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Abstract

MST3 is a member of GCK-II
serine/threonine protein kinase family with
unknown physiological functions. It contains
a kinase domain at its N-terminus, while a
regulatory domain at its C-terminus. Previous
studies have shown that MST3 is a
cytoplasmic  protein  and  ubiquitously
expressed in many species. Recently we
found that endogenous MST3 could be
specificaly cleaved by caspases when
incubated with apoptotic Jurkat cell extracts
after the treatment of staurosporine or Fas
ligation. Similar result was also observed in
other cell lines, e.g., Hela and A431 cdlls.
This cleavage could be inhibited by
Ac-DEVD-CHO, a potent inhibitor of
caspase 3. Using apoptotic Jurkat cell extract
and recombinant caspases, we mapped the
caspase cleavage site, AETD®", which is at
the junction of the N-terminal kinase domain
and the C-termina regulatory domain.
Overexpression of either wild type or
regulatory domain truncated MST3 in cells
resulted in morphological changes, e.g., cell
shrinkage and nuclear condensation, which
were characteristics of apoptosis. These
results were aso confirmed by DNA
fragmentation assay and exogenously
expressed a-galactosidase activity assay. In
contrast, the cell contained vector only or
kinase-dead mutant, MST3-K53R, was
morphologically normal. These results
strongly support the postulation that MST3
may play an important role in apoptosis. The
molecular mechanism underlying this process,
however, remains to be studied.
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Apoptosis (or programmed cell death) is
a naturally occurring cell death originated
very early in biological evolution and found
throughout al animal kingdoms [1,2]. This
type of regulation alows for the elimination
of cells that have been produced in excess,
that have developed improperly, or that have
sustained genetic damage. Thus, the
dysregulation of apoptotic cell death may be
involved in the pathogenesis of a variety of
human diseases, including  cancer,
autoimmune diseases, neurodegenerative
disorders, and vira infection [3-6]. Growing
evidence suggests that although apoptosis
stimuli vary from cell to cell, there seems to
have basic biochemical machinery underlying
the process of apoptosis. This basic
biochemica  machinery  involves the
activation of a family of Cys-dependent,
Asp-specific proteases known as the caspases
[7-9]. The activated caspases can cleave the
downstream substrates, including
components of celluar DNA repar
mechanisms, inhibitors of apoptosis, and
structural proteins.

Protein kinases emerge as the direct
substrates and effectors of caspases [10,11].
For example, caspase-mediated proteolytic
degradation inactivated two anti-apoptotic
protein kinases, Raf-1 and Akt, as suggested
by Willdman and colleagues [12]. Proteolytic
cleavage of ATM generated a kinase inactive
protein and prevented DNA repair and DNA
damage signaling [13]. Cleavage of focal
adhesion kinase (FAK) by caspases interrupts
the assembly of the focal adhesion complex,
resulting in cell death [14,15]. In contrast,
caspase Cleavage in response to apoptotic
stimuli might activate other type of kinases.
This type of kinases includes MEKK-1
[16,17]. PAK2/hPAKGS [17-19], PKC
isoforms d [20-22] and q [23], PKN [24], and
MST1 [25,26]. In each case, caspase cleavage
generated a constitutively active kinase by
removing inhibitory domains from the
proteins. Importantly, the active fragments
are then acting as signals propagating the
apoptosis processes. These observations
imply that protein phosphorylation may play

an essentia role
transduction.

Mst3, a 52 kDa protein, is one of
mammalian  Ste20-like  serine/threonine
protein kinase (Mst) family [27]. Mst3 is a
ubiquitously expressed protein
serine/threonine  kinase with  unknown
physiological functions. Mst3 belongs to the
Sps-1 subgroup of Ste20-like protein kinases
consisting of the N-terminal kinase domain
and a C-termina regulatory domain. The
kinase domain of Mst-3 is most relating to
Ste20/oxidant stress response kinase (SOK-1)
with a sequence identity of 88%. Mst protein
kinase family plays an important role in cell
apoptosis [28]. For example, Mstl, a
ubiquitously  expressed  serine/threonine
protein kinase, can be cleaved and activated
by caspase3 during apoptosis.
Overexpression of either full length Mst1 or
its truncated mutant in BJAB cells induced
morphological changes characteristic of
apoptosis [25]. Mst2 differentially expressed
in kidney, skeletal muscle and placental
tissues. Recently the cleavage of MST2
associated with anticancer drug-induced
apoptosis as reported previously [28,30]. The
single report showed that Mst3 is not
involved in any known signaling pathways
[27]. 1t is likely that Mst-3 is involved in a
novel-signaing pathway.

Recently, MST 3 was found to be readily
cleaved by caspase3 as well as caspase8
through /in vitro study and generated two
fragments with sizes of around 40 kDa and
13 kDa, respectively. The cleavage of
endogenous MST3 was aso demonstrated in
Jurkat cells treated with Fas antibody or
Staurosporine.  Similar results could be
observed in Hela cells when treated with
TNF-a with or without cycloheximide. The
cleavage of MST3 followed the same time
courses as that for activation of caspase
activity. This process could be specifically
blocked by caspase 3 and caspase 1 inhibitors,
Ac-DEVD-CHO, Ac-YVAD-CHO,
respectively. Using apoptotic Jurkat cell
extract, the caspase cleavage site, in MST3 at
AETD*3G. These observations implicated
that MST3 may be involved in the process of
apoptosis. The mechanism underlying this

in apoptotic signal



process, however, is unknown so far. We
propose that the proteolytic cleavage of
MST3 may activate its kinase domain and
contribute to the characteristics of apoptosis.

Overexpression of Mst-3 results in
characteristics of apoptosiss To eucidate
the role of Mst-3 in apoptosis, we generated
the fusion proteins of enhanced green
fluorescent protein (EGFP) and Mst-3s. GFP
is often used as a reporter to monitor gene
expression,  protein-protein  interaction,
vesicles trafficking and protein localization in
vivo. In this study, EGFP may help us to tell
whether expression of M«t-3 is the main
cause of cell apoptosis. Several EGFP-tagged
Mst-3s were generated by insertion of Mst-3
cDNAs into a peGFP plasmid (Clontech),
termed EGFP-Mst-3"T (with full length wild
type Mst-3, aa 1-431), EGFP-Mst-3R (with
a kinase-dead Mst-3, i.e, Lys® to Arg
mutation), EGFP-Mst-3V™ 34 (a C-terminal
region aa 314-431 removed Mst-3), and
EGFP-Mst-3F*31 (3 truncated kinase-dead
mutant), resprectively (Fig. 2). These vectors
were then transiently transfected into the
human embryonic kidney 293 (HEK293) and
HeLa cells, respectively. Thirty-six hours
following transfection, cells expressing either
EGFPIMst-3YT  or  EGFP/Mst-3VT 4 314
displayed a profoundly shrunken morphology
and nuclear condensation as determined by
green fluorescence and DAPI staining. In
contrast, cells expressing EGFP/Mst-3F or
EGFP/Mst-3“R * 3% \were morphologically
normal. These results demonstrated that
expression of the Mst-3 kinase domain
induces morphological change characteristic
of apoptosis.

In the final stage of apoptosis, chromatin
can be fragmented by nucleases, while the
plasma membrane still remains intact. Hence
the DNA ladders become one of
characteristics of apoptotic cells. To
demonstrate that Mst-3 does involve in the
process of apoptosis, we transiently
expressed EGFP-Mst-3"T and its truncated
mutants, EGFP-Mst-3¥T * 3% and
EGFP-Mst-3F*31 in HEK293 cells. Thirty

six-hour following transfection the small
molecular weight DNA was isolated and
analyzed on a 2% agarose gel. As shown in
Fig. 4A, overexpression of EGFP-Mst-3""
and EGFP-Mst-3"T* 3 in HEK293 cells
resulted in DNA fragmentation. In contrast,
the cells expressng EGFP only or
EGFP-MST3*R* 3 were shown no DNA
fragmentation at all (Fig. 3A). This result
further confirmed the role of Mst-3 in
apoptosis.

The extent of cell death could also be
determined by the activity of exogenous [3
-galactosidase expressed in cells. Only the
viable cells can hold the expressed the [3
-galactosidase inside the cell. The B
-galactosidase activity is presented as relative
units with the activity from cells expressing
LacZ only defined as 1. To find out the effect
of Mst-3 and its mutant in apoptosis,
HEK293 cells were co-transfected the
pCMV/LacZ reporter vector with various
EGFP-Mst-3 plasmids, i.e, EGFP-Mst-3"",
EGFP-Mst-3V™ 31 and EGFP-Mgt-3<F* 31
The cells expressing LacZ vector only were
used as the control. Compared with control,
the cells expressed EGFP-Mst-3""  and
EGFP-Mst-3""* 314 exhibited significantly
low [B -galactosidase activities, about 55%
and 28% of control, respectively (Fig. 3B). In
contrast, cells expressing EGFP aone or
EGFP-Mst-3“R* 314 fusion protein showed
normal [3 -galactosidase activity compared
with that of control.

Truncation results in  nuclear
localization of Mst-3- Since the C-termina
to the kinase domain contains a nuclear
localization signal (NLS), we aso study the
subcellular distribution of Mst-3 in the cell.
Four EGFP-tagged Mst-3 fusion proteins,
EGFP-Mst-3VT,  EGFP-M«t-3"T ¢ 34
EGFP-Mst-3R, and EGFP-Mst-3% 3!, were
transiently expressed in both 293T and HeLa
cell lines. As shown in Fig. 4, EGFP-Mst-3""
and EGFP-Mst-3“F  were predominantly
present in the cytoplasm (Fig. 4A and 4B).
This observation is consistent with the
finding of Schinkmann and Blenis [27].
Interestingly, the truncated forms of Mst-3,
EGFP-Mst-3VT* 3 and EGFP-Mgt-3<R* 31,



were localized mainly in the nucleus (Fig.4C
and 4D). This result suggests that a nuclear
localization signal (NLS) sequence in indeed
located within amino acids 1-313 of Mst-3.
The truncation may somewhat expose the
NLS motif for nuclear transportation.
Although wild type Mst-3 was demonstrated
to present predominantly in the cytoplasm
[27], the discovery of nuclear transocation of
truncated Mst-3 promote us to investigate the
proposed NL S sequence in Mst-3.
Identification and characterization
the NLS domain of Mst-3- Upon sequence
alignment, we found that Mst-3 contains a
bipartite basic chargerich  sequence,
K KTSYLTELIDRYKRWK®*, which is
homologue to the nuclear locdization signals
(NLS) of nucleoplasmin and human Pro-Ta
(Table 1). NLS is required for proteins to

translocate from the cytoplasm to the nucleus.

There is no general consensus sequence for
NLS so far. However, upon the amino acid
sequence homology the NLS sequences can
be classified into two major classes, i.e, a
single cluster of basic amino acids (such as,
NLS of SV40 T-antigen), and the bipartite
type. The bipartite type is composed of two
sets of adjacent basic amino acids separated
by a stretch of approximately 10-12 amino
acids. To further characterize the role of NLS
domain in the subcellular distribution of
Mst-3, we subcloned a sequence (aa
235-313) covering the NLS of Mst-3 through
PCR and fused to the C-terminal of EGFP
gene, termed EGFP- NLSY*2 (Fig. 5). Upon
transfection, we found that the green
fluorescence present predominantly was in
the nucleus of 293T cells (Fig. 6). Further
studies were performed by deleting the
C-terminal region of truncated Mst-3 (Fig. 5).
The mutagenesis of NLS domain in truncated
Mst-3 was also carried out to further confirm
the existence of NLS sequence (Table 2).
Similar to  EGFP-Mst-3%VT 34
EGFP-M St_3WTA314(A291/A292) mutant was
mainly localized in the nucleus. The fusion
pr ot e| n EGFP-Mst- 3WT A 314(A278/A279) ’
however, was present in both the cytoplasm
and nucleus. Similarlly, EGFP-Mst-3"T *
31471 also localized in the cytoplasm. The

replacement of K278 and K279 in NLS
domain with Ala changed the distribution of
truncated Mst-3 from nucleus to cytoplasm
was evidenced.

The mammaian STE20-related kinases
represent a rapidly growing kinase family.
The type-| mammalian STE20-related protein
kinases, such as hPAK1-4, contain a p21
Ras-like-GTPase binding region at their
N-terminal regulatory domain. The binding
of p21 RaslikeGTPase may induce
autophosphorylation and activation of this
type of protein kinases. The type-l
STE20-like protein kinase, hPAK1 has been
demonstrated to activate INK/SAPK and p38
pathway [32-34] and hPAK2 has been shown
that involved in the programmed cell death
[18]. The type-ll mammalian STE20-like
protein kinases that contain a kinase domain
at N-terminus, comprise at least 10 members,
including Mstl, Mst2, Mst3, kinase
homologous to STE20 (KHS) [35], HGK
[36], STE20/oxidant stress response kinase-1
(SOK-1) [37], germinal center kinase (GCK)
[38,39], and human STEZ20-like protein
kinase (hSLK) [40]. Some members of the
type-1l STE20-like protein kinase, such as
GCK and Mstl, are highly responsive to
cellular stress. For example, GCK could be
activated by inflammatory cytokines, eg.,
tumor necrosis factor-a  (TNF-a ) [38].
Mst1, on the other hand, could be induced by
Fas-antibody and staurosporine and involved
in the process of apoptotic cell death [25].
Ste20 is a component of @ the
pheromone-response pathway in budding
yeast and plays a role in mating in
Saccharomyces cerevisiae [41]. Severad
mammalian Ste20-like protein kinases have
been identified so far, such as PAK (p21
activated kinase) [42,43], GCK (germina
center kinase) [38], HPK (hematopoietic
progenitor kinase) [44], KHS (kinase
homologous to Ste20/Spsl) [45], Mstl
(mammalian Ste20-like kinase) [35], SOK-1
(Ste20/oxidant stress response kinase) [37],
and Krs1/2 (kinase responsive to stress) [46].
These Ste20-like kinases are likely to be
cellular sensors in response to numerous



stimuli, including inflammatory cytokine,
ischemia, ultraviolet radiation, DNA-damage,
and heat shock [47].

Previous studies have shown that Mst3
could be cleaved by caspases 3, 7, and 8 to
generate 40 kDa and 13 kDa fragments
during apoptosis. The site for the cleavage of
caspase 3, 7, and 8 was located a D3
(AETD®*2G), which is at the junction of the
N-terminal kinase domain and C-terminal
regulatory domain of Mst3. To further
demonstrate the role of Mst3 in apoptosis, we
overexpressed wild type and the truncated
Mst3 in HEK293 cells as well as in HelLa
cells, respectively. Based on the results from
morphological change, DNA fragmentation,
and (3 -gaactosidase assay, we concluded
that overexpression of wild type and
truncated MST3 were sufficient to trigger
apoptosis in both HEK293 and Hela cells. In
contrast, the kinase-dead mutant of Mst3
(Lys® was replaced with  Arg)
EGFP-MST3*R 4 EGFP-Mst3%, as well
as EGFP alone did not induce any change in
aone experiments. Since, activity of 3
-galactosidase was lower in cells expressing
truncated Mst3 than that of cells expressing
full-length  wild type Mst3. In DNA
fragmentation assay, we further observed that
both wild type and the truncated Mst3 could
induce DNA fragmentation, a typica
characteristic of apoptosisin both cell lines.

In previous studies, we found that the
truncation of the C-terminal regulatory
domain could drive Mst3 from the cytoplasm
to the nucleus. This result suggests that (i)
there might be a NLS doman in the
N-terminus of Mst3 and (ii) the removal of
C-terminus might expose the NLS domain. In
this study, we determined the localization of
Mst3 in three different cell lines (Hela,
HEK?293, and 293T cells) by fusing EGFP
with various constructs of Mst3. As shown in
Fig.4, full-length MST3s (either wild type or
KR mutant) were predominantly localized in
the cytoplasm. The truncated Mst3s were,
however, transl ocated into the nucleus. Based
on anadysis of the primary amino acid
sequence of Mst3, we found a potential
nuclear localization signal (NLS) sequence in
Mst3, the C-terminus of the kinase domain,

28K KTSYLTELIDRY KRWK#*,

The active transport of proteins between
nucleus and cytoplasm is an important
process in eukaryotic cells. The majority of
proteins required for the nucleus functions
are transported through the recognition of
NLS domain by importins [48]. The NLS of
Mst3 is highly homologous to that of human
ProT- a
(KKAAEDDEDDDVDTKKQKTD) [49] and
nucleoplasmin  (KKPAATKKGQAKKKK)
[50]. Deletion analysis of NLS on Mst3,
suggested that NLS of Mst3 is necessary for
the translocation of truncated Mst3. Further
study of NLS sequence on Mst3 through
Site-directed mutagenesis identified two
amino acid residues in NLS, i.e.,, Lys’"® and
Lys’®,  were important for nuclear
localization of truncated Mst3. The nuclear
localization of truncated Mst3 was blocked
partially by substitution of amino acid
residues Lys”® and Lys?® with Ala In
contrast, the replacement of Lys*™ and Arg™*
with Ala did not affect the distribution of
Mst3.

According to our results, we
hypothesize that Mst3 may involve in the
process of programmed cell death through the
activation of caspases. The cleavage of the
c-terminus of Mst3 may somewhat expose
the nuclear localization signal motif of Mst3
and result in the nuclear translocation.
Nuclear localization of truncated Mst3 may
be essentia for Mst3 for initiating apoptosis,
although its significance remains to be
studied.

Recently, Mst3 was shown to be
phosphorylated by Akt (Protein Kinase B) in
in vitro study. This protein kinase can be
activated by insulin and various growth and
survival factors. Akt functions to promote
cells survival by inhibiting phosphorylating
BAD, a proapoptotic Bcl-2 family, and
apoptosis. It was demonstrated that Akt
inactivated Bad by phosphorylation of BAD
and effectively blocked BAD-induced cell
death [51]. It is possible that the
phosphorylation of MST3 by Akt might
inactivate MST3 and hence inhibiting
apoptosis. It will be interesting to understand
the relationship between PI3-kianse-Akt



pathway and the apoptotic-inducing pathway
of MST3 in the further.

The maor goal of this project is to
understand the role of mammalian Ste20-like
protein kinase in the process of cell apoptosis.
Although the physiological functions of Mst3
is still not fully understood, the results
obtained in this project make us believe that
Mst3 is one the mediators in the process of
apoptosis. Furthermore, the translocation of
Mst3 was observed and confirmed through
fluorescent  microscope. The  nuclear
translocation may signa and amplify the
apoptotic response. Since full-length wild
type Mst3 can aso induce certain amount of
cell  death, other regulation, i.e,
phosphorylation, can not be ruled out in our
hypothesis.  Therefore, cleavage and
activation of the ubiquitously expressed Mst3
may be a common phenomenon during
apoptotic signaling.
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