The Journal of
Biological Chemistry

AFFINITY SITES R
| ASBMB

Amarican Soclety for Blochemistry and Molecular Biokgy

MECHANISMS OF SIGNAL
TRANSDUCTION:

Caspase Activation of Mammalian Sterile
20-likeKinase 3 (Mst3): NUCLEAR
TRANSLOCATION AND INDUCTION
OF APOPTOSIS

Chi-Ying F. Huang, Yi-Mi Wu, Chiung-Y ueh
Hsu, Wan-Shu Lee, Ming-Derg Lai, Te-Jung
Lu, Chia-Lin Huang, Tzeng-Horng Leu,
Hsiu-Ming Shih, Hsin-1 Fang, Dan R.
Robinson, Hsing-Jien Kung and Chiun-Jye
Yuan

J. Biol. Chem. 2002, 277:34367-34374.
doi: 10.1074/jbc.M202468200 originally published online July 9, 2002

Access the most updated version of this article at doi: 10.1074/jbc.M202468200
Find articles, minireviews, Reflections and Classics on similar topics on the JBC Affinity Sites.

Alerts:
« When this article is cited
» When a correction for this article is posted

Click here to choose from all of JBC's e-mail alerts

This article cites 55 references, 32 of which can be accessed free at
http://www.jbc.org/content/277/37/34367 .full. html#ref-list-1

¥T0Z ‘L2 |Hdy uo AusieAiun Bun L ceyd feuoieN e /610°0q [ mmmy/:dny wouy papeojumoa


http://affinity.jbc.org/
http://www.jbc.org/lookup/doi/10.1074/jbc.M202468200
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;277/37/34367&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/277/37/34367
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=277/37/34367&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/277/37/34367
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/277/37/34367.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/

THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 2002 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 277, No. 37, Issue of September 13, pp. 34367-34374, 2002
Printed in U.S.A.

Caspase Activation of Mammalian Sterile 20-like Kinase 3 (Mst3)
NUCLEAR TRANSLOCATION AND INDUCTION OF APOPTOSIS*

Received for publication, March 14, 2002, and in revised form, June 9, 2002
Published, JBC Papers in Press, July 7, 2002, DOI 10.1074/jbc.M202468200

Chi-Ying F. Huangi$§, Yi-Mi Wui$f, Chiung-Yueh Hsul, Wan-Shu Leel, Ming-Derg Lai**,
Te-Jung Lu**if, Chia-Lin Huangi, Tzeng-Horng Leu$§, Hsiu-Ming Shihi, Hsin-I Fangi,
Dan R. Robinson1, Hsing-Jien Kungif, and Chiun-Jye Yuan|f1

From the |Department of Biological Science and Technology, National Chiao Tung University, Hsinchu 300, Taiwan,
Republic of China, the fDivision of Molecular and Genomic Medicine, National Health Research Institutes, Taipei 115,
Taiwan, Republic of China, the Departments of tiBiochemistry and §§Pharmacology, College of Medicine, National Cheng
Kung University, Tainan 701, Taiwan, Republic of China, the **Department of Medical Technology, China Junior College
of Medical Technology, Tainan 717, Taiwan, Republic of China, and the YDepartment of Biological Chemistry and Cancer
Center, University of California, Sacramento, California 95817

Mammalian Sterile 20-like kinase 3 (Mst3), the physi-
ological functions of which are unknown, is a member of
the germinal center kinase-III family. It contains a con-
served kinase domain at its NH, terminus, whereas
there is a regulatory domain at its COOH terminus. In
this study we demonstrate that endogenous Mst3 is spe-
cifically cleaved when Jurkat cells were treated with
anti-Fas antibody or staurosporine and that this cleav-
age is inhibited by the caspase inhibitor, Ac-DEVD-CHO.
Using apoptotic Jurkat cell extracts and recombinant
caspases, we mapped the caspase cleavage site,
AETD?!3, which is at the junction of the NH,-terminal
kinase domain and the COOH-terminal regulatory do-
main. Caspase-mediated cleavage of Mst3 activates its
intrinsic kinase activity, suggesting that the COOH-ter-
minal domain of Mst3 negatively regulates the kinase
domain. Furthermore, proteolytic removal of the Mst3
COOH-terminal domain by caspases promotes nuclear
translocation. Ectopic expression of either wild-type or
COOH-terminal truncated Mst3 in cells results in DNA
fragmentation and morphological changes characteris-
tic of apoptosis. By contrast, no such changes were ex-
hibited for catalytically inactive Mst3, implicating the
involvement of Mst3 kinase activity for mediation of
these effects. Collectively, these results support the no-
tion that caspase-mediated proteolytic activation of
Mst3 contributes to apoptosis.

Apoptosis (or programmed cell death) is a naturally occur-
ring process that evolved early, and one that has been con-
served throughout all the animal kingdoms (1, 2). The dysregu-
lation of apoptotic cell death may be involved in the
pathogenesis of a variety of human diseases, including cancers,
autoimmune diseases, neurodegenerative disorders, and viral
infection (3—6). Growing evidence suggests that although apo-
ptotic stimuli vary from cell to cell, there seems to be a basic
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biochemical mechanism underlying this process, which in-
volves the activation of a family of Cys-dependent, Asp-specific
proteases known as the caspases (7-9). The activated caspases
can cleave downstream substrates, including components of
the cellular DNA-repair mechanisms, apoptosis inhibitors, and
structural proteins. Furthermore, recent evidence suggests
that these caspase substrates are the true apoptotic effectors,
not the caspases themselves. Therefore, it is imperative to
identify the downstream targets of the caspases, and then to
elucidate the effect of this caspase-mediated cleavage to delin-
eate the biochemical mechanisms of apoptosis.

Protein kinases have emerged as direct substrates and effec-
tors of caspases (reviews in Refs. 10 and 11). In a general
survey of cleavage products in cells treated with apoptotic
agents such as Fas ligand, two anti-apoptotic protein kinases,
Raf-1 and AKT, were inactivated as immediate caspase sub-
strates (12). Proteolytic cleavage of ATM generates an inactive
kinase, and impairs DNA-repair capability in response to DNA
damage (13). Cleavage of focal adhesion kinase by caspases
interrupts the assembly of the focal adhesion complex, result-
ing in cell death (14, 15). In other instances, caspase cleavage
engenders the production of a more active kinase by removal of
the inhibitory domains. In response to apoptotic stimuli, the
cleaved, activated kinases are then serving to propagate the
apoptotic signals through phosphorylation of the relevant sub-
strates. Examples include MEKK-1! (16), hPAK2/hPAK®65 (17,
18), protein kinase C isoforms 6 (19-21) and 6 (22), PKN (23),
Etk (24), Mst1 (25-28), Mst2 (26, 27), ROCK1 (29, 30), SLK
(31), and HPK1 (32). Several of the aforementioned kinases,
including Mst1, Mst2, SLK, and HPK1, belong to the Sterile 20
family of serine/threonine kinases. Together, these observa-
tions imply that protein phosphorylation and/or dephosphoryl-
ation may play an essential role in apoptotic signal
transduction.

Sterile 20 was originally discovered as a component of the
pheromone-response pathway in budding yeast (Ref. 33; re-
viewed in Ref. 34). The mammalian Sterile 20-related kinases
represent a rapidly growing kinase family, with 28 members
identified in humans at the time of writing. Some of these

! The abbreviations used are: MEKK, mitogen-activated protein ki-
nase kinase; MEK/ERK, mitogen-activated protein kinase/extracellular
signal-regulated kinase; GCK, germinal center kinase; GFP, green flu-
orescent protein; HA, hemagglutinin; CHAPS, 3-[ (3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonic acid; PIPES, 1,4-piperazinedi-
ethanesulfonic acid; NLS, nuclear localization signal; Mst, mammalian
Sterile 20-like kinase; HEK, human embryonic kidney.
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kinases activate mitogen-activated protein kinase cascades,
and serve as cellular sensors that respond to numerous stimuli
(reviewed in Refs. 34 and 35). Furthermore, they are tradition-
ally divided into the p21-activated kinase and germinal center
kinase (GCK) families, which are distinguished by the relative
location of their kinase domains. The p2l-activated kinase
domains were located at their COOH termini, whereas the
GCK homologs are at their NH, termini. Four Mst family
kinases are already known and can be divided into two sub-
groups, GCK-II (Mst1 and Mst2) and GCK-III (Mst3 and Mst4),
based on their sequence homology within and outside their
kinase domains, and additional information obtained from the
Drosophila and/or Caenorhabditis elegans orthologs (34).

While sharing considerable homology in the kinase domain,
the Mst kinases have different biological activities. For in-
stance, Fas-mediated cleavage of Mst1/Mst2 is required for full
activation of these kinases during apoptosis (26, 27). Overex-
pression of either full-length wild-type Mstl or its truncated
form in BJAB cells induces morphological changes character-
istic of apoptosis (25), suggesting that Mst1 is involved in this
process. On the other hand, it has been demonstrated that
Mst4, a newly identified Sterile 20-related kinase that shares
88% sequence similarity to Mst3 and SOK1 (36), mediates the
growth and transformation of the tumor cell lines, HeLa and
Phoenix, via the MEK/ERK pathway (37); whereas Mst1-
mediated apoptosis occurs via the c-Jun NH,-terminal kinase
pathway (38). These findings indicate that the Mst family
members may recognize distinct downstream targets, and
hence, act through distinct signaling pathways. Analysis of the
data raises interesting questions with respect to identification
of the structural features that make Mst4 act differently to
Mstl, and whether Mst3 might have a role in apoptosis (like
Mstl), or cell transformation (like Mst4).

In this study, we report that similar to Mstl and Mst2 but
not Mst4, Mst3 can be cleaved by caspases during apoptosis.
Mst4 is resistant to cleavage, which may be the reason for cell
transformation. The cleavage of Mst3 generates two fragments,
35 and 15 kDa, respectively. Unlike the conserved caspase-
cleavage sites in Mst1l and Mst2, the caspase-cleavage site in
Mst3 is mapped to AETD3'3G. Finally, ectopic expression of the
truncated Mst3 results in kinase activation, nuclear transloca-
tion, and the induction of apoptosis. Taken together, these
observations implicate the involvement of Mst3 in the process
of apoptosis.

EXPERIMENTAL PROCEDURES

Materials—All restriction enzymes were purchased from New Eng-
land BioLabs. Fetal bovine serum, Dulbecco’s modified Eagle’s medium,
penicillin, streptomycin, and LipofectAMINE™ were purchased from
Invitrogen. The [y-**P]ATP was also from New England BioLabs. The
Ac-DEVD-CHO was purchased from Calbiochem. Monoclonal antibody
against GFP (CLONTECH) was used to detect the presence of the
enhanced green fluorescent protein (EGFP)-tagged proteins. The bac-
terially expressed carboxyl terminus of Mst3 (amino acids 310-432)
was prepared from pET21-Mst3. Recombinant Mst3 protein was puri-
fied, and rabbit antiserum against the Mst3 carboxyl terminus was
generated.

Cell Lines and Cell Culture—All cell lines were purchased from
ATCC and maintained in a humidified incubator at 37 °C in the pres-
ence of 5% CO,. HeLa, COS-1, and 293T cells were grown in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum, 100
units/ml penicillin, and 100 pg/ml streptomycin. Human embryonic
kidney 293 (HEK293) cells were maintained in Dulbecco’s modified
Eagle’s medium containing 10% horse serum, 100 units/ml penicillin,
and 100 pg/ml streptomycin. Transfection of cells was performed with
Lipofect AMINE™ according to the manufacturer’s instructions.

Construction of Plasmids and Site-directed Mutagenesis—The
c¢DNAs, encoding full-length (amino acids 1-431) and truncated (amino
acids 1-313) forms of Mst3, were amplified by reverse transcriptase-
PCR using HeLa cell messenger RNA as the template. These constructs
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are referred to as Mst3VT and Mst3WT43 respectively. The Mst3
cDNA fragments were inserted in-frame into the HA-tagged (at the
COOH terminus) expression vector, pcDNA 3.0 (Invitrogen), and the
EGFP-tagged expression vector, pEGFP-C2 (CLONTECH). The cata-
lytically inactive mutants, Mst3%% and Mst3¥%4314 (with Lys®® to Arg®®
mutation on the full-length and truncated Mst3), as well as caspase-
cleavage site mutants (Mst3P30N Mst3P302N Mst3P30™N | Mst3P309N,
Mst3P313N Mst3P32IN Mst3P324N  and Mst3P335N) of Mst3 were gener-
ated by site-directed mutagenesis using Mst3V" and Mst3VT4%14 a5 the
templates (QuikChange™ site-directed mutagenesis kit, Stratagene).

Preparation of Cell-free Apoptotic Extracts—To induce apoptosis,
Jurkat cells were treated with 250 ng/ml anti-Fas monoclonal antibody
(clone CH11, Upstate Biotechnology Inc.) (39) or 1 uM staurosporine
(Calbiochem) (40) at 37 °C for 5 h. To prepare the cell-free extracts, cells
were lysed in lysis buffer (20 mm PIPES, pH 7.2, 100 mm NaCl, 1 mm
EDTA, 0.1% CHAPS, 10% sucrose, 1 mM phenylmethylsulfonyl fluoride,
1 mMm dithiothreitol, 1 mM Na;VO,, and 10 pg/ml each of leupeptin,
aprotinin, chymostatin, and pepstatin) (24). After incubation at 4 °C for
30 min, cellular debris was removed by centrifugation.

In Vitro Cleavage with Apoptotic Cell Extracts or Recombinant
Caspases—The TNT quick coupled transcription/translation system
(Promega) was used to synthesize [**S]methionine-labeled proteins.
The ?°S-labeled Mst3 or Mst4 proteins were incubated with various
apoptotic extracts (150-pug extracts per reaction) or recombinant
caspases (BD PharMingen) at 37 °C for 1 h. For caspase-inhibitor
treatment, apoptotic extracts were preincubated with Ac-DEVD-CHO
(Calbiochem) at 37 °C for 15 min before **S-labeled Mst3 proteins were
added.

Immunoprecipitation, Kinase Reaction, and Western Blot Analysis—
COS-1 cells were transiently transfected with plasmids encoding vari-
ous HA-tagged Mst3 proteins. Forty-eight hours after transfection, cells
were lysed with modified RIPA buffer (50 mm Tris-HCI, pH 7.5, 150 mm
NaCl, 6 mM deoxycholate, 1% Igepal CA-630 (Sigma), 1 mMm NasVO,, 2
mM EGTA, 0.5% aprotinin, and 1 mM phenylmethylsulfonyl fluoride).
Equal amounts of total lysates were immunoprecipited with anti-HA
tag monoclonal antibody (3F10; Roche Molecular Biochemicals) and
Protein A-agarose beads (Upstate Biotechnology Inc.) following stand-
ard procedures. Immune complexes were resuspended in kinase reac-
tion buffer (20 mm PIPES, pH 7.4, 2 mM MnCl,, 10 mm MgCl,, 20 um
ATP, 10 uCi of [y-*2P]ATP, and 20 ug of histone H1) at 30 °C for 10 min.
The kinase reaction mixtures or cell lysates were resolved using 12%
SDS-PAGE. Proteins were transferred to polyvinylidene difluoride
membranes and detected with autoradiography or anti-HA antibody.
The complexed IgGs were detected by incubation with secondary anti-
bodies conjugated to horseradish peroxidase, and developed using the
ECL system (Amersham Biosciences).

Fluorescence Microscopy—The expression of EGFP-Mst3 in living
cells was monitored using an inverted fluorescence microscope (Leica).
The HEK293, 293T, and HeLa cells were cultured on chamber slides
(LAB-TEK, Nagle Nunc) to about 70% confluency and transfected with
pEGFP-Mst3 or its mutants. Twelve hours after transfection, the cham-
ber slides were fixed with 5% paraformaldehyde containing 2% sucrose
in phosphate-buffered saline at 4 °C for 20 min, followed by staining
with 200 ng/ml 4',6’-diamidino-2-phenylindole at 4 °C for 30 min. The
fluorescence was analyzed using 4',6’-diamidino-2-phenylindole (exci-
tation/emission for 4’,6’-diamidino-2-phenylindole, 372/456 nm) and
fluorescein isothiocyanate fluorescence filter cubes (488/510 nm). Pho-
toimages were acquired using a Kodak digital camera, and then pro-
cessed using Free PLUS software (Media Cybernetics, Silver Spring,
MD).

Apoptosis Assay—The B-galactosidase co-transfection assay for de-
termination of cell death was performed as described earlier (41, 42).
Briefly, HEK293 cells in 35-mm culture dishes (about 70% confluency)
were transiently transfected with a pCMV/LacZ plasmid (0.5 pg) to-
gether with 1 ug of pEGFP-Mst3, pEGFP-Mst3V'34 pEGFP-
Mst3KRA314 " oy pEGFP-C2 (vector) constructs. Thirty-six hours after
transfection, cell lysates were prepared by incubating with 200 ul of
lysis buffer at room temperature for 15 min, as has been described. To
detect the B-galactosidase activity, 50 ul of cell lysates were mixed with
200 wl of PM2 buffer (0.1 M Na,PO,, 1 mm MgSO,, and 0.2 mm MnSO,)
and 200 pl of o-nitrophenyl-B-p-galactopyranoside (4 mg/ml) for 3 h, or
until a yellow color developed, at 37 °C. The reaction was stopped by
adding 0.5 ml of 1 M Tris base (pH 7.0) and the B-galactosidase activity
was determined by reading the optical density at 420 nm.

DNA Fragmentation Analysis—DNA fragmentation analysis of the
HEK293 cells was performed as described previously (43). Total DNA of
the HEK293 (3 X 10°) cells, with or without transfection of the various
pEGFP-Mst3 plasmids, was isolated using a Puregene DNA Isolation
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Fic. 1. Mst3 degradation in apoptotic extracts. To induce apo-
ptosis, Jurkat T cells were either left untreated, or were treated with
250 ng/ml anti-Fas monoclonal antibody (CH11) or 1 uM staurosporine
at various time points. The apoptosis percentage for these samples is
shown at the bottom of the figure. After treatment, the apoptotic ex-
tracts were incubated with [2*°S]methionine-labeled Mst3, which was
obtained by coupled in vitro transcription/translation. The cleavage of
[**S]lmethionine-labeled Mst3 was carried out for 1 h at 37 °C. Cleavage
products were analyzed using SDS-PAGE and visualized by autoradiog-
raphy. Arrows indicate full-length Mst3 (50 kDa) and one of the cleaved
products, Mst3/N (35-kDa band), respectively. N, NH,, terminus.

Jurkat cells

+ anti-Fas ab
+ staurosporine

kDa
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Fic. 2. Proteolytic cleavage of endogenous Mst3 during apo-
ptosis in Jurkat cells. To induce apoptosis, Jurkat cells were either
left untreated, or treated with 1 uM staurosporine or 250 ng/ml anti-Fas
monoclonal antibody (CH11) for 5 h. The cell lysates were then sepa-
rated using SDS-PAGE, transferred to polyvinylidene difluoride mem-
brane, and probed with an antibody generated against the COOH
terminus of Mst3. Arrows indicate endogenous full-length Mst3 (50
kDa) and one of the cleavage products, Mst3/C (15 kDa band), respec-
tively. C, COOH terminus.

Kit (Gentra Systems), as described in the manufacturer’s instructions.
The DNA pellet was redissolved in 50 ul of DNA-hydration solution.
Equal amounts of each isolated DNA sample were separated on a 2%
agarose gel and visualized under UV light.

RESULTS

Mst3 Is Proteolytically Cleaved in Vitro and in Vivo during
Apoptosis—To examine whether Mst3 might serve as a caspase
substrate during apoptosis, cell-free apoptotic extracts were
first prepared from Jurkat T cells as a source of caspases. It has
been demonstrated that Jurkat T cells are hypersensitive to a
wide variety of apoptotic inducers, such as anti-Fas antibody
(11, 39) and staurosporine (40). Treatment of Jurkat T cells
with either anti-Fas antibody (CH11) or staurosporine for 5 h
resulted in ~30-40% cell death (Fig. 1), with a concurrent
elevation of the activities of caspase 3, 6, 8, and 9 (3-5-fold;
data not shown). The in vitro translated [**S]methionine-la-
beled Mst3 was proteolytically degraded in both apoptotic ex-
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Fic. 3. Sensitivity of Mst3 to caspase cleavage. A, anti-Fas anti-
body-treated Jurkat cell extracts (250 ng/ml for 5 h) were preincubated
for 15 min at 37 °C with or without 0.1 or 1 uM of the caspase tetrapep-
tide inhibitor, Ac-DEVD-CHO. Cell extracts were then incubated with
[**Slmethionine-labeled Mst3 for 1 h at 37 °C. Cleavage products were
separated using SDS-PAGE and visualized by autoradiography. Arrows
denote full-length Mst3 and a cleavage fragment, Mst3/N. B, Jurkat
cells were treated with 250 ng/ml anti-Fas monoclonal antibody for 5 h
in the absence or presence of 1 uM of the caspase inhibitor, Ac-DEVD-
CHO. Cell lysates were then separated using SDS-PAGE, transferred to
polyvinylidene difluoride membrane, and probed with an antibody
against the COOH terminus of Mst3. Arrows indicate the endogenous
full-length Mst3 and one of the cleavage products, Mst3/C. C, [**S]me-
thionine-labeled Mst3 was incubated with 1 ng of recombinant caspase
3, 7, or 8 for 30 min at 37 °C. Cleavage products were separated using
SDS-PAGE and visualized by autoradiography. Caspase treatments
generated two cleavage products (Mst3/N and Mst3/C) as indicated by
arrows. N, NH, terminus; C, COOH terminus.

tracts, but remained intact when untreated extracts were used
(Fig. 1). In addition, Mst3 cleavage followed the same time
course as that for the activation of the caspases (data not
shown), suggesting that caspase activity in these apoptotic
extracts was likely responsible for the Mst3 cleavage.

To test whether the cleavage of endogenous Mst3 also occurs in
apoptotic cells, Jurkat T cells were treated with either anti-Fas
antibody or staurosporine to induce apoptosis. Cell lysates were
prepared, and immunoblot analysis was performed using an an-
tibody against the Mst3 COOH terminus. Compared with the
untreated Jurkat cell lysates, the data revealed a decrease in the
amount of full-length Mst3 and the appearance of Mst3/C in
the anti-Fas antibody and staurosporine-treated cells (Fig. 2). We
were unable to detect the Mst3 NH,, terminus cleavage product
because of the poor specificity of antibody against the Mst3 NH,,
terminus. Similar cleavage patterns were also observed when
HeLa cells were treated with staurosporine or tumor necrosis
factor-a plus cycloheximide (data not shown).

Mst3 Is a Substrate for Caspases—Several lines of evidence
suggest that caspases are capable of Mst3 cleavage. First, the
cleavage of [**S]methionine-labeled Mst3 in anti-Fas antibody
(Fig. 3A) or staurosporine-induced apoptotic extracts (data not
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Fic. 4. Identification of the Mst3 caspase cleavage site. A, sequence alignment of the regulatory domains of Mst1, Mst2, Mst3, and Mst4.
B, a list of the amino acid sequences surrounding the experimentally proven caspase-cleavage sites of Mstl and Mst2 and the predicted
caspase-cleavage sites of Mst3 and Mst4, which resemble the consensus sequence for the caspase 3 cleavage motif (DXXD), is shown. The Mst3
caspase cleavage site identified in this study is provided for comparison. The caspase cleavage sites are also shown in A by stars. C, [**S]methi-
onine-labeled Mst4 was incubated with 20 ng of recombinant caspase 3, 7, or 8 for 30 min at 37 °C. Cleavage products were resolved on SDS-PAGE
and visualized by autoradiography. No cleavage product was visible, as indicated by the similar intensity of [*>S]methionine-labeled full-length
Mst4. D, Mst3 amino acid residues 310-333 are shown. Single mutations of Asp (D) to Asn (N) at amino acids 301, 302, 307, 309, 313, 321, 324,
and 333 were introduced into Mst3 as indicated by the underlines. The predicted caspase 3 recognition motif (DXXD?2*) is indicated in bold. The
caspase-cleavage site (Asp®'®) identified in this study is indicated by an arrow. E, wild-type (WT) or mutant forms of [**S]methionine-labeled Mst3
were incubated with 1 ng of recombinant caspase 3 for 30 min at 37 °C. Degradation products at 35 and 15 kDa were observed in all cases except
in the D313N mutant.

shown) was inhibited by Ac-DEVD-CHO, an inhibitor for antibody (Fig. 3B) or staurosporine (not shown). Finally,
caspase 3-like caspases. Second, proteolytic cleavage of the [3®SImethionine-labeled Mst3 was cleaved by purified recombi-
endogenous Mst3 was also partially blocked in the presence of nant caspases 3, 7, and 8 (Fig. 3C), generating two fragments
Ac-DEVD-CHO when Jurkat T cells were treated with anti-Fas  (Mst3/N and Mst3/C) that mirror those observed for the apo-
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Fic. 5. Activation of Mst3 kinase activity via caspase-mediated
cleavage. COS-1 cells were transiently transfected with either empty
vector or various HA-tagged Mst3 constructs. These HA-tagged Mst3
proteins were immunoprecipitated from cell lysates using anti-HA an-
tibody. Immunoprecipitated Mst3 was incubated with myosin basic
protein in the presence of [y-*?P]ATP. Mst3 autophosphorylation (top)
and Histone H1 phosphorylation (bottom) were analyzed using SDS-
PAGE and autoradiography. To ensure that all of the immunoprecipi-
tated samples were at approximately equivalent levels, the relative
amounts of immunoprecipitated HA-tagged Mst3 used in the kinase
reactions were monitored by immunoblotting with anti-HA antibody
(middle).

Histone H1

ptotic extracts. These results suggest that proteolytic cleavage
of Mst3 is a general feature of apoptotic cells.

It has been shown that the phosphorylation of presenilin-2
(45) and Mstl (46) regulates their cleavage by caspases. To
verify if the kinase activity of Mst3 or its autophosphorylation
were required for caspase-mediated cleavage, the invariant
lysine (Lys®®) in the ATP-binding pocket of Mst3 was mutated
to arginine. The resultant mutant, Mst3%E, has neither kinase
activity nor autophosphorylation ability, as determined by an
in vitro kinase activity assay (will be discussed later). This
mutant was transcribed/translated in vitro and treated with
either apoptotic extracts or recombinant caspases. The kinetics
of Mst3X® degradation were identical to that of the Mst3WT
(data not shown), indicating that the kinase activity and/or
autophosphorylation of Mst3 were not required for caspase-
mediated cleavage.

Mapping the Caspase-cleavage Site in Mst3—Previous stud-
ies have demonstrated that caspase 3 cleaves Mst1 (25, 27, 28,
44) and Mst2 (26, 27) at the consensus caspase-cleavage sites,
DEMD?2?6 and DELD?%7, respectively (Fig. 4, A and B). We have
noticed that Mst3 also contains a potential caspase 3-recogni-
tion motif, DSGD324/W, in a similar region (Fig. 4, A and B; the
slash indicates the potential cleavage site in the amino acid
sequence), suggesting that Mst3 may serve as a substrate for
caspase 3 (or a caspase 3-like activity) during apoptosis. All the
DXXD motifs of the Mst family members are located within the
regulatory domain (Fig. 4A4). Based on the size of the Mst3-
cleavage products, it seems probable that D324/W is the candi-
date cleavage site (Fig. 4, A and B). The Asp>?* site was there-
fore mutated to asparagine, and its susceptibility to cleavage
by recombinant caspases was tested. Both the [3®S]methionine-
labeled Mst3WT and Mst3P324N mutants were cleaved by re-
combinant caspases 3, 7, and 8, indicating that D324/W was not
an acceptor site for these caspases (Fig. 4E). Furthermore,
[**Slmethionine-labeled Mst4 was not cleaved by any of the
recombinant caspases, including caspase 3, 7, and 8 (Fig. 40C).
These results suggest that the DXXD motif was not always the
preferred cleavage site for caspases (especially the caspase 3)
on their substrates, and that the cleavage properties of Mst3
and Mst4 (the GCK-III subfamily) are intrinsically different
from that of Mstl and Mst2 (the GCK-II subfamily). It was
noted that there are several aspartic acids, such as Asp®°!
Asp3°2, Asp3°7, Asp®®?, Asp3'3, Asp®?!, and Asp333 (Fig. 4D), in
the vicinity of DSGD?2%. To identify the cleavage site for Mst3,
these aspartic acids were individually mutated to asparagines,
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FiG. 6. Relocation of truncated Mst3 to the nucleus. HEK293
cells were transiently transfected with pEGFP-Mst3“" (A), pEGFP-
Mst3¥® (B), pEGFP-Mst3WV314 (C), pEGFP-Mst3¥®431* (D) and
pEGFP vector (E). Twelve hours after transfection, cells were fixed and
the location of the proteins was identified under a fluorescence micro-
scope (Leica).

EGFP-Mst3WT

EGFP-Mst3WTA314 .

EGFP-Mst3KR

EGFP DAPI

Fic. 7. Overexpression of EGFP-Mst3%V" and EGFP-Mst3V 4314
induces nuclear condensation of cells. HEK293 cells were tran-
siently transfected with pEGFP-Mst3V" (top), pEGFP-Mst3WTa314
(middle), or pEGFP-Mst3XE (bottom). Eighteen hours after transfection,
cells were fixed and stained with 4’,6’-diamidino-2-phenylindole
(DAPI). Fluorescent images were observed under a fluorescence micro-
scope (Leica). The arrowhead in the top panel indicates the apoptotic
cells.

and their potential for caspase cleavage was tested by recom-
binant caspases 3, 7, and 8. Of all the mutants investigated, the
Asp®'® mutation blocked cleavage by recombinant caspases 3
(Fig. 4E), 7 (data not shown), and 8 (data not shown). Similar
to Mst3WT, the rest of the mutants were cleaved by these
recombinant caspases (Fig. 4E and data not shown). Similar
experiments were carried out using cell-free apoptotic extracts
and confirmed our findings (data not shown). Therefore, it is
demonstrated that the caspase-cleavage site of Mst3 is at
AETD?3/G. Interestingly, there is no homologous site in Mst4,
which may explain why Mst4 is not cleaved by caspases
(Fig. 40).

Activation of Mst3 after Caspase-mediated Proteolysis—
Caspase-mediated cleavage of Mst3 generates two fragments
(Fig. 3C). To test whether Mst3 caspase cleavage changes its
kinase activity, COS-1 cells were transiently transfected with
HA-tagged Mst3 constructs encoding Mst3WT4314 Mst3KRA314
Mst3WT, or Mst3X®. Each sample was immunoprecipitated
with anti-HA antibody and the immunocomplexes were sub-
jected to a kinase-activity assay using histone H1 as the sub-
strate. The kinase activity of Mst3WVT234 was about 10-fold
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A

Fic. 8. Induction of apoptosis by
ectopic expression of EGFP-Mst3. A,
DNA fragmentation was induced in
HEK293 cells by EGFP-Mst3%" and
EGFP-Mst3WVT4314 The HEK293 cells
were transfected with pEGFP vector (lane
1), pEGFP-Mst3%" (lane 2), pEGFP-
Mst3WT2314  (Jgne 3), or pEGFP-
Mst35R4314 (Jane 4). Lane 5 represents a
100-bp DNA ladder marker. B, exogenous
B-galactosidase activity assay. Various
plasmids were co-transfected with pCMV-
LacZ into HEK293 cells as described un-
der “Experimental Procedures.” Thirty-
six hours after transfection, cells were
harvested and assayed for B-galactosid-
ase activity. Results are presented as
mean * S.E. from three independent
experiments.

EGFP-Mst3WT

EGFP

higher than that of Mst3V" and no detectable kinase activity
was observed for the catalytically inactive mutants of Mst3
(Fig. 5). The most plausible explanation for these results is that
caspase cleavage removes an inhibitory COOH-terminal regu-
latory domain from Mst3, thereby generating an active kinase.
This is consistent with earlier data showing that deletion of
the regulatory domain leads to a constitutively active Mstl
(25, 47).

Truncated Mst3 Translocates from the Cytosol to the Nucle-
us—To investigate the cellular localization of full-length and
proteolytically cleaved Mst3 in cells, a series of constructs was
generated encoding Mst3 fused to the EGFP, which is com-
monly used as a marker to monitor gene expression, vesicular
trafficking, and protein localization in vivo. Four EGFP-Mst3
constructs, including EGFP-Mst3V", EGFP-Mst3X®, EGFP-
Mst3WT4314 and EGFP-Mst3¥RA314 wwere transiently trans-
fected into the human embryonic kidney 293 (HEK293) or
HelLa cells. Fig. 6, A and B, reveal that both EGFP-Mst3V™T and
EGFP-Mst3X® predominated in the cytoplasm, which is con-
sistent with the finding of Schinkmann and Blenis (48). Inter-
estingly, the truncated forms of Mst3, EGFP-Mst3WT4314 and
EGFP-Mst3¥84314 \were translocated to the nucleus (Fig. 6, C
and D), suggesting that proteolytic cleavage results in the
nuclear translocation of Mst3.

Eighteen hours following transfection of the various Mst3 con-
structs, a profoundly shrunken morphology was noted for cells
expressing either EGFP-Mst3V7T or EGFP-Mst3WVT4314 with nu-
clear condensation visualized by green fluorescence and 4',6'-
diamidino-2-phenylindole staining (fop and middle panels, Fig.
7). By contrast, no morphological abnormalities were observed
for cells expressing EGFP-Mst3X® (bottom panel, Fig. 7). To-
gether, these results suggest that, as well as for kinase activity,
the Mst3 translocation may be required for induction of the
morphological changes characteristic of apoptosis.

Overexpression of Mst3 Results in Characteristics of Apo-
ptosis—To further examine the role of Mst3 in apoptosis, DNA
fragmentation, one of the hallmarks of cell death, was ana-
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lyzed in cells expressing Mst3. Overexpression of EGFP-
Mst3WT and EGFP-Mst3VT23 but not of EGFP and EGFP-
Mst3KRA314 resulted in DNA fragmentation in the HEK293
cells (Fig. 8A). Additionally, because the intracellular content
of B-galactosidase reflects the intactness of the cells, the
extent of cell death was determined by measuring the activity
of ectopically expressed B-galactosidase inside the tested
cells (41, 42). HEK293 cells were co-transfected with a pCMV/
LacZ reporter plasmid and the various EGFP-Mst3 con-
structs. Cells transfected with pCMV/LacZ reporter alone
were used as the control, with the B-galactosidase activity
from these cells defined as 1. Compared with the control, cells
expressing EGFP-Mst3VT and EGFP-Mst3WT4314 exhibited
significantly lower B-galactosidase activities (~55 and 28% of
control, respectively; Fig. 8B). By contrast, similar B-galac-
tosidase activity was detected for cells expressing EGFP or
EGFP-Mst3X¥R4314 wwhen compared with the control (Fig. 8B).
These results suggest that Mst3 kinase activity is required
for the induction of apoptosis. It is not clear, however,
whether the relatively stronger apoptotic tendency of cells in
the presence of EGFP-Mst3WT4314 ig because of its nuclear
localization, elevated kinase activity, or a combination of
both of these factors. Altogether, these findings suggest that
the truncated form of Mst3 is proapoptotic.

DISCUSSION

Four Mst family kinases have been reported so far (sequence
alignments of the regulatory domain of these members are
shown in Fig. 4A). The physiological functions and the down-
stream substrates of these four Mst family kinases are largely
unknown. Although Mstl and Mst3 are generally thought as
the ubiquitously expressed protein kinases, they exhibit dis-
tinct cofactor requirements and biological properties (25, 48).
Previous studies have shown that both Mstl and Mst2 are the
substrates for the caspases during apoptosis. In this study, we
provide evidence that Mst3 is cleaved by caspases during apo-
ptosis induced by either Fas ligation or staurosporine treat-
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ment. Furthermore, Mst3 is activated by caspase cleavage,
implicating proteolysis as the Mst3-activation mechanism.
This is the first report of Mst3 regulation by a physiological
stimulus. Interestingly, Mst4 is resistant to caspase cleavage
under the conditions tested, suggesting the selective involve-
ment of Mst family members in apoptosis, despite the overall
sequence similarity. The molecular mechanism and the struc-
tural-functional relationship underlying this process, however,
remain to be delineated.

Central to the apoptosis-execution pathway is the activation
of caspases. The identification of caspase substrates and eluci-
dation of the biochemical functions of these substrates provide
the means to further understanding of the often complex and
diverse apoptotic pathways. Both Mst3 and Mst1 (46) are direct
substrates for several caspases, suggesting that the functional
redundancy of the caspases, one or more of which may be
involved in proteolysis of the same targets (49). Mutational
analysis unambiguously identifies the cleavage site for Mst3 as
AETD?'3/G. This sequence does not match the caspase 3-cleav-
age sequence, DXXD, but bears some similarity to the caspase
8 consensus recognition motif, IETD/X (50). This observation is
also consistent with our finding that recombinant caspase 8 can
efficiently degrade Mst3 (Fig. 3C). Interestingly, of the Mst
kinases, the AETD sequence is present only in Mst3, despite
the overall structural homology of these family kinases (Fig.
4A). Conversely, there are caspase 3 consensus cleavage motifs
(DXXD) present in all Mst family kinases. Under the conditions
used in this study, however, Mst3 and Mst4 do not undergo
proteolytic cleavage at this consensus motif, suggesting that
distinct caspases may exhibit specificity among the same Mst
family members in cells.

It has been reported that the COOH-terminal domains of
Mstl (47) and Mst4 (34) are needed for dimerization and reg-
ulation of the activity of their NH,-terminal kinase domains.
The removal of the COOH-terminal domain through caspase
cleavage results in kinase activation of Mst1, Mst2, and Mst3.
Collectively, these findings suggest that the COOH-terminal
domain is an inhibitory domain. The finding that overexpres-
sion of either full-length or truncated mutants of Mst1/Mst3
induces the characteristics of apoptosis further supports the
notion of a role for these kinases in the mediation of apoptotic
events. Through the activation of caspases, which cleave these
kinases, further activation may result. This may form a feed-
back loop that serves to amplify the apoptotic response.

The active transport of proteins between the nucleus and
cytoplasm is an important process in eukaryotic cells. The
majority of proteins required for these nuclear functions are
transported by importins through the recognition of an nuclear
localization signal (NLS) domain (51). Truncated forms of Mst3
are localized mainly in the nucleus, suggesting that Mst3
translocation may alter substrate specificity, which may in
turn be important for apoptosis. Similarly, recent findings sug-
gest that caspase-mediated cleavage of Mst1l promotes trans-
location into the nucleus (52, 53). These findings raise the
possibility that Mst3 may contain a putative NLS within the
NH,-terminal cleaved fragment (amino acids 1-313), and that
this NLS may be shielded by its COOH-terminal regulatory
domain. Alternatively, the existence of a nuclear export se-
quence in the COOH-terminal regulatory domain of Mst3 can
also be postulated. Caspase-mediated cleavage of Mst3 may
expose the putative NLS and/or remove the putative nuclear
export sequence, resulting in promotion of cytosol to nucleus
translocation for the truncated form of Mst3. The notion of the
presence of the nuclear export sequence in the COOH-terminal
domain of Mst family members has been supported by the
recent study of Mstl where the existence of two nuclear export

34373

sequences has been determined (52). On the other hand, a short
basic residue-rich region, 2’*KKTSYLTELIDRYKRWK?%*, re-
sembling the bipartite-type NLS sequence of human ProT-gB
(KKAAEDDEDDDVDTKKQKTD) (54) and nucleoplasmin
(KKPAATKKGQAKKKK) (55) has also been found in Mst3.
Deletion and point mutation analysis of the putative NLS on
Mst3 suggest that it is necessary for the translocation of the
truncated Mst3.2

In summary, we have identified that Mst3 is a caspase sub-
strate. Proteolytic cleavage of Mst3 results in kinase activation,
nuclear translocation, and the induction of apoptosis. The exact
biological response and signaling pathways remain largely un-
identified, however. To delineate the role of the cleaved Mst3 in
apoptosis, therefore, it is imperative to identify its downstream
targets in both the cytosol and nucleus.
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