in stoichiometric phosphorylation
of proteins involved in the interphase-to-mitosis transition
[52]. In addition to the activation of various mitotic kinases
including Cdkl1, Plk1, and Aurora kinases, the counteracting
phosphatases are inactivated by inhibitors, covalent modifi-
cations, and subcellular targeting for bulk phosphorylation
in mitotic entry [53]. Ensa/Arpp19 becomes an inhibitor of
PP2A-B55 through phosphorylation by Greatwall kinase and
reduces the concentration of Cdk1 needed to enter mitosis
by blocking premature dephosphorylation of Cdk1 substrates
[54]. In budding yeast, Zds1/Zds2 inhibits PP2A-B55 by
retaining a pool of phosphatase in the cytoplasm to control
mitotic entry [55]. Here, we show that Wipl acts as a Cdk1-
counteracting phosphatase in mitotic exit via dephosphoryla-
tion of INCENP and concomitant translocation of the CPC
to the central spindle. Wip1 has recently been reported to be
degraded by APC/C in early mitosis for normal mitotic pro-
gression, and overexpression of Wip1 causes a delay in the
transition from metaphase to anaphase [38]. Furthermore,

Wipl is phosphorylated by Cdk1 during mitosis, leading
to inhibition of its phosphatase activity [39]. Thus, the
combined degradation and inhibition of Wipl decrease the
threshold of Cdk1 activity necessary for unperturbed mitotic
progression until Cyclin B degradation and concomitant ana-
phase onset (Fig. 1b, c).

Because Wipl acts as a negative regulator of several
tumor suppressors that are implicated in the DNA damage
response network including the p53 and p38 MAPK path-
ways, its overexpression increases genome instability by
potentiating a negative feedback loop of the p53 response
pathway and promotes breast cancer development [56]. Con-
sistent with this information, DNA microarray analysis, and
tissue microarray profiling showed that Wipl is amplified
and/or overexpressed in primary breast tumors [36, 57]. In
this respect, Wipl is the only phosphatase that shows an
oncogenic property among metal-dependent serine/threonine
phosphatases (the PPM family). Thus far, however, Wip1 has
been reported as a relatively weak oncogene because it is not
able to promote mammary tumor formation within 2 years
by overexpression alone but possesses its oncogenic prop-
erty in association with a cancer-initiating oncogene such
as ErbB2 or myc [36, 58]. Furthermore, several pathophysi-
ological studies have revealed that Wip1 overexpression can
be a good prognostic marker for metastasis and poor survival
rates in breast cancer, non-small cell lung cancer (NSCLC),
and nasopharyngeal cancer patients [37, 48, 59, 60]. Con-
versely, the analysis of the METABRIC database performed
in this study revealed that patients with Wip1 overexpres-
sion showed increased survival rates compared to patients
without Wip1 overexpression in the luminal A and luminal
B subtypes of breast cancer (Fig. 7b). Previously, estrogen
receptor (ER)a was reported to directly bind to the Wipl
promoter as a transcription factor, and Wipl stimulates the
activity of progesterone receptor (PR) and ERa [61, 62]. As
Wipl functions as a mitotic exit phosphatase, Wip1 might be
essential for ER/PR-mediated cell cycle progression in lumi-
nal A and luminal B breast cancer. Therefore, a low level of
Wipl protein in patients with the luminal A or luminal B
subtype of breast cancer might be able to cause the forma-
tion of binuclear or multinuclear cells, which is one of the
prognostic factors for a malignant tumor. Accordingly, Wipl
might be able to decrease the survival rate of patients with
cancer by increasing genome instability as a negative regula-
tor of the DNA damage response and increase the survival
rate by maintaining faithful mitotic progression as a mitotic
exit phosphatase in the context of mutations of other onco-
genes and tumor progression.

Although the DNA damage response (DDR) coordinates
DNA repair, cell cycle arrest, apoptosis, and senescence by
activating the G1/S checkpoint and G2/M checkpoint, pro-
longed activation of the DDR also governs mitotic progres-
sion by regulating mitotic kinases, such as Plk1 and Aurora
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«Fig.6 Wipl dephosphorylates INCENP at the anaphase central spin-
dle. a Twenty-eight hours after the transfection of Flag-INCENP
WT, the T59V mutant, or the TS9E mutant, the cells were stained
with antibodies against Flag and the localization of Flag-INCENP
was determined from 60 anaphase cells in three independent experi-
ments. b Twenty-eight hours after the transfection of Flag or Wipl-
Flag WT, lysates of HeLa cells were subjected to IP followed by
Western blotting. ¢ Twenty-four hours after the transfection of Flag
or Wipl-Flag WT, HeLa cells were treated with 10 pM etoposide.
Two hours after the treatment of etoposide, the cells were harvested
for Western blotting. d, e Forty-eight hours after siRNA transfection,
HeLa cells were transfected with Wip1-Flag WT. Twenty-eight hours
after DNA transfection, the cells were harvested for Western blotting
(d) or stained with antibodies against Flag and tubulin (e). Among
the cells, binucleated cells were counted in three independent experi-
ments (n=>500 interphase cells for each quantification). Arrows point
to binucleated cells. f, g Seventy-two hours after siRNA transfec-
tion, HeLa cells were stained with antibodies against Aurora B and
PRCI1. The localization of Aurora B in anaphase cells was determined
from 30 anaphase cells in three independent experiments. Scale bar,
20 pm. Error bars, SEM. *p <0.01 (two-tailed #-test)

B [63, 64]. Furthermore, kinases involved in the DDR, such
as ATM, ATR, and Chkl1, participate in mitotic processes,
including Cdk1 activation in the centrosome, chromosome
segregation, and cytokinesis [64—66]. Interestingly, the DDR
induces mitotic catastrophe to prevent genome instability
through Chk1-mediated Aurora B phosphorylation and the
concomitant formation of binuclear cells through activation
of abscission checkpoint and cytokinetic failure [64, 67].
In this ATR/Chk1-dependent mitotic exit DNA damage
checkpoint, Wip1, a dual function phosphatase, must func-
tion as a positive regulator by dephosphorylating INCENP
and concomitantly recruiting CPCs containing Aurora B to
the central spindle and midbody. Concurrently, Wip1 might
be able to terminate the mitotic DDR to maintain homeosta-
sis by dephosphorylating Chk1 during mitotic exit. In this
regard, Wipl is a potential target for cancer therapy because
its inhibitor might significantly inhibit the growth of breast
cancer by disrupting a mitotic exit along with CPC mis-
localization and sustained Chk1 activation. The molecular
mechanism by which Wip1 discerns between INCENP and
Chk1 in late mitosis remains to be elucidated.

In summary, we identified Wipl as a new mitotic exit
phosphatase that dephosphorylates Thr59 in INCENP for
CPC translocation to the anaphase central spindle and con-
comitant faithful cytokinesis. Mitotic phosphatases cooper-
ate to promote CPC translocation because PP1 detaches the
CPC from mitotic chromosomes upon anaphase onset by
dephosphorylating H3 at Thr3 and Wip1 dephosphorylates
Thr59 in INCENP. Although Wipl shares INCENP with
PP2A as a substrate in mitotic exit, it localizes at the cen-
tral spindle and acts as a major phosphatase of INCENP.
Based on our novel data, Wip1 plays a role in regulating the
proper progression of mitotic exit, in addition to maintain-
ing homeostasis after the DDR. These results shed light on

the mechanism by which the exquisite regulation of Wipl
activity with potential inhibitors confers new therapeutic
strategies for treating cancer patients at different stages with
different oncogenic mutations.

Materials and methods
Cell culture, transfection, and treatment

The human cell lines HeLLa and HeLLa S3 were obtained from
the American Type Culture Collection (ATCC). The doxy-
cycline-inducible WT Wipl or DA cell lines were kindly
provided by H.J. Cha, Sogang University, Seoul, Korea.
All cell lines were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, WelGENE Inc.) supplemented with 10%
fetal bovine serum (FBS, Invitrogen), penicillin (100 units/
mL), and 100 pg/mL streptomycin (Invitrogen). The cells
were maintained at 37 °C in a humidified atmosphere con-
taining 5% CO,.

siRNAs were synthesized by Genolution, Inc. (South
Korea). The sequences targeting Wipl (siWipl-A and
siWip1-B) were 5'-CCAAACUUAGGAUAUAAGAUU-
3" and 5'-CCAACAUUUCUUAAAUUAUUU-3". The
sequences targeting PP1 (siPP1) were a combination of
5'-GCAUGAUUUGGAUCUUAUAUU-3', 5'- CCGCAU
CUAUGGUUUCUACUU- 3’ and 5'- UUAUGAGACCUA
CUGAUGUUU- 3". The sequences targeting PP2A (siPP2A)
were a combination of 5'-GCCUAGACUUCAAUAAGA
AUU-3" and 5'-CGUCUACAGCAGUAGCAAAUU-3'". The
sequence targeting Mklp2 (siMklp2) was 5' -GAGCAAGUG
GCACGUCUUCUU-3". siRNAs were transfected into HeLa
cells using DharmaFect 1 according to the manufacturer’s
protocol (Dharmacon, Inc.). The Flag-Wipl WT expres-
sion plasmid was purchased from Addgene (#28105). Flag-
INCENP WT, Flag-INCENP T59V, and Flag-INCENP
TS59E expression plasmids were kindly provided by J. Nils-
son, University of Copenhagen, Copenhagen, Denmark.
DNA transfection was performed using Lipofectamine 2000
according to the manufacturer’s protocol (Invitrogen).

For the indicated treatments, GSK2830371 at 10 pM for
5 h #SML1048; Sigma-Aldrich), cyclosporin A at 200 nM
for 5 h (#sc-3503; Santa Cruz), calyculin A at 200 nM for
5 h (#sc-24000; Santa Cruz), and doxicycline at 0.5 pg/ml
for 24 h (#sc-263109; Santa Cruz).

Western blotting, immunoprecipitation, Wip1
proteomics, and antibodies

Cells were harvested and lysed in the NP-40 lysis buffer
(50 mM hepes, pH 7.4, 200 mM KCl, 0.3% NP-40, 10%
glycerol, 1 mM EGTA, 1 mM MgCl,, 0.5 mM DTT, 0.5 pM
microcystin, 1 pg/ml pepstatin, 1 pg/ml aprotinin, 0.1 mM
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«Fig. 7 Results of METABRIC data analyses. a Proposed model of the
coordination between mitotic exit phosphatases for the translocation
of CPCs from the mitotic chromosome to the central spindle in ana-
phase. b Scatter plot of Wipl and PP2A is depicted. ¢ Overall sur-
vival curves of patients stratified according to the expression of WIP1
mRNA among patients with the luminal A, luminal B, Her2, and
basal subtypes of breast cancer. d, e Seventy-two hours after siRNA
transfection, MCF-7, T47D, MDA-MB-231, and HS578 cells were
harvested for Western blotting (d) or stained with antibodies against
tubulin (e). Binucleated cells were counted in three independent
experiments (n=500 interphase cells for each quantification). Error
bars, SEM. *p <0.01 (two-tailed #-test)

PMSF, and 5 pg/ml leupeptin). Lysates were analyzed by
SDA/PAGE using antibodies against Wipl (#sc-37625;
Santa Cruz), Hsp 90 (#sc-69703; Santa Cruze), MKLP1
(#sc-390113; Santa Cruz), MKLP2 (#H00010112-B01;
Abnova), Aurora B (#ab2254; Abcam), INCENP (#ab12183;
Abcam), Survivin (#ab175809; Abcam), Borealin (#NBP1-
89951; Novus Biologicals), Flag (#F7425 and #F1804;
Sigma-Aldrich), p-tubulin (#E7; Developmental Stud-
ies Hybridoma Bank (DSHB)), phospho-histone H3T3
(#ab78351; Abcam), phospho-histone H3S10 (#ab32107;
Abcam), Cdkl (#9116; Cell Signalling), p38 MAPK
(#GTX110720; Gen Tex), PP2A-B55 alpha (#sc-81606;
Santa Cruz), PP2B (#sc-365612; Santa Cruz), PP1 (#sc-
7482; Santa Cruz), TPX2 (#PA3-16832; Thermo Scientific),
Phospho-Aurora B T232 (#600-401-677; ROCKLAND),
phospho-INCENP T59 (#12762; Signalway Antibody SAB),
IgG (#ab171870; Abcam), HSP70 (#sc-32239; Santa Cruz),
RhoA (#sc-418; Santa Cruz), and CHMP4A (#sc-67229;
Santa Cruz).

For immunoprecipitation, indicated antibodies were cou-
pled to Affi-Prep Protein A beads (Bio-Rad Laboratories) at
a concentration of 0.3 mg/ml. Lysates were incubated with
protein A beads coupled with the indicated antibodies at
4 °C overnight. Antibody beads were recovered by centrifu-
gation, washed three times with lysis buffer in the presence
of 500 mM KClI and then twice with lysis buffer, and ana-
lyzed by SDS/PAGE.

For Wipl proteomics, the Wipl complex was purified
with beads coupled with anti-Wip1 antibodies and analyzed
by liquid chromatography-tandem mass spectrometry as pre-
viously described [68].

Immunofluorescence and live-cell imaging

HeLa cells on coverslips were fixed with methanol at
—20 °C for 30 min. Alternatively, cells were extracted
with BRB80-T buffer (80 mM PIPES, pH 6.8, 1 mM
MgCl,, 5 mM EGTA, and 0.5% Triton X-100) and then
fixed with 4% paraformaldehyde for 15 min at room tem-
perature. The fixed cells were then permeabilized and
blocked with PBS-BT (1 xPBS, 3% BSA, and 0.1% Tri-
ton X-100) for 30 min at room temperature. Coverslips

were then incubated in primary and secondary antibodies
diluted in PBS-BT. Images were acquired using a ZEN2
(Carl Zeiss, Germany) under a Zeiss Axiovert 200 M
microscope with a 1.4 NA plan-Apo 100 X oil immersion
lens and an HRm CCD camera. Deconvoluted images were
obtained using AutoDeblur v9.1 and AutoVisualizer v9.1
(AutoQuant Imaging). Insets show single focal planes of
boxed regions.

For time-lapse microscopy, HeLa cells stably express-
ing GFP-H2B were cultured in Leibovitz’s L-15 medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Invitrogen) and 2 mM L-glutamine (Invitrogen). Cells
were placed into a sealed growth chamber heated to 37 °C
and observed on a Zeiss Axiovert 200 M microscope with
a 20 x lens. Images were acquired every 3 min for 5 h with
AxioVision 4.8.2 (Carl Zeiss).

Cell cycle

For cell synchronization, cells were arrested in the late
G1 phase using the double thymidine block method [68].
Briefly, thymidine was added to adherent cells at a final
concentration of 2 mM and the cells were cultured for 18 h.
After thymidine removal and incubation for 9 h in fresh
medium, thymidine was added to a final concentration of
2 mM for an additional 17 h. After thymidine removal,
the synchronized cells were cultured in fresh medium and
collected at different time points for cell cycle and Western
blot analyses. Alternatively, the cells were synchronized in
prometaphase with 16 h of nocodazole treatment and then
released into fresh medium for further incubation.

For FACS analysis, cells were harvested, fixed with
70% ethanol, and stained with propidium iodide (PI)
for DNA content and with phospho-MPM?2 antibody for
mitotic index. The cells were analyzed using FACSCali-
bur instrument (BD Biosciences) and FlowJo software
(FLOWIJO, LLC).

In vitro phosphatase assay

HeLa cells were arrested at prophase by thymidine-nocoda-
zole treatment and then treated with Calyculin A for 5 h to
inhibit the dephosphorylation of INCENP. The cells were
released into fresh media for 2 h, after which the lysates
were intubated with protein A agarose beads conjugated
with INCENP antibody. After washing with lysis buffer
three times, immunoprecipitates were incubated with GST-
Wipl (#H00008493-p01; Abnova) in phosphatase assay
buffer (80 mM PIPES PH 6.8, 1 mM Mgcl,, | mM EGTA,
1 mM DTT, 8 mM NaF, and 0.05 mM ATP) for 30 min and
subjected to SDS/PAGE analysis.
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METABRIC data

All METABRIC (Molecular Taxonomy of Breast Cancer
International Consortium) data [69, 70] were acquired
from the cBioPortal website (https://www.cbioportal
.org/) with the access date of July 20th, 2018. The total
number of subjects with data of Wipl and PP2A data was
1904. The numbers of subjects with Luminal A, Lumi-
nal B, Her2, and basal subtype according to the PAMS0
classification of intrinsic breast cancer subtypes [49] were
679, 461, 220, and 199, respectively. The mean follow-
up interval for overall survival was 125.0 +76.3 months
(range 0-355), and the number of subjects who died
from any cause in this period was 1,103. RNA expres-
sion data were provided as the median mRNA expression
value of log intensity by Illumina Human v3 microarray.
The mean values of RNA expression regarding Wipl
and PP2A were 6.659 +0.510 (range 5.258-10.960) and
10.001 +0.416 (range 8.621-11.503), respectively. Sub-
jects were classified into two groups according to RNA
expression with the cutoff value as the mean value: Wipl
high group vs. Wipl low group and PP2A high group vs.
PP2A low group, respectively. The Kaplan—Meier estima-
tor was used for survival analysis, and the log-rank test
was used for comparison of survival curves between the
two subject groups. The Pearson correlation coefficient
(y) was used for correlation analysis of RNA expression
between Wipl and PP2A. All statistical analyses were
performed using IBM SPSS Statistics version 20.0 (IBM
Inc., Armonk, NY, USA). All tests were two-sided, and a
p value of 0.05 was used as the cut-off value to determine
statistical significance.

Statistical analysis

Student’s ¢-test was performed. Error bars represent the
standard error (SEM) of three independent experiments,
and a p value <0.01 (two-tailed) was considered indicative
of statistical significance.
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