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We previously reported up-regulation of T-LAK cell-originated pro-
tein kinase (TOPK), a novel mitotic kinase, in the great majority of
breast cancers. Here we report its critical roles in mitosis, especially
in cytokinesis. We found that protein phosphatase 1 alpha (PP1a)
inactivation by cyclin-dependent kinase 1 (CDK1)/cyclin B1 caused
enhancement of autophosphorylation of TOPK and resulted in its
activation at an early stage of mitosis. Then TOPK interacted with
and phosphorylated p97, a member of the AAA+ family of ATPase
proteins, through an interaction with p47 protein as an adaptor
protein. Interestingly, knockdown of TOPK or p97 in breast cancer
cells caused the mitotic failures in the abscission process. This
mitotic failure could be rescued by additional exogenous introduc-
tion of wild-type TOPK protein, but not by that of its kinase-dead
form. Our findings suggest that TOPK is indispensable for cancer
cell cytokinesis throughout phosphorylation on p97. (Cancer Sci
2010; 101: 403-411)

C ell mitosis is strictly regulated by activation or inactivation
of various protein kinases and phosphatases to control the
complicated cell division process, which is essential for continu-
ous cell proliferation."*? Cumulative evidence indicates that
many evolutionarily conserved serine/threonine protein kinases
play significant roles in the regulation of mitotic events. The
dysregulation of mitotic kinases might result in two major
events related to cancer: unscheduled cell proliferation and aber-
rant cell division leading to genomic instability. Therefore,
numerous mitotic kinases have been investigated and applied to
develop targeted therapeutic agents for a wide variety of human
cancers.” A large number of previous studies have disclosed
fundamental roles of mitotic kinases such as CDKI1 (cyclin-
dependent kinase 1), NEK2 (NIMA-related kinase 2), AURKA
(Aurora kinase A), and Plk1 (Polo-like kinase 1) in breast carci-
nogenesis.”

Throu(%h genome-wide expression profile analysis of breast
cancers,”® we previously reported up-regulation of TOPK
(T-LAK cell-originated protein kinase, also known as PBK;
PDZ-binding kinase) in breast cancers and its potential as a ther-
apeutic molecular target.” We also demonstrated that the acti-
vated TOPK phosphorylated histone H3 (Ser10) at the M phase
and that the TOPK depletion induced by siRNA caused cytoki-
netic defects of breast cancer cells.”” Although CDKI/cyclin
B1 was reported to phosphorylate TOPK at Thr9 in vitro,1?
how TOPK is activated and contributes to breast cancer cell pro-
liferation remains largely unknown.

Entry into mitosis in mammalian cells has shown to be trig-
gered by activation of the CDK1/cyclin B1 complex that targets
many substrates involved in the early mitotic processes such as
nuclear lamins, kinesin proteins, and Golgi-matrix compo-
nents."” However, recent studies have revealed multiple roles of
CDKl1/cyclin B1 and its involvement in the exit of mitosis
through phosphorylations of APC (anaphase-promoting com-
plex) ubiquitin ligase,"' " as well as in metaphase—anaphase tran-
sition and cytokinesis.'*'® In addition, it was reported that the
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activity of protein phosphatase 1 alpha (PPla) was inhibited
after its phosphor;flation (Thr320) by CDK1/cyclin B1 in early
to mid-mitosis."'*

In the present study, we describe a novel mechanism to regu-
late the activity of TOPK in a cell cycle-dependent manner by
CDKl1/cyclin B1 and PPla. Furthermore, we show that TOPK
phosphorylated p97, which is an AAA (ATPase-associated vari-
ous cellular activities) ATPase through its interaction with p47
as an adaptor protein, and knockdown of either TOPK or p97
resulted in incomplete cytokinesis. Our findings suggest that
mitotic kinase TOPK plays a critical role for cytokinesis of
breast cancer cells through the phosphorylation of p97 as its sub-
strate.

Materials and Methods

Cell lines. Human breast cancer cell lines (BT-549,
HCC1937, MCF-7, MDA-MB-231, MDA-MB-435S, SKBR3
T47D, and ZR-75-1), an immortalized human mammary cell
line (HBL100), a human embryonic kidney fibroblast cell
line (HEK293T), and a monkey kidney cell line (COS-7) were
purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). A normal human mammary epithelial
cell line, HMEC, was purchased from Cambrex BioScience
(Walkersville, MD, USA). HBCS, a breast cancer cell line, was
a kind gift from Dr Takao Yamori of Molecular Pharmacology,
Cancer Chemotherapy Center of the Japanese Foundation for
Cancer Research (Tokyo, Japan). All cells were cultured under
conditions recommended by their respective depositors.

Recombinant proteins, antibodies, and reagents. The poly-
clonal antibody to p47 was a kind gift from Dr Akira Kakizuka
(Laboratory of Functional Biology, Graduate School of Biostud-
ies, Kyoto University, Kyoto, Japan). Other recombinant pro-
teins, enzymes, antibodies, and chemicals were purchased from
commercial sources: active recombinant TOPK protein (Invitro-
gen, Carlsbad, CA, USA); lambda protein phosphatase and
recombinant CDK1/cyclin B1 proteins (New England Biolabs,
Ipswich, MA, USA); anti-TOPK, anti-CDK1 and anti-p97
monoclonal antibodies (BD Biosciences, San Jose, CA, USA);
anti-Flag-tag and anti-B-actin monoclonal antibodies (Sigma-Al-
drich, St. Louis, MO, USA); anti-HA-tag monoclonal antibody
(Roche, Basel, Switzerland); anti-PP1a and anti-phospho-PP1a
(T320) polyclonal antibodies (Cell Signaling Technologies,
Beverly, MA, USA); anti-Rb monoclonal antibody (Upstate
Biotechnology, Lake Placid, NY, USA); anti-phospho-Rb
(Ser807/811), anti-p97, and anti-PRC1 polyclonal antibodies
(Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-cyclin
B1, anti-myc, and anti-GST-tag monoclonal antibodies (Santa
Cruz Biotechnology); anti-phosphothreonine or -phosphoserine
polyclonal antibodies (Invitrogen); okadaic acid (OA), CDK1
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inhibitor (CGP74514A) and protease inhibitor cocktail III (Cal-
biochem, San Diego, CA, USA); and nocodazole (Sigma-
Aldrich).

Cell-cycle analysis. For fluorescence-activated cell sorting
(FACS) analysis, cultured T47D breast cancer cells were col-
lected and fixed with 70% ethanol, and then kept at 4°C before
their use. The cells were incubated with 10 mg/mL of RNasel
in PBS (—) at 37°C for 30 min and stained with 50 pg of propi-
dium iodide (PI) at room temperature for 30 min. Finally, cell
suspensions were analyzed with FACscan (Becton Dickinson,
Franklin Lakes, NJ, USA). To collect the cells arrested at the
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G2/M phase, the cells were treated in culture media including
0.3 pg/mL of nocodazole (Sigma-Aldrich) for at least 16 h. To
investigate cell mitosis from prophase or metaphase to the next
Gl phase, only mitotic cells were collected by the mitotic
shake-off method, washed with PBS, and released by incubation
with fresh culture medium.

Knockdown effects by siRNA oilgonucleotides. We used
siRNA oligonucleotides against TOPK and p97 (Sigma Aldrich
Japan, Tokyo, Japan) as well as control siRNA for enhanced
green fluorescent protein (EGFP) to examine the knockdown
effects of those genes on cell morphology or cell-cycle progres-
sion. The sequences targeting each gene were as follows:
si-EGFP  (control):  5-GCAGCACGACUUCUUCAAG-3’;
si-TOPK targeting 3’-UTR of the TOPK gene, 5-GUGU-
GGCUUGCGUAAAUAA-3 and si-p97, 5-AAGUAGG-
GUAUGAUGACAUUG-3"."> T47D or ZR-75-1 cells were
plated onto 6-cm dishes (2 X 10° cells/dish) or Col-1 coated
glass slides (1 x 10° cells/slide), and transfected with 100 pmol
each of the siRNA duplexes using Lipofectamine RNAIMAX
reagent (Invitrogen) according to the manufacturer’s instruc-
tions. The cells were collected or immunostained after incuba-
tion for 48 h to examine knockdown effects to the TOPK or p97
genes. Cell morphology was examined by phase-contrast
microscopy (Olympus, Tokyo, Japan) at 2 days after the trans-
fection of siRNAs. To examine any arrest on cell cycle, the cells
were treated with new culture media containing 0.3 pg/mL of
nocodazole and incubated for the following 18 h. For monitor-
ing cell mitosis, T47D cells were seeded at 1 X 10° cells in a
60-mm dish and transfected with 100 pmol of si-EGFP or
si-TOPK. Two days after the transfection, the time required for
cell mitosis was measured by a Time-lapse microscopy (Sanyo,
Tokyo, Japan). In parallel, the cells were collected and equal
amounts (5 pg protein) of whole cell lysates were applied for
Western analysis using anti-TOPK or anti-p97 monoclonal anti-
bodies to verify knockdown of those proteins. For RNAi-rescue
experiments, T47D cells were transfected with the pCAGGS-
HA-TOPK construct at 24 h prior to transfection with each
siRNA oligonucleotide, in accordance with a previous report.'®

Statistical analysis. To assess TOPK-knockdown effects on
cell morphology, statistical significance was determined by
Student’s t-test using Statview software (SAS institute, Cary,
NC, USA) after counting more than 1000 cells. P-values less
than 0.05 were considered to be statistically significant.

Fig. 1. Autophosphorylation of T-LAK cell-originated protein kinase
(TOPK) protein in mitotic cells. (a) TOPK was phosphorylated in
mitotic cells. The isolated cells at mitosis (M) or the interphase (I)
were analyzed by FACS analysis, and cell lysates were treated with
lambda protein phosphatase (APPase) before immunoblotting with
TOPK monoclonal antibody. (b) Autophosphorylation of TOPK in
mitotic cells. T47D cells were transfected with wild-type TOPK (WT),
alanine-substituted mutant at Thr9 (T9A), kinase-dead (KD), and
double mutant (T9A/KD), respectively, and immunoblotting was
performed using anti-HA monoclonal antibody. Both WT and T9A,
but neither KD nor T9A/KD, were phosphorylated and showed a
slowly migrating band (arrow). (c) Phosphorylation of TOPK was
induced by treatment of okadaic acid (OA). Left panels: T47D cells
were treated with 50, 100, and 200 nm of OA, and cells were
harvested at 3 h after treatment of OA. Right panels: The
phosphorylated band, which appeared after treatment with 200 nm of
OA for 3 h, was verified by APPase assay. (d) Interaction of TOPK and
protein phosphatase 1 alpha (PP1ax). COS-7 cells were co-transfected
with GST-fused PP1a (PP10-GST), HA-tagged TOPK (HA-TOPK), and
pulled-down with equilibrated glutathione sepharose 4B beads or
immunoprecipitated with anti-HA monoclonal antibody, followed by
immunoblotting analysis using anti-GST or HA monoclonal antibodies.
(e) The recombinant TOPK (left panel) and endogenous TOPK from
mitotic cell lysates (right panel) were dephosphorylated by treatment
of recombinant PP1a protein. APPase served as a positive control for
clarification of the band-shift of TOPK protein.
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Additional methods (constructs; immunocytochemical analy-
sis of TOPK, p47, and p97 proteins; immunoblotting and immu-
noprecipitation: GST pulldown assay; in vitro phosphorylation;
in vivo phosphorylation; and in vitro phosphatase assay) are
given in the Supporting Methods.

Results

Autophosphorylation of TOPK protein in mitotic cells. We
previously demonstrated that TOPK was up-regulated and phos-
phorylated at the M phase in breast cancer cells.”” To validate
this result, we performed immunoblotting analysis using lysates
of the T47D and ZR-75-1 breast cancer cells at the interphase or
at mitosis by the mitotic shake-off method (see Supporting
Methods), and found completely phosphorylated TOPK protein
in the mitotic cells (Fig. 1a). Because it has been reported that
CDK1/cyclin B directly phosphorylate TOPK at Thr9,"” we
firstly confirmed those results, and consequently proved it by
observation of their co-localization and by in vitro kinase assay
(Supporting Fig. S1). However, we considered the possibility of
autophosphorylation of TOPK during mitosis according to
results from our previous in vitro kinase assay.(9) To compare
the CDK1-induced phosphorylation at Thr9 and autophosphory-
lation of TOPK, T47D breast cancer cells were transfected with
wild-type, T9A, and kinase-dead (KD) TOPK constructs, and
treated with nocodazole. Although the exogenously expressed
TOPK proteins were not completely phosphorylated, probably
due to abrupt expression with a HA-tag, immunoblotting with
an anti-HA antibody detected phosphorylated TOPK protein
from nocodazole-treated T47D cells (Fig. 1b). The phosphory-
lated bands of the cells transfected with the wild-type or T9A
constructs were still observed, while those in the cells with the
KD mutant or those in the cell lysates treated with lambda pro-

tein phosphatase completely disappeared. These findings sug-
gested that TOPK was predominantly phosphorylated by
autophosphorylation rather than phosphorylation (Thr9) by
CDKl1/cyclin B1.

PP1a regulates the phosphorylation of TOPK. We had previ-
ously demonstrated that the phosphorylation of TOPK protein
was induced by treatment with OA, which is a potent inhibitor
of Ser/Thr protein phosphatases, in T47D breast cancer cells.”
However, how OA induced phosphorylation of TOPK in breast
cancer cells was unclear. Although OA is known to inactivate
both PPla and PP2A (protein phosphatase 2A), the I1Cs, value
of OA in inhibiting PPla is much higher (70 nm) than that in
PP2A (0.4 nm).""” Moreover, the activity of PP1a was reported
to be down-regulated during cell mitosis."? Therefore, we
examined phosphorylation levels of TOPK at a high concentra-
tion of OA that was expected to inhibit PP1o. We observed that
the TOPK phosphorylation was enhanced by addition of
200 nmol/L of OA in the culture medium, but not by low con-
centrations of OA (less than 200 nm) (Fig. lc), suggesting the
possibility that autophosphorylation of TOPK was enhanced by
inactivation of PP1a.

To further examine the interaction of TOPK with PPla, we
co-transfected two plasmid constructs, which were designed to
express GST-tagged PPla (PP1a-GST) and HA-tagged TOPK
(HA-TOPK) into COS-7 cells, and then performed co-immuno-
precipitation assays. As shown in Figure 1(d), HA-TOPK was
clearly pulled down with PP1a-GST (upper panel), and concor-
dantly PP1o-GST was co-immunoprecipitated with HA-TOPK
(lower panels). We further examined the in vitro phosphatase
activity of PPla protein on the phosphorylated TOPK protein
and found the dephosphorylation of recombinant TOPK protein
by the incubation with the recombinant PP1o protein to be simi-
lar to that by the lambda phosphatase (APPase) (Fig. le, left
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panel). In addition, we also found that the endogenous TOPK
protein in lysates from T47D cells at the mitotic phase was
dephosphorylated in the presence of PP1a protein (Fig. le, right
panel). Taken together, these findings implied that a protein
phosphatase, PP1a, possibly interacts with TOPK and thereby
may suppress the activity of TOPK.

Activation of TOPK through inactivation of PP1a by CDK1/
cyclin B1. Since PPla was reported to be inactivated in mitotic
cells through phosphorylation at Thr320 by CDKl1/cyclin Bl
complex,"® we hypothesized that the inactivation of PP1a dur-
ing mitosis might be functionally linked to TOPK activation. To
investigate this hypothesis, we synchronized T47D cells at the
G2/M phase (61-70% were G2/M) by incubation with nocodaz-
ole for 16 h, and then subsequently incubated them with a
CDK1 inhibitor for up to 4 h (Fig. 2a). Inmunoblotting analysis
demonstrated that the phosphorylation of TOPK was decreased
in a time-dependent manner (0 to 4 h) after treatment with the
CDKI1 inhibitor (Fig. 2b, first panel), in concordance with
decreased phosphorylation of PPla at Thr320 (Fig. 2b, third
panel). We confirmed the decreased phosphorylation level of the
Rb protein (Ser807 and Ser811) that was a hallmark of the activ-
ity of the CDK1/cyclin B1 complex (Fig. 2b, fifth panel).

Entry into mitosis is conducted by the activation of the
CDKl1/cyclin B1 complex, whereas exit of mitosis is driven
according to inactivation of the complex through APC-mediated
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proteolysis of cyclin B1."" Hence, we investigated how TOPK,
PPla, cyclin B1, and CDKI1 proteins are regulated from pro-
phase to the next G1 phase by means of FACS and immunoblot-
ting analyses using the isolated mitotic cells (Fig. 2c,d).
According to progression of cell mitosis, the proportion of mito-
tic cells was significantly decreased from 85% to 30% within
2 h after releasing from the synchronization (Fig. 2c¢). During
the M to next G1-phase transition, we observed dephosphoryla-
tion of TOPK (Fig. 2d, first panel) as well as PPla (Fig. 2d,
third panel) in accordance with the reduction of the mitotic-cell
population. Moreover, these decreased phosphorylations of
TOPK and PPla (Thr320) were concordant with the decreased
activity of the CDK1/cyclin B1 complex that was reflected by
degradation of cyclin B1 protein during the late stages of mitosis
(Fig. 2d, fifth panel). Taken together, our findings implied that
the phosphorylation of TOPK was regulated by the activities of
PPlo and CDK1/cyclin B1 in a mitosis-dependent manner.
TOPK-depletion resulted in cytokinetic failure and cell-cycle
arrest. We treated T47D breast cancer cells with TOPK-specific
siRNA (si-TOPK) or si-EGFP oligonucleotide (control) for 48 h
and confirmed the knockdown of TOPK protein expression in
the si-TOPK-treated cells (Supporting Fig. S2a). We observed
the elongated intercellular bridges (white arrows) in the TOPK-
depleted-cells by microscopy as well as by immunocytochemi-
cal analysis, but not in the control si-EGFP-treated cells. The
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Fig. 3. Cytokinetic failure induced by T-LAK cell-originated protein kinase (TOPK)-depletion. (a,b) Two days after transfection with si-enhanced
green fluorescent protein (EGFP) (a) or si-TOPK (b) in T47D cells, the duration of cell mitosis was measured by time-lapse microscopy. White and
yellow arrows indicate the cells under mitosis and the intercellular bridge, respectively. (c) RNAi rescue experiments. T47D cells were transfected
with wild-type (WT) or kinase-dead of HA-tagged TOPK-expression vectors, and subsequently were transfected with si-TOPK. Forty-eight hours after
transfection of siRNA, immunocytochemistry was performed. The exogenously expressed TOPK proteins were immunostained with anti-HA
monoclonal antibody (green). The wild-type of TOPK restored cell morphology of T47D (white arrows), whereas the kinase-dead did not but still
showed intercellular bridges (yellow arrows). The actin structure was stained with Alexa Fluor 594 phalloidin (red), and nuclei were counter-stained
with DAPI (blue). The percentage of cytokinetic defects in the cells expressing the exogenous wild-type or kinase-dead of TOPK protein was graphed
after counting 50 cells.
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cell population of cytokinetic defects was significantly increased
by TOPK-depletion (P < 0.001), which was accompanied by
aberrant formation of the midbodies, indicating an essential role
of TOPK protein in completion of cytokinesis (Supporting
Fig. S2b). We confirmed the similar results when used another
TOPK-expressing breast cancer cell line, ZR-75-1 (Supporting
Fig. S2c¢). To clarify incompletion of cytokinesis in TOPK-
depleted cells in more detail, we examined real-time imaging of
mitotic process of T47D cells by time-lapse microscopy. Fig-
ure 3(a) shows that it took less than 2 h for the cell division
from prophase to the next G1 phase in si-EGFP-transfected cells
(as indicated by white arrows). On the other hand, it took 3.5 h
for the cell division from prophase to telophase (white arrows),
and a further 6 h for the abscission step (yellow arrows) in
TOPK-depleted cells (Fig. 3b). Additionally, those cytokinetic
defects were restored by exogenously expressed wild-type
TOPK, but not by kinase-dead mutant (Fig. 3c), suggesting that
the kinase activity of TOPK is indispensable for cytokinesis.

TOPK interacted with p97 via p47 during mitosis. To investi-
gate the signaling pathway phosphorylated by the TOPK kinase,
we attempted to identify substrate(s) of TOPK by in vitro pro-
tein pulldown assay using GST-tagged TOPK (GST-TOPK) and
GST protein as a control. Through a comparison of proteins
pulled-down together with GST-TOPK and GST proteins, we
identified a protein of approximately 45-kDa in a lane corre-
sponding to the proteins co-immunoprecipitated with the GST-
TOPK protein, but not in that with the control GST (Supporting
Fig. S3). MALDI-TOF analysis defined this protein to be a p47
protein, an adaptor of p97 that belongs to AAA+ ATPase."'® It
has been reported that p47 forms a complex with p97 during
mitosis.'” Therefore, to validate the interaction between TOPK
and the p47/p97 complex, the protein pools co-precipitated with
GST-TOPK were immunoblotted with anti-p47 and anti-p97
polyclonal antibodies, respectively. As shown in Figure 4(a),
both of the endogenous p47 and p97 proteins were included in
co-precipitates with GST-TOPK in nocodazole-treated T47D
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Fig. 4. T-LAK cell-originated protein kinase (TOPK) phosphorylates p97 at the M-phase. (a) p47/p97 complex interacts with TOPK in the mitotic
cells. GST-pulldown assay was performed with the cell lysates from T47D treated with/without nocodazole. The protein pools co-precipitated
with GST or GST-TOPK were immunoblotted with anti-GST and anti-TOPK monoclonal antibodies, and with anti-p47 and anti-p97 polyclonal
antibodies. (b) /n vitro kinase assay of recombinant TOPK and p97 proteins using non-labeled ATP. Each of 5 ug of recombinant p97 protein was
incubated with 1 pg of active TOPK for 2 h at 30°C. After reaction, the protein samples were loaded on SDS-PAGE gel followed by Coomassie
Brilliant Blue (CBB) staining and immunoblotting with anti phospho-Thr polyclonal antibody. The asterisk indicates autophosphorylation of
TOPK. (c) Mitotic phosphorylation of p97. The isolated T47D cells at interphase (I) or mitosis (M) were analyzed by FACS analysis, and cell lysates
were immunoblotted with anti-TOPK monoclonal antibody (left) or phospho-Thr specific polyclonal antibody (right) after treatment with
lambda protein phosphatase (LPPase). B-actin and total p97 served as loading controls. (d) TOPK-depletion attenuates mitotic phosphorylation
of p97. After transfection with si-EGFP or si-TOPK, T47D cells were incubated for 12 h and then treated with/without 0.3 png/mL of nocodazole
for additional 18 h before cell collection. The population (%) of each cell cycle is graphed. Grey bar, G1 phase; white bar, S phase; black bar,
G2/M phase. (e) Equal amounts of total protein were immunoblotted with anti-TOPK monoclonal antibody to show knockdown and
phosphorylation (arrow) of TOPK protein induced by si-TOPK and nocodazole, respectively. After in vitro binding and pulldown assays with GST-
tagged p47 protein, equal amounts of endogenous p97 proteins were co-precipitated with sepharose 4B beads and immunoblotted with
phospho-Thr specific polyclonal antibody. Total p97 and GST-p47 served as loading controls for the GST-pulldown assay.
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cells, but not in those from non-treated cells, indicating a possi-
bility of their interaction in a mitosis-phase-specific manner. To
further validate their in vivo interaction, we performed co-trans-
fection of HA-tagged TOPK (HA-TOPK) with GST-tagged p47
(GST-p47) or myc-tagged p97 (p97-myc) constructs into COS-7
cells, in which p47 expression was undetectable (data not
shown), and then proteins were precipitated. Immunoblotting
analysis to the precipitates using anti-HA antibodies revealed
that HA-TOPK was co-precipitated with GST-p47 but not with
p97-myc (Supporting Fig. S4a). On the other hand, when all
of the p97-myc, GST-p47, and HA-TOPK constructs were
co-transfected, followed by immunoprecipitation with myc-tag,
we detected that HA-TOPK was co-precipitated with p97-myc
and the interaction was dependent on the expression of GST-p47
(Supporting Fig. S4b). Furthermore, we confirmed the high
expression of p47 and p97 proteins in the majority of the breast
cancer cell lines examined, but not in the normal cells, HMEC
(Supporting Fig. S4c). In addition, we observed the subcellular
localization of endogenous p47 in the cytoplasm of interphase
cells and diffusion in mitotic cells after breakdown of nuclear
membrane (white arrows), similar to that of TOPK and p97
(Supporting Fig. S4d). It is notable that that TOPK and p97
clearly localized in the midbody during cytokinesis (Supporting
Fig. S4e). Taken together, these findings suggest that p47 medi-
ates protein interaction between TOPK and p97, and that their
interaction plays a key role during the mitosis of breast cancer
cells.

TOPK phosphorylates p97 during mitosis. To examine the
possibility of whether the p47/p97 complex is a substrate for
TOPK kinase, we first performed in vitro kinase assay using
Flag-tagged p47 protein (Flag-p47) that was exogenously
expressed and immunoprecipitated from COS-7 cells in which
p97 protein was highly expressed. Our results revealed that
endogenous p97 protein was co-immunoprecipitated with Flag-
p47 (Supporting Fig. S5a), and that the co-immunoprecipitated
p97 protein was phosphorylated by recombinant TOPK protein
in vitro (Supporting Fig. S5b). We further confirmed the
phosphorylation of purified myc-tagged p97 protein by TOPK
in vitro using an anti-phospho-Thr specific polyclonal antibody
(Fig. 4b), but not by an anti-phospho-Ser antibody (Supporting
Fig. S5¢).

To further investigate phosphorylation of the endogenous p97
protein by TOPK during mitosis, we collected T47D breast can-
cer cells at the M phase by the mitotic shake-off method, and
then performed immunoblotting using an anti-phospho-Thr anti-
body. We observed the phosphorylation of endogenous TOPK
protein (Fig. 4c, left panels) and p97 protein (Fig. 4c, right pan-
els) in mitotic cell lysates (M), whereas the phosphorylation was
hardly detectable in the cells in the interphase (I). We also
investigated the phosphorylation status of p97 during mitosis in
TOPK-depleted cells. Our previous studies found that at least
24 h were required to significantly knockdown TOPK expres-
sion at the protein level. Hence, T47D cells were incubated for
12 h after transfection with si-TOPK or si-EGFP (control), and
further incubated in the culture media with or without nocodaz-
ole for 18 h (see the Materials and Methods). We then collected
the mitotic cells from each of the control (si-EGFP)-treated and
si-TOPK-treated cells. As a result, when the cells were collected
(30 h from the beginning of si-TOPK transfection), TOPK pro-
tein was significantly depleted and the cells were arrested at
pro- or meta-phases (Fig. 4d). Moreover, by immunoblotting
with anti-TOPK monoclonal antibody, we validated that TOPK
protein was significantly decreased in si-TOPK-treated cells
although it was phosphorylated by treatment with nocodazole
(Fig. 4e). Then, each of cell lysates was incubated with GST-
p47 recombinant protein to pull down the endogenous p97 pro-
tein. The total amount of p97 was not affected by treatment with
si-RNA or nocodazole, but the phosphorylation level of the p97
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protein was significantly reduced in the TOPK-depleted cells.
Conversely, the phosphorylation of p97 was induced by exoge-
nous introduction of wild-type TOPK at the mitotic phase of
HEK?293T cells (Supporting Fig. S6). Therefore, we speculate
that p97 is a novel mitotic substrate for the TOPK kinase.

TOPK and p97 are indispensable for cytokinesis. To elucidate
the biological roles of p97 in breast cancer cells, we knocked
down p97 expression in T47D (Fig. 5a,b) and ZR-75-1 (Fig. 5¢,d)
breast cancer cells by siRNA treatment. Subsequently, we
observed by microscopy (Fig. 5a,c) and immunocytochemistry
(Fig. 5b,d) that the p97-depletion resulted in incomplete
cytokinesis of these cells, remaining connected by intercellular
bridges (yellow arrows), and thus significantly increased the cell
population of cytokinetic defects (P < 0.0001). These results
indicated that the absence of p97 caused the failure of
cytokinesis, similar to morphologic changes observed by the
knocking down of TOPK as shown in Figure S2, and therefore
allowed us to conclude that the TOPK-p97 pathway could be
indispensable for cytokinesis.

Discussion

We previously suggested that TOPK is a novel mitotic kinase
indispensable for breast cancer cell growth and highly phosphor-
ylated in the mitotic cells.”” Although it has been reported that
CDKl1/cyclin B1 complex directly phosphorylated TOPK at
Thr9 by in vitro experiments,"” our results implied that auto-
phosphorylation of TOPK was likely to be more critical for its
activation during mitosis than the phosphorylation at Thr9 by
CDKI (Fig. 1b). Indeed, our results were consistent with previ-
ous findings that CDK]/C?/clin B1 phosphorylation was not suf-
ficient to activate TOPK.”*” We further demonstrated that the
activated CDK1/cyclin B1 complex enhanced autophosphoryla-
tion of TOPK indirectly through suppression of PP1a activity at
the entry of mitosis (Fig. 2a,b); inactivation of PP1a resulted in
elevation of the autophosphorylation level of TOPK. Further-
more, we demonstrated that TOPK was gradually dephosphoryl-
ated at the exit of mitosis due to restoration of PPla, that was
induced by CDKI inactivation (Fig. 2c,d). It is notable that two
proteins of opposite biological roles, protein kinase CDK1 and
protein phosphatase PP1o, comprise an axis to regulate the cell
cycle-dependent activation of TOPK. This switching mechanism
is similar to other protein kinases such as Aurora kinase A,
ATM, and Nek2, which are activated by autophoszghorylatlon
but negatively regulated by protein phosphatases.‘

Although several studies have reported that knockdown
of TOPK resulted in cytokineic defects,®'%** its biological
role in cytokinesis has not been understood. In this study, we
observed that the TOPK-depleted cells had an aberrant midbody
structure and were connected with elongated intercellular
bridges (Supporting Fig. S2). The real-time imaging of mitotic
cells demonstrated that the TOPK-depleted cells resulted in
delayed cytokinesis without cell cleavage, indicating an indis-
pensable role for the abscission process, which is the final step
of cytokinesis, the separation of two daughter cells (Fig. 3).
These findings strongly suggest that TOPK is a mitotic kinase
required to terminate cancer cell cytokinesis through phosphory-
lation of essential substrates involved in the cytokinesis. Conse-
quently, we identified the p47/p97 complex proteins as
candidate substrates of TOPK and ascertained that TOPK inter-
acted directly with p47 but indirectly with p97 (Fig. 4a and Sup-
porting Fig. S4). Furthermore, we discovered that TOPK is
responsible for the mitotic phosphorylation of p97 (Fig. 4b—e).

The p97 protein, one of the AAA+ ATPase members, has
been reported to be involved in various cellular events: ERAD
(ER-associated protein degradation), ubiquitin- dependent prote-
olysis, spindle disassembly, and membrane fusion.’ ® These dis-
tinct molecular functions of p97 are known to be regulated by
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Fig. 5. p97 is indispensable for cytokinesis. (a)
Knockdown of p97 resulted in cytokinetic defects in
T47D cells. Forty-eight hours after transfection, the
p97 protein was significantly depleted in si-p97-
treated T47D cells compared with si-enhanced
green fluorescent protein (EGFP)-treated cells.
B-actin  served as a loading control for
immunoblotting analysis. By observation of cell
morphology using a phase contrast microscopy, the
p97-depleted cells showed intercellular bridges as
indicated by yellow arrows. The percentage of cells
with cytokinetic defects were graphed after
counting more than 1000 cells (P < 0.0001,
Student’s t-test). (b) Immunocytochemical staining
of the T47D cells. To clarify a shape of cell, the
actin structure was stained with Alexa Fluor 488
phalloidin (green), and nuclei were counter-stained
with DAPI (blue). The p97-depleted cells failed in
the cytokinesis and showed elongated intercellular
bridges (yellow arrows). The white arrow indicates
midbody formation of si-EGFP-treated cells at the
cytokinesis. (c,d) Knockdown of p97 resulted in
cytokinetic defects in ZR-75-1 cells. The depletion of
p97 protein, cell shape, and percentages of the cells
with  cytokinetic defects were validated as
mentioned above.

Fig. 6. Schema of the roles of T-LAK cell-originated
protein kinase (TOPK) in cancer cell mitosis. At an
early stage of mitosis, TOPK autophosphorylation is
induced though the inactivation of protein
phosphatase 1 alpha (PP10) by cyclin-dependent
kinase (CDK1)/cyclin B1 complex. Then, the activated
TOPK phosphorylates p97 through its interaction with
p47. Finally, the restored PP1a dephosphorylates and
inactivates TOPK to the steady level at the exit of
mitosis.
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several adaptors and interacting proteins.*> Consistent with
these reports, we have shown that adaptor protein p47 contrib-
utes to the interaction between TOPK and p97. The critical roles
of p97 in mitosis have been suggested in various species, from
yeast to mammalian cells.*® For example, the yeast homolog of
p97, cdc48 protein, was reported to regulate spindle disassembly
at the end of mitosis and to coordmate cellular morphologies
during the M=G1 transition.?”*® We in this study demonstrated
by siRNA experiments that knockdown of p97 in breast cancer
cells caused cell-cycle arrest at the boundary of the M and next
G1 phase without cell abscission (Fig. 5). These results of cyto-
kinetic defects might be induced from aberrant formation of the
midbodies, where the abscission initiates, as observed in TOPK-
depleted cells (Supporting Fig. S2b). Considering phosphoryla-
tion of p97 by TOPK at the mitotic phase, our findings imply for
the first time that TOPK plays a critical role in cell cytokinesis
through phosphorylation of p97 as its substrate. Although further
analysis of the biological roles of TOPK-induced phosphoryla-
tion in p97 will be necessary, the phosphorylation may regulate
the cell cycle-dependent abilities of p97.

On the basis of these findings we propose the following model
to describe the mechanism accounting for activation of TOPK
and for the TOPK-p47/p97 pathway during mitosis (Fig. 6). At
the entry into mitosis, CDKI is dephosphorylated by cdc25s,
and rapidly translocates from the cytoplasm to the nucleus after
nuclear envelope breakdown.®” The active CDK1/cyclin B1
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complex phosphorylates PP1o at Thr320, leading to inactivation
of PPla, resulting in enhancement of TOPK autophosphoryla-
tion at an early stage of mitosis. Subsequently, the activated
TOPK phosphorylates p97 through their interaction with p47
and the complex formation of TOPK-p47-p97. On the other
hand, CDK1/cyclin Bl is gradually inactivated due to APC-
dependent degradation of cyclin Bl resultlng in reactivation of
PPlo when the cells exit mitosis.'" The restored PPla dep-
hosphorylates and inactivates TOPK to the steady level at the
exit of mitosis. Because TOPK and p47/p97 are sequentially
regulated as mitosis progresses, any interruption of these regula-
tions is supposed to lead to cell-cycle arrest and the failure of
cell division as we observed by depletion of either TOPK or p97
(Figs 3,5).

In summary, we here report that TOPK is a novel mitotic
kinase strictly regulated by CDK1 and PP1a, and plays an indis-
pensable role in terminating cell cytokinesis. In addition, we
suggest that the interaction of TOPK-p47-p97 plays a crucial
role in cell abscission.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Fig. S1. Cyclin-dependent (CDK1) phosphorylates T-LAK cell-originated protein kinase (TOPK) at Thr9 in vitro. (a) Co-localization of TOPK,
CDKI1, and cyclin B1 at the M-phase. T47D cells were treated with nocodazole (0.3 pg/mL for 18 h) and immunostained individually with mono-
clonal antibodies of TOPK (red), CDK1 (green), and cyclin B1 (green). Nuclei were counterstained with DAPI (blue) and arrows indicate the cells
at mitosis. (b) In vitro kinase assay using recombinant proteins of CDKI1/cyclin Bl and TOPK (Escherichia coli). Each of 5 pg of inactive
TOPK-recombinant protein, wild-type (WT), and an alanine-substituted mutant (T9A) generated by E. coli was incubated with five units of
CDK1/cyclin Bl complex (New England Biolabs, Ipswitch, MA, USA). After reactions for 1 h at 30°C, the mixtures were loaded on SDS-PAGE
and autoradiographed (upper panel). The phosphorylated band of TOPK was diminished by competitive incubation with a peptide against the
N-terminus of TOPK protein (TOPK ;g peptide: MEGISNFKTPSKLSEKKK).

Fig. S2. (a) Cytokinetic failure in T47D cells after T-LAK cell-originated protein kinase (TOPK) -depletion. TOPK expression was drastically sup-
pressed in si-TOPK-treated T47D cells compared with si-enhanced green fluorescent protein (EGFP)-treated cells. B-actin served as a control for
immunoblotting analysis. Cellular morphology was observed by phase-contrast microscopy at 2 days after transfection with si-EGFP or si-TOPK
(upper panels), and the percentage of cells with cytokinetic defects was graphed after counting more than 1000 cells (middle panels). To clarify a
shape of cell, the actin structure was stained with Alexa Fluor 594 phalloidin (red), and nuclei were counterstained with DAPI (blue) by immuno-
cytochemistry (lower panels). The arrows indicate intercellular bridges. (b) Immunocytochemical staining with a protein marker for the midbody
structure. The T47D cells transfected with si-EGFP or si-TOPK were immunostained with anti-PRC1 polyclonal antibody (green) to validate for-
mation of the midbody structure during cytokinesis. (¢) Cytokinetic failure in ZR-75-1 cells after TOPK-depletion. Similar to the results of T47D
cells (a), many more cells of cytokinetic defects with the intercellular bridges (arrows) were observed in the TOPK-depleted ZR-75-1 cells.

Fig. S3. Identification of a T-LAK cell-originated protein kinase (TOPK)-interacting protein, p47. (a) T47D cells were transfected with plasmids
encoding GST-only, GST-tagged TOPK protein of full-length (1-322), and GST-tagged TOPK protein depleted with the C-terminal ETDV motif
(1-318). After nocodazole-treatment (0.3 pg/mL for 18 h) and GST pulldown, the co-precipitates with GST-tagged proteins were loaded on SDS-
PAGE followed by immunoblotting and silver staining. A differentially appeared protein band in the lanes of GST-TOPKs (red arrow) was col-
lected and analyzed by mass spectrometry. (b) Results from mass spectrometry. Mascot analysis (http://www.matrixscience.com) of peptide mass
fingerprinting predicted the isolated sample as human p47 protein.

Fig. S4. T-LAK cell-originated protein kinase (TOPK) interacts with p47/p97. (a) TOPK directly interacts with p47, but not with p97. COS-7 cells
were co-transfected with HA-TOPK, GST-p47, and p97-myc. Subsequently, co-precipitants with GST-p47 (left panels) or p97-myc (right panels)
proteins were collected by GST-pulldown assay or immunoprecipitation, respectively (see the Materials and Methods). The arrow indicates HA-
TOPK co-precipitated with GST-p47. The asterisk indicates a heavy chain of immunoglobulin from anti-myc monoclonal antibody used for immu-
noprecipitation. (b) TOPK binds to p97 via p47 as an adaptor. COS-7 cells were tri-transfected with GST-p47, myc-p97, or HA-TOPK constructs.
The complex among those proteins were immunoprecipitated using anti-myc monoclonal antibody, and immunoblotted with anti-myc, -GST, -HA,
and -TOPK monoclonal antibodies, respectively. The asterisk indicates a heavy chain of immunoglobulin from anti-myc monoclonal antibody. (c)
Equal amounts of total protein were prepared from breast cancer cell lines (BT-549, HBCS, HCC1937, MCF-7, MDA-MB-231, MDA-MB-435S,
SKBR3, T47D, and ZR-75-1), HBL100, and a human mammalian epithelial cell line (HMEC). After SDS-PAGE and membrane transfer, the pro-
teins were immunoblotted with an anti-TOPK monoclonal antibody and anti-p47 or -p97 polyclonal antibodies. -actin served as a control for immu-
noblotting analysis. (d,e) Subcellular localizations of p47, p97, and TOPK in T47D were observed by immunocytochemistry using an anti-p47
polyclonal antibody or Alexa Fluor 488 phalloidin (green) and anti-p97 or -TOPK monoclonal antibodies (red). Nuclei were counter-stained with
DAPI (blue). White and yellow arrows indicate mitotic cells (d) and the midbody structure of the cells at cytokinesis (e), respectively.

Fig. S5. In vitro kinase assay with T-LAK cell-originated protein kinase (TOPK) and immunoprecipitated proteins. (a) The candidate proteins to
interact with TOPK were expressed in COS-7 cells and immunoprecipitated using an anti-Flag antibody. The endogenous p97 protein was co-pre-
cipitated with Flag-p47 and appeared in the SDS-PAGE gel of Coomassie Brilliant Blue (CBB) staining (right panel). (b) In vitro kinase assay of
TOPK and the precipitated proteins using radioisotope-labelled ATP. Each protein pool was reacted with 0.5 pg of active TOPK for 30 min at
30°C and autoradiographed. P1 is another candidate protein that may interact with TOPK, but not phosphorylated by TOPK. The asterisk indicates
autophosphorylated TOPK. (c) In vitro kinase assay with recombinant proteins of TOPK, p47 and p97. The myc-tagged p97 recombinant protein
(1 pg) was incubated with the active TOPK (0.5 pg) with/without GST-tagged p47 (0.5 pg). After reactions for 2 h at 30°C, the proteins were
loaded on SDS-PAGE and analyzed by Coomassie Brilliant Blue (CBB) staining and immunoblotting with anti-myc or -GST monoclonal antibod-
ies and anti-phospho-Thr or -Ser specific polyclonal antibodies.

Fig. S6. In vivo phosphorylation of p97 by exogenously expressed T-LAK cell-originated protein kinase (TOPK). HEK293T cells were cotrans-
fected with p97-myc and HA-tagged wild-type (WT) or kinase-dead (KD) of TOPK. Before cell collection, the cells were treated with 0.1 pg/mL
of nocodazole for 18 h. After immunoprecipitation with myc-tag antibody, equal amounts of p97-myc protein were precipitated and then immu-
noblotted with anti-phospho-Thr polyclonal antibody. The arrow indicates the phosphorylated TOPK protein.

Supporting Methods.

Further materials and methods including constructs, immunocytochemical analysis of TOPK, p47, p97 proteins. Immunoblotting and immuno-
precipitation, GST pull-down assay, in vitro phosphorylation, in vivo phosphorylation, and in vitro phosphatase assay are provided in supporting
methods.

Please note: Wiley-Blackwell are not responsible for the content or functionality of any supporting materials supplied by the authors. Any queries
(other than missing material) should be directed to the corresponding author for the article.
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