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Mammalian Sterile 20-like kinase 1 (MST1) protein kinase
plays an important role in the apoptosis induced by a variety of
stresses. The MST1 is a serine/threonine kinase that is activated
upon apoptotic stimulation, which in turn activates its down-
stream targets, JNK/p38, histone H2B and FOXO. It has been
reported that overexpression of MST1 initiates apoptosis by
activating p53. However, the molecular mechanisms underlying
MST1-p53 signaling during apoptosis are unclear. Here, we
report that MST 1 promotes genotoxic agent-induced apoptosis
inap53-dependent manner. We found that MST1 increases p53
acetylation and transactivation by inhibiting the deacetylation
of Sirtuin 1 (Sirt1) and its interaction with p53 and that Sirt1 can
be phosphorylated by MST1 leading to the inhibition of Sirtl
activity. Collectively, these findings define a novel regulatory
mechanism involving the phosphorylation of Sirtl by MST1
kinase which leads to p53 activation, with implications for our
understanding of signaling mechanisms during DNA damage-
induced apoptosis.

The protein kinase mammalian Sterile 20-like kinase 1
(MST1)* contains a Ste20-related kinase catalytic domain in
the amino-terminal segment followed by a regulatory domain
at the COOH terminus (1). It has been implicated in diverse
biological functions, including cell proliferation, differentia-
tion, morphogenesis, and cytoskeletal rearrangements. Previ-
ous studies have indicated that the noncatalytic tail of MST1 is
cleaved by caspase-3 in response to a number of apoptotic stim-
uli such as death receptor triggering by CD95/FasL, staurospo-
rine or ceramide, and heat shock and arsenite. The amino-ter-
minal fragment of cleaved MST1 translocates into the nucleus
where it contributes to chromatin condensation and then apo-

* This work was supported by the National Science Foundation of China
Grants 30870792 and 81030025 and the Ministry of Science and Technol-
ogy of China Grants 973-2009CB918704 and 2006CB910903.

I The on-line version of this article (available at http://www.jbc.org) contains
supplemental Figs. S1-54.

' Both authors contributed equally to this work.

2To whom correspondence may be addressed: Dept. of Orthopaedics, Chi-
nese PLA General Hospital, Beijing 100853, China. Tel.: 86-10-88219860;
E-mail: yanwang301@yahoo.com.

3To whom correspondence may be addressed: Institute of Biophysics, Chi-
nese Academy of Sciences, Beijing 100101, China. Tel.: 86-10-64867137;
E-mail: zgyuan@ibp.ac.cn.

*The abbreviations used are: MST1, mammalian Sterile 20-like kinase 1; hp,
hairpin; MEF, murine embryonic fibroblast; Sirt1, Sirtuin 1.

6940 JOURNAL OF BIOLOGICAL CHEMISTRY

ptosis (2—4). Furthermore, when MST1 is overexpressed,
cleavage and subsequent induced apoptosis can also be
observed (5). It has been reported that the two major cleavage
sites are Asp-326 and Asp-349, and kinase activation, nuclear
translocation, and the ability of MST1 to induce cell death are
apparently attenuated by mutating these cleavage sites (4, 6).
Recently threonine 183 has been identified as a crucial phos-
phoactivation site in subdomain VIII of MST1, and it is essen-
tial for kinase activation. Autophosphorylation of threonine
183 within the MST1 kinase domain is required for its activa-
tion (7). Hippo, a mammalian homolog of MST1/2 in Drosoph-
ila, has been extensively shown to restrain cell growth and pro-
liferation through inhibition of the transcription and/or
degradation of cyclin E and Drosophila Inhibitor of Apoptosis
proteins (8, 9) or the phosphorylation and inhibition of Yorkie
(10). In mammals, it has been shown that MST1 can activate
¢-Jun amino-terminal kinase (JNK) and p38 MAPK kinase sig-
naling pathways through MKK4/MKK?7 and MKK3/MKKS6,
respectively (3). Recently, it has been suggested that JNK is
essential and sufficient for MST1 activation and MST1-medi-
ated apoptosis via phosphorylation of serine 82 in MST1 (11,
12). In addition, MST1-induced caspase activation and apopto-
sis are inhibited by dominant negative JNK, but not by domi-
nant negative p38 or the p38 inhibitor (13).

MST1 induces apoptosis by phosphorylating histone H2B on
a relatively conserved site, Ser-14 in mammalian cells and
Ser-10 in Saccharomyces cerevisiae (5, 14). We have reported
previously that MST1 is implicated in the control of FOXO-de-
pendent neuronal cell death via phosphorylating FOXO3a at
Ser-207 and the corresponding site of FOXO1 at Ser-212 (15,
16). Recently, we have shown that phosphorylation of threo-
nine 120 by phosphoinositide 3-kinase/Akt can inhibit the
MST1-mediated proapoptotic signaling pathway (17).

Sirtl isan NAD ™ -dependent deacetylase that has many sub-
strates that participate in various cellular processes (18). Sirt1-
dependent deacetylation of its targets can lead to either an
increase or a decrease in the biological activities of these pro-
teins, thus influencing a plethora of cellular processes including
transcriptional silencing, genetic control of aging, cell metabo-
lism, energy homeostasis, DNA repair, and cell survival (19—
23). p53 functions as a key tumor suppressor and plays a vital
role in invoking cellular responses to numerous stresses,
including DNA damage, hypoxia, and aberrant proliferation
(24, 25). The function of p53 in maintaining genome stability is

VOLUME 286 +NUMBER 9-MARCH 4, 2011


http://www.jbc.org/cgi/content/full/M110.182543/DC1

mainly achieved via p53-dependent apoptosis during tumor
suppression or tumor clearance. In general, the biological activ-
ity of p53 in response to DNA damage is tightly regulated by its
post-translational modification status, particularly by site-spe-
cific phosphorylation, acetylation, and ubiquitination (26, 27).
Sirtl has been reported to bind strongly to its substrate p53 and
can deacetylate p53 at lysine 382 (28). Sirtl-mediated deacety-
lation antagonizes p53-dependent transcriptional activation
and specifically inhibits p53-dependent apoptosis in response
to DNA damage and oxidative stress (29, 30).

Previous studies have shown that MST1 promotion of cell
death is p53-dependent (31), but the molecular mechanisms
underlying MST1-p53 signaling during apoptosis are still
largely unknown. In this work, we found that MST1 promotes
genotoxic agent-induced apoptosis in a p53-dependent man-
ner. We also found that MST1 augments p53 acetylation
through repressing the deacetylation activity of Sirtl and its
interaction with p53. Sirt1 can be phosphorylated by MST1 and
results in the inhibition of Sirtl activity. Collectively, these
observations help us gain further insight into the connection
between MST1 kinase and p53 activation in cellular processes
and define a novel regulatory mechanism between MST1 and
Sirtl, with implications for our understanding of signaling
mechanisms during apoptosis.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—DMEM and FBS were purchased
from Invitrogen. Murine embryonic fibroblast (MEF) cells from
MST1*"* and MST1™/~ mice, U20S, HCT116, H1299, 293T
cells, and several tumor cell lines were cultured at 37 °C and 5%
CO, in DMEM supplemented with 10% FBS. Anti-FLAG anti-
body (M2) was obtained from Sigma. Anti-p53 acetylation and
anti-Ser(P)/Thr(P) antibodies were purchased from Cell Sig-
naling Technology (Beverly, MA). Monoclonal anti-MST1
antibody was from Zymed Laboratories Inc..(South San Fran-
cisco, CA). Anti-HA, anti-FLAG, anti-GFP, anti-GST, anti-14-
3-3[3, and anti-p53 antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA).

Expression Constructs—3XFLAG-tagged MST1 and 3XFLAG-
tagged Sirtl were cloned, respectively, into a pCMV5 expres-
sion vector. HA-tagged p53 was cloned into a pcDNA3 expres-
sion vector. The hpRNA targeting sequences used included an
MST1 siRNA targeting sequence, GGGCACTGTCCGAGTA-
GCAGQC; a Sirtl siRNA targeting sequence, GATGAAGTTG-
ACCTCCTCA; and p53 hpRNA, GGAGTCTTCCAGTGTG-
ATGAT. All of these complementary hairpin sequences were
commercially synthesized and p53 hpRNA was cloned into
pSilencer 2.0 under promoter U6 (Ambion).

Western Blotting— W estern blotting was performed accord-
ing to standard procedures. The appropriate antibodies are
noted in the figure legends. Detection of band intensity was
carried out with an ECL Western Blotting Analysis System.

Immunoprecipitation and Immunoblotting—Immunopre-
cipitation and immunoblotting were carried out as described
previously (16). Briefly, protein lysates were incubated with
appropriate antibodies as indicated in the figure legends in the
presence of 15 ul of protein A-protein G (2:1)-agarose beads for
2 h at 4 °C. After washing four times, the immunoprecipitates
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were subjected to immunoblotting. Protein expression was
examined by probing Western blots of total cell lysates or
immunoprecipitates with the appropriate antibodies as noted
in the figure legends. Detection of band intensity was carried
out with an ECL Western Blotting Analysis System.

In Vitro Kinase Assays—Protein kinase assays were carried
out as described previously (16). Briefly, reactions were carried
out in the presence of 10 uCi of [y-**P]JATP (Amersham Bio-
sciences) and 3 uM cold ATP in 30 ul of buffer containing 20
mm HEPES (pH 7.4), 10 mm MgCl,, 10 mMm MnCl,, and 1 mm
dithiothreitol, and the proteins indicated in the figure legends
were used as the exogenous substrates. After incubation at
room temperature for 30 min, the reaction was stopped by add-
ing protein loading buffer and then separated by SDS-PAGE.
Each experiment was repeated three times, and the relative
amounts of radioactivity incorporated were determined by
autoradiography and quantified with a Phosphorlmager
(Amersham Biosciences) or immunoblotting using the appro-
priate antibody as noted in the figure legends.

Luciferase Reporter Assay—H1299 cells were cultured in
24-well plates. 14*p53 binding site artificial luciferase reporter,
p21 luciferase reporter, and the plasmids indicated were co-
transfected. 36 h after transfection, cells were harvested, and
luciferase activity was measured by using a luciferase assay kit
(Promega) according to the manufacturer’s guidelines. All
luciferase activities were normalized to Renilla.

Apoptosis Analysis—Assays were performed according to the
manufacturer’s guidelines (BD Pharmingen). Briefly, cells were
cultured in 6-well plates and grown in DMEM supplemented
with 10% FBS for 24 h, then treated with etoposide (37.5 um) for
36 h. Both floating and attached cells were collected for analy-
sis. Cells were washed with PBS and resuspended in binding
buffer containing 5 ul of annexin V followed by flow cytometry
(Beckman Coulter). The experiments were performed three
times.

RESULTS AND DISCUSSION

MST1 Promotion of Cell Death Is p53-dependent—DPrevious
studies have indicated that MST1 induces cell apoptosis upon
DNA damage. p53 has been well documented as a major cell
death initiator (31, 32). We first investigated whether the
induction of cell death by MST1 is p53-dependent. p53 knock-
down in U20S cells reduced MST1 overexpression-induced
cell death upon etoposide treatment (Fig. 14). We also found
that MST1 increased cisplatin-induced cell death in HCT116
p53™/" cells and that MST1 expression failed to induce cispla-
tin-triggered cell death in HCT116 p53~/~ cells (Fig. 1B).
Accordingly, knockdown of MST1 mitigated cisplatin-induced
cell death in p53*/* HCT116 cells but not in p53~/~ cells (Fig.
1C). Together, these experiments support our conclusion that
MST1 induction of cell death under DNA damage is p53-de-
pendent. p53 activity can be regulated through phosphoryla-
tion by a panel of kinases, such as CK2, CDK9, and p38 MAPK
(33-35). Because MST1 is a serine/threonine kinase and has
been shown to promote cell death through phosphorylation of
its substrates, such as histone H2B (5, 14) and FOXO (15, 16),
we then asked that whether MST1 can phosphorylate p53 and
directly regulate p53 function. Using in vitro MST1 kinase
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FIGURE 1. MST1 promotion of cell death is p53-dependent. A, U20S cells
were transfected with plasmids encoding MST1 and p53 shRNA or the control
vector, then treated with etoposide (36 h) before analyzing apoptosis with
annexin V staining and flow cytometry (t test; n = 3, p < 0.05). Error bars
represent the mean = S.E. (error bars). p53 knockdown significantly attenu-
ates MST1-induced cell apoptosis after DNA damage. B, both HCT116 p53™/*
and p537/ cells stably transfected with MST1 or control vectors were treated
with cisplatin (CDDP), and cell death analysis was performed asin A (t test; n =
3, p < 0.05). MST1-induced apoptosis is p53-dependent. C, HCT116 p53*/*
and p53~/~ cells stably transfected with si-MST1 or control vectors were
treated with cisplatin, and cell death analysis was performed asin A (t test;n =
3,p <0.01).
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assays with recombinant p53 or histone H2B as the substrates,
we found that MST1 failed to phosphorylate p53 in vitro
(supplemental Fig. S1), indicating that MST1 may regulate p53
indirectly.

MST1 Inhibits Sirtl-mediated Deacetylation of p53—1It has
been shown that the acetylation and deacetylation of p53
dynamically regulate p53 transactivation and p53-dependent
apoptosis (36, 37). Sirtl is an NAD™-dependent deacetylase
and is known to be involved in cell aging and the response to
DNA damage (19, 20). Sirtl binding and deacetylation of p53
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FIGURE 2. MST1 inhibits Sirt1-mediated deacetylation of p53. A, lysates of
HCT116 p53*/™ cells stably transfected with MST1 or the control vector were
immunoblotted with anti-p53-K382Ac or anti-p53 antibody. Gel loading was
normalized by using the protein 14-3-33. Overexpression of MST1 augments
the acetylation level of p53. B, FLAG-Sirt1T immunoprecipitates from cells
transfected with HA-p53 or GFP-MST1 were immunoblotted with anti-HA or
anti-FLAG antibody. MST1 inhibits the interaction between Sirt1 and p53.C, in
vitro phosphorylation was performed by incubating active MST1 and Sirt1 in
the presence of cold ATP. A deacetylation reaction was then performed by
incubating the products of the in vitro phosphorylation reaction with acety-
lated p53. The reaction was analyzed by SDS-PAGE followed by immunoblot-
ting with anti-p53-K382Ac, anti-GST, or Sirt1 antibodies. MST1 negatively reg-
ulates the deacetylation activity of Sirt1 by phosphorylation. D, lysates of
293T cells transfected with plasmids encoding p53, p300, Sirt1, and MST1 as
indicated were immunoblotted with anti-p53-K382Ac antibody and other
antibodies as indicated. MST1 inhibits Sirt1-mediated repression of acetyla-
tion of p53 in vivo. E, lysates of HCT116 p53*/* cells transfected with si-MST1
and the control vector were immunoblotted with anti-p53-K382Ac antibody
and other antibodies as indicated. F, lysates of MST1*/" or MST1™/" cells
were blotted with anti-Ac-p53 antibody, MST1, or 14-3-33 antibody.

protein occur in its COOH-terminal lysine 382 residue, leading
to p53 inactivation. Expression of Sirtl attenuates both tran-
scriptional activity of p53 and p53-dependent apoptosis upon
DNA damage (29, 30). On the other hand, in Sirtl-deficient
mice p53 hyperacetylation after DNA damage is accompanied
by a significant increase in p53-dependent apoptosis in thymo-
cytes (38). As shown in Fig. 24, we stably transfected MST1 in
HCT116 p53™/™ cells and characterized the acetylation status
of p53. Western blotting using a p53-specific acetylation anti-
body revealed that the acetylation of endogenous p53 was up-
regulated in MST1-overexpressing cells. We then asked
whether MST1 increases the acetylation of p53 through inhibi-
tion of the deacetylation activity of Sirtl. First, we confirmed
that MST1 and Sirtl interact in cells (supplemental Fig. S2, A
and B), and results suggested that they may interact function-
ally. We then observed that MST1 overexpression inhibited the
interaction between p53 and Sirtl (Fig. 2B and supplemental
Fig. S2C). In addition, we carried out in vitro phosphorylation
and deacetylation reactions. In the presence of MST1 and ATP,
Sirtl did indeed decrease Sirtl-induced p53 deacetylation (Fig.
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FIGURE 3. MST1 enhances p53 transcriptional activity. A, H1299 cells were co-transfected with a 14*p53 artificial luciferase construct and p53, MST1,
MST1-K59R, or Sirt1 as indicated. Lysates were assayed for dual luciferase activity (t test; n = 4, p < 0.01). Error bars represent the mean = S.E. MST1 expression
decreases Sirt1-mediated repression of p53 transcriptional activation. B, H1299 cells were co-transfected with a p21-luciferase promoter construct and p53,
MSTT1, or Sirt1 plasmids as indicated. Lysates were assayed for dual luciferase activity as in A (t test; n = 3, p < 0.05). Sirt1 reduces p53-mediated p21 expression,
and MST1 expression can reverse Sirt1-mediated repression of p53-induced p21 expression. C, U20S cells were transfected with plasmids encoding MST1
together with Sirt1 oran empty control vector. Apoptosis was analyzed after 36-h etoposide treatment by annexin V staining followed by flow cytometry (t test;
n=3,p<0.01).D,U20S cells were transfected with either si-Sirt1, si-MST1, or both si-Sirt1 and si-MST1, or the control vector. Apoptosis was analyzed after 36-h
etoposide treatment by annexin V staining followed by flow cytometry (t test;n = 3, p < 0.01).

2C), indicating that MST1 inhibits Sirt1-mediated p53 deacety-
lation through phosphorylating Sirtl. We also found that
MST1 reduces Sirtl-mediated FOXO3 deacetylation in vitro
(supplemental Fig. S3), indicating that MST1 might regulate
the biological function of other Sirtl substrates.

Consistent with these observations, in HCT116 cells, Sirtl-
mediated deacetylation of p53 was inhibited in the presence of
MST1 (Fig. 2D). The endogenous acetylation level of p53 was
dramatically reduced by using si-MST1 to knock down endog-
enous MST1 in HCT116 p53*/" cells (Fig. 2E). Furthermore,
the level of p53 acetylation was lower in MST1~/~ MEFs than
MST1*/* MEF cells (Fig. 2F). Taken together, these results
indicate that MST1 inhibits Sirtl-mediated p53 deacetylation
by inhibiting the interaction between Sirtl and p53 and the
deacetylation activity of Sirtl.

MST1 Increases p53 Transcriptional Activity and DNA Dam-
age-mediated Apoptosis by Inhibiting Sirt1 Activity—To evalu-
ate the functional consequence of interactions among MST1,
Sirtl, and p53 proteins, we investigated whether MST1 can
influence Sirt1-mediated repression of p53 transcriptional acti-
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vation. As shown in Fig. 34, Sirtl dramatically inhibits p53-
mediated expression of the 14*p53 reporter. Wild-type MST1
significantly rescued Sirtl-induced p53 repression, but the
kinase-dead MST1 in which the ATP binding site was mutated
(MST1 K59R) failed to do so. Similarly, Sirt1 inhibited p53-de-
pendent p21 luciferase activity and MST1 could reverse Sirt1-
mediated p21 repression (Fig. 3B). Because we found that
MST1 promotes DNA damage-induced apoptosis in U20S
cells (Fig. 1A), we next investigated the functional interaction of
MST1 and Sirtl in the etoposide-induced U20S cell death. Fig.
3C shows that Sirt1 overexpression decreases MST1-mediated
apoptosis. We also found that knockdown of MST1 signifi-
cantly mitigated the etoposide-induced apoptosis in U20S
cells, whereas Sirtl knockdown increased cell death (Fig. 3D).
Importantly, with knockdown of Sirtl and MST1 together, the
etoposide-induced cell death is similar to that of Sirtl knock-
down, suggesting that Sirtl functions downstream of MST1 in
the DNA damage-induced apoptosis (Fig. 3D). Taken together,
these results indicate that MST1 promotes p53 activation
through inhibiting Sirt1.
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FIGURE 4. MST1 phosphorylates Sirt1 in vitro and in vivo. A. In vitro MST1
kinase assays were performed by incubating recombinant active MST1 with
GST-Sirt1 as substrate in the presence of [*2P]ATP. The reaction was analyzed
by SDS-PAGE followed by autoradiography. Autophosphorylation of MST1
and expression of GST-Sirt1 are shown in the middle panel and bottom panel,
respectively. MST1 can phosphorylate Sirt1 in vitro. B, in vitro MST1 kinase
assay was performed by incubating the recombinant active MST1 with differ-
ent Sirt1 fragments (P1, P2, and P3) in the presence of [*?P]ATP. The reaction
was analyzed by SDS-PAGE followed by autoradiography. The Sirt1 site phos-
phorylated by MST1 kinase is in the P3 fragment. C, lysates of 293T cells trans-
fected with FLAG-Sirt1 together with MST1 or control vector were immuno-
precipitated with anti-Ser(P)/Thr(P) antibody followed by immunoblotting
with anti-FLAG antibody. Total lysates were immunoblotted with FLAG or
MST1 antibody. MST1 induces Sirt1 phosphorylation in cells.

Input

MST1 Phosphorylates Sirt]—Because MST1 kinase activity is
required for the inhibition of Sirtl-mediated p53 deacetylation
and that MST1 failed to phosphorylate p53 directly, we tested
whether MST1 might phosphorylate Sirtl. In vitro MST1
kinase assays using recombinant Sirt1 as the substrate indicated
that Sirtl can be phosphorylated by MST1 (Fig. 44). We then
identified the phosphorylated region within Sirtl using recom-
binant GST fusion proteins encoding three nonoverlapping
Sirtl domains (peptides P1-P3). In vitro kinase assays showed
that the P3 fragment containing the C-terminal 489-747
amino acids is the major region of phosphorylation (Fig. 4B).
We next determined whether MST1 can phosphorylate Sirtl in
cells and found that MST1 expression increased Sirtl phos-
phorylation (Fig. 4C). Together, these results support the con-
clusion that MST1 phosphorylates Sirt1.

To summarize, we have identified a new signaling link
between MST1 and p53 (supplemental Fig. S4). Our major find-
ingsare: (i) MST1 promotion of cell death is p53-dependent; (ii)
MST1 cannot phosphorylate p53 directly; (iii) MST1 phosphor-
ylation of Sirtl inhibits the deacetylation ability of Sirtl; (iv)
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MST1 increases p53 acetylation and DNA damage-induced
apoptosis through inhibiting Sirt1-mediated p53 deacetylation
and the interaction between p53 and Sirtl.

It has been reported that Sirtl is regulated by Ser/Thr
kinases, such as CK2 (39), cyclinB/Cdkl (40) and DYRK1A/
DYRK3 (41) at different phosphorylation sites. For example,
DYRK1A/DYRK3 promotion of cell survival upon DNA dam-
age through phosphorylation of Sirtl at Thr-522 results in the
enhancement of p53 deacetylation (41), suggesting that phos-
phorylation of Sirtl by different kinases confers a variety of
biological responses. It will thus be interesting to define the
precise MST1 phosphorylation site(s) in the COOH terminus
of Sirtl and to characterize the molecular mechanisms of the
phosphorylation that underlies the functional regulation of
Sirtl in the context of DNA damage.
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