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In this study, it was shown that the mammalian sterile 20-like serine/threonine protein kinase 3
(Mst3) plays an essential role in the staurosporine-induced apoptosis of HeLa cells. The staurosporine-
induced apoptosis was reduced by around 65% by the selective knockdown of Mst3 in stable clones,
HeLa(siMst3). Although caspases were shown to be involved in the Mst3-mediated apoptosis, only
15-20% of staurosporine-induced apoptosis was suppressed by the caspase inhibitor, z-DEVD-fmk.
Accordingly, Mst3 was proposed to trigger a caspase-independent apoptotic pathway in response to

Il\jgft\;vords: staurosporine. Interestingly, staurosporine greatly induced the mitochondrial membrane potential tran-
Apoptosis sition in HeLa cells, but had no effect in Hela(siMst3). The role of Mst3 in controlling the mitochondrial

AIF integrity was therefore proposed, presumably through the regulation of Bax. Furthermore, it was shown
that staurosporine promoted the nuclear translocation of apoptosis-inducing factor and endonuclease
G in HelLa cells. The nuclease activity associated with endonuclease G was also enhanced in response to
staurosporine. However, both staurosporine-induced nuclear translocation of apoptosis-inducing factor
and endonuclease G and the nuclease activity associated with endonuclease G were markedly reduced
in Hela(siMst3). These results suggest that Mst3 may respond to staurosporine to trigger the caspase-
independent apoptotic pathway by regulating the nuclear translocation of apoptosis-inducing factor and
endonuclease G, and the nuclease activity associated with endonuclease G.
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1. Introduction

Mammalian sterile 20-like serine/threonine protein kinase 3
(Mst3)isa47.5 kDa human serine/threonine protein kinase belong-
ing to a family of mammalian Ste20-like protein kinases found to
regulate various cellular events in response to environmental cues
(Bagrodia and Cerione, 1999; Huang et al., 2002; Kyriakis, 1999;
Schinkmann and Blenis, 1997; Sells and Chernoff, 1997). Several
studies have shown that Mst3 may play important roles in diverse
physiological events (Huang et al.,2002; Irwin et al., 2006; Lee et al.,
2004; Lu et al., 2006; Stegert et al., 2005). NDR, a serine/threonine
protein kinase, is phosphorylated by Mst3 at Thr442 and this reg-
ulates cell cycle progression and cell morphology (Stegert et al.,
2005). Additionally, Mst3 can control the migration of MCF-7 and
Madin-Darby canine kidney cells by mediating the phosphoryla-
tion of paxillin (Lu et al., 2006). The neuron-specific Mst3b plays a

Abbreviations: Mst3, mammalian Ste20-like protein kinase 3; AIF, apoptosis-
inducing factor; EndoG, endonuclease G; DNase, deoxyribonuclease; TUNEL,
terminal deoxynucleotidyltransferase-mediated nick end labeling; Sts, stau-
rosporine; siRNA, small-interfering RNA.
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role in regulating axonal outgrowth in a purine-dependent manner
(Irwin et al., 2006). Interestingly, overexpression of Mst3 induces
apoptotic characteristics, such as chromosome condensation and
DNA fragmentation (Huang et al., 2002; Lee et al., 2004). Recent
work has also demonstrated that Mst3 triggers apoptosis in human
trophoblasts under conditions of oxidative stress and may play a
role in parturition (Wu et al., 2008).

Apoptosis is a fundamental and indispensable process that
serves to eliminate excess cells during tissue homeostasis (Clarke,
1990), embryonic development (Glucksmann, 1951; Michaelson,
1987) and maturation of the immune system (Cohen et al., 1992;
Golstein et al., 1991). Caspases, a family of aspartic acid-specific
cysteine proteases, play essential roles in apoptosis to cleave
various targets to inactivate normal cellular functions, inhibit anti-
apoptotic mechanisms, disrupt cellular architecture and eventually
cause cell death (Chang and Yang, 2000; Srinivasula et al., 1998).
However, in many cases, apoptotic cell death can be induced inde-
pendent of caspase activity through mitochondrial pro-apoptotic
proteins (Cande et al., 2002; Danial and Korsmeyer, 2004; Ishihara
and Shimamoto, 2006; Joza et al., 2001; Li et al., 2001; Newmeyer
and Ferguson-Miller, 2003). During apoptosis, the integrity of the
outer mitochondrial membrane can be disrupted by the activation
of pro-apoptotic Bcl-2 family members (Godlewski et al., 2001;
Kuwana et al., 2002; Luo et al., 1998; Martinou and Green, 2001;
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Wolter et al., 1997) or by increased opening of permeable tran-
sition pores (Crompton, 1999). Altering the permeability of the
outer mitochondrial membrane causes the release of cytochrome
C (Cyto C) and/or other pro-apoptotic proteins, such as apoptotic-
inducing factor (AIF) (Cande et al., 2002; Cheung et al., 2006; Joza
et al,, 2001; Susin et al., 1999; Zanna et al., 2005), endonuclease G
(EndoG) (Hamada et al., 2006; Ishihara and Shimamoto, 2006; Lee
et al., 2005; Li et al., 2001; Parrish et al., 2001; Zanna et al., 2005;
Zhang et al., 2003), Smac/DIABLO (Adrain et al., 2001), the mam-
malian serine protease Omi/HtrA2 (Suzuki et al., 2001; Verhagen
et al,, 2002) and DNA fragmentation factor endonuclease (DFF40)
(Widlak et al., 2000). Subsequently, pro-apoptotic proteins, includ-
ing AIF and EndoG, may translocate to the nucleus, where they
trigger chromosome condensation and DNA fragmentation.

In this report, Mst3 was found to play an essential role
in staurosporine-induced apoptosis by triggering both caspase-
dependent and -independent pathways. Further studies show that
Mst3 may trigger a caspase-independent apoptotic pathway by reg-
ulating the nuclear translocation of AIF and EndoG and the DNase
activity associated with EndoG.

2. Materials and methods
2.1. Materials

Restriction enzymes were obtained from New England Bio-
Labs. Fetal bovine serum (FBS), Dulbecco’s modified eagle medium
(DMEM), penicillin G, streptomycin, and lipofectamine were
obtained from Life Technologies. Staurosporine was bought from
Sigma. Oligonucleotides were synthesized by BioBasic Inc., UK.
SP600125 and z-DEVD-fmk, caspase inhibitor, were bought from
Calbiochem. Other reagents used were reagent grade.

2.2. Cell culture and apoptosis analysis

Human cervical cancer cell line (HeLa) was maintained in DMEM
containing 10% FBS and 100 U/mL penicillin and 100 p.g/mL strep-
tomycin. Cells were incubated in a humidified 37°C incubation
chamber containing 5% CO,.

The terminal deoxynucleotidyl transferase (TdT)-mediated nick
end labeling (TUNEL) assay was carried out by using Dead End™
Fluorometric TUNEL system kit (Promega). HeLa cells (5 x 106 cells)
before and after treatment were collected by scraping from 100 mm
dished and washed once with 1x PBS (phosphate-buffered saline).
Cells were then resuspended in 1x PBS buffer and fixed with 0.1%
formaldehyde for 10 min. After fixation, cells were rinsed three
times with 1 x PBS and then suspended in 5 mLice-cold 70% ethanol.
After incubating at —20°C for at least 4 h, cells were collected and
rinsed three times with PBS, followed by equilibrating with 100 L
equilibration buffer (10 mM Tris-HCl, pH 7.5 containing 10 mM
EDTA and 10mM DTT) at room temperature for 10 min. Finally,
cells were incubated with TUNEL mix, which was composed of 1 pL
TdT enzyme, 5 pL nucleotide mix (100 wM dATP, 50 uM FITC-12-
dUTP, 1 mM EDTA, 10 mM Tris-HCl, pH 7.6) and 45 p.L equilibration
buffer, at 37°C for 1h. A negative control was prepared by omit-
ting TdT. DNase I-treated slides were used as the positive control.
The reaction was terminated by adding 1mL 20mM EDTA into
the reaction mixture. Cells were then rinsed twice with 1x PBS
and soaked in 1x PBS for flow cytometry analysis (CyFlow® SL,
Partec).

For annexin V binding assay, cells were collected from 100 mm
dishes and washed twice with cold 1 x PBS. Subsequently, cells were
resuspended in 500 L of 1x binding buffer (0.01 M Hepes/NaOH
buffer, pH 7.4 containing 0.14 M Nacl, 2.5 mM CaCl,) and stained
with 5uL of annexin V-FITC and 5pL of propidium iodide

(50 wg/mL). After incubated at room temperature for 5 min in the
dark, number of cells bound annexin V-FITC was analyzed on the
flow cytometry.

2.3. Selective knockdown of endogenous Mst3 by siRNA

The construction of pNEO/siMst3 vector for the generation of
siRNA of Mst3 (siMst3) was described previously (Wu et al., 2008).
The pNEO/siMst3 plasmid was transfected into HeLa cells by lipo-
fectamine transfection kit (Invitrogen). Five stable clones were
generated under the selection of G418-sulfate. The efficacy of siRNA
was determined by Western blotting with anti-Mst3 antibody to
monitor the expression of Mst3 in HeLa stable clones.

2.4. Immunofluorescent staining

Hela cells were cultured on a glass cover slide to about 70%
confluency, followed by treating with or without 100nM stau-
rosporine at 37°C for 8 h. After treatment, cells were fixed with
3.7% paraformaldehyde in 1x PBS at 4°C for 20 min. Cells were
then permeabilized with digitonin 2 mg/mL under room tempera-
ture for 10 min. After permeabilization, cells were blocked with 5%
BSA under room temperature for 1 h, followed by incubating with
100 pL primary antibody specifically against AIF (Santa Cruz; 1:200
dilution in 1x PBS) or EndoG (Biovision; 1:200 dilution in 1x PBS)
under the room temperature for 2 h. Following the incubation, cells
were washed three times with PBST (phosphate-buffered saline,
pH 7.4, 0.05% tween-20) and then incubated with fluorescence-
conjugated secondary antibody (Santa Cruz; 1:100 dilution in 1x
PBS) at room temperature for about 1 h in the dark. Mitochondria
and nucleus were stained by Mitotracker (red fluorescence, Molec-
ular Probe) and DAPI (blue fluorescence), respectively. Finally,
cells were washed three times with PBST and once with double-
deionized H,O0. Slides were mounted and sealed by nail polish. The
fluorescent images were obtained using a confocal laser scanning
microscope (FV500, Olympus, Japan) and processed using supplied
software Fluoview.

2.5. Subcellular fractionation

Mitochondrial and nuclear fractions were prepared as described
previously with some modification (An et al., 2004; Ito et al.,
2001). Briefly, HeLa cells were initially suspended in 200 L buffer
[ (10 mM Tris-HCl, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA
and 1 mM DTT) and incubated on ice for 15 min. After incubation,
cells were homogenized by pressing cell suspension through a 26G
syringe needle for six times. Cell lysate was then centrifuged at
1500 x g for 5min to remove intact cells. The supernatant was
then centrifuged at 3300 x g for 5min to collect the nuclei. The
remaining supernatant was then centrifuged at 7500 x g for 5 min
to remove the undissolved particulates, followed by centrifugating
at 22,065 x g for 30 min (Beckman, Allegra 21R) to collect mito-
chondria. Mitochondria were disrupted by incubating in 100 pL
RIPA buffer (1% Triton X-100, 0.1% SDS, 50 mM Tris, pH 8.0,150 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1% sodium deoxycholate, 0.1 pM
leupeptin, and 0.03 wM aprotinin) on ice for 10 min. After centrifu-
gation at 16,100 x g for 10 min, the soluble mitochondrial fraction
was collected for further usage. For preparation of nuclear fraction,
the collected nuclei were first washed three times with buffer I
containing 0.01% NP-40 and then resuspended in RIPA buffer. The
nuclei were disrupted by vigorous votexing at 4 °C for 15 min. After
centrifugation at 16,100 x g for 10 min, the soluble nuclear fraction
was collected for further usage.
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Fig. 1. Staurosporine-induced apoptosis can be suppressed by selective knockdown of Mst3. (A) Selective knockdown of Mst3 by siRNA in HeLa cells. Whole cell extracts
from HeLa(siMst3)-1 and -2 clones (si-1 and si-2) were prepared and analyzed by Western blotting with anti-Mst3 antibody. HeLa cells and the HeLa(pNEO) clone (pNEO)
were used as controls. (B) Staurosporine-induced apoptosis was inhibited in HeLa(siMst3)-1 and -2 clones. HeLa, HeLa(pNEO) (pNEO), HeLa(siMst3)-1 (si-1) and -2 (si-2)
cells were treated with 100 nM staurosporine at 37°C for 0, 4, 6 and 8 h, and then subjected to the TUNEL assay. Data are presented as mean +S.D. from at least three
independent experiments. **P<0.01 versus untreated cells at time 0 and *P<0.01 versus controls at each time point. (C) Staurosporine-induced annexin V binding was
inhibited in HeLa(siMst3)-1 and -2 clones. HeLa, HeLa(pNEO) (pNEO), HeLa(siMst3)-1 (si-1) and -2 (si-2) cells were treated with 100 nM staurosporine at 37 °C for 0, 4, 6 and
8h, and then subjected to the annexin V binding analysis. Data are presented as mean + S.D. from at least three independent experiments. **P<0.01 versus untreated cells

at time 0 and *P<0.01 versus controls at each time point.
2.6. Western blotting

Cell lysates (40 w.g) or subcellular fractions (40 .g) were sepa-
rated on a 10% SDS-polyacrylamide electrophoresis gel (SDS-PAGE).
Following electrophoresis, the protein bands were transferred to a
polyvinylidine difluoride (PVDF) membrane by electroblotting. The
Western blot analysis was performed by using antibody specifically
against Mst3 (BD Biosciences; 1:1000 dilution), caspase 3 (1:2000
dilution, Santa Cruz), active caspase 3 (1:2000 dilution, Santa Cruz),
JNK1 (c-Jun N-terminal protein kinase 1) (1:2000 dilution, Santa
Cruz), p-JNK1 (phosphorylated JMK1) (1:2000 dilution, Biovision),
AIF (Epitomics;1:1000 dilution), EndoG (Biovision;1:1000 dilution)
and Bax (Biosource; 1:1000 dilution). The protein bands were visu-
alized using an ECL chemiluminescence kit. The [-actin (Santa
Cruz; dilution 1:1000), Hsp60 (Santa Cruz; 1:1000 dilution), cal-
nexin (Santa Cruz; 1:2000 dilution), GM130 (Santa Cruz; 1:1000
dilution), a-tubulin (Santa Cruz; 1:2000 dilution) and lamin B
(Santa Cruz; 1:2000 dilution) were also used as internal controls
for some experiments.

2.7. Immunoprecipitation and DNase activity assay

HeLa, HeLa(pNEO) and HeLa(siMst3) cells were treated with or
without 100 nM staurosporine at 37 °C for 8 h. Total cell lysate with-
out nuclear fraction was prepared by resuspending and incubating
cells in 200 L buffer I on ice for 15 min. Following incubation, cells
were homogenized with a 26G syringe and then centrifuged at
3300 x g for 5min. The supernatant without nuclei (1.5 mg) was
then subjected to immunoprecipitation by incubating with 1.6 pg
rabbit monoclonal antibody (Biovision) specific against EndoG or
1.6 g mouse monoclonal antibody (Santa Cruz) specifically against
AIF at 4°C for 4h. The 90% of total immunoprecipitate was then
subjected to DNase assay. The rest immunoprecipitated proteins
(about 10% of total immunoprecipitate) were used to determine
the presence of EndoG by Western blotting.

The DNase activity associated with immunoprecipitate of EndoG
antibody was detected by the cleavage of circular plasmid (Wang et

al,, 2002; Ye et al., 2002). The assay was performed by incubating
immunoprecipitate with 1 g pcDNA3.0 (5.4kb) in a buffer con-
taining 10 mM Tris-HCl, pH 7.5, 1 mM MgCl,, 10 mM KCl, 0.1 mM
PMSFand 1 mM DTT at 37 °C for 45 min. The reaction mixtures were
then resolved and analyzed on a 1% agarose gel.

2.8. Determination of mitochondrial membrane depolarization

(AYm)

The loss of Ay was monitored with the dye 5,5,6,6'-tetra-
chloro-1,1",3,3’- tetraethylbenzimidazolyl-carbocyanine iodide
(JC-1)(Cossarizza et al., 1993). The ratio between green and red flu-
orescence provides an estimate of Ay, that is independent of the
mitochondrial mass. Briefly, HeLa, HeLa(pNEO) and HeLa(siMst3)
cells (1x108cells/mL) in 10-cm culture dishes were treated
without or with 100 nM staurosporine for 0, 4 and 8 h. Cells were
trypsinized, washed in ice-cold 1x PBS, and incubated with 10 uM
JC-1 at 37°C for 20 min in dark. After washing twice with 1x PBS,
cells were analyzed on the flow cytometry (CyFlow® SL, Partec).

3. Results and discussion
3.1. Mst3 is essential in drug-induced apoptosis

Staurosporine is a pro-apoptotic drug derived from Streptomyces
staurospores that induces apoptosis in HeLa cells, possibly in an
Mst3-dependent manner (Huang et al., 2002). The role of Mst3
in staurosporine-induced apoptosis was investigated by selective
knockdown of Mst3 in Hela cells. Two of the five stable clones
generated, HeLa(siMst3)-1 and -2, were used in the study. Endoge-
nous Mst3 protein levels were reduced by at least 70% in the stable
clones (Fig. 1A). The level of HeLa cell apoptosis induced by stau-
rosporine was determined by DNA fragmentation and found to be
time-dependent. When HelLa cells were treated with 100 nM of
staurosporine, apoptosis levels increased from 3.13 +£0.31% at Oh
to 22.1+3.4%, 45.8 +3.0% and 61.2 +£3.8% at 4, 6 and 8 h of treat-
ment, respectively (Fig. 1B). Similar results were also observed in
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Fig. 2. The role of caspase 3 in staurosporine-induced apoptosis. (A) Effect of Mst3
knockdown on the activation of caspase 3 and JNK. HelLa cells and HeLa(siMst3)-
1 clone were treated with 100 nM staurosporine at 37°C for 0, 4, 6 and 8 h. Cell
lysates were then separated on 10% SDS-PAGE and probed with antibodies against
Mst3, active caspase 3, pro-caspae 3, JNK, p-JNK, AIF and EndoG. Actin was used
as a loading control. (B) HeLa cells (5 x 10° cells) in 100 mm culture plates were
pre-treated with 50 wuM z-DEVD-fmk at 37°C for 30 min, followed by treatment
with 100 nM staurosporine at 37°C for 0, 4, 6 and 8 h. After incubation, cells were
subjected to the TUNEL assay. Data are presented as mean =+ S.D. from at least three
independent experiments. *P<0.01 versus untreated cells at time 0 and **P<0.05
versus cells without z-DEVD-fmk at each time point.

the HeLa(pNEO) clone after treatment (Fig. 1B, pNEO). Compared to
controls, staurosporine-induced apoptosis was suppressed 52-63%
in the Mst3 knockdown stable clones (Fig. 1B, si-1 and si-2).

The role of Mst3 in the staurosporine-induced apoptosis of
Hela cells was further investigated by measuring the exposure of
phosphatidylserine (PS) on the outer leaflet of plasma membranes
during early apoptosis (Savill and Haslett, 1995). The percentage of
annexin V positive cells in HeLa cells increased from 3.0 +1.2% at
0hto32.54+3.3%,49.8 +3.8% and 66.4 +-4.0% at 4, 6 and 8 h of treat-
ment with staurosporine, respectively (Fig. 1C). Similar results were
also observed in the HeLa(pNEO) clone. The staurosporine-induced
PS exposure in the Mst3 knockdown stable clones was suppressed
by 56-64% (Fig. 1B, si-1 and si-2). These results are similar to those
observed in the TUNEL assay (Fig. 1C) and demonstrate that Mst3
is essential in staurosporine-induced apoptosis.

3.2. Moderate role of caspase in staurosporine-induced apoptosis

Previously, caspases were shown to play a role in the Mst3-
mediated apoptosis (Huang et al., 2002; Wu et al,, 2008). In
HelLa cells, the levels of active caspase 3 increased after 6 h of
staurosporine treatment and declined slightly after 8 h (Fig. 2A).
Interestingly, it was found that the staurosporine-induced caspase
3 activation was partially reduced by the selective knockdown of

Table 1
Induction of mitochondrial Ay, change in HeLa, HeLa(pNEO) and HeLa(siMst3)
cells by staurosporine.

Time of staurosporine
treatment (h)

Percentage of cells exhibiting red
to green fluorescence transition?

HelLa HeLa(pNEO) HeLa(siMst3)
0 0.4 + 0.5 09 £ 0.6 0.6 £0.5
4 32.1+25 35.1+£2.9 58 + 1.1
8 703 £ 3.5 73.6 + 4.1 21+08

3 Mitochondrial Ay, change of HeLa, HeLa(pNEO) and HeLa(siMat3) cells was
determined by flow cytometric analysis with JC-1 staining.

Mst3 in the stable HeLa(siMst3) clone (Fig. 2A). This suggests a
role of Mst3 in regulating the activity of caspase 3 in HeLa cells.
Furthermore it was found that the staurosporine-induced apop-
tosis of HeLa cells was only moderately reduced (15-20%) by the
treatment of caspase 3 inhibitor, z-DEVD-fmk (Fig. 2B). In the pres-
ence of 50 wM z-DEVD-fmk, the staurosporine-induced apoptosis
of Hela cells decreased from 24.7 +2.3% to 19.7 £ 2.3% at 4 h, from
433+2.3%t029.8+1.5%at6h and from 57.3 + 1.7% to 39.7 +- 2.4%
at 8 h. These results indicate that caspase 3 plays a minor role in
Mst3-mediated apoptosis and that its activation is in response to
staurosporine. It was also postulated that a caspase-independent
pathway could be activated by Mst3, blocking the further activa-
tion of caspase 3. In addition, Mst3 was postulated to be further
activated by the active caspase 3-mediated proteolytic cleavage
of its C-terminus (Huang et al., 2002). However, the presence of
truncated forms of Mst3 in staurosporine-treated HelLa cells was
not established due to the lack of antibodies that could specifically
recognize the N-terminus of Mst3.

It was found that the c-Jun N-terminal protein kinase-1 (JNK1)
was activated by staurosporine in a time-dependent manner
(Fig. 2A). Interestingly, the staurosporine-induced activation of
JNK1 was moderately suppressed by the selective knockdown of
Mst3 in HeLa(siMst3) stable clone (Fig. 2A). These results suggest
that Mst3 may play a role in the regulation of JNK1 however, how
Mst3 mediates the activity JNK1 is currently unknown. Collectively,
Mst3 can trigger both caspase-dependent and -independent apop-
totic pathways in HeLa cells in response to staurosporine, though
primarily a caspase-independent pathway.

3.3. Mst3 controls the mitochondrial membrane permeability

Mitochondria house several key pro-apoptotic proteins essen-
tial for both caspase-dependent and -independent pathways. The
disruption of the mitochondrial membrane and loss of mito-
chondrial membrane potential (Av/y) during cell death has been
indicated as one of the early events and a hallmark of apopto-
sis (Kuwana et al., 2002; Luo et al., 1998; Martinou and Green,
2001).To assess whether staurosporine affects the function of mito-
chondria, membrane potential transition (MPT) in mitochondria
was analyzed by employing a mitochondrial fluorescent dye, JC-1,
which is capable of selectively entering mitochondria. When Ay,
is relatively low, JC-1 forms monomers and emits green fluores-
cence. At high Ay, JC-1 aggregates and emits red fluorescence
(Cossarizza et al., 1993). Mitochondria in control cells primarily
emitted a red/orange fluorescence. Once exposed to 100 nM stau-
rosporine the MPT of control cultures, detected as green particles
in JC-1 staining, significantly increased from 0.4 +0.5% at time Oh,
to 32.1 £2.5%, and 70.3 £3.5% at 4 and 8 h in HelLa cells, respec-
tively (Fig. 3 and Table 1). Similar results were also observed in
HeLa(pNEO) stable clone, a control cell with the pNEO plasmid
only (Table 1). These results suggest that a significant MPT occurs
in HelLa cells treated with 100 nM staurosporine. In contrast, the
staurosporine-induced MPT was greatly suppressed in the stable
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Fig. 3. Effect of Mst3 in mitochondrial membrane permeability. Analysis of Ay, in HeLa, HeLa(pNEO) and HeLa(siMst3) cells treated with 100nM staurosporine was
performed by flow cytometry. The transition of red fluorescence to green indicates mitochondrial membrane depolarization in cells. Total number of events analyzed for
each condition was 10,000. The representative scattergrams from one of three independent experiments are presented.

HeLa(siMst3) clone (Fig. 3 and Table 1), with only 5.8 +1.1% and
2.1+ 0.8% cells exhibiting MPT after 4 and 8 h of treatment, respec-
tively. These results indicate that Mst3 may trigger apoptosis by
altering the integrity of mitochondria.

Western blot analysis showed that the level of AIF and EndoG
in HeLa and HeLa(siMst3) cells did not change significantly, even
after treatment with staurosporine (Fig. 4A, whole cell; Fig. 4B,
right panel). A slight decrease in the mitochondrial AIF content
may indicate the release of AIF from mitochondria in response
to staurosporine treatment (Fig. 4A, mitochondria). However, no
change in the mitochondrial EndoG content was observed after
staurosporine treatment. This may be due to the stringent wash-
ing process during the preparation of the mitochondrial fraction to
avoid the contamination with other subcellular compartments. The
purity of the isolated mitochondrial fraction was confirmed by the
absence of the unique markers for other subcellular compartments,
such as cytoplasm, nucleus, Golgi apparatus and endoplasmic retic-
ulum in the Western blots (data not shown). In this case, most of
damaged mitochondria might be disrupted and lost during the pro-
cess of subcellular fractionation. Thus, the majority of the isolated
mitochondria from the staurosporine-treated cells was intact and
contained normal level of EndoG and AIF. Interestingly, the lev-
els of AIF in the mitochondria of HeLa(siMst3) were moderately
increased after staurosporine treatment (Fig. 4A, mitochondria).
The reason for the mitochondrial AIF increase in HeLa(siMst3)
after staurosporine treatment is unknown. AlF, a flavoprotein with
NADH oxidase activity, is shown to play a role in supporting energy
production in normal mitochondria (Cheung et al., 2006; Porter
and Urbano, 2006). ATP has been shown to be required for the
activation of caspases and apoptosis in response to staurosporine
(Ferrari et al., 1998; Vier et al., 1999). Therefore, it is possible
that the mitochondrial import of the cytosolic AIF (Daugas et al.,
2000) is facilitated by staurosporine to compensate for the loss
of healthy mitochondria, by which the ATP synthesis is reduced.
In the HeLa(siMst3) stable clone, the release of mitochondrial AIF
was suppressed by the selective knockdown of Mst3 and hence
resulted in an increase of mitochondrial AIF levels in response to
staurosporine.

Bax, a pro-apoptotic member of Bcl-2 family, has been shown
to translocate from cytosol to mitochondria in response to stau-
rosporine (Godlewski et al., 2001; Kuwana et al., 2002; Wolter et
al., 1997). It also induces mitochondria permeabilization and the
release of mitochondrial pro-apoptotic proteins. As expected, it was
found that Bax was activated by staurosporine and translocated to
the mitochondria in HeLa cells (Fig. 4A, mitochondria). The levels of
Bax in the mitochondria increased about 4.6 folds, suggesting a role
in staurosporine-induced apoptosis (Fig. 4B). However, in the sta-
ble HeLa(siMst3) clone, the expression of Bax reduced by about 65%
compared with that in HeLa cells (Fig. 4A and B). This suggests a role
of Mst3 in the regulation of Bax. This postulation was confirmed by
the finding that the staurosporine-induced mitochondrial accumu-
lation of Bax was greatly suppressed in HeLa(siMst3) cells (Fig. 4B).
These results suggest that Mst3 may control the integrity of mito-
chondria and the release of mitochondrial pro-apoptotic proteins,
presumably AIF and EndoG, by modulating the activity of Bax.

3.4. Role of Mst3 in staurosporine-induced nuclear translocation
of AIF and EndoG

Mst3 was hypothesized to change the mitochondrial integrity
in response to staurosporine and induce the nuclear translocation
of AIF and EndoG. Without staurosporine treatment (—S), endoge-
nous AIF and EndoG (green fluorescence) were found to colocalize
with Mitotracker (red fluorescence), a mitochondrial specific flu-
orescent dye (yellow/orange signal; Fig. 5A and B). Controls with
fluorescent probes conjugated to secondary antibodies exhibited
only basal signals (data not shown). Further work showed that
AIF (Fig. 5A) and EndoG (Fig. 5B) translocated to the nucleus in
HelLa cells upon treatment with staurosporine (+S). Interestingly,
when Mst3 was selectively knocked down in HeLa(siMst3) cells,
the staurosporine-induced nuclear translocation of AIF (Fig. 5A)
and EndoG (Fig. 5B) was blocked. The role of Mst3 in the nuclear
translocation of AIF and EndoG was also demonstrated by subcel-
lular fractionation and Western blot analysis. In HeLa cells, AIF and
EndoG were found to accumulate in the nucleus upon treatment
with staurosporine (Fig. 6, nuclear fraction). The absence of cal-
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Fig. 4. Immunoblot analysis of mitochondrial pro-apoptotic proteins in HeLa and HeLa(siMst3) cells. (A) HeLa cells and HeLa(siMst3)-1 clone (si) were treated with or
without 100 nM staurosporine (Sts) for 8 h. Whole cell extracts and mitochondrial fractions were separated on a 10% SDS-PAGE and probed with antibodies specifically
against Mst3, AIF, EndoG and Bax. B-Actin and Hsp60 were used as internal controls of whole cell extract and mitochondrial fraction, respectively. (B) Quantitation of the
AIF and Bax levels. (Left panel) AIF level in whole cell extract (whole cell panel in A) was quantitated by densitometry. (Right panel) Bax levels in whole cell extract and
mitochondrial fraction were quantitated by densitometry. Both AIF and Bax levels in whole cell extract were normalized with the 3-actin signal; while Bax in mitochondrial
fraction was normalized with Hsp60 signal. *P<0.01 versus mitochondrial fraction from HeLa cells before staurosporine treatment, **P<0.01 versus whole cell extract or
mitochondrial fraction from HeLa cells before staurosporine treatment and ***P<0.01 versus mitochondrial faction from HeLa(siMst3) cells without treatment. Whole cell,

whole cell extract; Mitochondria, mitochondrial fraction.

nexin, a specific marker of ER, and GM130, an unique marker of
Golgi apparatus, in the isolated nuclear fractions indicated that the
appearance of AIF and EndoG in nucleus of HeLa cells treated with
staurosporine was not due to the contamination with ER and/or
Golgi apparatus (Fig. 6). Consistent with previous results (Lee et
al.,, 2004), Mst3 was also found in the nucleus after treatment with
staurosporine. However, with selective knockdown of Mst3, the
nuclear accumulation of AIF, EndoG and Mst3 in HeLa(siMst3) cells
(si) was greatly reduced (Fig. 6, nuclear fraction). The expression
of AIF and EndoG was not changed in the input controls (Fig. 6,
whole cell extract). These results indicate that Mst3 plays an essen-
tial role in the staurosporine-induced nuclear translocation of AIF
and EndoG.

3.5. Apoptotic DNA degradation is suppressed by selective
knockdown of Mst3

It was shown that EndoG, an apoptotic DNase, was activated by
apoptotic signals and promoted DNA fragmentation in a caspase-
independent manner. However, the role of Mst3 in regulating the
DNase activity of EndoG is unknown. Hence, the DNase activ-

ity of immunoprecipitated EndoG from HelLa, HeLa(pNEO) and
HeLa(siMst3)-1 cells before and after staurosporine treatment
was investigated by testing its ability to cleave an intact circu-
lar plasmid (Wang et al.,, 2002). On a 1% agarose gel, the intact
pcDNA3.0 plasmid (C) exhibited two major bands (arrow and
arrow head), and showed one band (asterisk) after HindIII cleav-
age (OC) (Fig. 7A). When incubating with immunoprecipitates
from HeLa and HeLa(pNEO) without treatment, the pcDNA3.0 plas-
mid exhibited two major bands (arrow and asterisk) and one
minor band (arrow head) as observed in lanes C and OC (Fig. 7A),
suggesting the presence of a basal DNase activity in the immuno-
precipitates. Upon treatment with staurosporine, however, the
DNase activity associated with immunoprecipitates from HeLa and
HeLa(pNEO) was markedly increased, evidenced by the reduc-
tion of the first band from top (arrow) and the disappearance of
the middle band (arrow head). The appearance of smear in the
lanes loaded with immunoprecipitates after staurosporine treat-
ment also indicated an increase in DNase activity. Interestingly,
this staurosporine-induced activation of DNase was greatly attenu-
ated in the immunoprecipitates from HeLa(siMst3)-1 cells (Fig. 7A).
Western blotting of EndoG immunoprecipitates (Fig. 7B) suggested
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Fig. 5. Effect of Mst3 selective knockdown in the nuclear translocation of AIF and
EndoG. Staurosporine-induced nuclear translocation of AIF (A) and EndoG (B) was
demonstrated by immunofluorescent staining. HeLa or HeLa(siMst3) cells were
treated with (+S) or without (-S) 100nM staurosporine at 37°C for 8 h. After
treatment, cells were subjected to immunofluorescent staining. Representative flu-
orescent images from one of three independent experiments are presented.

that the stimulatory effect of staurosporine and suppressive effect
of selective knockdown of Mst3 on the DNase activity was not
due to the differential input of immunoprecipitates. Previously, AIF
was shown to associate with EndoG and promote DNase degrada-
tion and apoptosis (Wang et al., 2002). AIF was also proven to be
co-immunoprecipitated with EndoG by Western blotting (Lin and
Yuan, unpublished result). Similarly, the DNase activity associated
with immunoprecipitates of AIF antibody could be enhanced by
staurosporine treatment and suppressed by selective knockdown
of Mst3 (data not shown). These results indicate that staurosporine-
induced activation of DNase associated with EndoG and/or AIF
depends on Mst3. However, the mechanism underlying the Mst3-
mediated DNase activation is unknown.

Mst3 is a member of the GCK-III subfamily of human Ste20-like
serine/threonine protein kinases previously suggested to play an
essential role during drug- and oxidative stress-induced apoptosis
(Huang et al., 2002; Wu et al., 2008). The involvement of caspase
in Mst3-mediated apoptosis was demonstrated. Mst3 was shown
in this study to trigger a caspase-independent apoptotic pathway,
presumably through activating Bax that disrupts the integrity of
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Fig. 6. Immunoblot analysis of the nuclear translocation of AIF and EndoG in HeLa
and HeLa(siMst3) cells. HeLa, and HeLa(siMst3)-1 (si) cells were treated with or
without 100 nM staurosporine (Sts) for 8 h. Whole cell extracts and nuclear frac-
tions were prepared, separated on a 10% SDS-PAGE and probed with antibodies
specifically against Mst3, AIF and EndoG. Calnexin, GM130, hsp60, a-tubulin and
lamin B were used as internal controls for endoplasmic reticulum, Golgi apparatus,
mitochondria, whole cell extract and nuclear fraction, respectively.

mitochondria. Upon disruption of mitochondrial membrane, the
residing AIF and EndoG, potent pro-apoptotic proteins, is then
released from mitochondria and subsequently translocate to the
nucleus. Interestingly, the staurosporine-induced nuclear translo-
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Fig. 7. Mst3 regulates the DNase activity associated with immunoprecipitates of
EndoG antibody. (A) The EndoG antibody immunoprecipitates of cell lysates from
HelLa, HeLa(pNEO) and HeLa(siMst3)-1 cells treated with or without 100 nM stau-
rosporine (Sts) were prepared and subjected to DNase assay. Intact (C) and HindIlII
cleaved (OC) pcDNA3.0 plasmids were used as controls. HeLa, HeLa cells; pNEO,
HeLa(pNEO) stable clone; siMst3, HeLa(siMst3) stable clone-1. Ab+ProG, EndoG
antibody and protein G. Various DNA bands of pcDNA3.0 on agarose gel were indi-
cated by arrow, arrow head and asterisk. Represented results are from one of three
independent experiments. (B) Immunoblotting of immunoprecipitates with EndoG
antibody from cell lysates of HeLa, HeLa(pNEO) and HeLa(siMst3)-1 cells. Input,
input control (40 g cell lysate); Ab, EndoG antibody only; IgGy, IgG heavy chain.
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cation of AIF and EndoG can be effectively suppressed by selective
knockdown of Mst3, suggesting that this is a Mst3-dependent pro-
cess. Furthermore, it was shown that the DNase activity associated
with AIF and EndoG was regulated by Mst3 in the staurosporine-
induced apoptotic pathway. In conclusion, Mst3 was found to play
an important role in staurosporine-induced apoptosis by regulat-
ing both the nuclear translocation AIF and EndoG, as well as the
DNase activity associated with them.
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