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ABSTRACT

Checkpoint kinase 2 (Chk2) is a pivotal effector kinase in the DNA damage response, with an
emerging role in mitotic chromosome segregation. In this study, we show that Chk2 interacts with
myosin phosphatase targeting subunit 1 (MYPT1), the targeting subunit of protein phosphatase
1cB (PP1cp). Previous studies have shown that MYPT1 is phosphorylated by CDK1 at S473 during
mitosis, and subsequently docks to the polo-binding domain of PLK1 and dephosphorylates PLK1.
Herein we present data that Chk2 phosphorylates MYPT1 at S507 in vitro and in vivo, which
antagonizes pS473. Chk2 inhibition results in failure of y-tubulin recruitment to the centrosomes,
phenocopying Plk1 inhibition defects. These aberrancies were also observed in the MYPT1-S507A
stable transfectants, suggesting that Chk2 exerts its effect on centrosomes via MYPT1. Collectively,
we have identified a Chk2-MYPT1-PLK1 axis in regulating centrosome maturation.

Abbreviations: Chk2: checkpoint kinase 2; MYPT1: myosin phosphatase targeting subunit 1;
PP1cpB: protein phosphatase 1c B; Noc: nocodazole; IP: immunoprecipitation; IB: immuno-
blotting; LC-MS/MS: liquid chromatography-tandem mass spectrometry; Chk2: checkpoint
kinase 2; KD: kinase domain; WT: wild type; Ub: ubiquitin; DAPI: 4',6-diamidino-2-phenylin-
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Introduction

Checkpoint kinase 2 (Chk2) is a conserved Ser/Thr
effector kinase that plays an instrumental role in
the DNA damage response (DDR) [1]. Upon
recognition of DNA double-strand breaks by the
sensor proteins, the transducing kinase Ataxia-tel-
angiectasia mutated (ATM) is activated, which
phosphorylates Chk2 at T68, followed by Chk2
oligomerization, auto-phosphorylation and ulti-
mate activation [2,3]. The downstream substrates
of Chk2 include p53 and cell cycle regulators, such
as Cdc25 [1]. The signaling cascade thus ensures
cell cycle arrest to allow ample time for DNA
repair or apoptosis if the damage is beyond repair.

Although the role of Chk2 in the DDR has long
been documented, its mitotic role is just beginning
to unfold. Sporadic evidence has been accumulat-
ing. Firstly, a fraction of phosphorylated Chk2

colocalizes with Polo-like kinase 1 (Plkl),
a mitotic master kinase, on the centrosome and
midbody [4]. Secondly, BRCA1 colocalizes with
Chk2 on the centrosome and is also a direct target
of Chk2 [5]. Thirdly, Chk2 depletion in colon
cancer cells induces aberrant spindle assembly,
mitotic delay and chromosome instability [6].

A series of investigations start to shed light on the
mechanistic role of Chk2 in cell cycle control. An
elegant study in human somatic cells pinpointed
BRCAL as a mitotic target of Chk2 [7]. Importantly,
loss of Chk2-mediated BRCA1 phosphorylation
results in spindle defects and chromosomal instabil-
ity [7]. In addition, Chk2 phosphorylates and stabi-
lizes human monopolar spindle 1 (MPS1) [8], which
governs the kinetochores localization of MPS1 [9].
More recently, Chk2 has been implicated in regula-
ting mitosis when the majority of kinetochores are
unattached [10]. Specifically, Chk2 stabilizes MPS1
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and phosphorylates Aurora B kinase at S331 to delay
anaphase and prevent mitotic exit [10].

In an effort to identify other binding partners of
Chk2, we have performed a large-scale anti-Chk2
immunoprecipitation assay followed by Mass
Spectrometry (MS) analysis, and discovered myosin
phosphatase targeting subunit 1 (MYPT1). MYPT1
is the targeting subunit of protein phosphatase 1cf3
(PP1cp), and plays a plethora of roles in mitosis
[11]. First, cyclin-dependent kinase 1 (CDK1)
phosphorylates MYPT1 at S437 to dock MYPT1
to the polo-box domain (PBD) of Plk1, and subse-
quently MYPT1/PP1cp dephosphorylates Plkl at
T210, thus inactivating Plkl [12] and destabilizes
kinetochore-microtubule attachments [13].
Secondly, MYPT1 depletion leads to precocious
sister chromatid segregation [14]. Thirdly, MYPT1
is required to sustain nocodazole or taxol-induced
cell cycle arrest [15].

Herein we show that Chk2 interacts and phos-
phorylates MYPT1 at S507, which neighbors and
antagonizes pS473. Ablation of the phosphorylation
compromises MYPT1 stability. Chk2 inhibition leads
to failure of y-tubulin localization to the centrosomes,
which is phenocopied by MYPT1-S507A-rescue
stable transfected cells. Our study thus delineates
a Chk2-MYPT1-PIkl axis in the centrosome cycle.

Experimental procedures
Cell culture, antibodies and plasmids

HeLa and HEK293 cells were purchased from
ATCC. Anti-MYPT]1 antibodies, MYPTI and res-
cue plasmids described before [15].
Antibodies against MYPT1 phospho-Ser507
(pS507-Ab) were raised in rabbits using the
sequence of CRRLA(pS)TSDIE and manufactured
by Beijing B&M Biotech Co., Ltd. Antibodies
against MYPT1 phospho-Ser473 (pS473-Ab) were
raised as described [12]. MYPT1-S507A mutants
were generated using specific primers (sequences
available upon request) following the manufac-
turer’s instructions (QuickChange II, Stratagene).
Primer sequences for MYPT1-rescue plasmids were:
ACAAAAATTTCTCCTAAGGAGGAGGAACG-
TAAAGATGAGTCT. siCHK2 oligo: GGT GCC
TAT GGA GAA GTTC.

were

Transfections

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

For plasmid transfection, cells were seeded at
50-60% confluence/10 cm® petri dish and trans-
fected with 7.5 ug of plasmid DNA using FuGene 6
according to the manufacturer’s instructions for
immunoprecipitation (IP) experiments. Where
indicated, CHK2 inhibitor II (EMD Millipore,
#516,480-79-8) was used at 10 pM for two hrs,
Nocodazole (Noc) was used at 320 nM for 16 hrs.

Immunoblotting (IB) and IP

IB and IP experiments were performed as described
before [16]. The following primary antibodies were
used for immunoblotting: anti-MYPT1 (Bethyl,
BL3866), anti-Chk2 (Bethyl, A300-681A), anti-p-
actin, anti-HA, anti-Myc and anti-FLAG M2
(Sigma). Peroxidase-conjugated secondary antibodies
were from JacksonImmuno Research. Blotted pro-
teins 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) assays

Chk2 IVK assays were performed as previously
described. Briefly, recombinant Chk2 kinase was pur-
chased from R & D systems (Cat. # 1630-KS), incu-
bated with purified GST-MYPT1 with kinase buffers
(20 mM Tris HCl pH 7.5, 10 mM MgCl,, 2 mM
MnCl,, 1 mM DTT), and 0.1 mM ATP or 1 pCi of
y-[*°P]JATP. After 20 min at 30°C, reactions were
stopped by the sample buffer. Protein samples were
separated by SDS-PAGE and phosphate incorpora-
tion was determined by PhosphorImager. LC-MS/MS
analysis were performed as described [17].

Results
Chk2 associates MYPT1

In an effort to identify proteins that interact
with Chk2, anti-Chk2 immunoprecipitates from



HeLa cells were stained with Coomassie blue
(Figure 1(a)), and the corresponding bands
were incised and subject to MS analysis. In the
immunoprecipitates, we identified MYPT1. We
aim to dissect whether the interaction is real,
and performed colP experiments between exo-
genous and endogenous MYPTI and Chk2
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A GST pull-down assay was carried out, and
Figure 1(d) indicated that GST-Chk2 could pull-
down MYPT1 from cell extracts. To map which
domain of Chk2 interacts with MYPT1, we con-
structed different plasmids that either harbor the
kinase domain (KD) of Chk2 or not (AKD)
(Figure 1(e)). And IP assays showcased that

(Figure 1(b-c)), and the two proteins do colP. both Chk2-WT and KD interacted with
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Figure 1. Interaction between Chk2 and MYPT1.

(a) Chk2 was immunoprecipitated from Hela cells, and samples were analyzed by SDS-PAGE with Coomassie blue staining. Chk2-
interacting proteins were identified by mass spectrometry. Indicated are bands identified as Chk2 and MYPT1. (b) ColP between
endogenous proteins. Chk2 immunoprecipitates were blotted with anti-Chk2 and anti-MYPT1 antibodies. (c) ColP between
exogenous Chk2 and MYPT1. Hela cells transfected with vector or HA-MYPT1 and Flag-Chk2 constructs, and lysates were subjected
to IP and IB assays using antibodies indicated. (d) Bacterially expressed Chk2 proteins were incubated with Hela extracts, and the
GST-pulldowns were blotted with anti-MYPT1 and anti-GST antibodies. (e) Domain structure of Chk2. The SQ/TQ motif, the FHA
domain, the kinase domain, and the boundaries of Chk2 fragments used in this study are indicated. (f) HeLa cells transfected with
HA-MYPT1 and various Chk2 fragments were subject to IP and IB assays using the antibodies indicated.
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MYPT1, but not the AKD proteins (Figure 1(f)),
suggesting that the Chk2-KD is indispensible for
the interaction. Taken together, the results above
indicate that Chk2 interacts with MYPT1, prob-
ably via the KD.

Chk2 phosphorylates MYPT1 at S507

Given the results aforementioned, we naturally
examined whether Chk2 could phosphorylate
MYPTI through an in vitro kinase (IVK) assay.

As shown in Figure 2(a), recombinant GST-Chk2
was incubated with GST-MYPT]1 in kinase buffers
containing y-[**P]JATP. Chk2 indeed phosphory-
lates MYPT1 (Figure 2(a)). To identify the phos-
phorylation site, the IVK products were subject to
liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analysis, and only one site, S507, was
pinpointed (Figure 2(b)). A closer look surround-
ing the S507 residue suggested that it matched
a minimum consensus site of Chk2 phosphoryla-
tion (Figure 2(c)). When the GST-MYPT1-S507A
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Figure 2. Chk2 phosphorylates MYPT1 at S507.

(a) GST-Chk2 and GST-MYPT1 fragments were purified from E. coli cells and incubated in kinase buffers containg 32P-ATP. Coomassie
blue staining showed the amount of the input proteins. Phosphorylated GST-MYPT1 was detected by autoradiography. (b) LC-MS/MS
analysis identified S507 of MYPTT1 as the only site phosphorylated by Chk2 in vitro. From this collision-induced dissociation spectrum,
a phosphorylated peptide LA(pS)TSDIEEKENR of MYPT1 was identified following incubation with Chk2 in an IVK reaction. “b” and “y”
ion series represent fragment ions containing the N- and C-termini of the peptide, respectively. (c) S507 is evolutionarily conserved.
(d) MYPT1-pS507 phospho-specific antibodies were prepared as described in Experimental Procedures. Hela cells were transfected
with HA-MYPT1-WT or S507A, then the cell extracts were IBed with the indicated antibodies. Numbers indicate quantitation of
pS507/Flag-MYPT1 signals. (e) HeLa cells were transfected with Flag-MYPT1 WT or S507A plasmids, together with HA-CHK2 with or
without its inhibitor. Cell extracts were then collected and IBed with the antibodies indicated. (f) Cells were transfected with empty
vectors, Flag-Chk2-WT, or -D347A (kinase dead) plasmids together with HA-MYPT1, then the lysates were collected for IB assays.



protein was incubated with GST-Chk2 in an IVK
assay, the autoradiography signal was abolished
(Figure  2(a)), suggesting that S507 s
a phosphorylation site by Chk2 in vitro.

To assess whether the phosphorylation modifica-
tion also occurs in vivo, we prepared
a phosphorylation-specific antibody targeting
pS507 as described in Experimental Procedures. As
shown in Figure 2(d), the antibody showed a specific
band when MYPT1-WT was transfected into HeLa
cells, but not when MYPT1-S507A was transfected.
When a Chk2 inhibitor (Chk2i) was employed or
a kinase-dead allele of Chk2 (D347A) was adopted in
the IVK assay, the pS507 signal was abolished
(Figure 2(e-f)), suggesting that pS507 occurs in vivo.

pS507 compromised interaction between MYPT1
and Plk1 by antagonizing pS473

As S507 abuts S473, we sought to investigate where
there is any interplay between these two phosphor-
ylation events. To this end, we first prepared
a specific antibody toward pS473 as described pre-
viously [12]. When cells were treated with Noc, the
pS473 levels elevated robustly in the cellular lysates
(Figure 3(a)), consistent with previous reports [12].
When RO-3306 (CDK1 inhibitor) was used, how-
ever, the pS473 signal was abolished (Figure 3(a)),
indicating that the antibody is specific.

Then we employed MYPT1-WT, -S473A and
-S507A mutants. When these plasmids were trans-
fected into HeLa cells and treated with Noc, pS473
levels were significantly elevated in S507A
mutants, and pS507 levels were enhanced in
S§473A mutants (Figure 3(b)), suggesting that
these two adjoining phosphorylation events could
be antagonizing against each other.

Since pS473 is a prerequisite for binding between
PLK1 and MYPT1 [12], we used MYPT1-WT,
S507A and S507D mutants to assess their interaction
with PLK1. S507D attenuates PLK1binding, while
S507A enhanced PLK1 interaction (Figure 3(c)).
This is consistent with Figure 3(b), where S507A
promotes pS473 levels. Moreover, we used pulldown
assays. GST-MYPT1-WT and S507A were purified
from E. coli, and incubated with His-PLK1, and
S507A increased PLK1 association (Figure 3(d)). In
sum, pS507 antagonizes pS473 and MYPT1-S507A
augments PLK1 binding.
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Figure 3. MYPT1-pS507 antagonizes pS473.

(@) MYPT1-pS473 phospho-specific antibodies were prepared as
described in Experimental Procedures. Hela cells were treated
with the CDK inhibitor RO-3306 or without. Cell extracts were
then collected and IBed with the indicated antibodies. (b) Hela
cells were transfected with HA-MYPT1-WT, -S473A or -S507A
plasmids and then the cell extracts were I1Bed with the anti-
bodies indicated. Numbers are quantitation results as indicated.
(c) Hela cells were transfected with Flag-Plk1 together with HA-
MYPT1-WT, -S507A or -S507D plasmids, and then treated with
Noc. The cell extracts were IPed with anti-Flag antibodies and
IBed with the antibodies indicated. (d) Recombinant His-PLK1
and GST-MYPT1 WT or S507A were purified from E. coli, and
then GST pulldown assays were performed.

CHK2-dependent phosphorylation of pS507
stabilizes MYPT1

Previously we identified that Chkl phosphorylates
MYPTI at S20 to degrade MYPT1 [18], we wonder
whether Chk2-mediated phosphorylation also reg-
ulates MYPT1 stability. In CHK2™ cells, lower
levels of MYPT1 is discernable (Figure 4(a)) and
elevated ubiquitination levels are detectable
(Figure 4(b)), suggesting that Chk2 stabilizes
MYPT1. We then used siRNA to deplete Chk2,
and again, less MYPT1 is identified (Figure 4(c)).
When distinct Chk2 constructs were co-trans-
fected with HA-MYPT1, MYPT1 levels lessened
in the kinase-dead CHK2-D347A transfectants
(Figure 4(d)), suggesting that MYPT1 levels are
dependent on the kinase activity of Chk2.

As Chk2 phosphorylates MYPT1 at S507, we
examined the ubiquitination and protein levels of
S507A. As shown in Figure 4(e), S507A levels
increased compared with WT, suggesting that
phosphorylation inhibits ubiquitination. Then we
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Figure 4. The Chk2 kinase activity stabilizes MYPT1.
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(a) HCT116 WT and CHK2™ cell extracts were collected and IBed with the antibodies indicated. (b) HCT116 WT and CHK2™" cells were
transfected with vector controls or HA-Ub plasmids, and then IPed with anti-MYPT1 antibodies. (c) Hela cells were treated with control
siRNA or siCHK2 oligos, and then subject to IB assays. (d) HeLa cells were transfected with HA-MYPT1 together with Flag-Chk2 WT, D347A
(kinase dead), T68A, AFHA or ASQ/TQ plasmids, and the cell extracts were IBed with the indicated antibodies. (e) Cells were transfected
with HA-MYPT1-WT or -S507A plasmids, together with HA-Ub plasmids. The anti-Flag immunoprecipitates were IBed with the antibodies
indicated. (f) Cells were transfected with HA-MYPT1-WT or -S507A plasmids, and then treated with Noc together with CHX for different
time durations. The cell extracts were collected and subject to IB. (g) Quantitation of the results in (f).

used cycloheximide (CHX) to block new protein
synthesis, and MYPT1-S507A displayed shorter
half-life than WT (Figure 4(f-g)), suggesting that
phosphorylation could stabilize MYPT1.

CHK2 inhibition results in failure of y-tubulin
localization

As PLK1 regulates centrosome maturation and y-
tubulin staining becomes absent in PLK1-depleted
cells by siRNA [19], we wonder whether Chk2
could function in the same pathway. Cells were
first treated with Noc, then incubated with Chk2i

or not treated. When the cells were stained with
anti-y-tubulin antibodies, the typical two centro-
some localization pattern was discernable in the
WT cells, but not in the Chk2i-treated cells
(Figure 5(a-b)), suggesting that Chk2 kinase activity
is a prerequisite for centrosome maturation.

MYPT1-S507A-rescue constructs induce
centrosome maturation defects

We then constructed MYPT1-rescue plasmids as
previously described [15], and made corresponding
MYPT1-S507A-rescue plasmids. Then MYPT1-WT
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Figure 5. CHK2 inhibition results in failure of y-tubulin
localization.

(@) U20S cells were treated with Noc, then with or without
Chk2i. IF assays were carried out by staining the cells with anti-
y-tubulin antibodies and DAPI. (B) Quantitation of the results in
(a). At least 100 cells were measured for centrosome numbers.
The bar graph represents mean + S. D. of three independent
experiments. Student’s T-test was performed with p = 0.009.
Scale bar, 10 pm.

and -rescue plasmids were transfected into U20S
cells and selected for stable transfectants. When trea-
ted with siMYPT1, the endogenous MYPT1 protein
was efficiently down-regulated, but not the stably
expressed HA-MYPT1 proteins (Figure 6(a)).
Immunofluorescence (IF) assays were carried
out to examine the localization of y-tubulin. As
shown in Figure 6(b), the MYPT1-S507A stable
transfectants again displayed the loss of y-tubulin
staining phenotype (Figure 6(b-c)), in the same
line as Chk2i-treated cells, indicating that Chk2-
dependent phosphorylation of MYPT1 at S507 is
indispensable for centrosome maturation.

Discussion

In this report, we identify MYPT1 to be a new mito-
tic substrate of Chk2, a vital kinase orchestrating not
only mitosis but also DDR. We present data that
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Chk2 phosphorylates MYPT1 at S507, which antag-
onizes pS473, a known CDK1-phosphorylation site.
Chk2 inhibition obliterates y-tubulin localization
during mitosis, thus Chk?2 is essential for centrosome
maturation.

The link between Chk2 and centrosomes has long
been revealed. Chk2-pT68 antibodies as well as HA-
Chk2 were found to reside in the centrosomes by
cytological studies [4]. Flag-Chk2 and GFP-Chk2
were also shown to localize to centrosomes during
mitosis, which is dependent on Plk1 [20]. Recently,
a revisit of Chk2-pT68 unveils its localization to the
mother centrioles during G2 and M phase [21].
Biochemically, Chk2 co-purifies with centrosomes
[22]. In embryonic stem cells, Chk2 localizes exclu-
sively at the centrosomes [23], compromising the
ATM-Chk2-p53 pathway. Thus upon ionizing
radiation (IR), the damaged cells will undergo apop-
tosis and hence be removed.

Chk2 also modulates centrosomes during DNA
damage. During hydroxyurea-induced replication
stress, the centrosomes will amplify and Chk2-
pT68 localizes to all amplified centrioles [21].
Depletion of DNA-dependent protein kinase
(DNA-PK) will block the centrosome amplifica-
tion phenotype, probably through inactivating
Chk2 [21]. In cisplatin-treated cells, silencing of
Xeroderma Pigmentosum Group C (XPC) in
human bladder cancers also results in centrosome
amplification [24]. The underlying mechanism
could be that XPC down-regulation hinders
BRCAL1 expression, accumulates more DNA dou-
ble-strand breaks (DSBs) and thus prolongs ATM-
Chk2 signaling [24].

On the other side of coin, PLK1 also regulates
Chk2. In Plkl-overexpression mouse embryonic
fibroblasts (MEFs), IR insults will reduce Chk2
activation and suppress DDR pathways, and lead
to tumorigenesis [25]. In line with it, a Plkl inhi-
bitor, BI6727, will activate the Chk2 pathway and
induce DNA damage, hence dampen tumor
growth in small cell lung cancer cells [26].

In a recent endeavor to dissect the relationship
between DDR during mitosis and chromosome
segregation, genetic depletion of ATM and Chk2
culminates in segregation defects prior to DNA
damage [27], consistent with previous observa-
tions [7]. And it is proposed that the molecular
underpinning might be spindle defects not
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(a) IB of stable transfectants of Vec, HA-MYPT1-rescue-WT and -S507A plasmids in U20S cells after treating with siMYPT], indicative
of efficient knock-down of endogenous MYPT1. (b) Cells in (a) were fixed and stained with anti-y-tubulin antibodies together with
DAPI. Scale bar, 10 pm. (c) Quantitation of (b). At least 120 cells were measured for centrosome numbers. The bar graph represents
mean = S. D. of three independent experiments. Student’s T-test was performed with p = 0.015. (d) A model depicting how Chk2
exerts its function during centrosome maturation. Chk2 phosphorylates MYPT1 at S507, which attenuates the neighboring S473
residue that is essential to dock MYPT1 to Plk1. Consequently, Chk2 functions in centrosome maturation through PIk1.

associated with DDR. Our data suggest that
besides the Chk2-BRCA1 pathway to ensure chro-
mosomal stability, Chk2 also engages in centroso-
mal maturation by phosphorylating MYPT]1.
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