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Misshapen-like kinase 1 (MINK1) Is a Novel Component of
Striatin-interacting Phosphatase and Kinase (STRIPAK) and Is
Required for the Completion of Cytokinesis™
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Background: Cytokinesis is regulated by phosphorylation and dephosphorylation of proteins.
Results: MINK1 associated with STRN4, a regulatory subunit of PP2A, and depletion of either protein inhibited completion of

cytokinesis.

Conclusion: MINK1 and STRN4 are required for abscission, the final stage of cytokinesis.
Significance: Our study reveals novel regulatory mechanisms for abscission.

Cytokinesis is initiated by constriction of the cleavage furrow
and terminated by abscission of the intercellular bridge that
connects two separating daughter cells. The complicated pro-
cesses of cytokinesis are coordinated by phosphorylation and
dephosphorylation mediated by protein kinases and phospha-
tases. Mammalian Misshapen-like kinase 1 (MINK1) is a mem-
ber of the germinal center kinases and is known to regulate cyto-
skeletal organization and oncogene-induced cell senescence. To
search for novel regulators of cytokinesis, we performed a screen
using a library of siRNAs and found that MINK1 was essential
for cytokinesis. Time-lapse analysis revealed that MINK1-de-
pleted cells were able to initiate furrowing but that abscission
was disrupted. STRN4 (Zinedin) is a regulatory subunit of pro-
tein phosphatase 2A (PP2A) and was recently shown to be a
component of a novel protein complex called striatin-interact-
ing phosphatase and kinase (STRIPAK). Mass spectrometry
analysis showed that MINK1 was a component of STRIPAK and
that MINK1 directly interacted with STRN4. Similar to MINK1
depletion, STRN4-knockdown induced multinucleated cells
and inhibited the completion of abscission. In addition, STRN4
reduced MINK]I1 activity in the presence of catalytic and struc-
tural subunits of PP2A. Our study identifies a novel regulatory
network of protein kinases and phosphatases that regulate the
completion of abscission.

Cytokinesis is the final step of cell division that physically
disconnects two daughter cells by constriction of the cleavage
furrow and membrane abscission. A complicated coordination
of the dynamic remodeling of the cellular cytoskeleton and
intertwined signal networks in time and space regulates the
precise progression of cytokinesis. Phosphorylation by mitotic
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kinases, such as Polo-like kinase 1 (PLK1),> Aurora-A, and
Aurora-B, is one of the major regulatory mechanisms that con-
trol the dynamic cellular changes during cytokinesis (1). For
example, PLK1 is localized to different subcellular structures,
such as the centrosome, central spindle, and midbody, and
phosphorylates numerous proteins to ensure the accurate dis-
tribution of chromosomes, constriction of the cleavage furrow
and abscission (2, 3). In addition to these kinases, recent studies
have used a library of siRNAs to identify other kinases required
for cytokinesis (4). The elucidation of the physiological func-
tions of these kinases is crucial to fully realize the complicated
process of cytokinesis.

Accumulating evidence has demonstrated that mitotic phos-
phatases are important for the accurate progression of cell divi-
sion (5-7). Protein phosphatase 1 (PP1) and protein phospha-
tase type 2A (PP2A) are major Ser/Thr phosphatase
holoenzymes that account for over 90% of total Ser/Thr phos-
phatase activity in cells. PP1 is composed of catalytic and regu-
latory subunits, and PP2A is a heterotrimeric complex of cata-
lytic, structural, and regulatory subunits (8). Although PP2A
has only two catalytic subunits, there are a number of regula-
tory subunits that determine the specific functions of phospha-
tase holoenzymes (9). PP2A has four subgroups of regulatory
subunits, B, B’, B”, and B”". B”” members are commonly known
as striatins, which include STRN1 (striatin), STRN3 (SG2NA),
and STRN4 (Zinedin) (10). Striatins are calmodulin- and
caveolin-binding proteins with WD repeats and are involved
in signaling and trafficking (11-15). These numerous regu-
latory subunits give phosphatases diverse cellular functions
to control the dynamic changes during cell division (16). For
example, the B55« regulatory subunit of PP2A regulates the
postmitotic assembly of the nuclear envelope and Golgi
apparatus (17). In addition, a recent study using a library of
siRNAs revealed that regulatory subunits of PP2A regulate

2 The abbreviations used are: PLK1, polo-like kinase; MINK, Misshapen-like
kinase; STRIPAK, striatin-interacting phosphatase and kinase; PP2A, pro-
tein phosphatase 2A.
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spindle formation, kinetochore functions, and progression
into cytokinesis (18).

Misshapen-like kinase 1 (MINK1) is a member of the germi-
nal center kinase (GCK) family and is known to regulate a vari-
ety of biological processes (19). The MINK1 Drosophila homo-
log Misshapen (Msn) controls embryonic dorsal closure,
photoreceptor axon pathfinding, and planar cell polarity by
modulating the activity of INK and the phosphorylation of Bifo-
cal and Prickle (20 —24). In addition, Msn was reported to phos-
phorylate Smadl to inhibit TGF-B/bone morphogenetic pro-
tein (BMP)-mediated signaling (25). Mammalian MINK1 is
implicated in the activation of JNK, in Ras-mediated p38 MAP
kinase activation, and regulates cellular senescence, cytoskel-
etal organization and cell motility (26 —29). These studies indi-
cate that MINK1 plays crucial roles in fundamental cellular
processes, but the precise functions still remain largely
unknown.

In this report, we searched for novel regulators of cytokinesis
using a library of siRNAs and identified MINK1 as one of the
essential factors for cytokinesis. Mass spectrometry analysis
revealed that MINK1 is a component of the recently identified
large protein assembly called STRIPAK (striatin interacting
phosphatase and kinase). STRIPAK is composed of striatins,
catalytic and structural subunits of PP2A, and other accessory
proteins (30-32). Biochemical analysis demonstrated the
direct interaction of MINK1 and a member of the striatin fam-
ily, STRN4. We also report that STRN4 modulates MINK1
activity in the presence of catalytic and structural subunits of
PP2A and is required for the completion of cytokinesis.

EXPERIMENTAL PROCEDURES

Cells, Antibodies, and Chemicals—HeLa and 293T cells were
propagated in Dulbecco’s modified Eagle’s medium (Wako,
Osaka, Japan) supplemented with 10% fetal bovine serum
(Equitech-BIO, Kerrville, TX). Anti-MINKI1 antibody was gen-
erated by injecting 200 ug of GST-MINK1 (aa346 —431) mixed
with Freud adjuvant (Sigma-Aldrich, Taufkirchen, Germany)
into a rabbit four times every 2 weeks. Serum was obtained, and
anti-MINK1 antibody was purified using an NHS-activated col-
umn (GE Healthcare BioSciences, Uppsala, Sweden) coupled
with GST-MINKI. Anti-GST antibody was eliminated using
recombinant GST. Anti-STRN4 antibody was generated using
aal-147 of STRN4 fused with GST. Anti-HA antibody was gen-
erated using HA peptide (YPYDVPDYA) fused with GST.
Other antibodies were obtained from the following manu-
facturers: Anti-GFP antibody, NeuroMab, Davis, CA; anti-
FLAG antibody, Wako; anti-cyclin B1 antibody, Cell Signal-
ing, Danvers, MA; anti-a-tubulin and anti-beta-actin
antibodies, Sigma-Aldrich. CDK1 inhibitor, RO3306, was
obtained from Merck4Biosciences (Darmstadt, Germany),
and PLK1 inhibitor, BI2536, from Axon Medchem BV
(Groningen, Netherlands).

SiRNA Screening—Forty proteins that are phosphorylated in
mitosis and whose cellular functions have never been associ-
ated with mitosis were selected based on the previous report
(33). siRNAs targeting these genes were purchased from Invit-
rogen. HeLa cells were cultured on 48-well plates and trans-
fected with each siRNA. Seventy-two hours later, the cells were
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fixed with ice cold methanol/acetone (1:1) and immunostained
with Hoechst (Dojindo, Kumamoto, Japan) and anti-a-tubulin
antibody. Multiple pictures were taken using a fluorescence
microscope (IX71, Olympus, Tokyo, Japan), and multinucle-
ated cells were manually evaluated.

Plasmids—Human full-length STRN4 was obtained from
Kazusa DNA Research Institute (Chiba, Japan). Human full-
length MINK1, TNIK, MAP4K4, PPP2R1A, and PP2P2CA
c¢DNAs were amplified by PCR from the HeLa cDNA library
and ligated into the pQCXIP vector (Clontech, Mountain View,
CA) with N-terminal GFP, FLAG, HA, or Myc tag. The deletion
constructs for MINK1 were generated by PCR.

In Vitro Translation—cDNAs were cloned into the pcDNA3.1
vector (Invitrogen), and in vitro translation was performed
using TNT Quick-coupled Transcription/Translation System
(Promega, Madison, WI) according to the manufacturer’s
protocol.

Immunoblotting and Immunoprecipitation—Cells were
lysed with Laemmli sample buffer (20% glycerol, 135 mm Tris-
HCl, pH 6.8,4% SDS, 10% 2-mercaptoethanol, 0.003% BPB) and
boiled for 5 min. Protein concentrations of lysates were meas-
ured using the RC-DC Protein Assay (Bio-Rad Laboratories).
Equal protein quantities of cell lysates were separated on SDS-
polyacrylamide electrophoresis (SDS-PAGE) gels and trans-
ferred to PVDF membranes (Millipore, Billerica, MA). The
membranes were blocked with 1% nonfat skim milk, incubated
with each primary antibody for 1 h, washed with TBS-T buffer
(10 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 0.05% Tween 20) and
incubated with secondary antibodies. The proteins were visu-
alized by enhanced chemiluminescence (GE Healthcare). To
immunoprecipitate proteins, cells were lysed with TNE buffer
(25 mm Tris-HCI, pH 7.4, 150 mMm NaCl, 0.1% Nonidet P-40
(Wako)) or RIPA buffer (50 mm Tris-HCI pH 7.4, 150 mm NaCl,
0.1% SDS, 0.5% DOC, 1% Nonidet P-40) and centrifuged at
15,000 rpm for 20 min to clear cell debris. Cell lysates contain-
ing equal amounts of protein were incubated with primary anti-
bodies coupled to protein A- or protein G-agarose beads
(Thermo Scientific, Waltham, MA) at 4 °C for 1 h. After exten-
sive washing with TNE buffer, the proteins were eluted with
Laemmli sample buffer, boiled, and then subjected to
immunoblotting.

Phosphatase Treatment—Cells were lysed with RIPA buffer
with a mixture of phosphatase inhibitors (Nacalai tesque,
Kyoto, Japan) and immunoprecipitated with anti-MINKI anti-
body. The immunoprecipitates were washed with phosphatase
reaction buffer (50 mm HEPES pH 7.5, 100 mm NaCl, 0.1 mm
EDTA pH 8.0, 2 mm MnCl,, 5 mm DTT), either treated or not
treated with 10 units of A phosphatase at room temperature for
20 min and then subjected to immunoblot analysis.

Protein Identification by Mass Spectrometry—293T cells
were lysed with TNE buffer with phosphatase inhibitor cock-
tails and protease inhibitors and immunoprecipitated with
either anti-MINKI1 or control antibody. The immunoprecipi-
tates were washed four times with TNE buffer and then sus-
pended in Laemmli sample buffer. The samples were separated
on a 10% SDS-PAGE gel and stained using a SilverQuest Silver
Staining Kit (Invitrogen). The protein bands were excised, and
the gel pieces were destained, reduced, alkylated, and digested
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using an In-Gel Tryptic Digestion Kit (Thermo Scientific). The
peptides were sequenced using the LC-MS/MS system (Para-
digm MS4, Michrom Bioresources, Sacramento, CA; HTS-
PAL, CTC Analytics AG, Zwingen, Swiss; LTQ Orbitrap XL,
Thermo Scientific), and the proteins were identified using the
Mascot software package (Matrix Science, London, UK).

Time-lapse Analysis—HeLa cells cultured on glass-based
dishes were transfected with siRNAs; 24 h later, the cells were
monitored using a time-lapse microscope system (LCV110,
Olympus) for 48 h. Images were acquired and analyzed using
the MetaMorph Imaging System (Universal Imaging, Silicon
Valley, CA).

Transfection—The sequences of the siRNAs used to sup-
press MINK1 expression were 5'-GGAACAAGAUUCUGCA-
CAATT-3" (MINK1-01), 5'-GCAGCCAAGUUUACUUCA-
UTT-3' (MINK1-02). The sequences of the siRNAs for
STRN4 depletion were 5'-GGGUCAAACUCCAAGGCA-
UTT-3' (STRN4-01), and 5'-GCCUCUGUCUGUUUGCCA-
UTT-3" (STRN4-02). The sequence of the control siRNA
targeting luciferase was 5'-CUUACGCUGAGUACUUCG-
ATT-3'". Cells were transfected with 20 nm siRNA using Lipo-
fectamine RNAiMAX (Invitrogen) according to the manufac-
turer’s instructions. Plasmids were introduced into cells using
Lipofectamine™ 2000 (Invitrogen) according to the manufac-
turer’s protocol. To detect the interaction of MINKI1 and
STRN4 in 293T cells, cells cultured on 3.5-cm dishes were
transfected with 1 ug of plasmid encoding each gene. Forty-
eight hours later, the cells were lysed with TNE buffer and
immunoprecipitated.

Immunofluorescence Analysis—Cells were grown on glass
coverslips coated with fibronectin, fixed with ice cold metha-
nol/acetone (1:1) for 10 min, and blocked with phosphate-buff-
ered saline (PBS) containing 7% fetal bovine serum for 30 min.
Cells were incubated with primary antibody in PBS for 1 h,
washed three times with PBS, incubated with Alexa Fluor 488
or Alexa Fluor 594-labeled secondary antibody in PBS for 1 h,
and then analyzed using a fluorescence microscope (BX60,
Olympus).

Generation of Stable Cell Lines—siRNA-resistant GFP-
MINK]1 was generated by PCR and cloned into pQCXIP retro-
virus vector. To produce kinase-inactive siRNA-resistant GFP-
MINK], the lysine at amino acid 54 was substituted to arginine
by PCR. 293T cells were transfected with pQCXIP vector
encoding wild-type or mutant GFP-MINKI1 with pVPack-GP
and pVPack-Ampho vectors (Stratagene, Tokyo, Japan). The
culture supernatant was collected 48 h later and applied to
HeLa cells with 2 ug/ml of polybrene (Sigma-Aldrich). Cells
were cultured for 24 h, and then 1 ug/ml of puromycin (Sigma-
Aldrich) was added to select for infected cells.

Cell Synchronization—Cells were treated with 40 ng/ml of
nocodazole for 14.5 h, and mitotic cells were collected by shak-
ing off. The collected cells were washed with PBS three times
and then cultured in DMEM with 10% FBS for the indicated
time periods. To synchronize cells in mitosis using thymidine,
cells were cultured in the presence of 2 mm thymidine for 24 h
and then released for 9 h. Mitotic cells were collected by shak-
ing off.
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In Vitro Kinase Assay—To determine the catalytic activity of
MINK1 during mitosis, GFP-MINK1 HeLa cells synchronized
in mitosis were lysed with RIPA buffer and immunoprecipi-
tated with anti-GFP-antibody. The immunoprecipitates were
washed three times with RIPA buffer, washed twice with kinase
buffer (50 mm Tris-HCI, pH 7.4, 5 mm MgCl,, 5 mm MnCl,, 5
mu dithiothreitol, 0.01% Triton X-100), and then mixed with 2
pg of MBP (Sigma-Aldrich) and [y**-P]ATP for 40 min at
30 °C. The reaction was terminated by adding Laemmli sample
buffer, and then the samples were separated by SDS-PAGE and
analyzed by autoradiography.

To examine the effects of STRN4 on the catalytic activity of
MINK1, FLAG-tagged STRN4 was transiently expressed in
293T cells and purified. 293T cells were transfected with a plas-
mid encoding either FLAG or FLAG-STRN4; 24 h later, the
cells were lysed with RIPA buffer and immunoprecipitated with
anti-FLAG antibody. The immunoprecipitate was washed with
RIPA buffer and kinase buffer and then eluted with FLAG-pep-
tide (Wako). One-tenth of the immunoprecipitated GFP-
MINKI1 and FLAG-STRN4 was applied to SDS-PAGE gel with
different amounts of the recombinant proteins of GST-fused
MINKI1 (aa346—431) and STRN4 (aal—147), which were used
to immunize rabbits. The approximate amount of GFP-MINK1
and FLAG-STRN4 was measured using Image]. Immunoprecipi-
tated GFP-MINK1 was mixed with MBP, [y->?P]ATP, and dif-
ferent amounts of STRN4 for 40 min at 30 °C. The reaction was
terminated by adding Laemmli sample buffer, and then the
samples were separated by SDS-PAGE and analyzed by
autoradiography.

To examine the activity of MINK1 in the presence of
PPP2R1A, PPP2CA, and STRN4, a complex of FLAG-PPP2R1A
and GFP-PPP2CA was transiently expressed in 293T cells and
purified. 293T cells were transfected with plasmids encoding
FLAG-PPP2R1A and GFP-PPP2CA; 24 h later, the cells were
lysed with TNE buffer and immunoprecipitated with anti-
FLAG antibody. The immunoprecipitate was washed with
TNE buffer, and the complex was eluted with FLAG-peptide.
The approximate amount of the complex was estimated by
immunoblot with anti-FLAG antibody using FLAG-STRN4
as a standard. GFP-MINK1 was immunoprecipitated and
incubated with FLAG-STRN4 and different amounts of the
FLAG-PPP2R1A/GFP-PPP2CA complex for 40 min at 30 °C.
Laemmli sample buffer was added to terminate the reaction,
which was then separated by SDS-PAGE and analyzed by
autoradiography.

To examine whether CDK1/cyclin B1 and PLK1 can phos-
phorylate MINK]1, kinase-inactive MINK1 (MINK1 K54R) was
produced by PCR and used as a substrate. One microgram of
CDK1/cyclin B1 or PLK1 (Millipore) was incubated with GFP-
MINK1 K54R in the presence of [y->?P]JATP for 40 min at
30 °C and subjected to autoradiography after SDS-PAGE gel
separation.

RESULTS

The Depletion of MINK1 Induces Multinucleated Cells—Cy-
tokinesis-related proteins are often phosphorylated during
mitosis. A previous study identified a large number of proteins
that are phosphorylated in mitosis (33). Based on their findings,
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FIGURE 1. The depletion of MINK1 induces multinucleated cells. A, HelLa cells were cultured on glass coverslips and transfected with the indicated siRNAs.
Seventy-two hours later, cells were fixed and immunostained with anti-a-tubulin antibody and Hoechst. The arrows indicate multinucleated cells (scale bar, 50
um). B, Hela cells that constitutively expressed GFP-tagged siRNA-resistant wild-type or kinase inactive MINK1 were established by retroviral infection. The
cells were treated as in A, and the ratio of multinucleated cells was evaluated. Three independent experiments were performed, and 200 cells were evaluated
for each experiment (the data are represented as the mean = S.D.; **, p < 0.01; n.s., not significant). C, cells were transfected with the indicated siRNA; 72 h later,

the cells were lysed and immunoblotted with anti-MINK1 antibody.

we manually selected 40 genes whose products are phosphory-
lated in mitosis and whose physiological functions have not
been associated with cytokinesis. To determine whether these
genes are required for cytokinesis, HeLa cells cultured on
48-well plates were transfected with siRNAs targeting these
genes and fixed 72 h later to visualize the cells with Hoechst and
anti-a-tubulin antibody. Silencing of the proteins essential for
cytokinesis is known to induce multinucleated cells. Multiple
pictures for each group of siRNA-transfected cells were taken,
and the number of multinucleated cells was evaluated. In this
screen, we found that transfection of two different siRNAs tar-
geting MINK1 significantly increased the number of multinu-
cleated cells (Fig. 1A). The quantification of these results
revealed that ~20% of cells were multinucleated (Fig. 1B). To
confirm that MINK1 suppression, but not an off-target effect of
the siRNAs, resulted in the increase of multinucleated cells, we
established Hela cells that constitutively expressed GFP-
tagged siRNA-resistant MINK1 by retroviral infection. The
number of multinucleated cells induced by MINK1 siRNA
transfection was dramatically reduced by the expression of
siRNA-resistant MINK1 (Fig. 1B). Next, we determined if cat-
alytic activity was required to rescue the phenotype induced
by the siRNA transfection. The lysine at amino acid 54 is essen-
tial for the catalytic activity of MINK1. GFP-tagged siRNA-
resistant MINK1 with the substitution of Lys-54 to arginine was
expressed in HeLa cells by retroviral infection and transfected
with MINK1 siRNA to deplete the endogenous protein. Cata-
lytically inactive MINK1 was unable to reduce the ratio of
multinucleated cells by MINK1 siRNA transfection (Fig. 1B).
We generated an affinity-purified polyclonal antibody using a
MINKI1 fragment of aa346—431 to confirm the depletion of
MINKI1 by the siRNAs. Immunoblot analysis demonstrated
that endogenous MINK1 was depleted by both of the siRNAs,
whereas expression of the siRNA-resistant MINK1 was not
affected by either siRNA (Fig. 1C). These results suggest that

25022 JOURNAL OF BIOLOGICAL CHEMISTRY

loss of MINKI1 function compromises cytokinesis. We per-
formed immunofluorescence analysis to determine the local-
ization of MINK1 during mitosis; however, MINK1 did not
localize to specific sites, such as the mitotic spindle, kineto-
chore, cleavage furrow, and midbody (supplemental Fig. S1).

MINK] Is Required for Abscission—To further characterize
the cytokinesis phenotype caused by MINKI1 depletion, time-
lapse imaging of cell division after siRNA treatment was per-
formed. Luciferase siRNA-transfected cells showed normal
kinetics of cell division, and all of the cells we observed com-
pleted cytokinesis to produce two separated daughter cells (Fig.
2A). Although all the MINK1 siRNA-transfected cells formed a
cleavage furrow, and ingression proceeded to form intercellular
bridge between two daughter cells, some MINK1-knockdown
cells were unable to abscise and fused back to form binucleated
cells (Fig. 2A). The quantification of cells with failed cytokinesis
revealed that ~20% of MINK1-depleted cells became binucle-
ated after incomplete cytokinesis (Fig. 2B). In addition, we
noticed that abscission of the intercellular bridge was signifi-
cantly delayed in most of the MINK1-knockdown cells. We
evaluated the time period of each stage of cell division. MINK1
depletion did not affect the progression from prometaphase
to telophase, but the time from telophase to the completion of
abscission was longer compared with luciferase siRNA-
transfected cells (Fig. 2C). These results indicate that MINK1 is
required to abscise the intercellular bridge to complete
cytokinesis.

MINKI Is Phosphorylated in Mitosis—We examined the
phosphorylation of MINKI1 in mitosis. Cells were synchronized
in mitosis by either nocodazole arrest or thymidine release. Cell
lysates were then subjected to immunoblot analysis to detect
the electrophilic mobility shift of MINK1. As shown in Fig. 34,
the mobility shift of MINK1 was observed in cells synchronized
in mitosis. To confirm that the mobility shift is due to phosphor-
ylation, MINK1 was immunoprecipitated from lysates of cells
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FIGURE 2. MINK1 is required for the completion of abscission. A, HelLa cells were transfected with control or MINK1 siRNAs; 48 h later, the cells were observed
using time-lapse microscopy. Representative images of two types of cell divisions of MINK1 siRNA-transfected cells are shown. prolonged division indicates cells
that completed cytokinesis with extended time period. failed division indicates cells that were unable to complete cytokinesis. The arrows point dividing cells.
B, graph shows the ratio of cells that failed cytokinesis. Forty cells for each group of siRNA-transfected cells were evaluated, and three independent experiments
were performed (the data are represented as the mean = S.D.; **, p < 0.01). C, time period of each stage of mitosis was evaluated. The graph shows the average
time period of 30 cells for each siRNA transfection (data represented as the mean = S.D,; **, p < 0.01).

in mitosis and then treated with A-phosphatase. The phospha-
tase treatment clearly eliminated the mobility shift of MINK1,
indicating that MINK]1 is phosphorylated in mitosis (Fig. 3B).
To determine the kinase responsible for the MINKI1 gel shift,
we used inhibitors for CDK1 and PLK1; both kinases are essen-
tial for the progression of mitosis, and the addition of these
inhibitors arrest cells in the G2/M phase. The mobility shift was
eliminated by the addition of the CDK1 inhibitor, but not the
PLK1 inhibitor (Fig. 3C). We then performed an in vitro kinase
assay to determine whether these kinases can directly phosphor-
ylate MINKI1. Catalytically inactive GFP-tagged MINK1 was
used as a substrate for the assay to avoid detection of autophos-
phorylation. As shown in Fig. 3D, both CDK1 and PLK1 could
phosphorylate MINK1 in vitro. Although the mobility shift of

pCEVEN
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MINK1 is mediated by CDK1-dependent phosphorylation,
PLK1 may also phosphorylate MINK1 in mitosis.

We next investigated the catalytic activity of MINK1 during
mitosis. To eliminate a possibility that the anti-MINK1 anti-
body inhibits the catalytic activity of MINK1, we used HeLa
cells that constitutively expressed GFP-MINK1 and used anti-
GFP antibody for immunoprecipitation. GFP-MINK1 was
immunoprecipitated from the lysates of asynchronized cells
and synchronized cells in mitosis and subjected to an in vitro
kinase assay using myelin basic protein (MBP) as a substrate.
Catalytic activity and autophosphorylation of MINKI1 was
increased in mitosis (Fig. 3E). To further investigate the activity
of MINK1 during mitosis, GFP-MINKI1 cells were nocodazole
arrested and released. Cells at 0, 30, 60, 120, and 180 min after
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FIGURE 3. MINK1 is phosphorylated in mitosis. A, HeLa cells were synchronized in mitosis by nocodazole arrest or thymidine release. The cells were lysed, and
the lysates were immunoblotted with the indicated antibodies. B, cells were treated or not treated with nocodazole for 16 h, lysed, and MINK1 was immuno-
precipitated. The immunoprecipitates were incubated with or without lambda phosphatase and then immunoblotted with anti-MINK1 antibody. C, cells were
treated with nocodazole, BI2536 (PLK1 inhibitor), or RO3306 (CDK1 inhibitor), and then the cell lysates were immunoblotted with the indicated antibodies. D,
phosphorylation of GFP-MINK1 by PLK1 and CDK1/cyclin BT was examined by an in vitro kinase assay. Catalytically inactive GFP-MINK1 (K54R) was used as a
substrate. An immunoblot of anti-GFP antibody shows equal amounts of substrates were used for the assay. E, Hela cells that constitutively expressed
GFP-MINKT1 were synchronized in mitosis by nocodazole arrest or thymidine release. The cells were lysed, immunoprecipitated with anti-GFP antibody, and
then subjected to the in vitro kinase assay. A portion of cell lysates (cyclin B1 and B-actin) and immunoprecipitated GFP-MINK1 were subjected to immunoblot
with the indicated antibodies. Note that phosphorylated MINK1 in the in vitro kinase assay does not show a mobility shift because a 12.5% acrylamide gel was
used. The graphs show relative band intensities of phosphorylated GFP-MINK1 and MBP normalized by the amount of immunoprecipitated GFP-MINK1. The
data are represented as mean = S.D. from three independent experiments. F, HeLa cells that constitutively expressed GFP-MINK1 were synchronized in mitosis
by nocodazole and released. The cells were lysed at the indicated time point, and immunoprecipitated GFP-MINK1 was subjected to the in vitro kinase assay.
A portion of cell lysates (cyclin B1 and B-actin) and immunoprecipitated GFP-MINK1 were subjected to immunoblot with the indicated antibodies. The graphs
show relative band intensities of phosphorylated GFP-MINK1 and MBP normalized by the amount of immunoprecipitated GFP-MINK1. The data are repre-

sented as mean = S.D. from three independent experiments.

nocodazole release were collected and immunoprecipitated
with anti-GFP antibody and subjected to an in vitro kinase
assay. Morphological analysis of cells with tubulin and nuclear
staining indicated that cells at 30, 60, 120, and 180 after nocoda-
zole release represent cells in metaphase, metaphase-anaphase,
telophase-cytokinesis, and G1 phase, respectively (data not
shown). The catalytic activity and autophosphorylation of
MINK1 started to decrease 1 h after nocodazole release, when
the cyclin B1 expression was reduced. In addition, the mobility
shift of MINK1 was decreased 1 h after nocodazole release.
These results suggest that the catalytic activity of MINK1 in
mitosis is associated with phosphorylation.

MINK]1 Is a Component of STRIPAK and Directly Associates
with STRN4—To gain further insight into the role of MINK1 in
cytokinesis, we aimed to identify associated proteins. 293T cells
were lysed, immunoprecipitated by anti-MINK]1 antibody, and
separated by SDS-PAGE. After the gel was silver stained, spe-
cific bands were excised and identified using mass spectrome-
try. Interestingly, STRN4 (Zinedin) and PPP2CA, which are
regulatory and catalytic subunits of PP2A phosphatase holoen-
zyme, were found to coprecipitate with MINK1. In addition,
FAMA40A/B (STRIP1/2), SLMAP, and CTTNBP2NL were in
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complex with MINKT1 (Fig. 4A4). The physiological functions of
these proteins have not yet been determined, but recent pro-
teomics analysis has demonstrated that these proteins are com-
ponents of a large protein complex called STRIPAK (30). Reg-
ulatory subunits are known to mediate the association of
substrates and phosphatase holoenzymes; thus, we examined
the interaction of MINK1 and STRN4. A plasmid encoding
GFP-STRN4 was transfected into 293T cells with a plasmid
encoding either HA-MINK1 or HA alone and then immuno-
precipitated with anti-HA antibody. GFP-STRN4 coprecipi-
tated with HA-MINKI1 but not with HA (supplemental Fig.
S2A). Immunoprecipitation with anti-GFP antibody also
revealed the specific coprecipitation of HA-MINK1 and GFP-
STRN4 (supplemental Fig. S2B). We next examined the associ-
ation of endogenous proteins. To immunoprecipitate STRN4,
we generated affinity-purified polyclonal antibody using
1-147aa of STRN4 as an antigen. The immunoprecipitation of
endogenous MINK1 or STRN4 clearly demonstrated the asso-
ciation of these two proteins (Fig. 4, Band C). The association of
these proteins during mitosis was also investigated by immu-
noprecipitation. GFP-MINK1 HeLa cells were arrested with
nocodazole and released after different periods of time. The
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FIGURE 4. MINK1 associates with STRN4. A, 293T cells were lysed, and the lysates were immunoprecipitated with anti-MINK1 antibody. The immunoprecipi-
tates were separated by SDS-PAGE gel and silver stained. B, 293T cells were lysed, and the lysates were immunoprecipitated with either control or anti-MINK1
antibody; the immunoprecipitates were blotted with anti-MINK1 or anti-STRN4 antibodies. C, 293T cells were lysed, and the lysates were immunoprecipitated
with either control or anti-STRN4 antibody; the immunoprecipitates were blotted with anti-MINK1 or anti-STRN4 antibodies. D, GFP-MINK1 Hela cells were
nocodazole arrested and released. The cells were lysed at the indicated time points, and the lysates were immunoprecipitated with anti-GFP antibody; the
immunoprecipitates were subjected to immunoblot with the indicated antibodies. £, GFP-STRN4 was transiently expressed in 293T cells with HA-tagged
deletion constructs of MINK1. The cells were lysed, and the lysates were immunoprecipitated with anti-GFP antibody; the immunoprecipitates were blotted
with anti-HA and anti-GFP antibodies. F, HA-STRN4 and Myc-tagged deletion constructs of MINK1 were translated in vitro. The proteins were mixed and then
immunoprecipitated with anti-HA antibody; the immunoprecipitates were immunoblotted with anti-HA and anti-Myc antibodies. G, GFP-STRN4 was tran-
siently expressed in 293T cells with HA-MINK1, HA-TNIK, and HA-MAP4K4. The cells were lysed, and the lysates were immunoprecipitated with anti-HA
antibody; the immunoprecipitates were immunoblotted with anti-HA and anti-GFP antibodies.

cells were lysed, immunoprecipitated with anti-GFP antibody,
and subjected to an immunoblot to probe for STRN4. As shown
in Fig. 4D, both proteins were stably associated during mitosis.
MINK1 is composed of an N-terminal catalytic domain, C-ter-
minal citron homology (CNH) domain, and an intermediate
region. We investigated which region of MINK1 was essential
to bind to STRN4 and found that both catalytic and CNH
domains could independently interact with STNR4 (Fig. 4E).
To confirm the direct interaction, HA-STRN4 and the kinase or
CNH region of MINKI1 that was Myc-tagged was produced by
in vitro translation, and their interaction was examined. As
shown in Fig. 4F, STRN4 directly interacted with both kinase
and CNH regions of MINK1. TNIK and MAP4K4 are MINK1
homologs and contain an N-terminal kinase domain and C-ter-
minal CNH domain. We tested if these proteins could also
interact with STRN4. Immunoprecipitation analysis demon-
strated that not only MINK1 but also TNIK and MAP4K4 could
bind to STRN4 (Fig. 4G).

STRN4 Was Required for Abscission—We next determined
whether STRN4 was required for the progression of cytokine-
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sis. To deplete STRN4, two siRNAs that efficiently suppressed
STNR4 expression were used (Fig. 54). HeLa cells were trans-
fected with these siRNAs; the cells were fixed 72 h later and
stained with anti-a-tubulin antibody and Hoechst. As shown in
Fig. 5B, the depletion of STRN4 expression by either siRNA
induced multinucleated cells. The quantification of multinucle-
ated cells revealed that more than 20% of the siRNA-transfected
cells became multinucleated (Fig. 5C). We also performed res-
cue experiment. HeLa cells were transfected with expression
vector encoding GFP-STRN4 together with STRN4 siRNA
(strn4 —02) that targeted 3'-UTR of STNR4. Seventy-two hours
later, cells were fixed and the ratio of multinucleated cells in
GFP-positive cells was evaluated. Exogenous expression of
STRN4 reduced the ratio of multinucleated cells induced by
STRN4 depletion (Fig. 5C). These results indicate that STRN4
is required for the completion of cytokinesis. We analyzed the
subcellular localization of STRN4 during cell division. Similar
to MINK1, STRN4 was localized in the cytoplasm at every stage
of mitosis, and no specific subcellular localization was observed
(supplemental Fig. S3). To further investigate the role of
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FIGURE 5. STRN4 is required for abscission. A, Hela cells were transfected with the indicated siRNA, and 72 h later, the cells were lysed and blotted with
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immunostained with anti-a-tubulin antibody and Hoechst. The arrows indicate multinucleated cells. C, HelLa cells were treated as in B, and the ratio of
multinucleated cells was evaluated. To perform rescue experiment, Hela cells were transfected with expression plasmid encoding GFP-STRN4 together with
STRN4 siRNA (strn4-02) that targeted 3'-UTR of STRN4. Seventy-two hours later, ratio of multinucleated cells in GFP-positive cells were evaluated. Three
independent experiments were performed, and 200 cells were evaluated for each experiment (the data are represented as the mean = S.D.; **, p < 0.01). D,
HelLa cells were transfected with control or STRN4 siRNAs; 48 h later, the cells were observed using time-lapse microscopy. Representative images of two types
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represented as the mean = S.D.; n.s., not significant).

STRN4 in cytokinesis, we observed STRN4-depeleted cells
using time-lapse microscopy. STRN4-knockdown cells showed

each stage of cell division in STRN4-knockdown cells.
Although MINK1-depleted cells took a longer time to complete

the formation and ingression of the cleavage furrow; however,
some cells were unable to abscise and eventually became
binucleated cells (Fig. 5D). The examination of these cells
revealed that ~20-25% of STRN4-depleted cells failed to com-
plete abscission (Fig. 5E). We measured the time periods of
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cytokinesis, silencing of STRN4 did not affect the length of
cytokinesis (Fig. 5F).

STRN4 Reduces MINKI Activity in the Presence of Catalytic
and Structural Subunits of PP2A—Dephosphorylation by phos-
phatases can regulate the activity of protein kinases; thus, we
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tested if STRN4 in complex with PP2A could modulate MINK1
activity. We first evaluated if STRN4 was sufficient to decrease
the activity of MINKI1 by an in vitro kinase assay. GFP-MINK1
was immunoprecipitated with anti-GFP antibody and sub-
jected to an in vitro kinase assay with varying concentrations of
FLAG-STRN4. The amounts of GFP-MINKI1 and FLAG-
STRN4 were approximated by Western blot using varying con-
centrations of recombinant proteins of MINK1 and STRN4
(supplemental Fig. S4, A and B). Although the amount of
STRN4 we used was ~100 times the amount GFP-MINK1
used, the activity of MINK1 was not reduced, which indicates
that STRN4 is not sufficient to inhibit MINK1 activity (Fig. 64).
PPP2R1A and PPP2CA are structural and catalytic subunits of
PP2A, respectively, and PPP2R1A associates with STRN4 (sup-
plemental Fig. S4C). We examined the activity of GFP-MINK1
with STRN4 and different amounts of the PPP2R1A/PPP2CA
complex. The PPP2R1A/PPP2CA complex decreased the cata-
lytic activity of GFP-MINKI1 in the absence of STRN4, but when
GFP-MINK1, STRN4, and the PPP2R1A/PPP2CA complex
were incubated at the ratio of 1:10:10, a clear decrease of GFP-
MINKT1 activity was observed in a STRN4-dependent manner
(supplemental Fig. S4D). A STRN4-mediated decrease of
MINKT1 activity was repeatedly observed under the same con-
ditions (Fig. 6B). These results suggest that STRN4 mediates
the inactivation of MINK1 by PP2A.

DISCUSSION

Previous studies have demonstrated that mammalian
MINKTI is essential for cytoskeletal organization and oncogene-
induced cell senescence (27 29). In this study, we described a
novel physiological function of MINK1 in mammalian cells.
The silencing of MINK1 by two different siRNAs induced
multinucleated cells, and exogenous expression of siRNA-
resistant MINK1 significantly reduced the ratio of multinucle-
ated cells induced by the siRNA transfection. Using time-lapse
microscopy, we observed that all of the MINK1-knockdown
cells initiated furrowing, but they displayed an extended time
period of abscission. In addition, ~20% of the cells were unable
to complete abscission. These results clearly indicate that
MINKT1 is required for abscission. In addition, the catalytic
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activity of MINKT1 is required for cytokinesis. Our findings sug-
gest that MINKI is a potential mitotic kinase that regulates
abscission. Recent studies have shown that protein kinases,
such as PLK1, Aurora-B, and WNKI1, are required to complete
abscission (34-36). However, detailed mechanisms of how
these kinases regulate abscission are largely unknown. Identifi-
cation of the physiological substrates of these mitotic kinases,
including MINK1, is important to fully understand the regula-
tory mechanisms of abscission. A recent study has shown that
p38 MAP kinase is associated with abscission. p38-mediated
phosphorylation induces the interaction of PKC with 14-3-3,
which inactivates RhoA to promote abscission in the late stage
of cytokinesis (37). MINKT1 is known to activate p38 (29); there-
fore, MINK1-dependent activation of p38 may play a role in the
completion of abscission.

Affinity purification of MINK1-associating proteins coupled
with mass spectrometry analysis identified that MINK1 is in
complex with PP2A holoenzyme. STRN4, a regulatory subunit
of PP2A, directly associated with MINK1, and depletion of
STRN4-induced multinucleated cells and inhibited abscission.
Striatins-associated PP2A has been reported to dephosphory-
late and inactivate serine/threonine kinase 24 (STK24), a mem-
ber of the germinal center kinases that is known to complex
with striatins (31). Similarly, we found that STRN4 could
reduce the catalytic activity of MINK1 in the presence of struc-
tural and catalytic subunits of PP2A. Although it remains
unknown whether the STRN4-mediated decrease of MINK1
activity is associated with abscission, recent studies showed
inactivation of mitotic kinases in the late stage of cytokinesis is
essential for the promotion of abscission (34, 35). For example,
inactivation of PLK1 is necessary for the dephosphorylation
and proper localization of Cep55 to promote abscission (34).
Although further analysis is needed, the decrease of MINK1
activity by PP2A may be required for the dephosphorylation of
abscission factors to promote abscission. In addition to modu-
lating MINK1 activity, STRN4 may have some additional roles
in the control of abscission. Cells depleted of MINK1 adhered
to the surface in the late stage of cytokinesis, but most of the
STRN4-knockdown cells were defective in attachment and
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spreading during abscission (Fig. 5D). The organization of focal
adhesions and adhesion to the surface during abscission gener-
ate traction forces to physically disconnect two daughter cells.
The molecular mechanisms of how focal adhesions are formed
to initiate cell adhesion during abscission are not well under-
stood; STRN4 may be involved in these processes.

Recently performed proteomics analysis has revealed that
striatins are core components of a large multiprotein com-
plex known as striatin-interacting phosphatase and kinase
(STRIPAK) (30). The STRIPAK complex contains catalytic and
structural subunits of PP2A, striatins, Mob3, STRIP1/2, and
other weakly associating proteins such as CCM3/PDCD10, mem-
bers of germinal center kinases, CTTNBP2NL, and SLMAP. Some
of the STRIPAK proteins are conserved in a wide range of species.
In Drosophila melanogaster, the STRIPAK complex associates
with Hpo (MST1/2 in mammals), a protein kinase involved in cell
proliferation, and inactivates the Hpo-dependent signaling
pathway (38). Thus, it seems likely the STRIPAK complex can
modulate the cellular functions of associating kinases. It has
been reported that MINKT1 is involved in the MAP kinase path-
way (26), TNIK is required for activation of Wnt target genes
(39, 40), and MAP4K4 negatively attenuates mTOR signaling
(41). Our findings suggest that the STRIPAK complex is also
involved in the regulation of these signaling pathways. It
remains unknown whether the STRIPAK complex is involved
in the progression of cytokinesis. Large scale proteomics anal-
ysis has revealed that a number of STRIPAK components,
including striatins, STRIP1/2, and CTTNBP2NL, associate
with dynein (42). Dynein is a motor protein that localizes to the
mitotic spindle to control the transport of proteins necessary
for mitosis (43). Thus, the STRIPAK complex may play some
roles in the progression of cell division. Although STRN4 was
required for abscission, it remains unknown whether STRN4
needs to be associated with STRIPAK to control abscission.
Further detailed analysis is needed to fully realize the cellular
functions of this intriguing protein complex.
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