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ABSTRACT ARTICLE HISTORY
Polo-like kinase 1 (Plk1) is an instrumental kinase that modulates many aspects of the cell cycle. Previous Received 10 November 2017
investigations have indicated that Plk1 is a target of the DNA damage response, and PIk1 inhibition is Accepted 11 December 2017
dependent on ATM/ATR and Chk1. But the exact mechanism remains elusive. In a proteomic screen to KEYWORDS

identify _Chk1—|pteract|ng proteins, we fqund that myosin phosphatase targeting protein .1 (MYPT1) was Cell cycle; DNA damage;
present in the immunocomplex. MYPT1 is phosphorylated by CDK1, thus recruiting protein phosphatase mitosis; PIk1; MYPT1; PP1cg
18 (PP1cp) to dephosphorylate and inactivate Plk1. Here we identified that Chk1 directly interacts with

MYPT1 and preferentially phosphorylates MYPT1 at Ser20, which is essential for MYPT1-PP1cg interaction

and subsequent Plk1 dephosphorylation. Phosphorylation of Ser20 is abolished during mitotic damage

when Chk1 is inhibited. The degradation of MYPTT1 is also regulated by Chk1 phosphorylation. Our results

thus unveil the underlying machinery that attenuates Plk1 activity during mitotic damage through Chk1-

induced phosphorylation of MYPT1.

Abbreviations: Plk1: Polo-like kinase 1; Noc: nocodazole; IP: immunoprecipitation; IB: immunoblotting;
Chk1: checkpoint kinase 1; MYPT1: myosin phosphatase targeting protein 1; IVK: in vitro kinase;
PP1cg: protein phosphatase 18; LC-MS/MS: liquid chromatography-tandem mass spectrometry; PBD: polo-
binding domain; ATM: ataxia telangiectasia mutated; ATR: ataxia telangiectasia and Rad3 related;
colP: coimmunoprecipitation; WT: wild type

Introduction recruitment of the Mrell/Rad50/Nbsl (MRN) complex to
damaged sites [9]. Moreover, Plkl antagonizes p53 during
DDR, via phosphorylating Numb, which is also a cell-fate
determinant in stem/progenitor cells [10].

The exact mechanism remains elusive as to how PIkl is
switched off by Chkl [7]. In response to DDR, Chk1 is acti-
vated by either ATM or ATR [11,12], then targets myriad sub-
strates that mediate downstream events. In the absence of
DNA damage, Chk1 also plays pivotal roles in DNA replica-
tion, intra-S phase checkpoints, G,/M checkpoints and spindle-
assembly checkpoints [13,14]. Therefore, Chk1 is currently one
of the most promising therapeutic targets for numerous cancers
[15].

In spite of its emerging significance in anticancer research,
many substrates of Chkl are yet to be identified. We sought to
study the Chkl network by identifying more Chkl-interacting
proteins. In the immunocomplexes of Chk1, we identified myo-
sin phosphatase targeting protein 1 (MYPT1, or PPP1R12A),
the targeting subunit of protein phosphatase 1cf (PP1cp) [16].
Human PP1 is encoded by three related genes, and includes
three isoforms: &, /8 and y. MYPT1 contains ~ 1, 000 amino
acids with a mass of ~ 110 kDa and specifically binds with

PIk1 is a vital kinase that orchestrates many cell cycle events,
including DNA replication, centrosome duplication, mitotic
entry, spindle assembly, chromosome segregation and eventual
cytokinesis [1]. It comprises an N-terminal kinase domain and
a C-terminal polo-box binding domain (PBD), which fre-
quently mediates its binding with substrates via a pSer/Thr-Pro
motif [1]. The T-loop of Plk1 harbors phospho-T210, a prereq-
uisite for Plkl activation. The central role of Plkl in the cell
cycle is subject to multilayers of regulation. For instance, the
kinase activity of Plkl starts to increase at the G,/M phase,
maximizing at mitosis, which is regulated by Aurora A-depen-
dent phosphorylation at T210 [2,3], facilitated by BORA. Dur-
ing DNA damage response (DDR), the recruitment of Aurora
A by BORA is perturbed, resulting in loss of pT210 and Plkl
inactivation [4]. PIk1 is also inactivated in DDR by a pathway
dependent on ataxia telangiectasia mutated (ATM) / ataxia tel-
angiectasia and Rad3 related (ATR) [5,6] and Chkl [7] and
degraded by the E3 ligase Anaphase Promoting Complex/
Cyclosome (APC/C) [8]. The substrates of Plkl in DDR are
emerging. Plkl phosphorylates Mrell at Ser649, inhibiting the
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PP1cp/8. It has a conserved N-terminal region of seven ankyrin
repeats as well as a characteristic PPlc-binding motif
(**KVKF?®) [17]. Previous investigations have implicated PP1
regulators in DDR, such as Repo-Man (binds with PP1cy) and
PNUTS (binds all three isoforms) [18]. But MYPT1 has never
been suspected.

MYPT1’s major role in mitosis has been proposed to regu-
late the activity of Plkl. The dephosphorylation of PIkl at
pT210 by MYPT1 is regulated multifacetedly: MYPT1 is
phosphorylated by Cdkl at Ser437 during mitosis to target
PP1cp to Plkl [19]; MYPT1 is phosphorylated by LATS1/
WARTS at Ser445 to antagonize Plkl [20]; MYPT1 activity is
also promoted by another phosphatase, optineurin, forming a
negative feedback loop to modulate Plk1 activity [21]. Here
we identify that Chkl interacts with and phosphorylates
MYPTI at Ser20, which is essential for MYPT1-PP1cS bind-
ing. We propose that Chkl-dependent phosphorylation of
MYPT1 promotes the MYPT1-PPlcS phosphatase activity
towards Plkl.

Results
Identification of MYPT1 as a novel target for Chk1

In an effort to identify Chkl-interacting proteins, we per-
formed immunoprecipitation (IP) assays with anti-Chk1 anti-
bodies followed by mass spectrometry (MS) analysis as
previously described [22]. The assay identified not only Chkl
itself, but also known proteins that interact with Chk1 (such as
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NEK9 [23]), as well as many novel interacting proteins, among
which was MYPT1 (Fig. 1A). To validate the potential associa-
tion between Chkl and MYPT1, HeLa cell extracts were subject
to coIP experiments using anti-Chkl antibodies, and MYPT1
was detected in the immunoprecipitates (Fig. 1B). We also co-
transfected Flag-Chkl and HA-MYPT1 into HeLa cells and an
interaction was also observed between the overproduced pro-
teins (Fig. 1C), excluding the possibility that the interaction
was an artifact due to antibody non-specificity. To determine
the regions of MYPT1 required for its interaction with Chkl,
we constructed GST-tagged wild-type (WT) MYPT1 and a
series of MYPT1 fragments (F1-F4) (Fig. 1D) to carry out colP
experiments with full-length (FL) HA-tagged Chkl. As shown
in Fig. 1E, Chkl preferentially interacted with F1 (aa. 1-306)
and F3 (aa. 586-901) regions of MYPT1. Taken together, these
data suggest that Chk1 associates with MYPT1.

Chk1-dependent phosphorylation of MYPT1 at S20

To investigate whether Chkl regulates MYPT1 through phos-
phorylation, we used in vitro kinase (IVK) assays with recombi-
nant Chkl and MYPTI1. Chkl phosphorylatess MYPT1
efficiently (Fig. 2A). The IVK products were then analyzed by
liquid chromatography-tandem mass spectrometry (LC-MS/
MS), and Ser20 was identified as the most abundant phosphor-
ylation site (Fig. 2B). When Ser20 was mutated to Ala in
MYPT1 and used in the IVK assay, the phosphorylation signal
was reduced about ~20% in FL MYPT1-S20A (Fig. 2C). We
then constructed S20A in MYPT1-F1, and the phosphorylation
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Figure 1. Interaction between Chk1 and MYPT1. (A) Chk1 was immunoprecipitated from Hela cells, and samples were analyzed by SDS-PAGE with Coomassie blue stain-
ing. Chk1-interacting proteins were identified by mass spectrometry. Shown in the table are the proteins identified in the immunocomplex. The number of peptides and
peptide coverage pertentage were indicated. (B) Chk1 immunoprecipitates were blotted with anti-Chk1 and anti-MYPT1 antibodies.(C) HeLa cells transfected with vector
or HA-MYPT1, and Flag-Chk1 constructs were subjected to IP and IB assays using the antibodies indicated. Asterisks indicate IgG. (D) Domain structures of MYPT1. The
PP1 binding motif, the ankyrin repeats, and the Leucine zipper domain, and the boundaries of MYPT1 fragments used in this study are indicated. (E) Bacterially expressed
MYPT1 fragments were incubated with lysates from Hela cells transfected with HA-Chk1. Asterisks indicate the corresponding bands.
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Figure 2. Ser20 is identified as one of the Chk1-dependent phosphorylation sites. (A) Recombinant Chk1 and MYPT1 were incubated in kinase buffers containing 3?P-ATP,
and an IVK assay was carried out. Coomassie blue staining showed input MYPT1 proteins and autoradiography showed phosphorylated GST-MYPT1. (B) LC-MS/MS analysis
identified Ser20 of MYPT1 as one of the sites phosphorylated by Chk1 in vitro. From this collision-induced dissociation spectrum, a phosphorylated peptide WIG(pS)
ETDLEPPVVK of MYPT1 was identified following incubation with Chk1 in an IVK reaction. “b” and “y” ion series represent fragment ions containing the N- and C-termini of
the peptide, respectively. (C-D) S20A mutant was constructed in GST-MYPT1-FL (C) and -F1 (D) fragment, and IVK assays were carried out using WT and S20A of GST-
MYPT1-FL or F1 proteins. (E) A comparison between Chk1 phosphorylation consensus sites and the adjacent amino acids of MYPT1 Ser20.

signal was completely abolished in MYPT1-F1-S20A (Fig. 2D).
The amino acid sequence surrounding the Ser20 residue
matched a minimum consensus for Chkl-dependent phos-
phorylation, and it is also conserved among MYPTI1 homo-
logues (Fig. 2E). These results suggest that Ser20 is a major
phosphorylation site in F1. Since MYPT1 is a relative large pro-
tein of 1,030 amino acids, there are probably other Chkl-
dependent phosphorylation sites on MYPT1.

To validate that MYPT1 is an in vivo substrate of Chkl, we
raised a polyclonal phospho-specific antibody, MYPT1-pS20,
as described in Experimental procedures. Using immunopreci-
pitated Chk1 in the IP-kinase assay, MYPT1-pS20 was readily
detectable with WT-Chkl, but not with the Chkl-kinase dead
(KD), suggesting that MYPT1-pS20 was dependent upon Chkl
kinase activity (Fig. 3A). We then used commercially available
recombinant Chkl and measured the level of pS20 in an IVK
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Figure 3. Ser20 of MYPT1 is phosphorylate by Chk1. (A) Hela cells were transfected with Flag-Chk1 or Flag-Chk1-kinase dead (KD), and then IPed with anti-Flag antibod-
ies. The immunoprecipitates were used in an IP-kinase assay using recombinant GST-MYPT1 as substrates. The reaction was then terminated and blotted with antibodies
indicated. (B) IVK assays using recombinant His-Chk1 and GST-MYPT1 or GST-MYPT1-S20A as substrates. The products were then blotted with pS20 antibodies. (C) Ser20
of MYPT1 was phosphorylated in vivo. Hela cells transfected with HA-MYPT1 were treated with Noc, Noc plus UV, Noc plus UV plus UCN-01 (an inhibitor of Chk1). Lysates

from these cells were blotted with pS20 antibodies.
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assay with MYPT1-WT or S20A. As demonstrated in Fig. 3B,
Chkl efficiently phosphorylated MYPT1, but not MYPT1-
S20A. We noted that GST-MYPT1-S20A displayed distinct
migration patterns in the presence or absence of ATP, sug-
gesting that there are other phosphorylation events involved.
Then we tested whether MYPT1 is phosphorylated at pS20 in
vivo. HeLa cells were treated with Nocodazole (Noc), Noc
plus UV, or Noc plus UV plus UCN-01 (an inhibitor of
Chk1). Immonoblotting with pS20 antibodies indicated that
MYPT1 is phosphorylated at pS20 upon Noc treatment, and
upon Noc plus UV treatment. But the band was significantly
diminished upon UCN-01 treatment (Fig. 3C), suggesting
that pS20 is dependent on Chkl. Collectively, the results
indicate that pS20 of MYPT1 depends on the kinase activity
of Chkl.

pS20 promotes degradation of MYPT1

Since the proteasome-dependent degradation of MYPTI is
mediated by the SIAH2 E3 ligase [24], we examined whether
Chkl-induced phosphorylation of Ser20 affected the stability of
MYPT1. Cells were transfected with Flag-Chkl and HA-Ub,
and then IPed with anti-MYPT1 antibodies. The ubiquitination
levels of MYPT1 were elevated compared with controls
(Fig. 4A), suggesting that Chkl overproduction increases
MYPT1 ubiquitition. To differentiate whether it is due to the
protein level or the kinase activity of Chkl, we transfected WT
or KD of Chkl1 into cells. The ubiquitination levels of MYPT1
in the cells transfected with Chk1-KD were markedly down-
regulated (Fig. 4B), indicating that the kinase activity of Chk1
is essential. To confirm this, we also utilized UCN-01 to inhibit
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Figure 4. pS20 promotes the degradation of MYPT1. (A) Hela cells transfected with Flag-Chk1 and HA-Ub were treated with MG132 or left untreated, IPed with anti-
MYPT1 antibodies and IBed with the antibodies indicated. (B) Cells were transfected with vector, WT or KD of Flag-Chk1 and HA-Ub plasmids, then analyzed as in (A). (C)
Cells were treated with UCN-01 or left untreated, then analyzed as in A. (D) Cells were transfected with HA-MYPT1, treated with UCN-01 or left untreated, then incubated
with CHX for the time indicated. (E) Quantitation of the results in (D). (F) Cells were transfected with WT or S20A of HA-MYPT1, then incubated with CHX. (G) Quantitation

of the results in (F).



Chkl. Again, Chkl inhibition decreased ubiquitination levels of
MYPT1 (Fig. 4C).

Since ubiquitination often leads to degradation, we adopted
cycloheximide (CHX), a protein synthesis inhibitor, to assess
the protein stability of MYPT1. As shown in Fig. 4D-E, UCN-
01 treatment increased the stability of MYPT1. Moreover,
when WT or S20A of MYPT1 were transfected into cells and
treated with CHX, MYPT1-S20A manifested longer half-life
(Fig. 4F-G). In sum, Chkl promotes the ubiquitination and
subsequent degradation of MYPT1, probably through phos-
phorylating S20.

520 phosphorylation is essential for the interaction
between MYPT1 and PP1cf

As reported previously, MYPT1 contains a PP1c binding motif
(KVSEF) at its N-terminus [17], adjoining to the site of S20
(Fig. 1D). We speculated interplay between phosphorylation of
S20 and PP1cp binding. Indeed, when we transfected MYPT1-
WT and S20A into HeLa cells, the interaction between
MYPT1-S20A and PP1cB was completely abolished, as exam-
ined by colP assays (Fig. 5A). Then we tested the interaction by
pulldown assays (Fig. 5B). Recombinant GST-MYPT1-WT or
S20A proteins were used to pull down transfected HA-PP1cp.
We observed that GST-MYPT1-S20A significantly compro-
mised the interaction with PP1cp (Fig. 5B).

We reasoned that since MYPT1-S20A could not target
PP1cp to its substrate, then Plkl may not be dephosphorylated
by MYPT1-S20A. We thus assessed this possibility by an IP-
phosphatase assay. HeLa cells were transfected with HA-
MYPT1-WT or S20A plasmids, and then treated with Noc. As
reported previously, activated Cdk1 will phosphorylate MYPT1
at $473 to target MYPT1 to dephosphorylate Plkl [19]. The
cell extracts were IPed with anti-HA antibodies, and incubated
with active Plkl (Fig. 4C). Plkl was efficiently dephosphory-
lated by MYPT1-WT, as previously described [19], but not by
MYPT1-S20A (Fig. 4C), suggesting that phosphorylation at
S20 plays a pivotal role in promoting the MYPT1-PP1cg activ-
ity towards Plk1.

Discussion

Our results suggest that MYPT1 is a substrate of Chkl, and
Chkl phosphorylates MYPT1 at Ser20. There are probable
other phosphorylation sites, evidenced by the results below:
Chkl still phosphorylates GST-MYPT1-S20A in IVK assays,
albeit at a lesser degree; S20 is not the sole site identified in the
MS analysis; GST-MYPT1-S20A still displays distinct band
shift upon Chkl incubation, indicative of phosphorylation
(Fig. 3B). Nevertheless, our results indicate that Ser20 is the
most abundant phosphorylation site identified in MS, and
Ser20 is phosphorylated by Chkl1 in vivo and in vitro.
Phosphorylation of Ser20 was identified recently in a proteo-
mic study of MYPT1 [25], but its functional role was left unat-
tended. Our results also indicate that pS20 is pivotal for
MYPT1-PP1cB binding, and therefore PP1cf activity towards
its substrates (Fig. 5D). First, MYPT1-S20A fails to colP with
PP1cp (Fig. 5A). Second, MYPT1-S20A fails to pulldown
PP1cp (Fig. 5B). Lastly, one of MYPT1-PP1cf’s substrate, Plkl,
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Figure 5. pS20 is essential for the interaction between MYPT1 and PP1¢p. (A) Hela
cells were transfected with HA-MYPT1-WT or S20A plasmids, then subject to IP and
IB analysis as indicated. (B) Recombinant GST-MYPT1 and S20A proteins were used
to pulldown transfected HA- PP1cB. (C) Hela cells were transfected with HA-
MYPT1-WT or S20A plasmids and treated with Noc, then subject to IP with anti-HA
antibodies, followed by IP-phosphatase assays using active Plk1 as substrates. The
products were then blotted with anti-Plk1-pT210 antibodies. (D) A proposed model
of how Chk1 inhibits PIk1 through MYPT1. Chk1 phosphorylates MYPT1 at Ser20 to
promote the interaction between MYPT1 and PP1cfB. MYPT1 then targets PP1cg to
PIk1 to dephosphorylate Plk1 at pT210, and possibly other proteins.

fails to be dephosphorylated by MYPT1-S20A immunoprecipi-
tates (Fig. 5C).

Here we identified that phosphorylation of MYPT1 by Chkl
is subject to ubiquitin-mediated degradation. A query into
TCGA [26,27] revealed that MYPT1 is overexpressed in a vari-
ety of cancer types, including neuroendocrine prostate cancer
(NePC), breast, prostate and sarcoma, and deleted in pancreas
cancer, suggesting that the exact level of MYPT1 is essential to
exert its function. Chkl-mediated crosstalk between phosphor-
ylation and ubiquitination is quite common, for instance, Chkl
phosphorylates spleen tyrosine kinase (SYK) at Ser295 for deg-
radation [28], and Chk1 phosphorylates O-Linked 8-N-Acetyl-
glucosamine Transferase (OGT) at Ser20 for stabilization [22].
This pattern was also observed for other kinases: Cdc25A is
phosphorylated by glycogen synthase kinase -38 (GSK38) for
degradation [29]. But the remaining question is, why does
Chkl degrade MYPT1 while at the same time promote the
interaction between MYPT1 and PP1cS? This seeming paradox
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might be rooted in Plkl, whose activity is downregulated dur-
ing DDR [5], but not completely abolished [9,10]. We reasoned
that Chkl might modulate an intricate balance between
MYPT1 protein level and MYPT1-PP 1cp activity, so that the
exact amount of PIkl is active during DDR.

It is highly likely that other substrates of PP1cf will also be
affected by MYPT1-S20. Of the many proteins identified to
interact with MYPT1 [30], quite a few are associated with
human diseases, for instance, the Tau protein (associated with
the Alzheimer’s), the retinoblastoma protein, and of particular
interest, is the Merlin protein [30]. Merlin is a tumor suppressor
protein that regulates the Hippo signaling pathway, a tumor
suppressor pathway inactivated in many cancers. It will be of
interest to examine whether Ser20 phosphorylation modulates
the Hippo signaling pathway. The S20 site we identified here
thus adds to the repertoire of MYPT1-PP1cf regulation, and
may cue in further therapeutic interventions for human diseases.

Experimental procedures
Cell culture, antibodies and plasmids

HeLa and HEK293 cells were purchased from ATCC. Anti-
MYPTI1 antibodies, MYPT1 plasmids were described before
[31]. PIk1-pT210 antibodies were from BD (cat. 558400). Anti-
bodies against MYPT1 phospho-Ser20 (pS20-Ab) were raised
in rabbits using the sequence of KRWIG(pS)ETDLC and man-
ufactured by Beijing B&M Biotech Co., Ltd. MYPTI-S20A
mutants were generated using specific primers (sequences
available upon request) following the manufacturer’s instruc-
tions (QuickChange II, Stratagene).

Transfections

HeLa cells were transfected twice with a 24-h interval using Oli-
gofectamine (Invitrogen) according to the manufacturer’s
instructions. Transfectants were used for further experiments
24 hrs after the second transfection.

For plasmid transfection, cells were seeded at 50-60% con-
fluence/10 cm” petri dish and transfected with 7.5 ug of plas-
mid DNA using FuGene 6 according to the manufacturer’s
instructions for immunoprecipitation (IP) experiments.

IP and Immunoblotting (IB)

IP and IB experiments were performed as described before [32].
Where indicated, UCN-01 was used at 30 nM for 2 hr. Cells
were treated with UV at 365 nm for 2 min. The following pri-
mary antibodies were used for immunoblotting: anti-MYPT]1,
anti-Chkl, anti-B-actin, anti-HA, anti-Myc and anti-FLAG M2
(Sigma). Peroxidase-conjugated secondary antibodies were from
JacksonImmuno Research. Blotted proteins were visualized using
the ECL detection system (Amersham). Signals were detected by
a LAS-4000, and analyzed using Multi Gauge (Fujifilm).

In vitro kinase (IVK) assay

Chk1 IVK assay was performed as previously described. Briefly,
recombinant Chk1 kinase was purchased from R & D systems

(Cat. # 1630-KS), incubated with purified GST-MYPT1 with
1 M HEPES (pH 7.4), 1 M MgCl,, 1 M Dithiothreitol, 0.1 M
Na;VOy,, 0.1 mM ATP or 1 uCi of y-[**P]ATP. After 20 min at
30°C, reactions were stopped by the sample buffer. Protein
samples were separated by SDS-PAGE and phosphate incorpo-
ration was determined by Phosphor Imager. Liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) analysis were
performed as described [33].

IP-phosphatase assays

IP-phosphatase assays were performed as described previously
[20]. HeLa cells were transfected with wild-type (WT) HA-
MYPT1 or S20A treated with nocodazole (Noc) (100 ng/ml for
16 hrs), then subjected to IP with anti-HA antibodies. Immuno-
precipitates were washed in lysis buffers and preincubated at
4°C for 10 min with PP1 assay buffers (20 mM Tris-HCl, pH
7.4, 1% Triton X-100, 250 mM sucrose, 1 mM MnCl,, and 0.1%
B-mercaptoethanol). Next, 0.2 pg of active Plkl (Carna Bio-
sciences, Inc.) was added to the reaction solution to a final vol-
ume of 20 ul. Phosphatase reactions were performed at 30°C
for 30 min and terminated, then followed by Western analysis.
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