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LATS1/WARTS phosphorylates MYPT1 to counteract
PLK1 and regulate mammalian mitotic progression
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n the mitotic exit network of budding yeast, Dbf2

kinase phosphorylates and regulates Cdc14 phos-

phatase. In contrast, no phosphatase substrates of
LATS1/WARTS kinase, the mammalian equivalent of Dbf2,
has been reported. To address this discrepancy, we per-
formed phosphoproteomic screening using LATST kinase.
Screening identified MYPT1 (myosin phosphatase—targeting
subunit 1) as a new substrate for LATST. LATS1 directly and
preferentially phosphorylated serine 445 (S445) of MYPT].
An MYPTT mutant (S445A) failed to dephosphorylate Thr
210 of PLK1 (pololike kinase 1), thereby activating PLKT.

Introduction

Mitotic entry and many early mitotic events are regulated by
mitotic kinases (Nigg, 2001). Of the many known mitotic
kinases, Cdk1, together with Cyclin B, plays a major role in
mitotic entry of animal cells (Lindqvist et al., 2009). In turn,
exit from mitosis requires the inactivation of Cdkl and the
removal of phosphates from Cdkl substrates (Sullivan and
Morgan, 2007).

In budding yeast, the Cdc14 protein controls mitotic exit
by means of a mitotic Cdk-counteracting phosphatase (Stegmeier
and Amon, 2004). Cdc14 activity can be detected during late
mitosis and is regulated by two distinct pathways: the Cdc14
early anaphase release network and the mitotic exit network
(MEN). At early anaphase, the Cdc14 early anaphase release
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This suggests that LATS] promotes MYPT1 to antagonize
PLK1 activity. Consistent with this, LATST-depleted Hela
cells or fibroblasts from LATST knockout mice showed in-
creased PLK1 activity. We also found deoxyribonucleic acid
(DNA) damage-induced LATST activation caused PLK1
suppression via the phosphorylation of MYPT1 S445.
Furthermore, LATST knockdown cells showed reduced G2
checkpoint arrest after DNA damage. These results indi-
cate that LATST phosphorylates a phosphatase as does
the yeast Dbf2 and demonstrate a novel role of LATST in
controlling PLKT at the G2 DNA damage checkpoint.

network leads to partial activation of Cdc14. From late anaphase,
the MEN promotes complete activation of Cdc14, resulting in
mitotic exit. The MEN pathway is initiated by the small Ras-
like GTPase, Teml. Activated Tem1 triggers signaling cascades
involving Cdc15 and Dbf2 kinases to target Cdc14 for activa-
tion (Sullivan and Morgan, 2007; Mohl et al., 2009). Consis-
tent with the yeast pathway, LATS1 (also known as WARTS)
kinase, the mammalian equivalent of Dbf2 kinase, plays a role
during mitotic exit (Bothos et al., 2005). However, to date, no
phosphatase has been identified as the substrate for LATSI.
Furthermore, mitotic exit in animal cells is mainly regulated by
PP2A (protein phosphatase 2A), not Cdc14 (Manchado et al.,
2010; Schmitz et al., 2010). Therefore, although some MEN
pathway components are conserved throughout evolution, the
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Table 1. Proteins phosphorylated by LATS1
UniProt ID Protein description Phosphopeptides Corresponding phosphorylated  Ratio (kinase %)
positions
PPTRB_HUMAN Protein phosphatase 1 regulatory ~ AFGESSTESDEEEEEGCGHTHCVR PPTRB_HUMAN; T75 1.3
subunit 11
AFGESSTESDEEEEEGCGHTHCVR ~ PP1RB_HUMAN; S77, PP1RB_ 1.6
HUMAN; S73 or S74
SAPS3_HUMAN Serine/threonine-protein phosphatase é FADQDDIGNVSFDR SAPS3_HUMAN; S579 97
regulatory subunit 3
PPBN_HUMAN Alkaline phosphatase, placental-like HVPDSGATATAYLCGVK PPB1_HUMAN; S114, PPBN_ 1.5
HUMAN; S111
MYPT1_HUMAN Protein phosphatase 1 regulatory RSTQGVTLTDLQEAEK MYPTT_HUMAN; S695 or T696 14.2
subunit 12A
PTEN_HUMAN Phosphatidylinositol-3,4,5-frisphosphate YSDTTDSDPENEPFDEDQHTQITKY ~ PTEN_HUMAN; S380, PTEN_ 1.1
3-phosphatase and dual-specificity HUMAN; T383
protein phosphatase (PTEN)
YAP1_HUMAN Yorkie homologue DESTDSGLSMSSYSVPR YAP1_HUMAN; S400 36.4
DESTDSGLSMSSYSVPR YAP1_HUMAN; S397 or T398 75.2
QASTDAGTAGALTPQHVR YAP1_HUMAN; S109 or T110 110.3

Phosphoproteomic screening was performed as described in the Materials and methods. Phosphorylated residue of each peptide is indicated by bold character or
underline (it was not possible to locate the exact phosphorylation site between two residues). Ratio is increased with the reliability of phosphorylation event; lower

ratio (<2) indicates the residual phosphorylation sites before kinase reaction.

cellular function of MEN signaling in mammals remains poorly
understood (Stegmeier and Amon, 2004).

LATS1 forms part of the Hippo (Hpo) pathway, which
is best characterized in Drosophila melanogaster (Pan, 2010;
Zhao et al., 2010). Hpo (MST2 in mammals) phosphorylates
LATS/WARTS (LATS1/2 in mammals) to regulate cell pro-
liferation and cell death to ensure appropriate organ size is
maintained (Pan, 2010; Zhao et al., 2010). Genetic analysis of
Drosophila shows that the Hpo pathway is regulated by Merlin
and Expanded, both of which contain a membrane-associated
module known as a FERM (4.1, ezrin, radixin, and moesin)
domain, suggesting some contribution by extracellular cues to
Hpo pathway control (Hamaratoglu et al., 2006). Furthermore,
accumulating evidence indicates that many signaling pathways
also impinge on the Hpo cascade. Upon DNA damage, ataxia
telangiectasia mutated (ATM), the main sensor of double-strand
DNA breaks, causes MST2/LLATS1 activation by phosphorylat-
ing RASSFIA (Ras association domain-containing family 1A)
followed by the induction of proapoptotic genes (Hamilton
et al., 2009). Consistent with this, LATS1-overexpressing cells
undergo apoptosis or cell cycle arrest at G2/M (Yang et al.,
2001). However, the role of LATS1 in DNA damage—induced
cell cycle control remains obscure.

There is a link between Dbf2 kinase and Cdc14 phos-
phatase in budding yeast. Thus, in the present study, phospho-
proteomic screening was undertaken to search for candidate
phosphatases as substrates for LATS1. Screening identified
MYPT1 (myosin phosphatase [MP]-targeting subunit 1), the
regulatory subunit of PP1C, as a novel target for LATS1. LATS1
directly phosphorylated MYPT1 to promote PP1C activity toward
PLK1 (pololike kinase 1). Furthermore, DNA damage—induced
activation of LATS1 caused PLK1 suppression via MYPT1 phos-
phorylation and induced a G2 checkpoint response. Collectively,
these results indicate a previously unknown role of LATSI
on PP1C regulation and the G2 DNA damage response.
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Results

Identification of MYPT1 as a novel target
for LATS1/WARTS
To identify previously unknown targets for LATS1, proteome-
wide screening of LATS1 substrates was performed using
phosphopeptide enrichment techniques coupled with high-
accuracy mass spectrometry (MS; Sugiyama et al., 2007). HeLa
cell lysates were dephosphorylated by thermosensitive alkaline
phosphatase and used as a substrate for an in vitro kinase assay
incorporating recombinant active LATS1 kinase (see Mate-
rials and methods). The screening process identified YAP1
(Yes-associated protein 1), a well-known target for LATS1
(Huang et al., 2005), with high frequency (Table 1), thereby
confirming the reliability of the assay. Based on the finding that
Dbf2 phosphorylates Cdc14 phosphatase in yeast (Mohl et al.,
2009), attention was focused on phosphatases phosphorylated
by LATS1. Mass spectrometric analysis identified six peptides
from phosphatases as candidate targets for LATS1 (Table 1).
Of these, MYPT1 and SAPS3 were significantly phosphory-
lated by LATSI1 in our assay. The phosphopeptides showed a
remarkably high ratio in the assays (calculated by comparing
the phosphorylation status in the presence or absence of the
kinase and based on quantitative analysis using stable isotope
labeling). In contrast, phosphopeptides derived from PP1RB,
PPBN, and PTEN were expected to be the inherent ones not
efficiently dephosphorylated by alkaline phosphatase because
they were detected regardless of LATS1 spiking (Table 1).
Next, an in vitro kinase assay was performed to confirm
whether MYPT1 was a target for LATS1. 293T cells were trans-
fected with a HA-tagged wild-type or kinase-dead (KD) mutant
of LATS1 and subsequently treated with okadaic acid to acti-
vate the exogenous kinase (Chan et al., 2005). LATS1 was then
immunoprecipitated using anti-HA antibodies and allowed to
react with immunopurified or recombinant MYPT1. As shown
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Figure 1. LATSI phosphorylated MYPT1 in vitro. (A and B) Immunopurified LATST phosphorylated MYPT1. Wild-type (WT) or kinase-dead (KD) HA-LATS1
(full length) immunoprecipitated from 293T cells treated with 100 nM okadaic acid (for 2 h) was incubated with immunopurified Myc-MYPTT (full length; A)
or GST-MYPT1 (amino acids 345-653; B) for 30 min at 30°C, and samples were subjected to SDS-PAGE followed by autoradiography. Arrowheads
indicate trans-phosphorylated MYPT1 and autophosphorylated LATST. Immunoprecipitated proteins were also subjected to immunoblot analysis with the
indicated antibodies. (C) Recombinant LATST phosphorylated MYPT1. Fulllength MYPT1 immunoprecipitated from 293T cells was incubated with 400 ng
GST-LATST or 100 ng GST-Cdk1-Cyclin B for 30 min. As a control, an equivalent volume of distilled water (DW) was added instead of kinases. The reac-
tion mixtures and immunopurified MYPT1 were analyzed as in A. SDS-PAGE gels were stained with Coomassie blue. (D) Time course analysis of LATST
kinase activity. Recombinant 2 yg GST-MYPT1 (amino acids 345-653) was incubated with (®) or without (O) 200 ng GST-LATS] for the indicated times.
The amount of *2P incorporated into MYPT1 was determined by Cerenkov counting. This experiment was completed once. IB, immunoblot; exp, exposure.

in Fig. 1 (A and B), wild-type, but not the KD mutant, LATS1
phosphorylated both immunopurified (full length) and recom-
binant (amino acids 345-653) MYPT 1. Similarly, active recom-
binant LATS1 (amino acids 589-1,130; Carna Biosciences, Inc.)
efficiently phosphorylated immunopurified MYPT1 (Fig. 1 C).
MYPTI is specifically phosphorylated during mitosis, mainly

by Cyclin B/Cdk1 (Totsukawa et al., 1999; Yamashiro et al.,
2008). Thus, it was confirmed that MYPT1 was also phosphory-
lated by a recombinant Cyclin B-Cdk1 complex (Fig. 1 C).

To rule out possible contamination of the coimmunopre-
cipitated kinases, an in vitro kinase assay was performed using
recombinant LATS1 and MYPT1. As shown in Fig. 1 D, active

LATS1 activates MYPT1-PP1C ¢ Chiyvoda et al.

8627



A I [

Input (1%)

w0 - - Myc-MYPTL 150 D - HA-LATS1
[HA—LATSl 140- ._ Myc-MYPT1
(kD)

P -
Input (1%) —— Input (1%) 8G  FLAG

FLAG-Omi 0. ’ | HA-LATSI

100w — -_HA-LAT51 37 "— G FLAG-Omi

HA-LATS1 37_—-‘ FLAG-Omi
140 m| ’ (|ong exp) (kD) - (Iong eXF’)

:

37 =

(kD) -
C IP D
Input (2%) —m8 ——
IgG LATS1
1404
MYPT1 Ankyrin repeats
1 1030
- MYPT1 — ﬂI :
PLK1 5 54
MYPT1-ANK :UI:I
345 653
PP1C MYPT1-MD . .
327 654 1030
MYPT1-CD [ 1
140+ LATS1
(kD)
E GST pull down
\b?\°\ '\;vy\t,@?\;@ GST pull down
SPEENCNE 3 F QO ©
SHESENRNERN o SRS

NN
S 0(\}' R\ KL R
&
e

v, P EGS%WEH:EADD 70+ | G- MYPTi-VD
- ggT-MYPTl-ANK GST-MYPT1-ANK
.

short exp 149

IB: LATS1

long exp 140

®
X
2
—
-
|
(0]
uity

=

S

o

1

70
44

44 e e — |

s l IB:GST

] . .

32 .

= - GST-mock
o - - GST-mock . 5
27 :
r— .
(kD) Coomassie (kD)

Figure 2. Interaction of MYPT1 with LATSI. (A) Interaction of MYPT1 with LATST in 293T cells. 293T cells were cotransfected with HA-LATST (full
length) and Myc-MYPT1 (full length) expression vectors. Lysates from the transfected cells were immunoprecipitated with control IgG, anti-HA (left), or anti-
Myc (right) antibodies. The immunoprecipitates and 1% of the input fractions were analyzed by immunoblotting with anti-Myc and anti-HA antibodies.
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LATS1 phosphorylated the recombinant MYPT1 fragment in a
time-dependent manner. These results indicate that LATS1 is a
novel and relevant kinase for MYPT1.

Interaction of MYPT1 with LATS1

Next, the binding between LATS1 and MYPT1 was examined
to further evaluate whether LATSI targets MYPT1 in cells.
Myc-tagged MYPT1 and HA-tagged LATS1 were cotrans-
fected into 293T cells, and HA-LATS1 was subsequently
immunoprecipitated with anti-HA antibodies. Myc-MYPT1 was
coprecipitated with HA-LATS1 (Fig. 2 A, left). Conversely,
HA-LATS1 was detected in immunoprecipitates using anti-
Myc antibodies (Fig. 2 A, right). As a positive control, a mature
form of Omi/HtrA2 protease was coexpressed with LATSI,
and the interaction of these proteins was confirmed (Fig. 2 B;
Kuninaka et al., 2005).

To examine the physiological interaction between these
proteins, endogenous LATS1 was immunoprecipitated using a
specific antibody, and MYPT1 was identified in the immuno-
precipitates (Fig. 2 C). The known binding partners of MYPT]I,
PP1C and PLKI, also coprecipitated with LATS1 (Ito et al.,
2004; Yamashiro et al., 2008). To identify the exact region
within MYPT]1 that interacted with LATS1, a GST pull-down
assay was performed. MYPT1 was divided into three fragments:
an N-terminal fragment comprising amino acids 1-344 (desig-
nated as ankyrin repeats domain [ANK]), a central fragment
comprising amino acids 345-653 (designated as middle domain
[MD]), and a C-terminal fragment comprising amino acids
654-1,030 (designated as C-terminal domain [CD]; Fig. 2 D).
GST fusion proteins of each fragment were purified and used
in GST pull-down assays. As shown in Fig. 2 E, both exoge-
nous and endogenous LATS1 preferentially interacted with the
C-terminal region of MYPT1 (MYPT1-CD), which encom-
passes the previously reported binding sites for several regu-
latory molecules, such as cGMP-dependent protein kinase I o
and RhoA (Ito et al., 2004). These results indicate that LATS1
was complexed with the C terminus of MYPT]1.

LATS1 preferentially phosphorylated

the middle region (MD) of MYPT1

Initial screens identified the C terminus of MYPT1 (Serine
[S] 695 or Threonine [T] 696) as a candidate phosphorylation
site for LATS1 kinase (Table 1). To reexamine this result, we
performed mass spectrometric analysis of the immunopuri-
fied MYPT1 from cells transfected with or without an siRNA
oligonucleotide (oligo) against LATS1. Purification of full-
length MYPT1 protein provided an opportunity to obtain the
missing information of the LATS1-mediated phosphorylation

sites. There were several candidate sites, including S695
and T696 (Table S1). To determine the major sites for the
LATS1-mediated phosphorylation, an in vitro kinase assay
was performed using deletion mutants (Fig. 2 D) of MYPT1.
Consistent with the screening results, LATS1 phosphorylated
the C terminus of MYPT1 (amino acids 654—1,030); however,
the middle region of MYPT1 (amino acids 345-653, desig-
nated as MYPT1-MD) was more efficiently phosphorylated
by LATSI than the C terminus (Fig. 3 A, lanes 5-8). In con-
trast to LATS1, Cdk1-Cyclin B phosphorylated the C-terminal
(amino acids 654-1,030) and middle regions of MYPT1 to
the same extent (Fig. 3 A, lanes 9-12), suggesting the physi-
ological significance of the middle region of MYPT1 for
LATS]1 signaling.

Next, the phosphopeptides in the in vitro kinase reaction
mixture of MYPT1-MD were enriched and then subjected to
mass spectrometric analysis. 20 phosphorylation sites were
identified within the MD (Fig. 3 B and not depicted). Of these,
S445, S472, S478, and S507 partially matched the His-x-Arg/
His/Lys-x-x-Ser/Thr consensus motif for LATS1 substrates
(in which x denotes any amino acid; Pearce et al., 2010). Stoichio-
metric analysis of the phosphorylated peptides was also per-
formed by analyzing the reaction mixture before and after
phosphopeptide enrichment (Olsen et al., 2010). However, it
was difficult to collect all the corresponding peptides and defin-
itively compare the frequency of phosphorylation; therefore, it
was not possible to identify the significant phosphorylation sites
(unpublished data).

To narrow down the relevant sites for LATS1-mediated
phosphorylation, MYPT1-MD was divided into three regions:
MD-N (amino acids 345-462), MD-M (amino acids 463-512),
and MD-C (amino acids 513-653; Fig. 3 B). An in vitro kinase
assay using these mutants showed that MD-N and MD-M
were mainly responsible for LATS1-mediated phosphory-
lation (Fig. 3 C). Combining this result with those from the
mass spectrometric analysis showed that MD-N contained
four candidate phosphorylation sites, and MD-M contained
eight (Fig. 3 B, residues are indicated by arrows).

We next categorized these putative target sites into sev-
eral groups based on their vicinity. After introducing an alanine
mutation into each group, GST-MD-N or -M carrying these
mutations was used in the in vitro kinase assay. The results
showed that two alanine substitutions in MD-N (T443 and S445)
and five in MD-M (S472, S473, S507, T508, and S509) signif-
icantly attenuated LATS1-mediated phosphorylation (Fig. 3 D).
Further mutational analysis revealed that five residues within
MD were the major sites at which LATS1 phosphorylates
MYPT]1 in vitro (Fig. 3 B and Fig. S1). Mutation of these

(B) Interaction of LATST with a mature (protease inactive) form of Omi was examined as in A. (C) Endogenous interaction between LATST and MYPT1. The lysate
from asynchronously growing Hela cells was immunoprecipitated with control IgG or an anti-LATST antibody. The immunoprecipitates and 2% of the input
fractions were probed with anti-MYPT1, anti-PLK1, anti-PP1C, or anti-LATST antibodies as indicated. (D) Schematic diagram of human MYPT1 and the
derived mutants. Rectangles indicate ankyrin repeats. ANK, ankyrin repeats domain; MD, middle domain; CD, C+erminal domain. (E) LATS I-binding region
within MYPT1. HA-LATST KD (left) or endogenous LATST (right) immunoprecipitated from cells treated with 100 nM okadaic acid (2 h) were incubated with
either GST alone or GST-MYPT1- ANK, GST-MYPT1-MD, or GSTMYPT1-CD (4 pg of each protein) bound to glutathione-Sepharose beads. Bead-bound
proteins (and 4 or 1% of the input fraction) were then subjected to immunoblot analysis with an antibody to HA, GST, LATS1, or Coomassie blue staining.
(left, second row). Bead-bound protein was detected after long exposure (exp). IP, immunoprecipitation; IB, immunoblot.
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Determination of LATS 1 phosphorylation sites within MYPT1 in vitro. (A) Mapping of the LATST phosphorylation region within MYPT1. 400 ng
active GST-LATS1 or 60 ng GST-Cdk1-Cyclin B was incubated with either GST alone or GST-MYPT1-ANK, GST-MYPT1-MD, or GST-MYPT1-CD (2 pg of
each protein) for 30 min. Samples were then subjected to SDS-PAGE followed by autoradiography and Coomassie blue staining. As a control, an equivalent
volume of distilled water (DW) was added instead of the kinases (lanes 1-4). (B) A schematic representation of human MYPT1 and the derived mutants and



residues (S445, S473, S507, T508, and S509) decreased the
phosphorylation of each mutant by >20% compared with that
of the corresponding protein (Fig. 3 E). Furthermore, alanine
substitution of all phosphorylation sites (5A) significantly
reduced LATS 1-mediated phosphorylation in vitro (Fig. 3 F).
These results indicate that LATS1 directly and preferentially
phosphorylates the middle region of MYPT1 (Fig. 3 B, resi-
dues colored in blue or orange).

LATS1-regulated PLK1 activity

Phosphorylation of MYPT1 regulates MYPT1-PP1C activity
toward several targets (Matsumura and Hartshorne, 2008).
Recent data indicate that MYPT1-PP1C antagonizes PLK1
activity by dephosphorylating Thr 210 within its T loop
(Yamashiro et al., 2008). Because both LATS1 and PLK1 are
mitotic kinases (Nigg, 2001), the effects of LATS1 depletion
on PLK1 activity were examined. As PLK1 is activated during
mitosis (Nigg, 2001), T210 within PLK1 was phosphorylated
when cells were synchronized at mitosis using nocodazole
(Noc; Fig. 4 A, first row, compare lane 4 with lane 1; Jang
et al., 2002). Phosphorylation was further increased by the
depletion of LATS1 and MYPT1 (Fig. 4 A, first row, lanes
5 and 6), implying that LATS1 has an inhibitory effect on PLK1
via the MYPT1-PP1C pathway. Up-regulated PLK1 activity
was also confirmed by increase in the phosphorylated form of
Cdc25 and the decreased abundance of Weel, both of which
are the significant downstream targets of PLK1 (Fig. 4 A, third
row [arrowhead] and fourth row; Kumagai and Dunphy, 1996;
Watanabe et al., 2004). To confirm the result obtained using
RNAI, HeLa cell lines stably expressing the mock, wild-type,
or KD mutant of LATS1 were established. The KD mutant
form of LATS1 has dominant-negative effects on endogenous
LATSI1 (lida et al., 2004). When cells were synchronized at
mitosis, a band corresponding to pT210 PLK1 was more evi-
dent in KD mutant cells than wild-type LATS1-expressing
cells (Fig. 4 B, third row), further indicating the negative
effects of LATS1 on PLKI1.

Next, mouse embryonic fibroblasts (MEFs) derived
from LATSI knockout (KO) mice (Fig. S2) were examined.
Homozygous KO (LATSI™’~) MEFs were synchronized at
mitosis using the Eg5 inhibitor K858 (Nakai et al., 2009),
and the activation status of PLK1 (pT210) was evaluated by
immunoblotting. Consistent with the aforementioned results,
LATS1~"~ MEFs showed an increase in the density of pT210
(Fig. 4 C, second row). To analyze whether LATS1 kinase

activity was responsible for PLK1 regulation, wild-type or KD
mutant LATS1 was added back into LATSI’~ MEFs, and
PLK1 activity was examined after mitotic synchronization.
As shown in Fig. 4 C, PLK1 activity was effectively sup-
pressed in wild-type LATS1-expressing cells but not in KD
mutant cells (Fig. 4 C, second row, lanes 2—4). These results
support the notion that LATS1-mediated phosphorylation is
involved in MYPT1-PP1C-mediated PLK1 suppression.

LATS1 activated MYPT1-PP1C

to counteract PLK1

To explore the molecular link between LATS1 and PLKI,
we next examined whether LATS1-mediated phosphoryla-
tion of MYPT1 participates in PLK1 regulation. To this end,
wild-type or mutant forms of MYPT1 were overexpressed in
cells and PLK1 activity was subsequently analyzed via T210
phosphorylation status. To exclude any possible effects on
the cell cycle or cell survival by transient overexpression of
MYPT1, 293T cells were used for transfection (Wu et al.,
2005) and arrested at prometaphase to compare PLK1 activity.
Overexpression of wild-type MYPT1 caused a marked de-
crease in T210-phosphorylated PLK1 protein expression in
a dose-dependent manner compared with that in the control
(Fig. 5 A, first row, lanes 1-4), which is consistent with a
previous study indicating the antagonistic effects of MYPT1
on PLK1 (Yamashiro et al., 2008). Consistently, the unphos-
phorylated form of Cdc25, downstream targets of PLK1, was
increased in wild-type MYPT1-expressing cells (Fig. 5 A,
third row, arrowhead). However, the observed inhibition of
wild-type MYPT1 to PLK1 was abrogated by the 5A muta-
tion (Fig. 5 A, first row, lanes 5 and 6), suggesting that these
MYPTI1 phosphorylation sites are important for its activity
toward PLK1. To further analyze the regulatory mechanisms
of MYPT1 in more detail, various MYPT1 mutants were in-
troduced into 293T cells, and PLK1 activity was examined
via T210 phosphorylation status. Of the five phosphorylation
sites within MYPT1, only the S445A mutant showed the same
inhibitory effect against PLK1 T210 as the 5SA mutant (Fig. 5,
B and C). Although it has been reported that phosphoryla-
tion of MYPT1 S473 generates the binding motif for the polo
box domain of PLK1 to inhibit its activity (Yamashiro et al.,
2008), the S473A mutant alone had little effect on PLK1
T210 phosphorylation (Fig. 5, B and C). These results imply
that an interaction via phosphorylated S473 is not enough to
modulate PLK1 activity.

ClustalW alignment of the LATS 1 phosphorylation sites within the middle domain (MD) of MYPT1. Consensus sequences are indicated by asterisks. The
phosphorylation sites identified by MS are indicated by arrows. Residues validated in the kinase assay are shown in blue or orange (top numbers indicate
amino acids). Double and single dots indicate the “strong” and “weaker” groups of amino acids, all of which positively scored in the PAM250 matrix (Gonnet).
The strong and weak groups are defined as strong score >0.5 and weak score <0.5, respectively. (C) 200 ng active GST-LATST was incubated with
either GST-MD, GST-MD-N, GST-MD-M, or GST-MD-C (details of each mutant are shown in Fig. 3 B) for 30 min, and the reaction mixtures were analyzed
as in A. (D) MYPTT mutation analysis. 200 ng active GST-LATST was incubated with the indicated GST-MD-N or GST-MD-M mutants for 30 min, and the
reaction mixtures were analyzed as in A. (E) The infensity of each band on autoradiography was quantified and normalized according to the intensity
of the bands in the Coomassie blue-stained gels. Relative intensity to that of the wild type (WT) is shown (percentage of wild type). Asterisks indicate the
identified target sites. This experiment was repeated at least once with similar results. (F) 200 ng active GST-LATS1 was incubated with immunopurified
full-length wild-type or 5A MYPTT for 30 min, and the reaction mixtures were subjected to SDS-PAGE followed by autoradiography. Immunoprecipitated
proteins were also subjected to immunoblot analysis with the anti-Myc antibody. IB, immunoblot; exp, exposure.
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Figure 4. LATSI regulated PLK1 activity. (A) LATST depletion promoted PLK1 activity. Hela cells were transfected with control (Ctrl; GL2), LATSI, or
MYPT1 siRNA, after which cells were grown asynchronously (AS) or treated with Noc subsequent to mitotic shake-off (M). The resultant cells were lysed and
then subjected to immunoblot analysis with the indicated antibodies. Arrowhead indicates the phosphorylated form of Cdc25. (B) Stable expression of a
LATS1 dominantnegative mutant (KD) led to PLK1 activation. Hela cells stably expressing mock, wild-type (WT), or KD LATST were collected as described
for mitotic shake-off (M) and analyzed as in A. (C) PLK1 activation in LATS1~/~ MEFs. Primary MEFs derived from LATS1~/~ mouse embryos were subjected
to serum starvation for 72 h and, after release into complete medium for 12 h, arrested at mitosis by treatment with 10 pM K858 and collected 12 h later.
For the add-back experiments, MEFs transfected with wild-type or KD HA-LATST were released from serum starvation and collected as described in A.

The cells were analyzed as in A.

To further evaluate whether LATS1-mediated phosphoryla-
tion is important for MYPT1 regulation, LATS1 was depleted in
cells overexpressing MYPT1. In the absence of LATSI, wild-type
MYPT]1 lost its ability to decrease T210-phosphorylated PLK1
protein (Fig. 5 D, second row, lanes 4 and 5), whereas phospho-
mimic mutant of MYPT1 (5x D) efficiently inhibited T210 phos-
phorylation (Fig. 5 D, lanes 4 and 6), indicating that the identified
phosphorylation sites are important for MYPTT1 activity.

To confirm the results of the in vivo overexpression ex-
periments, in vitro phosphatase assays were performed. Wild-
type or mutant MYPT1 was overexpressed in 293T cells, which
were arrested at prometaphase using Noc and subsequently
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subjected to immunoprecipitation. Immunopurified MYPT1
was combined with recombinant GST-PP1C to reconstitute the
MYPTI1-PP1C complex and then used in a phosphatase assay
incorporating an active form of GST-fused full-length PLK1 as
a substrate. MYPT1-PP1C activity toward PLK1 was analyzed
by immunoblotting with an anti-PLK1 pT210 antibody. As
shown in Fig. 5 (E and F), PP1C plus the 5A or S445A mutant
of MYPT1 showed significantly reduced levels of phosphatase
activity toward PLK1 compared with wild-type MYPT1, which
was consistent with the in vivo assay results (Fig. 5, A-D). This
strongly suggested that LATS1-mediated phosphorylation of
MYPT1 promotes MYPT1-PP1C activity toward PLK1.
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Figure 5. LATSI-mediated phosphorylation of MYPT1 promoted MYPT1-PP1C activity toward PLK1. (A) The MYPT1 5A mutant showed reduced activity
against PLK1. 293T cells were transfected with increasing amounts (1 or 2 pg) of the mock, Myc-MYPT1-wild type (WT), or Myc-MYPT1-5A mutant expres-
sion vectors for 48 h and then treated with Noc for 12 h. Cells were collected, lysed, and subjected to immunoblot analysis with the indicated antibodies.
Arrowhead indicates the unphosphorylated form of Cdc25. (B) Determination of the responsible phosphorylation site for phosphatase activity. Myc-MYPT1
with the indicated mutations was introduced into cells and analyzed as in A. (C) Quantification of the pT210 signals. Relative intensity to that of 1 pg
MYPT1-wild type is shown (percentage of control; wild type was set as 100%). The data shown are from a single representative experiment out of three
repeats. (D) Phosphomimic mutant (5D) induced PLK1 inactivation in the absence of LATS1. 293T cells were transfected with siRNA against LATST or
control for 48 h and subsequently with the indicated vectors. The cells were treated with Noc for 12 h before harvest and analyzed as in A. (E) In vitro
phosphatase assay. 293T cells were transfected with mock, Myc-MYPT1-wild type, Myc-MYPT1-5A mutant, or Myc-MYPT1-S445A mutant and treated with
Noc for 14 h. Proteins precipitated by the anti-Myc antibody were subjected to an in vitro phosphatase assay as described in the Materials and methods.
(F) Quantification of phosphatase activity. The intensity of the bands precipitated with the anti-pT210 antibody was quantified and normalized according
to the intensity of PLK1 bands (anti-GST antibody). Data show the relative intensity compared with the wild type (percentage of wild type) and represent the
mean of three independent experiments (*, P < 0.05, Student's two-tailed ttest). Error bars indicate the SDs. Ctrl, control; IB, immunoblot.
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immunoprecipitated and then subjected to an in vitro kinase assay, in which the phosphorylation of PHAS-| (phosphorylated heat-acid stabled protein 1)
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LATS1-MYPT1 pathway was required for
DNA damage-induced PLK1 inactivation
LATSI1 is a mitotic kinase but its kinase activity during mi-
tosis is subtle (Iida et al., 2004). It has been reported that
the RASSFIA-MST2-LATSI signaling cascade is activated
upon DNA damage (Hamilton et al., 2009). In contrast, PLK1 is
inactivated upon DNA damage (Smits et al., 2000). These re-
ciprocal effects of DNA damage on the activity of each kinase
prompted us to examine whether MYPT1-PP1C links these
two different functional ends. First, we confirmed that LATS1
activity was up-regulated after DNA damage, which was ana-
lyzed by autophosphorylation or the phosphorylation of an
in vitro substrate, PHAS-I (phosphorylated heat—acid stabled
protein I; Fig. 6 A and Fig. S3 A). Consistent with a previous
study (Tsvetkov and Stern, 2005), DNA damage—induced atten-
uation of PLK1 activity was detected via its phosphorylation
of T210 in U20S cells (Fig. 6 B, fourth row). Importantly,
the phosphorylation status of MYPT1 at S445 was recipro-
cally correlated with PLK1 activity (T210 phosphorylation;
Fig. 6 B, second and fourth rows). Phosphorylation of S445
within MYPT1 was still detected in mitotic arrested U20S
cells using an MYPT1 phospho-S445—specific antibody, pos-
sibly reflecting the existence of other S445 kinases, such as
NUAKI1 (Zagérska et al., 2010), but the phosphorylation level
increased approximately twofold and peaked 20 min after ion-
izing radiation (IR; Fig. 6 B, second row), which correlated
well with the timing of PLK1 suppression (Fig. 6 B, fourth
row). To determine whether LATS1 was responsible for DNA
damage—induced MYPT1 S445 phosphorylation, HeLa cells
synchronized at G1/S boundary by double-thymidine block
were released and transfected with siRNA against LATSI,
MYPTI, or control. The G2/M cells were treated with 0.5 uM
doxorubicin (DRB). Under these conditions, S445 phosphory-
lation was reduced in LATS1-depleted cells (Fig. 6 C, first
row, lanes 4-6), but it was conversely increased in control
cells (Fig. 6 C, first row, lanes 1-3). The decline in PLK1
activity (T210 phosphorylation) was observed in control cells,
whereas the activity was relatively retained in both LATSI1-
and MYPT1-depleted cells (Fig. 6 C, third row), indicating
that LATS1-mediated phosphorylation of MYPT1 leads to
PLK1 inhibition after DNA damage.

Next, HeLa cells were transfected with the SA mutant
MYPTI1 expression vector, and their localization was ana-
lyzed to determine whether LATS1 modulates MYPT1 local-
ization via its phosphorylation. As shown in Fig. 6 D, both
MYPT1-5A and wild-type MYPT1 were localized in centrosomes
at metaphase, where PLKI1 staining is detected (Nigg, 2001),
indicating that S445 phosphorylation of MYPT]1 is not nec-
essarily required for colocalization with PLK1. Therefore,

together with the in vitro analysis, these results strongly sug-
gest that LATS1-mediated phosphorylation of MYPT1 pro-
motes MYPT1-PP1C activity toward PLKI1 in vivo.

Role of LATS1-MYPT1 pathway in the G2
DNA damage response
PLK1 suppression is required for an efficient DNA damage—
induced G2 checkpoint by inducing the stabilization of
Claspin and Weel (Bassermann et al., 2008). Therefore, to ad-
dress the physiological role of LATS 1-mediated regulation of
PLK1, the G2 DNA damage response in LATS1-depleted cells
was examined. HeLa cells were transfected with an siRNA
oligo against LATS1 and synchronized at the G1/S boundary
using a double-thymidine block. The cells were released and
treated with DRB for 1 h at G2 phase (7 h after release), and
the G2 checkpoint response or mitotic entry was examined.
1 h after DNA damage in control cells, Chk1 (checkpoint ki-
nase 1) was activated via phosphorylation at S317 (Fig. 7 A,
fifth row, lanes 7—10), whereas LATS1-depleted cells showed sig-
nificantly reduced phosphorylation at that time point (Fig. 7 A,
fifth row, lanes 17-20). In addition, the abundance of Weel
was declined in LATS1-depleted cells (Fig. 7 A, eleventh
row, lanes 7-10 and 17-20; and Fig. S4). Concomitantly,
inhibitory phosphorylation of Cdkl (Tyrl5) was attenuated
in LATS1-depleted cells (Fig. 7 A, eighth row, lanes 7-10
and 17-20; and Fig. S4). However, we could not detect a
significant difference of Claspin abundance between control
and LATS1-depleted cells (Fig. 7 A, seventh row, lanes 7-10
and 17-20; and Fig. S4), suggesting the LATS1-mediated
regulation of Chk1 is less dependent on the Claspin. Overall,
mitotic entry after DNA damage was significantly acceler-
ated in LATS1-depleted cells compared with that in control
cells (Fig. 7 B), indicating that G2 checkpoint control was
compromised when LATS1 was knocked down.
MYPTI1-depleted cells also entered mitosis more
quickly than control cells (Fig. 7 B), indicating that MYPT1
also contributes to G2 checkpoint. But mitotic entry of
MYPTI1-depleted cells was not faster than that of LATSI1
knockdown cells (Fig. 7 B). We next examined the effect of
LATS1-dependent phosphorylation of MYPT1 on G2 check-
point control. HeLa cells stably expressing mock or MYPT1
(wild type and 5D) were treated with siRNA oligo specifi-
cally targeting the 3’ untranslated region of endogenous
MYPT1 RNA. Under these conditions, wild-type MYPT1
could rescue the deficient G2 checkpoint of MYPT1-depleted
cells (Fig. 7 C, compare mock with MYPT1-WT). Further-
more, 5D MYPT1-expressing cells arrested at G2 more ef-
ficiently than wild-type MYPT1-expressing cells (Fig. 7 C),
indicating that LATS1-mediated phosphorylation of MYPT1

(B) MYPT1-5445 phosphorylation was increased after IR. U20S cells were treated and collected as described in A and subjected to immunoblot analysis
with the indicated antibodies. (C) MYPT1-S445 phosphorylation was dependent on LATST kinase. Hela cells blocked with thymidine were released and
transfected with siRNA against LATST, MYPT1, or control. The G2/M cells were treated with 0.5 yM DRB. The cells were collected at the indicated times
from the release and then subjected to immunoblot analysis with the indicated antibodies. (D) Centrosomal localization of the MYPT1-5A mutant. Hela
cells were transfected with mock, Myc-MYPT1-wild type (WT), or Myc-MYPT1-5A mutant expression vectors for 48 h. Cells were preextracted with digitonin
in KHM buffer, fixed with cold methanol, and processed for indirect immunofluorescence staining with anti—y-tubulin and anti-Myc antibodies. DNA was
visualized by DAPI. Arrowheads indicate centrosomes. Bars, 5 pm. IP, immunoprecipitation; IB, immunoblot; Cirl, control; M, mitotic cells.
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is involved in G2 checkpoint. These results suggest that the
LATS1-MYPT1 pathway contributes to the G2 DNA dam-
age response.

Discussion

Phosphoproteomic screening identified MYPT1 as a new tar-
get for LATS1. MYPT1 is a part of MP, a holoenzyme com-
prising three subunits: a catalytic subunit, PP1C; a targeting
subunit, MYPT1; and a smaller subunit of 20 kD, M20. MP
reduces the phosphorylation of the myosin light chain (S19) to
inhibit actomyosin contraction (Matsumura and Hartshorne,
2008). MYPT1 modulates the targeting of a substrate, phos-
phorylated myosin light chain, to MP (Cohen, 2002). How-
ever, a recent study indicates that MYPT1 has another target,
PLK1 (Yamashiro et al., 2008), which is an important player
in mitosis (Glover, 2005). MYPT1 is specifically phosphory-
lated by Cdk1 at S473 during mitosis, the site selectively
bound by PLK1 via its polo box domain. MYPT1-PP1C sub-
sequently antagonizes PLK1 by removing its activation phos-
phorylation site (T210; Yamashiro et al., 2008). The present
study identified S473 as a one of the significant LATS1 phos-
phorylation sites within MYPT1 (Fig. 3, B and E). Of the
five identified phosphorylation sites, alanine substitution at
S445 showed the strongest effects in the in vitro phosphory-
lation assay (87.8% reduction in phosphorylation), whereas
S473 showed the weakest (26.6% reduction; Fig. 3 E). Con-
sistent with these results, S445 is highly conserved from flies
to humans and is critical for MYPT1-PP1C activity toward
PLK1 (Fig. 3 B, residue shown in blue; and Fig. 5, C and F).
We observed that full-length PLK1 was coprecipitated with
the SA MYPT1 mutant (containing S473A; Fig. S3 B). Pull-
down analysis further revealed that PLK1 formed a complex
with the C terminus of MYPT1 (CD, amino acids 654-1,030),
indicating that more than two binding sites for PLK1 exist
within MYPT1 (Fig. S3 C). These results suggest that bind-
ing to MYPT1 might not be a major determinant governing
the dephosphorylation of PLK1 by MYPTI1-PPIC. Indeed,
no significant change in the interaction between the S445A
mutant form of MYPT1 and PLK1 was observed (Fig. S3 B).
Furthermore, centrosomal localization of MYPT1 was not influ-
enced by LATS1 depletion even after IR (Fig. S5). We also found
the 5A mutation of MYPT1 had no significant effect on the
interaction with PP1C (Fig. S3 D). These results suggest that
LATS1-mediated phosphorylation (S445) does not affect the

affinity of MYPT1 to PLK1 or to PP1C but rather modulates
MYPTI1-PPIC activity toward PLK1. Additionally, it is inter-
esting to note that abundance of both PLK1 and MYPT1 can be
modulated by LATS1 or its phosphorylation signal (Fig. 4 A,
Fig. 5 D, Fig. 7 A, and Fig. S3 B). Because both protein levels
are regulated by the ubiquitin—proteasome system (Bassermann
et al., 2008; Twomey et al., 2010), LATS I-mediated phosphory-
lation might also be involved in the posttranslational control of
these proteins.

The MEN counteracts Cdk activity at mitotic exit in
budding yeast (Stegmeier and Amon, 2004). Interestingly, the
septation initiation network, the equivalent to MEN in fission
yeast, counteracts Cdk activity not at mitotic exit but rather
at mitotic entry (Trautmann et al., 2001). When the fission yeast
Cdc14 homologue Clpl is deleted, cells enter mitosis preco-
ciously, whereas mitotic entry is delayed in Clpl-overexpressing
cells (Trautmann et al., 2001). Similar to Clp1 in fission yeast,
human Cdc14B is also involved in the regulation of mitotic entry,
particularly during G2 DNA damage response (Bassermann
et al., 2008). In response to genotoxic stress in G2, Cdc14B trans-
locates from the nucleolus to the nucleoplasm and induces
the activation of the E3 ubiquitin ligase complex, anaphase-
promoting complex/cyclosome®™ which targets PLK1 for
degradation (Bassermann et al., 2008). PLK1 suppression sta-
bilizes Weel, or Claspin to promote ATR (ataxia telangiectasia
and rad3 related)-mediated phosphorylation and activation
of Chkl. These processes maintain Cdk1 suppression (Bartek
and Lukas, 2007; Harper and Elledge, 2007). Thus, Cdc14B me-
diates the G2 DNA damage response via anaphase-promoting
complex/cyclosome™—induced PLK1 degradation (Fig. 7 D;
Bassermann et al., 2008). As reported by Hamilton et al. (2009),
the ATM-RASSF1A-MST?2 pathway activates LATS1 to in-
duce stabilization of the YAP1-p73 transcriptional complex
after genotoxic stress. The present study provides evidence for
a new pathway linking DNA damage to PLK1 suppression
via LATSI-MYPT1-PPI1C. In response to genotoxic stress,
ATM activates LATS1 to inhibit mitotic entry via MYPT1-
PP1C-mediated PLK1 suppression (Fig. 7 D). These results,
and those of Bassermann et al. (2008), indicate that com-
ponents of the mammalian MEN signaling pathway (LATSI,
Cdc14B, and Cdhl) play an important role for the G2 DNA
damage checkpoint response. However, a recent study (Mocciaro
et al., 2010) contradicts the roles of Cdc14B and Cdhl in this
checkpoint (Sudo et al., 2001; Bassermann et al., 2008). Further
study is required to clarify this issue.

cells show abrogated G2 arrest after DNA damage. Hela cells stably expressing Histone H2B-GFP were transfected with the indicated siRNA oligos and
synchronized at G1/S by a doublethymidine block. Cells were released from block, allowed to progress to G2, and pulsed for 1 h with DRB as described
in A. Mitotic entry was monitored using time-lapse microscopy. Mitotic cells in three different fields were counted at the indicated time points (percentage
of cells). The graph shows the mean of these counts, and error bars indicate the SDs. Three independent experiments showed the same results. (C) Role of
the LATS I-dependent phosphorylation of MYPT1 on G2 checkpoint control. Hela cells stably expressing mock or MYPT1 (wild type [WT] and 5D) were
treated with siRNA oligo specifically targeting the 3" untranslated region of MYPT1 RNA to replace the endogenous gene with each mutant. The cells were
synchronized and pulsed with DRB as in B and subjected to time-lapse microscopy to monitor mitotic entry. Mitotic cells in three different fields were counted
at the indicated time points (percentage of cells). The graph shows the mean of these counts, and error bars indicate the SDs. Two independent experiments
showed the same results. (D) A proposed model for the G2 DNA damage checkpoint. For simplicity, many downstream targets of ATM and PLK1 and other
G2 checkpoint components have been omitted. Arrows indicate stimulatory interactions, and blunt lines indicate inhibitory interactions. LATS I-mediated
phosphorylation of MYPT1 (S445) activates MYPT1-PP1C toward PLK1, suppressing PLK1 activity. Because suppression of PLK1 activity is essential for the
establishment and maintenance of an efficient G2 checkpoint, LATST is positively involved in this process. DSB, double-strand DNA break; Ctrl, control;

P, phosphorylated; APC/C, anaphase-promoting complex/cyclosome.
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A recent cell cycle study has highlighted the link be-
tween kinases and phosphatases (Barr et al., 2011). For ex-
ample, mitotic entry cannot only be explained by a canonical
mechanism that regulates Cdk1 via synthesis and stability of
Cyclin B or via the activation of Cdc25 phosphatases. To en-
able mitotic entry, Greatwall (Gwl) kinase inhibits PP2A and
sensitizes cells to Cdkl activation. Gwl phosphorylates two
small, closely related heat-stable proteins called endosulfine-a
and ARPP-19 (cAMP-regulated phosphoprotein-19; Gharbi-
Ayachi et al., 2010; Mochida et al., 2010). Phosphorylated
endosulfine-o and ARPP-19 specifically bind to PP2A-B& and
almost completely inhibit its activity (Gharbi-Ayachi et al.,
2010; Mochida et al., 2010). Interestingly, both LATS1 and
Gwl (also known as MASTL) belong to the AGC (PKA, PKG,
and PKC) kinase family (Pearce et al., 2010) and have similar
catalytic domain structures. Furthermore, some kinases in the
AGC kinase family, such as Rho-associated kinase, myotonic
dystrophy kinase-related Cdc42-binding kinase, and myotonic
dystrophy protein kinase, modulate PP1C activity (Kimura
et al., 1996; Murdnyi et al., 2001; Wilkinson et al., 2005).
Therefore, together with the present study, the property of
phosphatase regulation is likely to be one of the characteristics
in this kinase family.

PLK1 is overexpressed in many cancers, and its expres-
sion levels often correlate with a poor prognosis (Strebhardt
and Ullrich, 2006). Conversely, LATS1 expression is reduced
in breast cancer patients because of hypermethylation of its pro-
moter region, and the decreased expression of LATSI is sig-
nificantly associated with a poor prognosis (Takahashi et al.,
2005). In addition, LATS1 KO mice develop soft tissue sarco-
mas and ovarian tumors (St John et al., 1999), indicating that
LATSI1 functions as a tumor suppressor. In the present study,
LATS]1 inhibited PLK1 activity via the MYPT1-PP1C. Thus,
the oncogenic properties of PLK1, such as inducing genomic
instability, would be enhanced under the condition of reduced
LATS!1 expression, consequently resulting in tumor formation
and/or a poor prognosis. Thus, our data raise the intriguing pos-
sibility that cancer patients showing reduced LATS1 expres-
sion are good candidates for treatment using PLK1 inhibitors.
Further studies will be required to assess the potential role of
LATS1 for the PLK1 inhibitor treatment.

Materials and methods

Sample preparation for phosphoproteomic screening

Hela cells were sonicated in chilled extraction buffer (20 mM Hepes/
NaOH, pH 7.9, 0.25 M sucrose, 1.5 mM MgCl,, 10 mM KCI, 0.5%
NP-40, and protease inhibitors) for 5 min. The lysates were centrifuged at
1,500 g for 10 min, and the supernatant was incubated with thermosensi-
tive alkaline phosphatase (10 U/mg protein; Promega) at 37°C for 60 min
followed by heat inactivation (75°C for 30 min). An in vitro kinase assay
was performed by using recombinant active LATS1 (see In vitro kinase
assays for details). Tris-HCl buffer, pH 9.0, urea, and octylglycoside were
added to the reaction mixture at final concentrations of 0.1 M, 8 M, and
0.4%. The solution was reduced with DTT, alkylated with iodoacetamide,
and digested with Lys-C followed by dilution (Saito et al., 2006). The di-
gested samples were desalted using StageTips (Thermo Fisher Scientific)
with C18 disk membranes (3M; Empore; Rappsilber et al., 2003).
Dimethyl labeling of the tryptic digest with formaldehyde was performed as
follows. The digested peptides were dried up with a centrifugal evapora-
tor (CC-105; TOMY) and then dissolved in 100 mM triethylammonium
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bicarbonate. Normal and [2H,, '*C]labeled formaldehyde solution was
added to the control and the LATS 1-reated sample, respectively. After addi-
tion of sodium cyanoborohydride, the mixture was incubated at RT for 1 h.
Reaction was terminated by adding aqueous ammonia, and then, the
samples were desalted using StageTips. Phosphopeptides were enriched
by metal oxide chromatography using a lactic acid-modified titania tip as
previously described (Sugiyama et al., 2007) with slight modifications. In
brief, custom-made metal oxide chromatography tips were prepared by
packing methanolic slurry of titania bulk beads (0.5 mg beads per 10-pl
pipette tip) into pipette tips inserted with a C8 disk membrane (Rappsilber
et al., 2007). The samples were diluted with an equal volume of solution A
(300 mg/ml lactic acid and 0.1% trifluoroacetic acid in 80% acetonitrile)
and loaded onto the tips. After washing, phosphopeptides were eluted
with 0.5% piperidine.

Nano-liquid chromatography/MS/MS analysis and database searches
Nano-liquid chromatography/MS/MS analyses were performed by using
an Orbitrap system (LTQ-Orbitrap XL; Thermo Fisher Scientific), a pump
(UltiMate 3000; Dionex) with a flow manager (FLM-3000; Germering),
and an autosampler (HTC PAL; CTC Analytics). 3-pm C18-AQ materials
(ReproSil-Pur 120; Dr. Maisch, GmbH) were packed into a self-pulled needle
(150-mm length x 100-pm inside diameter, 6-pm opening) with a nitrogen-
pressurized column loader cell (Nikkyo Technos, Co., Lid.) to prepare an
analytical column. The mobile phases consisted of 0.5% acetic acid
(A) and 0.5% acetic acid and 80% acefonitrile (B). A three-step linear gradient
of 5-10% B in 5 min, 10-40% B in 60 min, 40-100% B in 5 min, and 100%
B for 10 min was used at a flow rate of 500 nl/min. A spray voltage of
2,400 V was applied via the metal connector. The MS scan range was mass
per charge of 300-1,500. The top 10 precursor ions were selected in MS
scan by Orbitrap with R = 60,000 for MS/MS scans by ion trap in the
automated gain control mode in which automated gain control values of
5.00 x 10° and 10* were set for full MS and MS/MS, respectively. To
minimize repetitive MS/MS scanning, a dynamic exclusion time was set
as 20 s with a repeat count of 1 and an exclusion list size of 500. The
normalized collision-induced dissociation was set to be 35.0. A lock
mass function was used for the LTQ Orbitrap to obtain constant mass ac-
curacy during analyses.

Peptides and proteins were identified via automated database search-
ing using Mascot version 2.3 (Matrix Science) against UniProt/SwissProt
release 2010_11 (release date: November 2, 2010) with a precursor mass
tolerance of 3 ppm, a fragment ion mass tolerance of 0.8 D, and strict trypsin
specificity allowing for up to two missed cleavages. Cysteine carbamido-
methylation was set as a fixed modification, and methionine oxidation, phos-
phorylation of serine, threonine, and tyrosine, and ['Hy, '2Cy/?H,, '*C,]
dimethylation of N-terminal a-amino groups and lysine e-amino groups in
each peptide were allowed as variable modifications. Peptides were con-
sidered identified if the Mascot score was over the 95% confidence limit
based on the identity score of each peptide, and at least three successive
y or b ions with two and more y, b, and/or precursor origin neutral loss
ions were observed. Phosphorylation sites were unambiguously deter-
mined when b or y ions, which occurred between the existing phosphory-
lated residues, were observed in the peak list of fragment ions (Sugiyama
et al., 2008). False-positive rates were estimated to be 1.65% by search-
ing against a randomized decoy database created by the Mascot Perl
program supplied by Matrix Science. After identification, the peptide peak
area of each peptide was integrated using Mass Navigator v1.2 (Mitsui
Knowledge Industry), and the peak area ratio of LATS 1-reated to control
sample was calculated.

Plasmids

Human Gateway entry clones (Human Gene and Protein database
clone numbers: MYPT1, FLJ94919AAAF; PLK1, FLJSOO30AAAN; and
PP1C-B, FU92643AAAF) were obtained from the National Institute of
Technology and Evaluation Biological Resource Center. The cDNAs
in these entfry clones were subcloned into the destination expression
vectors according to manufacturer’s instruction (Invitrogen). Mutations
in MYPT1 cDNAs were infroduced in vitro using the lightning multisite-
directed mutagenesis kit (QuikChange; Agilent Technologies) and con-
firmed by DNA sequencing.

Cell culture, synchronization, and transfections

MEFs were prepared from a 13.5 d postcoitum embryo as follows: the
viscera of each embryo were removed under a dissecting microscope
(S6 E; Leica), and the embryo was washed in PBS and incubated with
TryplE Express (Invitrogen) for 20 min at 37°C. The cell suspension
was then passed several times through a pipette and filtered through a



100-pm sterile cell strainer to remove cell clumps. The cell suspension
prepared from each embryo was washed with medium containing 10%
FBS and plated onto 100-mm culture dishes (Naoe et al., 2010). MEFs,
Hela cells, 293T cells, and U20S cells were maintained in DME/F12
(Sigma-Aldrich) supplemented with 10% FBS under an atmosphere of
5% CO, at 37°C. Hela cells were synchronized at the G1/S boundary
using a double-thymidine block and release protocol (24-h incubation
with 2 mM thymidine, thymidine-free incubation for 8 h, and thymidine
incubation for 14 h). Mitotic cells were collected by mechanical shake-
off from the culture plate after 12-15 h of treatment with 60 ng/ml Noc.
Cells were subjected fo transient transfection using the FUGENE HD re-
agent (Roche) or the XtremeGENE 9 DNA transfection reagent (Roche).
Transfection of the RNAi oligo was performed using RNAIMAX reagent
(Lipofectamine; Invitrogen). The target sequences of siRNA used in this
study were as follows: firefly luciferase (GL2 as a control), 5-CGTAC-
GCGGAATACTTCGAdTdT-3’; LATS1 siRNA-1, 5"-ATTCGGGAATCCCT-
TAGGAdTdT-3', and siRNA-2, 5'-GCAATTGAATTCATTAGTAdTT-3’
(Kuninaka et al., 2005); and MYPT1 siRNA-1, 5'-AGTACTCAACCATA-
ATTAAdTdT-3’, and siRNA-2, 5'-GCGCCAGAAGACCAAGGTGTAT-3’
(Yamashiro et al., 2008). In each RNAi experiment, essentially the same
results were observed using two independent RNAi sequences. For the
production of stable cell lines, Hela cells were cotransfected with pMX
Myc-LATS1-wild type or pMX Myc-LATS1-KD using Plat-A packaging
cells (Kitamura et al., 2003), and transfectants were selected in the
presence of 2 pg/ml puromycin for 7 d. IR was performed using an
x-ray apparatus (MBR-1520R-3; Hitachi) calibrated to deliver 0.52 Gy vy
irradiation per minute.

Immunoprecipitation, GST pull-down, Western blotting, and antibodies
For immunoprecipitation or GST pull-down assay, Hela or 293T cells trans-
fected with the indicated vectors were washed with PBS and lysed by
incubation for 15 min on ice with lysis buffer (0.5% NP-40, 25 mM Tris-Cl,
pH 7.5, 137 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM DTT, 20 mM
B-glycerophosphate, 1 mM sodium vanadate, and protease inhibitor [Com-
plete Mini; Roche]). After centrifugation of the lysate at 14,000 g for 20 min,
portions of the supernatant were incubated for 1 h at 4°C with specific
antibodies immobilized on magnetic Dynabeads (Invitrogen) or indicated
GST fusion proteins immobilized on glutathione-Sepharose beads (GE
Healthcare). The beads were then separated by centrifugation and washed
with lysis buffer, and the bound proteins were eluted by boiling for 5 min
in SDS sample buffer and subjected to immunoblot analysis. For Western
blotting, proteins fractionated by SDS-PAGE were electroblotted onto nitro-
cellulose membrane (Hybond ECL; GE Healthcare) using a semidry transfer
apparatus. The membranes were blocked with 5% nonfat dried milk in PBS
for 30 min at RT and incubated overnight at 4°C with primary antibodies
diluted in Can Get Signal solution 1 (TOYOBO Co., Ltd.). Membranes
were washed three times with PBST (PBS and 0.1% Tween 20) and incu-
bated for 40 min with HRP-conjugated secondary antibodies (GE Health-
care), which were diluted in Can Get Signal solution 2. After three washes
with PBST, the proteins were detected using ECL Plus (GE Healthcare) and
a chemiluminescence detector (LAS-3000; Fuijifilm). The antibodies used
for the immunoprecipitation and Western blotting experiments were as
follows: monoclonal anti-c-Myc (clone 9E10; Santa Cruz Biotechnology,
Inc.), monoclonal anti-HA (3F10; Roche), rabbit anti-LATS1 (Bethyl Labo-
rafories, Inc.), monoclonal anti-Plk1 (Invitrogen), rabbit anti-PP1C (Bethyl
Laboratories, Inc.), rabbit anti-MYPT1 (Santa Cruz Biotechnology, Inc.),
monoclonal anti-PLK1 (pT210; BD), rabbit anti-pCdk1(pThr14pTyr15;
Abcam), monoclonal anti-Cdk1 (A17; Abcam), monoclonal anti-Weel
(Santa Cruz Biotechnology, Inc.), rabbit anti-Claspin (Bethyl Laboratories,
Inc.), monoclonal anti-a-tubulin (clone B-5-1-2; Sigma-Aldrich), monoclonal
anti-Cdc25A (Santa Cruz Biotechnology, Inc.), monoclonal anti-MPM2
(Millipore), sheep anti-MYPT1 (pS445; provided by D. Alessi and J. Hastie,
University of Dundee, Dundee, Scotland, UK), rabbit anti-pChk1 (Cell
Signaling Techonology), monoclonal anti-Chk1 (Santa Cruz Biotechnol-
ogy, Inc.), monoclonal anti-FLAG (M2; Sigma-Aldrich), and monoclonal
anti-GST (Nacalai Tesque).

LATS1 KO mice

LATS1 KO mice were generated by homologous recombination using
standard techniques (Fig. S2). Mice were backcrossed for more than
five generations onto a C57BL/6 background. All animal experiments
were approved by the Animal Ethics Committees of Keio University.
Genotyping of mutant mice was performed using a PCR protocol based and
the primers NeoR-S2, 5'-AGACAATCGGCTGCTCTGAT-3’; WTSex4S,
5-CAAGATGCCCAGGATCAAAT-3’; and WTSin4AS2, 5-AACAAAAA-
TGGGCTGGTGAG-3'.

Immunofluorescence microscopy

MEFs or Hela cells were seeded onto glass-bottom, 35-mm dishes to
~70% confluence. A preextraction protocol was performed using 7.5 pg/ml
digitonin in KHM buffer (25 mM Hepes-KOH, pH 7.2, 125 mM potas-
sium acetate, and 2.5 mM magnesium acetate) for 5 min at RT before
fixing with chilled absolute methanol for 10 min at —20°C (Hirota et al.,
2000). Cells were then incubated and stained with the following anti-
bodies: rabbit anti-LATS1 antibody (Bethyl Laboratories, Inc.), rabbit
anti-MYPT1 antibody (Covance), rabbit anti-PLK1 antibody (Bethyl Labo-
ratories, Inc.), monoclonal mouse anti—y-tubulin (clone GTU-88; Sigma-
Aldrich), rabbit anti—y-tubulin (Sigma-Aldrich), and monoclonal mouse
anti-c-Myc antibody (clone 9E10). This was followed by incubation
with Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 555 donkey
anti-rabbit IgG (Invitrogen). Stained cells were mounted with DAPI
Fluoromount-G (SouthernBiotech). Images were collected at RT (22°C)
using 63x, 1.4 NA oil immersion lenses (Leica) on an upright micro-
scope (DM5000; Leica) coupled to a confocal laser scanner (TCS SP5;
Leica). LAS AF SP5 software (Leica) was used for data acquisition. All
digital images were imported into Photoshop (Adobe) and adjusted for
gain, contrast, and vy settings.

In vitro kinase assays

GSTLATS] (catalytic domain), GST-Cdk 1-Cyclin B, or GST-PLKT (full length)
were obtained from Carna Biosciences, Inc. Kinase reactions were con-
ducted at 30°C for 30 min in a final volume of 20 pl containing 20 mM
Tris, pH 7.4, 10 mM MgCl,, 10 pCi v-[*?P]ATP (3,000 Ci/mmol; Institute
of Isotopes Co., Ltd.), and 1 mM DTT. Reactions were stopped by add-
ing 4x SDS sample buffer and boiled at 95°C for 5 min. Samples
were resolved by SDS-PAGE on 5-20% gradient gels and visualized
by autoradiography. The intensity of the bands was quantified using
BAS-5000 (Fuiifilm).

In vitro phosphatase assays

Myc-MYPT 1-transfected 293T cell lysates were subjected to immunopre-
cipitation using an anti-Myc antibody (Santa Cruz Biotechnology, Inc.).
Immunoprecipitates were washed three times in lysis buffer and preincubated
at 4°C for 10 min with PP1 assay buffer (20 mM Tris-HCI, pH 7.4, 1% Triton
X-100, 250 mM sucrose, 1 mM MnCl,, and 0.1% B-mercaptoethanol) and
1.6 pg GSTPP1C. Next, 0.2 pg of active PLK1 (Carna Biosciences, Inc.)
was added to the reaction solution to a final volume of 20 pl. Phosphatase
reactions were performed at 30°C for 30 min and stopped by adding 4x
SDS sample buffer. The samples were boiled at 95°C for 5 min and re-
solved by SDS-PAGE on 5-20% gradient gels. Phosphatase activity was
quantified by subtracting the anti-PLK1 (pT210) band intensity of each
MYPT1-overexpressing cell from that of mock-transfected cells and shown as
the relative infensity to mock control (percentage of control).

Time-lapse imaging

Hela cells stably expressing the GFP-tagged Histone H2B were grown onto
a glass-bottomed dish (IWAKI) in DME/F12 supplemented with 10% FBS.
During recording, cell cultures were kept at 37°C with 5% CO,. Time-lapse
fluorescence and differential interference contrast video microscopy were
performed using a microscope (LCV110; Olympus); images were acquired
using a charge-coupled device camera (Retiga EXi; Qlmaging) at U Plan
Super Apochromatic 40x, 0.95 NA obijective every 10 min and analyzed
using MetaMorph (Molecular Devices).

Statistical analysis
Two-ailed Student's t test was used to determine comparative significance.
The result was considered significant at P < 0.05.

Online supplemental material

Fig. S1 shows the mapping of LATS1 phosphorylation sites within MYPT1
by using single amino acid substitution mutants. Fig. S2 demonstrates
the characterization of LATS1 KO mice. Fig. S3 shows the interaction
between LATS1 and MYPT1. Fig. S4 demonstrates a single gel analysis
of the samples shown in Fig. 7 A. Fig. S5 depicts that LATS1 depletion
had no effect on the localization of endogenous MYPT1 and PLK1 after IR.
Table ST demonstrates mass spectrometric analysis of immunopurified MYPT1.
Online supplemental material is available at http://www.jcb.org/cgi/
content/full/jcb.201110110/DC1.
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