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Protein kinases play an important role in the maintenance of
homeostasis between cell survival and apoptosis. Deregulation
of these kinases leads to various pathological manifestations,
such as cancer and neurodegenerative diseases. The MST1
encodes a serine/threonine kinase that is activated upon apo-
ptotic stimulation, which in turn phosphorylates its down-
stream targets, Histone H2B and FOXO. However, the upstream
regulators of MST1 kinase have been poorly studied. In this
study, we report that JNK (c-Jun N-terminal kinase) phosphor-
ylates MST1 at serine 82, which leads to the enhancement of
MST1activation. Accordingly, theactivation of MST1 phosphor-
ylates FOXO3 at serine 207 and promotes cell death. The inhi-
bition of JNK kinase per se attenuates MST1 activity and nuclear
translocation as well as MST1-induced apoptosis. We also find
the S82A (serine mutated to alanine) diminishes MST1 activa-
tion and its effect on the FOXO transcription activity. Collec-
tively, these findings define the novel feedback regulation of
MST1 kinase activation by its putative substrate, JNK, with
implication for our understanding of the signaling mechanism
during cell death.

Mammalian sterile 20-like kinase 1 (MST1),* a mammalian
homolog of Drosophila Hippo, contains a Ste20-related kinase
catalytic domain in the N-terminal region and a regulatory
domain at the C terminus (1). In Drosophila, recent studies
showed that Hippo restricts cell growth and cell proliferation
and promotes cell death by interacting with Salvador (Sav) and
Warts (Wts), which result in inhibition of transcription and/or
degradation of cyclin E and DIAPs (2, 3) through phosphor-
ylating Yorkie (4). The non-catalytic tail of MST1 has been
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shown to be cleaved by caspase-3 upon various apoptotic stim-
uli such as death receptor triggering by CD95/FasL and treat-
ments with staurosporine (STS), ceramide, as well as heat shock
and arsenite. The N terminus of MST1 translocates to the
nucleus, where it promotes chromatin condensation and herein
apoptosis (5-7). In addition, MST1 cleavage and induced apo-
ptosis were also observed upon overexpression (8). Asp-326
and Asp-349 has been reported to be the two major cleavage
sites, and the mutation of the cleavage sites attenuates its kinase
activation, nuclear translocation, and ability to induce apopto-
sis (7,9). In mammals, it has been shown that MST1 apparently
activates JNK and p38MAPK kinase pathways through MKK4/
MKK7 and MKK3/MKKS6, respectively (6). Recently it was
reported that activation of the JNK kinase pathway is essential
and sufficient for MST1-mediated chromatin condensation
and apoptosis (10), and the dominant-negative mutant of JNK,
not dominant-negative p38 or the p38 inhibitor inhibited
MST1-induced caspase activation and cell death (11).

Recently, the Allis group (8, 12) reported that MST1 induces
apoptosis by phosphorylating histone H2B on a conserved site,
serine 14 in mammalian cells and serine 10 in Saccharomyces
cerevisiae. MST1 has also been implicated in the control of neu-
ronal cell death via phosphorylating FOXO at serine 207 and
inducing the FOXO-dependent transcription and cell death
(13, 14). Recently threonine 183 in subdomain VIII of MST1 has
been defined as a primary site for the phosphoactivation, and
autophosphorylation of threonine 183 within the MST1 kinase
domain is essential for kinase activation (15).

Raf-1, an inhibitory regulator for MST2, could prevent
dimerization and recruit a phosphatase to MST2, but the inhi-
bition is independent of Raf-1 kinase activity (16). Interestingly,
EGF stimulation has been observed to cause a transient drop of
MST]1 kinase activity (17). However, the upstream signaling
regulator(s) of MST/Hippo is still largely unknown. In this
study, we demonstrate that MST1 is regulated by stress kinase
JNK. JNK phosphorylates MST1 at serine 82, which leads to
enhancement of MST1 cleavage and kinase activation as well as
nuclear translocation. Consistent with these results, we also
found that the inhibition of JNK kinase activity diminishes
MST1-FOXO3 pro-apoptotic signaling. The S82A (serine to
alanine mutation) form of MST1, which cannot be phosphory-
lated by JNK, confers a lower kinase activity and pro-apoptotic
ability compared to that of wild-type MST1. Collectively, our
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findings suggest that JNK plays a critical role in the feedback
regulation of the MST1 pro-apoptotic signaling cascade.

EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Staurosporine and anti-FLAG
antibody (M2) were obtained from Sigma. Anti-GFP antibody,
DMEM, and fetal bovine serum were purchased from Invitro-
gen (Grand Island, NY). Anti-phospho-]NK (p54/44), anti-
phospho-Thr-183 MST1, and anti-Erk1/2 were obtained from
Cell Signaling Technology (Beverly, MA). The JNK inhibitor
SP600125 was from Calbiochem Co. (San Diego, CA). COS7,
OVS, and 293T cells as well as several tumor cell lines were
cultured at 37 °C and 5% CO, in DMEM supplemented with
10% fetal bovine serum. The cells were seeded in 60-mm Petri
dishes at a density of 0.5 X 10° cells per dish.

Expression Constructs—3XFLAG-tagged Mst1 constructs in
the pCMV5 expression vector were constructed using the
human fetal Marathon-Ready cDNA library (Clontech), and
human MST1-specific primers are: cgcaagcttatggagacggta-
cagctgag (5 primer) and cgctctagatgctcagaagttttgttg (3’
primer). Mstl S82A was constructed by polymerase chain
reaction mutagenesis. pSIREN-RetroQ-dsRed.si]NK-A and
pSIREN-RetroQ-dsRed.si]NK-B were designed by selecting
two target sequences, which are shared by different isoforms of
both JNKI1 and JNK2, GATCATGAAAGAATGTCCTACC
and CATGAAAGAATGTCCTACCTTC. MST1 hpRNA: G
GGC ACT GTC CGA GTA GCC AGC.

Immunoprecipitation and Immunoblotting—Cells were
lysed in a buffer containing 20 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 10% (v/v) glycerol, 1% Nonidet P-40, 2 mMm phenylmeth-
ylsulfonyl fluoride, 2 ug/ml aprotinin and leupeptin, 2 mm ben-
zamidine, 20 mM NaF, 10 mMm NaPP;, 1 mm sodium vanadate,
and 25 mM B-glycerophosphate. Lysates were centrifuged at
12,000 X g for 15 min at 4 °C prior to immunoprecipitation or
Western blot. Aliquots of the cell lysates were analyzed for pro-
tein expression and enzyme activity. For immunoprecipitation,
lysates were precleared with protein A-protein G (2:1)-agarose
beads at 4 °C for 20 min. Following the removal of the beads by
centrifugation, lysates were incubated with appropriate anti-
bodies in the presence of 15 ul of protein A-protein G (2:1)-
agarose beads for at least 2 h at 4 °C. The beads were washed
with buffer containing 50 mm Tris-HCl, pH 7.5, 0.5 M LiCl, and
0.5% Triton X-10, twice with phosphate-buffered saline, and
once with buffer containing 10 mm Tris-HCI, pH 7.5, 10 mm
MgCl,, 10 mMm MnCl,, and 1 mm dithiothreitol, all supple-
mented with 20 mm -glycerophosphate and 0.1 mm sodium
vanadate. The immunoprecipitates were subjected to in vitro
kinase assay or Western blotting analysis. Protein expression
was determined by probing Western blots of immunoprecipi-
tates or total cell lysates with the appropriate antibodies as
noted in the figure legends. Detection of antigen-bound anti-
body was carried out with the ECL Western blotting analysis
system (Amersham Biosciences).

In Vitro Kinase Assay—Protein kinase assays were carried
out as described (14). Briefly, reactions were carried out in the
presence of 10 uCi of [y-**P]ATP (PerkinElmer Life Sciences)
and 3 uM cold ATP in 30 ul of buffer containing 20 mm HEPES
(pH 7.4), 10 mm MgCl,, 10 mm MnCl,, and 1 mm dithiothreitol.
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1 pg of histone H2B basic protein or recombinant GST-fused
protein was used as the exogenous substrate. After incubation
at room temperature for 30 min, the reaction was stopped by
adding protein-loading buffer, and proteins were separated on
SDS-PAGE gels. Each experiment was repeated three times,
and the relative amounts of incorporated radioactivity were
determined by autoradiography.

Luciferase Assay—For the luciferase reporter assay, 293T
cells were seeded in 24-well plates. 3 XIRS-luciferase reporter,
pR-tk, and indicated plasmids were cotransfected as described
previously (14). Thirty-six hours after transfection, cells were
lysed, and luciferase activity was assayed using the luciferase
assay kit obtained from Promega according to the manufac-
turer’s instructions. All luciferase activities were normalized to
Renilla.

In Vivo [*?P] P, Labeling—COS7 cells were co-transfected
with active JNK1 and MST1 and labeled with [**P]P; (0.5 mCi/
ml) in phosphate- and serum-free DMEM medium for 4 h. Cell
lysates were subjected to immunoprecipitation with anti-FLAG
antibody. The immunoprecipitates were separated by 7.5%
SDS-PAGE and transferred to membranes. The phosphoryla-
ted MST1 band was visualized by autoradiography. The
expression of transfected MST1 was detected with anti-FLAG
antibody.

MBP in-Gel Kinase Assay—Cells were seeded in 60-mm
plates and transfected with different MST1 constructs. After
36 h of the transfection, cells were lysed for 15 min on ice with
lysis buffer (20 mm Hepes pH 7.4), 2 mm EGTA, 50 mm glycer-
ophosphate, 1% Triton X-100, 10% glycerol, 1 mm dithiothrei-
tol, 1 mm phenylmethylsulfonyl fluoride, 10 wg/ml leupeptin,
10 wg/ml aprotinin, 1 mm Na,VO,). The cell debris was
removed by microcentrifugation at 14,000 X g for 15 min at
4 °C. The FLAG immunoprecipitates were loaded onto a 10%
SDS-polyacrylamide gel that had been polymerized in the pres-
ence of 0.2 mg/ml bovine brain MBP. After running, the gel was
washed twice at room temperature for 30 min with 100 ml of
buffer A (50 mm Hepes pH 7.6, 5 mMm 2-mercaptoethanol) con-
taining 20% isopropyl alcohol. The gel was then washed twice at
room temperature with buffer A and twice with buffer A con-
taining 6 M urea. Renaturation was achieved by sequentially
washing the gel twice for 30 min at 4 °C with buffer A con-
taining 3 M urea, 1.5 M urea, 0.75 M urea, and buffer A alone.
After an overnight wash in buffer A with 0.05% Tween 20
(v/v), the gel was washed twice and equilibrated at 30 °C for
30 min in kinase buffer (20 mm Hepes pH 7.6, 20 mm MgCl,,
2 mwm dithiothreitol) prior to the addition of 20 um Mg/ATP
and 100 wCi of [**P]ATP and incubation for at 30 °C for
30 min. The reaction was stopped, and unincorporated
[*’P]ATP was removed by washing with 100 ml of 5% trichlo-
roacetic acid (w/v) and 1% NaPP; (w/v) at room temperature
until the washing solution has no radioactivity, and the gel
was dried prior to autoradiography.

Cell Death Assay (TUNEL Assay)—Cells were seeded into
60-mm dishes and grown in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum for 24 h,
treated with 0.1 um STS. Apoptosis was determined by Tunel
assay using an in situ cell death detection kit (Roche Applied
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FIGURE 1. JNK activity is required for MST1 activation, cleavage, and
nuclear translocation. A, ovarian cancer cell line OV8 overexpressed with
wild-type MST1 and treated with or without staurosporine (20 nm, 24 h) and
JNKinhibitor (SP600125) and cell death was analyzed by TUNEL staining. Cell
death was significantly reduced in cells treated with JNK inhibitor (n = 3,p <
0.05, ANOVA followed by Fisher’s PLSD post-hoc test). B, lysates of 293T cells
transfected with wild-type MST1 and treated with JNK inhibitor in the pres-
ence of STS stimulation were blotted with the pT183 MST1, FLAG, or pS63
c-Jun antibody, and Erk1/2 expression was used as the loading control. JNK
inhibition reduced STS-induced MST1 autophosphorylation. C, lysates of
293T cells transfected with JNK1/2 RNAi or control vector and treated with
STS (0.1 um, 3 h) were blotted with pT183 MST1, FLAG, JNK1/2, or Erk1/2
antibody. JNK knock-down reduces MST1 activation upon STS treatment.
D, lysates of COS7 cells transfected with FLAG-tagged MST1 and different
amounts of active JNK1 (MKK fused JNK1) or its control vector in the presence
of STS or JNK inhibitor as indicated in the figure were immunoblotted with
the anti-FLAG or JNK1 antibody. Active JNK induces MST1 cleavage, and JNK
inhibition decreases MST1 cleavage. E, COS7 cells transfected with GFP-MST1
and treated with STS in the absence or presence of JNK inhibitor were ana-
lyzed by fluorescence microscopy. Representative images are shown. Quan-
tification of results is shown below, and JNK inhibitor significantly decreased
GFP-MST1 nuclear translocation upon STS treatment. For each experiment,
100 cells were counted (n = 3; p < 0.01, ANOVA followed by Fisher's PLSD
post-hoc test).
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FIGURE 2. JNK interacts with MST1 and increases MST1 kinase activity.
A, lysates of COS7 cells were immunoprecipitated with the anti-MST1 anti-
body (left panel) or anti-JNK1 antibody (right panel) or the control IgG, and
were blotted with anti-JNK1/2 (left) or anti-MST1 (right) antibody. MST1 inter-
acts with JNK. B, lysates of COS7 cells transfected with FLAG-MST1 expression
plasmids together with an expression vector encoding WT-JNK1, active JNK1,
or the control vector were immunoprecipitated with anti-FLAG antibody and
subjected to in vitro MST1 hot kinase assay by using histone H2B as the sub-
strate (left). MST1 autophosphorylation and expression are shown in the
lower panels. JNK activity was determined by JNK kinase assay using recom-
binant GST-c-Jun as the substrate (right panel). JNK activation increased the
MST1 activity in vitro. C, MBP in-gel kinase assay was performed using the
immunoprecipitates from COS7 cells transfected with MST1 together with
active JNK1 in the presence of STS stimulation. The active JNK expression level
is shown in the lower panel. JNK enhances STS-induced MST1 activation.

Science, Indianapolis, IN). These experiments were performed
in triplicate.

RESULTS AND DISCUSSION

JNK Activity Is Required for MST1 Activation, Cleavage, and
Nuclear Translocation—JNK is a member of the stress-re-
sponse MAPK superfamily, which are potently activated by a
variety of physiological stimuli. Many studies have indicated
that JNK is a regulator of the initiation of cell death (18). JNK
activation induces caspase-dependent MST1 cleavage and acti-
vation, indicating JNK might act as an upstream regulator for
MST1 kinase activation, even though there have already been
many reports suggesting JNK is indeed one of the MST1 sub-
strates (11, 19, 20). Previous studies showed that JNK1 induced
cell death through phosphorylation of its downstream in a tran-
scription-independent manner (10), and Becker et al. (21)
showed that JNK can promote neuronal cell death through
phosphorylating BIM at serine 65. Consistent with the obser-
vation, we observed that JNK inhibitors could decrease MST1
overexpression-induced cell death upon STS treatment (Fig.
1A). Then we sought to examine whether JNK1 directly regu-
lates MST1 activity and cleavage. Immunoblotting analysis in
Fig. 1, B and C showed that inhibition of JNK by using JNK
inhibitor or JNK RNAj, reduced MST1 autophosphorylation at

JOURNAL OF BIOLOGICAL CHEMISTRY 6261

0102 ‘2 |udy uo ‘sSyD ‘sAydorg isu| e 610°ogl-mmm wolj papeojumoq


http://www.jbc.org/

Supplemental Material can be found at:
http://www.jbc.org/content/suppl/2009/12/22/M109.038570.DC1.html

Regulation of MST1 by JNK

A
Potential JNK phosphorylation sites
* * *
T187P S265P

Se2p T . NES NES
Kinase Domain | || | H|
487

MSTH1 :

S82
F1: GST-mm=mmm T187
F3: GST-

B GST GST-fused MST1
alone  F1 F2 F3
Active JNK1  + + + +

32p-MST1~ -

S82 T187 S265
5-"-
aEmTm

GST

P-JNK — [ i i i —

Cc MSTH1 WT S82A
Active JNK1 -+ -+

32p-MST1— | il
- -

FLAG-MST — | s e s e

32p-JNK1 -

Active JNK1 - - + +
GFP-MSTH1 WT  S82A
Flag-MST1 - WT S82A

IP: Flag

| === |~ GFP-MST1

|- - GFP-MST
——— — F|ag-MST1

Input

- JNK

= === -ERK1/2

FIGURE 3. JNK phosphorylates MST1 at serine 82. A, three potential JNK
phosphorylation sites in the N terminus of MST1 are indicated. NES, nuclear-
exporting sequence. B, in vitro JNK kinase assay was performed by incu-
bating the recombinant active JNK with different GST-fused MST1 frag-
ments (P1,P2,and P3) or GST only as substrate in the presence of [>*P]ATP.
The reaction was analyzed by SDS-PAGE followed by autoradiography.
GST protein expression of MST1 and autophosphorylation of JNK are
shown in the middle panel and lower panel, respectively. The phosphory-
lation site of MST1 by JNK kinase is in the P1 fragment. C, in vivo labeling
was performed according to the “Experimental Procedures” after
co-transfection with active JNK and MST1 in COS7 cells. The membrane
was exposed to X-films after electrophoresis (upper panel). The expression
of JNK or MST1 is shown in the lower panels. D, lysates of 293T cells trans-
fected with GFP-MST1 (WT or S82A) and FLAG-MST1 (WT or S82A) together
with an expression vector encoding active JNK1 or the control vector were
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Thr-183, and JNK inhibition also attenuates caspase-mediated
cleavage whereas active JNK1 enhanced MST1 cleavage in
response to STS stimulation (Fig. 1D). Fluorescent microscopy
analysis also shows that JNK1 inhibitor reduced STS-induced
MST1 nuclear translocation (Fig. 1E). These data suggest that
JNK1 might act as an upstream activator for MST1.

JNK Interacts with MST1 and Activates MST1 Kinase Activ-
ity in Vitro and in Vivo—An immunoprecipitation experiment
shows that MST1 and JNK1/2 can interact with each other (Fig.
2A), indicating that MST1 and JNK could form a physical com-
plex. To further delineate the functional interaction between
JNK and MST]I, in vitro kinase assay was performed and
showed that active JNKI significantly enhanced the kinase
activity of MST1 (Fig. 2B) by using the histone H2B as the sub-
strates. Immunoprecipitated MST1 from COS7 cells co-trans-
fected with active JNK1 and MST1-W'T was subjected to MBP
in-gel kinase assay, indicating that JNK also enhances STS-in-
duced MST1 kinase activation (Fig. 2C). Thus, the activation of
JNK kinase is essential for MST1 activation iz vitro and in vivo.

JNK Phosphorylates MST1 at Serine 82 in Vitro and in Vivo—
To characterize the phosphorylation of MST1 by JNK, we used
recombinant active JNK kinase for the in vitro kinase assay by
incubating different GST-fused fragments of MST1 as the sub-
strates, which were designed based on the consensus phosphor-
ylation site of JNK (S/T-proline) (Fig. 34). The in vitro JNK
kinase assay suggests that Ser-82 on MST1 was the major phos-
phorylation site by JNK (Fig. 3B). To determine the function of
JNK activation on MST1 kinase activity, we co-transfected
MST1-WT or -S82A with active JNK1 in COS7 cells, and the in
vivo orthophosphate labeling was performed, showing that
active JNK can phosphorylate MST1-WT but not MST1-S82A
(Fig. 3C). It has been reported that the C-terminal region of
MST1 participates in protein dimerization and mediates MST1
activation onto the substrates, such as FOXO1 (22). We sought
to examine whether Ser-82 phosphorylation might affect its
homodimerization. The co-immunoprecipitation data showed
that S82A, a non-phosphorylated mutant MST1 lowers MST1
dimerization as well as the autophosphorylation, indicating
Ser-82 phosphorylation by active JNK enhances MST1 dimer-
ization (Fig. 3D). Collectively, JNK can directly phosphorylate
MST1 at serine 82 in vitro and in vivo, and phosphorylation
enhances the homodimerization.

JNK-enhancing MSTI1-FOXO Pro-apoptotic Signaling Path-
way Is Serine 82 Phosphorylation-dependent—The ability of
JNK to phosphorylate MST1 at serine 82 led us next to deter-
mine the functional consequences of the MST1 phosphoryla-
tion. By using the MST1-S82A, a non-phosphorylatable
mutant, we found that MST1-S82A confers a lower cleavage
and autophosphorylation level upon STS stimulation com-
pared with MST1-WT (Fig. 44). Consistent with this, there is
less nuclear translocation in the S82A-MST1-transfected cells
than that of wild-type MST1 cells (Fig. 4B). Furthermore,
MST1-S82A cannot induce JNK activation (Fig. 4C) and simi-
larly, knock-down of MST1 using RNAi reduces JNK activation

immunoprecipitated with anti-FLAG antibody and blotted with GFP anti-
body. The input was blotted with GFP, FLAG, JNK, or Erk1/2 antibody. MST-
S82A mutants confer a lower capability of dimerization.
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FIGURE 4. Serine 82 phosphorylation is required for the activation of the MST1 signaling cascade in the
cell death. A, lysates of 293T cells, transfected with FLAG-tagged WT- or S82A-MST1 and treated with or
without STS, were immunoblotted with the FALG (top panel), pT183-MST1(middle panel), or Erk1/2 antibody
(lower panel). Asterisk indicates the nonspecific band. The serine 82 to alanine mutation reduces the cleavage
and activation of MST1. B, COS7 cells transfected with GFP-MST1 WT or S82A and treated with STS were
analyzed asin Fig. 1E. S82A decreased GFP-MST1 nuclear translocation upon STS treatment (p < 0.05). C, lysates
of 293T cells transfected with WT- or S82A-MST1 or the control vector were immunoblotted with the pJNK1/2
(top panel), INK1/2 (middle panel), or Erk1/2 antibody (lower panel). The serine 82 to alanine mutation reduces
the activation of JNK. D, lysates of 293T cells transfected MST1 together with FOXO3 in the treatment of JNK
inhibitor or vehicle in the presence of STS were immunoblotted with the pS207-FOXO3 (top panel), GFP
(FOXO3), FLAG (MST1), or Erk1/2 antibody. The inhibition of JNK kinase decreases the MST1-induced FOXO3
phosphorylation. £, cells transfected with 3XIRS luciferase plasmid and tk-Renilla reporter together with FOXO3
expression plasmid, and an expression plasmid encoding WT-MST1, S82A-MST1, or the control vector were
subjected to the luciferase assay. Shown is the mean = S.E. of the normalized fly/Renilla luciferase values
relative to the control (ANOVA; p < 0.001, n = 3). The MST1-FOXO-mediated gene transcription is significantly
reduced in S82A-MST1-transfected cells. F, COS7 cells were transfected with WT- or S82A-MST1 plasmid
together with active JNK1 or the control vector, and cell death was analyzed as in Fig. 1A. Active JNK increases
the WT-MSTT, but not the S82A-MST1-induced cell death (Student’s t test, p < 0.01, n = 3). G, COS7 cells were
transfected with WT- or S82A-MST1 plasmid together or with the control vector in the presence of STS treat-
ment, and cell death was analyzed as in Fig. 1A. STS induced less cell death in the S82A-MST1-transfected cells
compared with WT-MST1 (p < 0.05). H, model of the JNK-MST1 signaling pathway.

(supplemental Fig. S1). Taken together, this suggests that
Ser-82 phosphorylation of MST1 is important for the activation
of MST1 signaling. Because MST1-FOXO signaling is required
for stress-induced cell death (13), we further assessed the effect
of INK-induced phosphorylation of MST1 at serine 82 on the
MST1-FOXO3 signaling cascade. By examining the FOXO3
phosphorylation at Ser-207, which is reported as the phosphor-
ylation site by MST1 (13), we showed that the JNK inhibition
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reduces MST1-induced FOXO3
phosphorylation (Fig. 4D). We fur-
ther characterized the effect of
Ser-82 phosphorylation on the tran-
scriptional activation of FOXO.
Compared with MST1-WT, MST1-
S82A had a significantly lower abil-
ity to trigger the expression of the
FOXO responsive reporter gene
(Fig. 4E and supplemental Fig. S2).
The apoptosis data illustrate that
active JNK or STS treatment
induces more cell death when co-
transfected with MST1-WT than
MST1-S82A (Fig. 4, F and G), indi-
cating that the serine 82 phosphor-
ylation of MST1 by JNK kinase is
important for full activation of
MST1 kinase cascade during cell
death. Taken together, JNK is not
only a downstream target of MST1
as described before, but also one of
the upstream targets, which could
provide up-regulation feedback
through MST1 cleavage, nuclear
translocation, and kinase activation
upon stress stimulation through
phosphorylation at Ser-82.

In this study, we have identified
an upstream regulator of MST1
kinase and uncovered a new sub-
strate of stress kinase JNK in the
apoptotic signaling pathway. Our
major findingsare: 1) JNK phosphor-
ylates the N-terminal of MST1 at
serine 82 in vitro and in vivo. 2)
The JNK-induced MST1 phospho-
rylation promotes caspase-medi-
ated MST1 cleavage, STS-induced
MST1 kinase activity, and nuclear
translocation as well as dimeriza-
tion. 3) Inhibition of JNK activation
diminishes MST1 cleavage and
activity as well as nuclear transloca-
tion. 4) INK-MST1 signaling path-
way plays an important role in cell
death. Collectively, we have identi-
fied MST1 as a novel substrate of
stress-activated kinase JNK in the
apoptosis signaling pathway (see

model in Fig. 4H), and we have elucidated JNK as an upstream
regulator of the MST1-FOXO signaling pathway during the
stress-induced cell death, which supports the concept that JNK
induced cell death independently of c-Jun transactivation (10).

The identification of JNK1-induced MST1 phosphorylation
and activation supports the growing concepts that JNK1 is a
major stress mediator (18). Intriguingly, the disruption of
14-3-3 proteins from the pro-apoptotic proteins plays a vital
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role in determining the balance between life and death of cells
(13, 23-26). Thus a number of kinases, including Cdk1, MST1,
and JNK1, trigger the dissociation of 14-3-3 proteins from apo-
ptotic proteins including BH3-only proteins BAD and BAX,
and the transcription factor FOXO as well as c-abl (13, 14, 24,
27-29). Cdkl promotes cell death through phosphorylating
BAD and FOXO1 (23, 24). Thus, Cdkl and MST1 seem to con-
verge on the activation of pro-apoptotic transcription factor
FOXO1 by phosphorylating two distinct sites, serine 249 and
serine 212, respectively, both of which promote the dissociation
of FOXO1 from 14-3-3 proteins (13, 24). JNK1 also disrupts the
association of 14-3-3 and other proteins including c-Abl and
FOXO (29, 30). However, JNK1 appears to phosphorylate
14-3-3 proteins rather than directly phosphorylating FOXO.
Consistent with this, our data support that JNK increases
FOXO-14-3-3 disruption by enhancing MST1 kinase activity in
addition to direct regulation of 14-3-3 proteins.

The identification of JNK as a feedback regulator of MST1
during stress-induced cell death further builds a case that
MST1 is a key player in cell death. It will be important in future
studies to explore the role of the INK-MST1 signaling pathway
in brain development and oxidative stress-induced neuronal
cell death and to investigate the possibility of [JNK and/or MST1
inhibition as a therapeutic application for related neurological
diseases.
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