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We have demonstrated that a novel Ste20-related kinase, designated SLK, mediates apoptosis and actin
stress fiber dissolution through distinct domains generated by caspase 3 cleavage. Overexpression of SLK in
C2C12 myoblasts stimulated the disassembly of actin stress fibers and focal adhesions and induced apoptosis,
as determined by annexin V binding and terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling analysis. SLK was cleaved by caspase 3 in vitro and in vivo during c-Myc-, tumor necrosis factor alpha,
and UV-induced apoptosis. Furthermore, cleavage of SLK released two domains with distinct activities: an
activated N-terminal kinase domain that promoted apoptosis and cytoskeletal rearrangements and a C-ter-
minus domain that disassembled actin stress fibers. Moreover, our analysis has identified a novel conserved
region (termed the AT1-46 homology domain) that efficiently promotes stress fiber disassembly. Finally, tran-
sient transfection of SLK also activated the c-Jun N-terminal Kkinase signaling pathway. Our results suggest
that caspase-activated SLK represents a novel effector of cytoskeletal remodeling and apoptosis.

Programmed cell death, or apoptosis, is a genetically con-
trolled process triggered by various stimuli in different cells.
External stimuli such as cytokines, UV irradiation, and numer-
ous drugs induce an apoptotic response characterized by
a series of morphological changes that include cytoplasmic
shrinkage, membrane blebbing, chromatin condensation, DNA
fragmentation, and the formation of apoptotic bodies (22, 44,
54). Several studies have revealed the catalytic activation of
several kinases during apoptosis. For example, the c-Jun N-
terminal kinase (JNK) pathway is activated in response to
apoptotic triggers such as tumor necrosis factor alpha (TNF-a)
and Fas ligand (57, 60, 62). In addition, activation of other
kinases, such as ASK1, RIP, and ZIP kinases, stimulates apo-
ptosis in cultured (16, 21, 53).

The induction of apoptosis involves a proteolytic activation
of a cascade of a family of cysteine proteases called caspases.
Aggregation of death receptors following ligand binding acti-
vates initiator caspases, which in turn activate downstream
effector caspases through proteolytic processing (55). Caspases
contribute to cell death by direct inactivation of negative reg-
ulators of apoptosis and by promoting the disassembly of cel-
lular structures such as focal adhesion complexes (55). Al-
though several caspase substrates such as nuclear lamins and
poly-ADP ribose polymerase have been identified (55), little is
known about the biological function of the cleavage products.
However, recent studies have revealed that caspase-mediated
cleavage of the serine/threonine kinase PAK2 (p65°4K) gen-
erates a catalytically active fragment involved in regulating
some of the morphological changes associated with apoptosis
(28, 47). Caspases similarly cleave the Ste20-related kinase
MST1 to release a catalytically active kinase domain that ac-
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tivates stress-activated protein kinases (SAPKs) as well as
MKK6 and MKK?7 (15, 27).

The small GTPase proteins of the Rho subfamily mediate
various cellular processes such as growth and cytoskeleton
reorganization through direct binding of the activated GTP-
bound forms to downstream targets (56). RhoA is required for
maintenance of actin stress fibers and focal adhesions in cul-
tured cells. These activities have been shown to be mediated
by several Rho-associated protein kinases such as ROK,
p160R°<%, MRCKa, protein kinase N, and PRK2 (1, 2, 18, 29,
30, 36, 59). The Cdc42 GTPase promotes the formation of
actin microspikes, whereas Racl activation induces the forma-
tion of lamellipodia or membrane ruffles. In addition to playing
an important role in cellular morphology, the Rho family of
GTPases regulates transcription through the JNK and p38
pathways (13). Mammalian targets of Cdc42 and Racl include
the PAK family of protein kinases (56). Upon binding to acti-
vated Cdc42 or Racl, PAK is activated and translocated to
focal adhesion sites (32). Expression of constitutively active
a-PAK causes the loss of focal adhesions and retraction of
actin stress fibers to the periphery (32). In addition, PAK
activation leads to stimulation of the SAPK and p38 kinase
pathways (13).

We have cloned and characterized a murine Ste20-related
kinase called SLK. Here we present biochemical evidence that
apoptotic triggers induce proteolytic processing of SLK into an
activated kinase domain and an actin stress fiber dissolution
region. Our results suggest that caspase-mediated activation of
SLK represents a novel effector of actin stress fiber disassem-
bly and apoptosis.

MATERIALS AND METHODS

Cloning and sequence analysis. During the course of a two-hybrid screen for
proteins interacting with a muscle-specific transactivator, several putative bind-
ing proteins were isolated. One clone contained a 1.6-kb partial cDNA insert that
showed extensive homology to a human serine/threonine protein kinase termed
hSLK. Subsequent analysis failed to validate the recovered clone as a true
interacting protein. To allow a further characterization of the kinase, a muscle
Agt11 cDNA library (Clontech) was screened to isolate full-length clones. Full-
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length cDNA inserts were subcloned into pBluescript and sequenced on an ABI
automated sequencer. Homology searches were performed with National Center
for Biotechnology Information Blast software, and homologies are presented as
percent identities.

Cell culture, transfection, luciferase assays, and microinjection. C2C12 cells
were maintained in Dulbecco’s modified Eagle medium supplemented with 15%
fetal calf serum (FCS). Rat1-Myc/ER, NIH 3T3, Swiss 3T3, and 293 cells were
grown in Dulbecco’s modified Eagle medium containing 10% FCS. Ratl-
Myc/ER cells were induced to undergo apoptosis by the addition of 2 pM
B-estradiol for the indicated period. Apoptosis in NIH 3T3 and Swiss 3T3 cells
was induced by the addition of TNF-a (50 ng/ml) and 10 uM pyrrolidinedithio-
carbamate (PDC). For luciferase assays and stimulation of 293, the cells were
plated at 10°/35-mm-diameter dish 24 h prior to transfection. The cultures were
transfected by Lipofectamine (Gibco/BRL) according to the manufacturer’s in-
structions, using 1 pg of Gal4-luciferase reporter, 1 pg of SLK expression vector,
and 100 ng of effector plasmid. For luciferase assays, 293 cells were harvested 18
to 20 h following transfection, and the cells were lysed in reporter lysis buffer
(Gibco/BRL). Equivalent portions of extracts were assayed on a Lumat-100
luminometer, using 100 wl of luciferase assay reagents (Promega). Averages of
five independent experiments, performed in duplicate and normalized to protein
concentration, are shown.

Northern analysis, immunofluorescence, and apoptosis assays. For expression
analysis, poly(A)" RNA from various adult mouse tissues was selected through
oligo (dT)-cellulose (49) and subjected to Northern blot analysis using a SLK-
specific probe. Analysis of SLK protein expression was performed by lysing the
cultures (150 mM NaCl, 50 mM Tris [pH 7.4], 1 mM EDTA, 1% Triton X-100,
1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1 ug each of aprotinin,
pepstatin, and leupeptin per ml; for kinase assay, the buffer was supplemented
with 10 mM sodium fluoride, 10 mM B-glycerophosphate, and 1 mM sodium
orthovanadate) and subjecting 20 pg of total lysate to Western blot analysis using
anti-SLK rabbit polyclonal antibodies. Reactive proteins were detected by en-
hanced chemiluminescence (Amersham) using a goat anti-rabbit horseradish
peroxidase-labeled secondary antibody. SLK polyclonal antibodies were gener-
ated by immunization of New Zealand rabbits with purified glutathione S-trans-
ferase (GST)-SLK**~>°! (anti-SLK1), encompassing part of the kinase and mi-
crotubule- and nucleus-associated protein (M-NAP) domains, or GST-SLK'~*
(anti-SLK2; kinase domain). Specific immunoreactivity to murine SLK protein
was observed in 293 cells transfected with full-length and truncated SLK expres-
sion vectors.

For expression studies and immunolocalization experiments, hemagglutinin or
Myc epitope-tagged pcDNA3 (Invitrogen) expression vectors bearing full-length
or truncated SLK were constructed by using standard cloning procedures (49).
Briefly, SLK'73 was constructed by deleting amino acids 374 to 1202, leaving
the kinase domain. The SLK37312> deletion was generated by deletion of the
first 372 amino acids of SLK. The kinase-dead version, SLKX®*R and the cleav-
age mutant, SLKP**N were obtained through PCR-based mutagenesis of the
ATP binding site at residue 63 and the aspartic acide at position 436, respec-
tively. Plasmid SLK'="" was created by deleting the last C-terminal 263 amino
acids of Myc-SLK. Plasmid SLK>°'=° encompasses amino acids 551 to 950.
The expression vector SLK®%°1292 contains amino acids 856 to 1202. Finally
SLK?0-1202 was generated by inserting a fragment encompassing the last 253
amino acids of SLK into Myc-tagged pcDNA3.

Following transfection into C2C12, the cultures were fixed for 10 min in 4%
paraformaldehyde and SLK protein was detected by using antibody 9E10 in
conjunction with fluorescein isothiocyanate (FITC)- or tetramethyl rhodamine
isocyanate (TRITC)-labeled secondary antibodies. Actin stress fibers were de-
tected with 220 nM TRITC-phalloidin (Sigma) on fixed cultures for 15 min.
Cells undergoing apoptosis were detected with annexin V-FITC (Oncor) or by
TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end
labeling) staining (Oncor) according to the manufacturer’s specifications.

For the detection of endogenous SLK protein, Swiss 3T3 or C2C12 cells were
fixed in 4% phosphonoformic acid and stained with anti-SLK1 antibodies fol-
lowed by either TRITC-phalloidin or antivinculin antibodies. The stained cov-
erslips were subjected to confocal microscopy using a Zeiss LSM10 microscope.

Immunoprecipitations and in vitro kinase assays. Bacterially expressed GST-
SLK and immunoprecipitated Myc-SLK autophosphorylated and efficiently
phosphorylated myelin basic protein (MBP) and histone H1 in vitro (not shown).
Therefore, all assays were performed with histone H1 or MBP. For in vitro
kinase assays, 300 pg of total cell lysate was immunoprecipitated with 1 pg of
monoclonal antibody 9E10 or 1 pg of anti-SLK polyclonal antibodies and 20 pl
of protein G-Sepharose (Pharmacia) for 2 h at 4°C. Immunoprecipitates were
washed three times with NETN (50 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 0.1% Nonidet P-40) and once with kinase assay buffer (20 mM Tris-HCl
[pH 7.5], 15 mM MgCl,, 10 mM NaF, 10 mM B-glycerophosphate, 1 mM sodium
orthovanadate). Reactions (20 pl) were initiated by the addition of 5 wCi of
[y**P]ATP and 3 pg of histone H1 or MBP. After a 30-min incubation at 30°C,
reactions were terminated by the addition of 4X sodium dodecyl sulfate (SDS)
sample buffer, and 20-pl aliquots were fractionated by polyacrylamide gel elec-
trophoresis (PAGE) on SDS-12% gels. The gels were stained, dried, and ex-
posed to X-ray films. For coupled caspase 3 cleavage/kinase assays, immunopre-
cipitated SLK proteins were incubated at 37°C in the presence or absence of
caspase 3 lysates or purified caspase 3 (Pharmingen) and then washed extensively
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with NETN and subjected to kinase assays using histone H1 as described above.
Caspase 3-expressing bacterial lysates or Rat1-Myc/ER lysates were prepared as
described by Song et al. (52). Cleavage assays on immunoprecipitated or in
vitro-labeled (Promega TNT system) SLK proteins were performed as described
elsewhere (52).

Nucleotide sequence accession number. The SLK sequence shown in Fig. 1A
has been assigned GenBank accession no. AF112855.

RESULTS

SLK is a member of a novel class of ubiquitously expressed
Ste20-related kinases. During the course of a two-hybrid
screen for interacting proteins with a muscle-specific transac-
tivator, several putative binding proteins were isolated. One
clone containing a 1.6-kb partial cDNA insert showed exten-
sive homology to hSLK. Subsequent analysis failed to validate
the recovered clone as a true interacting protein. To allow a
further characterization of the murine kinase, a muscle Agtl1
cDNA library (Clontech) was screened to isolate full-length
clones. We recovered 5,253-bp cDNA (clone 3EYS) that en-
coded the full-length 1,202-amino-acid polypeptide (predicted
molecular mass of 147 kDa) and had over 90% nucleotide
identity with human, rat, and guinea pig SLK sequences (19)
recently deposited in the database.

Searches for homologous proteins revealed that the amino-
terminal kinase domain was closely related to corresponding
domains of the Ste20-related serine/threonine kinase LOK and
Xenopus polo-like kinase kinase 1 (xPlkkl), involved in cell
cycle control (43). Extensive alignment analysis of kinase do-
mains between SLK and other related kinases demonstrated
that SLK is highly related to LOK and xPlkkl (74 and 72%
identity, respectively) (Table 1). SLK was found to be closely
related to human MST1 and -2 as well as germinal center
kinase (GCK), with similarity indices of around 37% (Table 1).
Our results suggest that SLK, LOK, and xPlkkl represent
members of a new kinase subgroup belonging to the SPS/GCK
family of protein kinases.

In addition, the central domain of SLK was found to be
highly homologous to M-NAP. The remaining carboxy-termi-
nal region of SLK displayed high homology to the LOK car-
boxy terminus of xPlkk1l and AT1-46, a cDNA clone encoding
a protein of unknown function (50) (Fig. 1A). These observa-
tions strongly suggest that SLK, LOK, and xPlkkl may repre-
sent members of a new protein kinase family. Furthermore, the
AT1-46 homology domain, also found in LOK and xPlkk1,
might be a novel protein motif likely to be important for LOK,
Plkk1, and SLK functions. We have termed this candidate
motif the ATH (AT1-46 homology) domain. In addition,
analysis of SLK primary sequence revealed the presence of
a putative caspase 3 consensus cleavage site (DTQD**°) (38)
at amino acid residue 436, within the M-NAP region.

Northern blotting analysis of poly(A)” RNA from various
murine tissues with a SLK-specific probe revealed the exis-
tence of at least three distinct isoforms of about 6, 7, and 8 kb,
with the larger isoform being the most abundant. Most tissues
expressed similar levels of SLK mRNAs with the exception of
liver, which displayed somewhat lower levels (data not shown).

SLK overexpression results in apoptosis. To determine the
effect of SLK overexpression in cultured cells, a Myc epitope-
tagged expression vector carrying full-length SLK was con-
structed and transfected into C2C12 myoblasts. To evaluate
the cellular distribution of SLK, immunostaining was per-
formed on fixed cells following transient transfections using
monoclonal antibody 9E10, reactive to the Myc epitope. Inter-
estingly, 9E10-positive cells displayed expression of Myc-SLK
protein in distinct cytosolic domains (Fig. 2A).

Inspection of SLK-transfected cultures after 24 h revealed
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TABLE 1. Similarity between mouse SLK and various other serine/threonine kinases

Kinase

Similarity index (%)"

mSLK HLOK xPIkk1 hMST1 hMST2 HKHS hGCK Hmst-3 hHPK1 ySPS1 HPAKI1

mSLK 74 72 37 37 37 36 35 32 29 10
hLOK 85 39 38 38 37 37 37 32 10
xPlkk1 38 37 37 36 35 36 31 11
hMST1 90 38 38 47 37 34 10
hMST2 37 38 48 37 34 11
hKHS 67 39 64 33 11
hGCK 38 60 33 10
hmst-3 36 40 11
hHPK1 34 10
ySPS1 10
hPAK1

“ Obtained following alignment (Clustal method) of the kinases with the MegAlign program (DNAstar software package). Similarity indices indicate that murine
(mSLK), human LOK (hLOK), and xPIkk1 represent a new subgroup of the GCK family of kinases. ySPS1, yeast SPS1.

the presence of numerous cells that exhibited extensive cellular
shrinkage, membrane blebbing, and loss of substrate adhesion
(Fig. 2B). Moreover, several 9E10-positive cellular fragments
reminiscent of apoptotic bodies were evident following SLK
transfection into C2C12 cells (Fig. 2E and F). Similar results
were observed following transfection of SLK into COS-1, Hela,
and NIH 3T3 cells (not shown). Taken together, these data
suggested that forced expression of SLK induced an apoptotic
response.

To determine whether SLK-transfected cells were exhibiting
a bona fide apoptotic response, double staining was performed
with 9E10 and FITC-labeled annexin V or by TUNEL for the
detection of apoptotic cells. Double-staining experiments per-
formed 24 h following Myc-SLK transfection revealed the co-
localization of FITC-annexin V and Myc-tagged SLK protein
(Fig. 2C and D). Furthermore, over 75% of the cells that
expressed the transfected Myc-SLK protein were found to be
TUNEL positive (Fig. 2E and F). However, 48 h after trans-
fection, virtually no SLK-expressing cells were detectable. Tak-
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en together, these results demonstrate that forced expression
of SLK in C2C12 myoblasts triggered an apoptotic response.

SLK expression in vivo correlates with a reduction in focal
adhesions and actin fibers. Focal adhesions are large protein
complexes particularly prominent in cultured cells involved in
cellular adherence to the substratum (7, 9, 20, 51). Focal ad-
hesion complexes are enriched for proteins such as paxillin,
vinculin, and focal adhesion kinase which modulate focal con-
tact dynamics. The observation that cells overexpressing SLK
retracted from the substrate and underwent apoptosis raised
the possibility that SLK is involved in cytoskeletal remodeling.
To address this question, Swiss 3T3 and C2C12 cells grown in
10% FCS were subjected to double immunofluorescence stain-
ing using antivinculin antibodies or TRITC-phalloidin and an-
ti-SLK1 antibodies. Confocal analysis through stained Swiss
3T3 or C2C12 cells revealed that SLK localized to the cytosol
(Fig. 3). Interestingly, colocalization of strongly staining focal
adhesions and SLK protein was never observed, suggesting
that SLK localizes to areas of weak cellular adherence (Fig. 3C
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FIG. 1. Structure and expression of SLK. (A) Schematic representation of SLK and percent similarities (in parentheses) to other proteins. The catalytic domain
(black) is most similar to LOK and MST1/2, two Ste20-related kinases. SLK is highly homologous to M-NAP (grey) and to AT1-46 (white) in the carboxy-terminal
region. Numbers in brackets represent SLK amino acid (aa) residues. The Ste20 signature sequence (TPYWMAPE), caspase 3 consensus cleavage site (DTQD), and
a putative SH3 binding domain (PPEPE) are shown. Numbers above the different domains denote the amino acid residues representing the boundaries. (B) Schematic
representation of the plasmid expression vectors used in this study. The Ste20 kinase (black), M-NAP (grey), and ATH (white) domains are indicated. SLK amino acid

residues are indicated at the N and C termini.
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FIG. 2. Induction of apoptosis in SLK-transfected C2C12 myoblasts. (A)
C2C12 cells were transiently transfected with a plasmid expressing Myc epitope-
tagged SLK and at various times after transfection stained for expression with
anti-Myc antibody 9E10. Distinct clusters of staining were observed at the pe-
riphery of the cells 16 h after transfection. (B) Detection of Myc-SLK 24 h
following transfection revealed that 9E10-labeled cells exhibited membrane bleb-
bing and cell shrinkage, suggesting that SLK induced cell death. (C and D)
Double immunofluorescent staining of Myc-SLK and annexin V-FITC in trans-
fected C2C12 cells, indicating that SLK transfection induces apoptosis. Arrow-
heads point to identical cells in panels C and D. (E and F) Immunodetection of
Myc-SLK expression in cells undergoing DNA fragmentation as detected by
TUNEL labeling, supporting the contention that forced expression of SLK in-
duces apoptosis. Arrowheads mark identical cells in panels E and F.

and F). Double-labeling experiments using TRITC-phalloidin
and anti-SLK1 antibodies yielded similar results (Fig. 3G to I).
Interestingly, the cytoplasmic levels of SLK were found to be
variable, suggesting that its expression may be regulated as cells
progress through the cell cycle. Cells that displayed high levels
of SLK were devoid of strongly staining stress fiber and showed
actin relocalization to the periphery. However, cells expressing
low levels of SLK showed a relatively high abundance of stress
fibers (Fig. 3G to I), supporting the hypothesis that activated
SLK induces actin reorganization to the cell periphery.

SLK overexpression induces actin stress fiber dissolution.
The finding that SLK expression was correlated with a reduced
number of focal adhesions and actin stress fibers suggests that
SLK mediates cytoskeletal reorganization. To investigate a
possible role for SLK in cellular remodeling, C2C12 cells were
transfected with SLK and actin stress fibers were detected by
phalloidin staining. For comparison, cells were transfected
with members of the Rho family of small GTPases, which
regulate the assembly of focal adhesions and stress fibers by
recruiting several protein kinases through direct interaction (8,
39). Activated RhoA, which promotes stress fiber and focal
complex assembly, as well as activated Racl and PAK3, both
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previously shown to induce actin stress fiber disassembly (8, 39,
56), were used as controls.

Transfected myoblasts overexpressing SLK showed almost a
complete absence of stress fibers together with redistribution
of actin to the cell periphery (Fig. 4A and B). This observation
suggested that SLK induced stress fiber dissolution and actin
reorganization. The catalytically inactive SLK mutant SLK¥®*®
also promoted stress fiber dissolution, suggesting that SLK-
mediated actin reorganization is independent of kinase activity
(not shown). The disassembly of stress fibers induced by SLK
was comparable to that observed for the activated form of
Racl, Rac19"?V (Fig. 4C and D). Similarly PAKPF, an activat-
ed form of PAKS3, also mediated the dissolution of stress fibers
in C2C12 myoblasts (Fig. 4E and F). In contrast to the ob-
served induction of stress fiber formation in Swiss 3T3 cells
(46), overexpression of activated RhoA (RhoA“'*Y) in C2C12
cells similarly induced apoptosis (not shown). Taken together,
these data indicate that SLK may be a potent regulator of actin
fiber dynamics.

Induction of apoptosis and actin disassembly by SLK are
separable activities. Several members of the SPS/GCK group
of kinases have been shown to be activated by C-terminal
truncation of a putative autoregulatory region (15, 42). The
similarity between SLK and members of that family raised the
possibility that SLK could also be activated through C-terminal
deletions. To test this, several Myc-tagged truncations were
generated and evaluated for kinase activity following transfec-
tion in 293 cells. In contrast to the predicted size of 147 kDa,
transfected full-length SLK displayed an SDS-PAGE gel mo-
bility of approximately 220 kDa, suggesting possible posttrans-
lational modifications. Deletion of residues 951 to 1202 re-
sulted in a marked increase in kinase activity, suggesting that
these residues negatively regulate SLK activity (Fig. SL). Fur-
ther deletion of amino acids 857 to 950 did not lead to any
further increase in kinase activity. Interestingly, deletion of
residues 552 to 1202 resulted in a decrease in activity to wild-
type levels compared to SLK'™° and SLK'™°, suggesting
that SLK activity can be autoregulated by multiple domains.
Surprisingly, further deletion up to residue 373 resulted in a
10- to 15-fold increase in activity over wild-type levels (Fig.
5L). As for other SPS/GCK family members, these data strong-
ly suggest that the carboxy-terminal region (residues 374 to
1202) contains negative autoregulatory domains that may re-
press kinase activity. Therefore, the SLK'"* truncation was
then used as the activated form of SLK in subsequent assays.

The observation that the kinase-inactive SLK*®*® also pro-
moted actin reorganization suggested that stress fiber dissolu-
tion by SLK was independent of kinase activity (not shown). To
investigate this hypothesis, we constructed vectors expressing
Myec-tagged wild-type and mutant SLK truncations and per-
formed phalloidin staining of transfected C2C12 cells. Two of
the vectors, SLK'>73 and SLK'7?K63R, contained the wild-
type and mutant SLK kinase domain from residues 1 to 373,
extending slightly into the M-NAP region, 66 residues short of
the caspase cleavage site (see Fig. SL and 1C for plasmid
vectors). The wild-type form of this truncation displayed about
a 10-fold increase in kinase activity compared to full-length
SLK in an in vitro kinase assay (Fig. S5L).

Relative to wild-type SLK, overexpression of SLK*=7? in
C2C12 cells resulted in a markedly increased rate of apoptosis,
as evidenced by a large increase in the numbers of cells exhib-
iting cellular shrinkage and membrane blebbing 16 h following
transfection (Fig. SA and B). To determine the effect of over-
expression of the activated form SLK'="? on stress fiber dy-
namics, cultures were fixed and stained at earlier time points
(12 h) following transfection. As shown in Fig. 5I and J, over-
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Vinculin Double

Phalloidin

FIG. 3. Localization of endogenous SLK protein. (A and B) Immunostaining of endogenous SLK (A) and vinculin (B) in Swiss 3T3 fibroblasts. (C) Superposition
of panels A and B. (D and E) Immunostaining of SLK (D) and vinculin (E) in C2C12 myoblasts. (F) Superposition of panels D and E. (G and H) Immunostaining
of endogenous SLK (G) and phalloidin stain (H) of Swiss 3T3 cells. (I) Double exposure of the stained cells. In both cell types, SLK staining was found to be excluded
from vinculin- and actin fiber-positive areas, supporting a role for SLK in cellular remodeling. Scale bar = 50 pm.

expression of activated SLK resulted in a rapid loss of strongly
staining stress fibers and redistribution of actin to the cellular
periphery, suggesting that the apoptotic response induced by
activated SLK is triggered following stress fiber disassembly. In
contrast, forced expression of the kinase-inactive SLK*—373K63R
did not induce cell death (Fig. 5C), suggesting that enhanced
apoptotic response is due to activation of the kinase domain.
However, overexpression of SLK'7*¥93R did not result in any
apparent loss of stress fibers following transfection (Fig. 5D).
Consistent with the observation that SLK-mediated actin re-
organization is also independent of kinase activity, a mu-
tant lacking the kinase domain up to residue 372 (termed
SLK?731202 [Fig. 1C]), strongly promoted stress fiber disas-
sembly (Fig. 5E and F). In addition, SLK*">~"2%*transfected
cultures contained a high proportion of retracting cells, sug-

gesting that the SLK C-terminal domain is a potent effector of
stress fiber dissolution.

To evaluate the rate of apoptosis induced by the various
Myc-tagged SLK vectors, the proportion of annexin V and
9E10 double-positive cells was measured relative to the total
number of 9E10-positive cells. As shown in Fig. SK, cultures
transfected with the active SLK'™7? displayed about a six-
fold increase in numbers of double-positive apoptotic cells
16 h posttransfection compared to cultures transfected with
SLK!=373K63R r control vector. Transfection with SLK?73-1202
resulted in a frequency of double-positive apoptotic cells that
was about threefold less than that observed in cultures trans-
fected with SLK'7® and similar to that observed in cultures
transfected with full length SLK (not shown). In summary,
these results suggest that both N- and C-terminal domains of
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FIG. 4. Overexpression of SLK induces stress fiber dissolution. (A and B)
Expression of Myc-SLK in transiently transfected C2C12 cells induced loss of
actin stress fibers as detected by phalloidin staining. Arrowheads mark the same
cell in panels A and B; asterisks mark an untransfected cell. (C and D) Expres-
sion of Myc-RacY'? in C2C12 cells similarly induced loss of stress fibers, as
evidenced by phalloidin staining. Arrowheads mark identical cells in panels C
and D; asterisks indicate an untransfected cell. (E and F) Expression of trans-
fected Myc-p65°2% also induced loss of actin stress fibers. Arrowheads mark
identical cells in panels E and F; asterisks indicate an untransfected cell. The
cells were fixed and stained 16 h posttransfection with anti-Myc antibody 9E10
and TRITC-phalloidin and then photographed at 400X.

SLK were capable of inducing apoptosis. Forced expression of
the N-terminal kinase domain resulted in a rapid and efficient
induction of apoptosis that was dependent on kinase activity.
By contrast, forced expression of the C-terminal actin disas-
sembling region resulted in stress fiber dissolution followed by
induction of apoptosis likely due to cellular retraction and loss
of adhesion.

The ATH domain mediates actin disassembly. To further
delineate the domains that mediate stress fiber disassembly,
we generated a series of Myc-SLK deletions and truncations
and evaluated their ability to reorganize actin stress fibers
(Fig. 1C). SLK'%% bears a carboxy-terminal deletion of 252
amino acids, removing part of the ATH domain. Construct
SLK>>'%%% encompasses SLK amino acids 551 to 950, spanning
part of the kinase domain extending into the M-NAP region.
Construct SLK33¢1292 contains amino acids 856 to 1202, ex-
tending to the end of the ATH domain. Finally, SLK*>%-'2%2
encodes the last C-terminal 253 amino acids of the ATH region
that are deleted in SLK'°°. Expression plasmids were tran-
siently transfected into C2C12 cells, and the cultures were fixed
and processed for Myc epitope and phalloidin staining.

Overexpression of SLK*™° led to a markedly increased
density of actin stress fibers, suggesting that the carboxyl 253
amino acids negatively regulate actin polymerization (Table 2).
Transfection of SLK'~%°° nevertheless resulted in an apoptotic
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response marked by shrinkage and membrane blebbing (not
shown). Transfection of SLK>'~°° resulted in a perinuclear
staining pattern together with an increased density of strongly
staining stress fibers but did not induce apoptosis (Table 2 and
data not shown). Therefore, we conclude that the ATH region
of SLK is required to effect actin reorganization. Supporting
this conclusion, transfection of SLK®**'2°2 bearing a partial
deletion of the M-NAP region but encompassing the ATH
domain, efficiently effected the disassembly of actin stress fi-
bers and thereafter induced apoptosis (Table 2).

Taken together, transfection of the various deletion con-
structs mapped a stress fiber-disassembling domain of SLK
to the last carboxy-terminal 253 amino acids. To confirm this,
SLK?°91292 wags constructed and transfected into C2C12 cells.
Phalloidin staining of SLK®>*'2°2.expressing cells revealed
a dramatic loss of actin fibers (Fig. 5G and H; Table 2). In
addition, most cells expressing SLK**°129% displayed a mor-
phology reminiscent of cellular retraction, suggesting that the
ATH domain is sufficient to induce stress fiber dissolution and
loss of substrate adherence.

Caspase 3 cleavage stimulates kinase activation. Inspection
of the SLK protein sequence revealed the presence of a puta-
tive caspase 3 cleavage site, DTQD**® (38) at amino acid
position 436. This observation, together with the findings that
SLK mediated apoptosis and stress fiber disassembly through
distinct domains, raised the possibility that SLK represents a
novel caspase 3 substrate.

To investigate this possibility, full-length wild-type SLK and
the caspase 3 cleavage site mutant SLKP***N were translated
in vitro in the presence of [>°S]methionine. The translation
products were incubated with purified recombinant caspase 3,
or alternatively with lysates from Rat1-Myc/ER cells triggered
to undergo apoptosis (12), and then analyzed by SDS-PAGE.
As shown in Fig. 6A and B, in vitro-translated SLK displayed
a complex banding pattern due to the presence of incomplete
translation products. Nevertheless, caspase 3 cleavage prod-
ucts of approximately 133 and 60 kDa were observed following
incubation of SLK with purified caspase 3 or a Rat1-Myc/ER
apoptotic lysate (Fig. 6A and B). Interestingly, mutation of the
cleavage site at residue 436 and incubation with an apoptotic
lysate resulted in a cleavage pattern that was identical to that
for wild-type SLK, suggesting that SLK cleavage occurs at
multiple nonconsensus sites (Fig. 6A and B). Addition of the
caspase 3 inhibitor Z-DEVD-fmk inhibited the release of the
fragments from wild-type SLK, indicating that cleavage is
mediated by a caspase 3-like activity (Fig. 6B). Identical re-
sults were obtained following incubation of wild-type SLK or
SLKP***N with purified caspase 3 (Fig. 6A).

The cleavage of SLK by a caspase 3-like activity following
incubation with an apoptotic cell lysate raised the possibility
that SLK is an in vivo substrate for caspases during an apo-
ptotic response. To address this, Rat1-Myc/ER cells, express-
ing a Myc-estrogen receptor fusion (12), were induced to un-
dergo apoptosis by the addition of B-estradiol, and extracts
were subjected to Western blot analysis using different anti-
SLK polyclonal antibodies. Western analysis with anti-SLK1
antibody, directed against the kinase domain and the M-NAP
region, showed anti-SLK-reactive products of approximately
220, 133, and 60 kDa. The relative amounts of the 133- and
60-kDa products were found to increase over time following
the onset of Myc-induced apoptosis (Fig. 6C). In addition,
reactive species of about 150 kDa were found to be estradiol
sensitive and to decrease over time. Whether these are smaller
SLK products or unrelated cross-reactive species remains to be
determined.

Analysis of the same extracts with anti-SLK2, a kinase do-
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FIG. 5. Distinct SLK domains induce apoptosis and stress fiber disassembly. (A and B) Immunodetection and phalloidin staining of Myc-SLK'373-expressing C2C12 cells 16 h posttransfection. Extensive
membrane blebbing was observed in expressing cells. An untransfected cell is indicated by an asterisk. (C and D) Overexpression of the Myc-SLK'~373K63R mytant did not result in any morphological changes

staining demonstrating that SLK may play important roles in the regulation of actin reorganization. An untransfected cell (asterisk) is shown for comparison. (G and H) Transfection of the AT1-46 domain
(SLK*9-1202) regulted in a loss of strongly staining actin stress fibers relative to untransfected cells (asterisk), indicating that an actin-reorganizing domain of SLK is contained within the ATH region.

Photomicrographs are shown at 400X. (I and J) Analysis of Myc-SLK1-373-expressing cells 12 h following transfection shows cellular shrinkage redistribution of actin to the periphery and loss of actin stress fibers.
9E10, and assayed for kinase activity on MBP (arrow). As a control, kinase-dead SLK was also assayed. Equivalent aliquots of protein were also subjected to Western blot analysis for normalization using anti-SLK1

autoregulatory domain. Myc-tagged wild-type, mutant (SLK*®*®), and C-terminal truncation mutants SLK'~%%, SLK!-%5¢ SL.K!-53! and SLK'~3"? were transfected into 293T cells, immunoprecipitated with antibody
antibodies (upper panel). About a 10-fold-higher kinase activity was consistently observed with immunoprecipitated SLK!=373,

suggesting that it is kinase dependent. Each asterisk indicates an untransfected cell. (E and F) Forced expression of Myc-SLK>73-1202 induced stress fiber dissolution in overexpressing cells, as shown by phalloidin
For comparison, an untransfected cell is shown (asterisk). Photomicrographs are shown at 400X. (K) Enhanced apoptotic response by SLK'=37* overexpression. The percentage of annexin V and 9E10 double-positive
cells relative to the total number of 9E10-positive cells was evaluated at 16 and 20 h following transfection. The results revealed an increased rate of cell death by SLK'73, (L) Identification of a C-terminal

SLK, A NOVEL EFFECTOR OF APOPTOSIS AND ACTIN DISASSEMBLY 691

TABLE 2. Actin disassembling and apoptosis-inducing activities of
SLK mutants and N- and C-terminal truncations

Expression Actin Kinase Apoptosi Cellular
vector disassembly” activity” POptosts localization®
SLK + + + CPp
SLK'—7 - +++ +++ DC
SLK373-1202 + - + DC
SLKI—QSO _d + + DC
SLK551-950 _d _ _ PN
SLK856-1202 + _ + DC
SLK?30-1202 ++ - + DC
SLKK63R + _ + CP

“ Following transfection into C2C12 cells, the cultures were fixed and stained
with anti-Myc and TRITC-phalloidin to evaluate their actin-disassembling activ-
ity. At least 100 transfected cells were scored for each construct.

® Determined by immunoprecipitations and in vitro kinase assays following
transfections in 293 cells.

¢ CP, cell periphery; DC, diffuse cytoplasmic; PN, perinuclear.

@ An increased density of stress fibers was observed following transfection of
SLKI—‘?SU and SLKSS[—QSU‘

main-specific antibody, resulted in the detection of the 60-kDa
cleavage fragment 12 h following the addition of B-estradiol
(Fig. 6D, lanes 3 to 5). Anti-SLK2 antibodies did not detect the
133-kDa fragment, suggesting that it represents the C-terminal
domains of SLK (not shown). Western blot analysis of caspase
3-treated N-terminal Myc-tagged SLK with antibody 9E10 also
detected a 60-kDa product (data not shown). Similarly, release
of a 60-kDa anti-SLK2-reactive product was observed when
NIH 3T3 cells were exposed to apoptotic triggers such as
TNF-a and UV irradiation (Fig. 6D, lanes 6 to 9). To deter-
mine whether SLK cleavage in vivo is mediated solely by
caspase 3 or other potential interleukin-1B-converting enzyme-
like proteases, MCF-7 cells lacking expression of caspase 3
were induced to undergo apoptosis using TNF-a and analyzed
for SLK cleavage. As shown in Fig. 6C, no differences were
observed in the pattern of anti-SLK-reactive bands before or
16 h after the addition of TNF-a to the cells, suggesting that
SLK cleavage in vivo during apoptosis is mediated by caspase
3. Our results indicate that caspase 3 cleavage of SLK in vivo
releases the kinase domain as an N-terminal 60-kDa product
and that this cleavage represent a common step in response to
various apoptotic stimuli.

To investigate the effect of caspase 3 cleavage on SLK ac-
tivity, various SLK mutants were transfected into 293 cells,
immunoprecipitated, and assayed for kinase activity following
treatment with recombinant caspase 3 in vitro. As shown in
Fig. 7A, exposure of wild-type or a truncated SLK protein
(SLK*%) to recombinant caspase 3 resulted in a marked
increase in kinase activity. Following caspase 3 treatment, the
resulting kinase activity for wild-type SLK was similar to that
observed for the untreated kinase domain mutant SLK'~73,
These results strongly suggest that processing of SLK by
caspase 3 releases and activates the amino-terminal kinase
domain. Shown in Fig. 7B is a Western blot demonstrating
expression of the different SLK mutants used in the kinase
assays (Fig. 7A) following tranfection into 293 cells.

Recently, second-bleed anti-SLK antisera were found to im-
munoprecipitate endogenous SLK from murine cell lines.
Therefore, to investigate whether SLK activity is modulated in
vivo during an apoptotic response, Swiss 3T3 cells were treated
with TNF-a in growth medium for various periods of time, and
total lysates were subjected to immunoprecipitations and ki-
nase assays. As shown in Fig. 7C, SLK activity on MBP was
found to be upregulated threefold 2 h following the addition of
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FIG. 6. Caspase 3 cleavage of in vitro-translated wild-type (WT) and caspase 3 cleavage site mutant (D436N) SLK proteins during apoptosis. (A) In vitro-translated
SLK and SLKP*3*N were incubated in the presence of purified caspase 3 and analyzed by SDS-PAGE. Caspase 3-specific cleavage products were observed for both
constructs. Sizes are indicated in kilodaltons. (B) A similar pattern of cleavage was observed in the presence of an apoptotic cell lysate from induced (2 pM B-estradiol)
Rat1-Myc/ER cells. Introduction of the D436N mutation in SLK did not prevent cleavage and release of cleavage products. Addition of the caspase 3 inhibitor
Z-DEVD-fmk (50 uM) to the reaction abolished cleavage. (C) Apoptosis-induced cleavage of endogenous SLK protein in stimulated Ratl-Myc/ER cells. The levels
of SLK fragments of 133 and 60 kDa progressively increased during the apoptotic response, while the levels of the full-length p220 and reactive 150-kDa species were reduced.
(D) N-terminal-specific antibodies identified the 60-kDa fragment as the kinase domain in induced Rat1-Myc/ER cells and NIH 3T3 cells exposed to apoptotic triggers. NIH
3T3 fibroblasts were exposed to TNF-a (50 ng/ml) plus 10 uM PDC for 16 h or UV-irradiated (180 J/m?) and allowed to recover in growth medium for 4 and 15 h.
Release of the SLK kinase domain was clearly evident. No reactivity to the 133-kDa fragment was observed, suggesting that it bears a C-terminal portion of SLK.

TNF-a. The kinase activity was found to remain elevated for
up to 4 h and declined below control levels at 8 h after treat-
ment. Western blot analysis of the same extracts showed that
an increase in the 60-kDa fragment correlated with the in-
crease in kinase activity 2 h following TNF-a addition (Fig.
7C). However, even though kinase activity remained high at
4 h, the levels of the 60-kDa fragment declined below control
levels, suggesting that the full-length kinase may have been
activated. In contrast to Myc-induced apoptosis, the 133-kDa
fragment was not detected in TNF-a-treated Swiss 3T3 cells.
Instead, a new fragment of approximately 50 kDa was readily
apparent 2 h after treatment (Fig. 7D), suggesting that differ-
ent apoptotic trigger may lead to differential processing of SLK.

Activation of JNK by SLK overexpression. To gain insights
into potential downstream effectors of SLK, plasmids express-
ing Gal4-Jun, Gal4-Elk1, and Gal4-CREB fusions (Pathdetect
plasmid system; Stratagene) were cotransfected with a full-
length wild-type SLK expression vector together with a Gal4-
luciferase reporter gene. Transfection of SLK with Gal4-Jun

resulted in a five- to sevenfold increase in luciferase activity
relative to Gal4-Jun alone (Fig. 8). This observation suggested
that SLK overexpression activated the JNK pathway. However,
JNK activation by SLK overexpression was about threefold less
than that observed with MEK kinase (MEKK), an upstream
regulator of JNK (13). Relative to either effector transfected
alone, a modest (two- to threefold) increase in reporter gene
activity was observed when SLK was cotransfected with Gal4-Elk
or Gal4-CREB (Fig. 8). Therefore, SLK overexpression ap-
peared to predominantly activate the JNK pathway. Support-
ing this inference, in vitro kinase assays revealed that active
JNK1 was readily immunoprecipitated from SLK-transfected
293 cells whereas ERK1/2 remained inactive (not shown).

To determine wether activation of JNK by SLK occurs
through a known MEKK, transfections were performed in the
presence of dominant negative versions of MEKK or SEK1,
both upstream activators of JNK (13). Cotransfection of both
dominant negative SEK1 and MEKK along with SLK and Gal4-
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FIG. 7. Activation of SLK through caspase 3-mediated cleavage. (A) In vitro caspase 3/kinase assay on immunoprecipitated (IP) Myc-SLK proteins. Wild-type or
mutant Myc-SLK proteins were immunopurified, subjected to caspase 3-expressing lysates or a control lysate, and assayed for kinase activity in vitro. (B) Anti-Myc tag
Western blot analysis of immunoprecipitations performed in panel A, showing expression of all Myc-SLK proteins in transfected 293 cells. Sizes are indicated in
kilodaltons. (C) In vitro kinase assay of immunoprecipitated SLK protein following TNF-a (50 ng/ml) and PDC (10 wM) treatment of subconfluent Swiss 3T3 cultures.
SLK activity was found to be upregulated threefold 2 h following the addition of TNF-a. (D) Western blot analysis of TNF-a-treated Swiss 3T3 cultures (as in panel
C). The increase in SLK activity was correlated with the appearance of the 60-kDa anti-SLK-reactive species and a 50-kDa product (small arrowhead).

Jun resulted in an inhibition of luciferase reporter activity, sug-
gesting that JNK activation by SLK occurs through MEKK and
SEK.

DISCUSSION

SLK, a Ste20-related kinase. We have cloned and charac-
terized a murine protein kinase, SLK, that mediates apo-
ptosis and actin reorganization. The cloned cDNA encodes
the mouse homologue of human SLK and is highly related to
xPlkk1, an activator of PIx1 essential for spindle assembly
(Table 1 and reference 43, and LOK, a Ste20-related protein
kinase preferentially expressed in lymphocytes (26). Whether,
as for xPlkk1, SLK plays a major role in the control of the cell
cycle remains to be elucidated. Analysis of the kinase domain
revealed that SLK is a member of the SPS/GCK family of
serine/threonine kinases and is related to MST1/2 (10, 15) and
more distantly related to Ste20, a yeast kinase involved in the
pheromone response pathway (63). Northern blot analysis
demonstrated that SLK is ubiquitously expressed in adult tis-
sues.

SLK induces apoptosis and stress fiber disassembly. SLK-
transfected cells exhibited cellular shrinkage and membrane
blebbing suggestive of programmed cell death. Staining of the
transfected cultures for specific apoptotic markers such as
membrane inversion and DNA fragmentation indicated that
SLK rapidly induced an apoptotic response. Similarly, the re-
cently identified but unrelated ZIP, RIP, and ASKI1 kinases
also induce cell death (16, 21, 53). However, truncated forms
of SLK was still able to elicit an apoptotic response, suggesting
that SLK could induce programmed cell death in a kinase-
independent manner. This notion was confirmed by the obser-
vation that the C-terminal ATH region (lacking the kinase do-
main) was sufficient to induce an apoptotic response, but with
delayed kinetics.

Interestingly, apoptotic membrane blebbing is regulated in
part by myosin light chain (MLC) phosphorylation, and inhib-
itors of MLC kinase decrease membrane blebbing (34). In
addition, MLC kinase activity is regulated by the Rho-binding
kinase ROK (37), suggesting a role for p21-activated kinases in
the process of cytoskeletal reorganization during apoptosis.
Supporting this view is the observation that overexpression of
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FIG. 8. SLK induces the stress-activated signaling pathway. Gal4-luciferase reporter and Gal4-Elk1, Gal4-Jun, and Gal4-CREB fusions with or without SLK were
transiently transfected into 293 cells. Cotransfection of SLK and Gal4-Jun resulted in a five- to sevenfold increase in luciferase activity. By contrast, cotransfection of
SLK and Gal4-Elk and Gal4-CREB resulted in a twofold increase in luciferase activity. Addition of dominant negative MEKK (MEK 8E) or SEK1 (SEKP™) inhibited
the SLK-mediated activation of Gal4-Jun, suggesting that SLK activates JNK through MEKK and SEK. The data shown represent averages *+ standard errors from
five independent experiments performed in duplicate, normalized to protein concentrations. Gal4DBD, Gal4 DNA binding domain.

p657*¥ mutants in Fas-triggered Jurkat cells induces cell death

but without the formation of apoptotic bodies (47). Extensive
membrane blebbing was induced following transfection of the
SLK kinase domain, and this effect was kinase dependent.
Therefore, an interesting possibility is that SLK has a unique
role in the regulation of cellular remodeling during pro-
grammed cell death.

Focal adhesions are dynamic protein complexes involved in
cellular adherence to the substratum (9). The turnover of focal
complexes and actin stress fibers is coupled to the activity of
the Rho family of small GTPases (6, 17, 37). Several GTP-Rho
binding proteins have been identified, including p140™"* and
the protein kinases p1608°<%, ROK«, MRCKa, protein ki-
nase N, and PRK2. These GTP-Rho binding proteins appear
to regulate cytoskeletal reorganization by promoting stress fi-
ber formation (37, 56). In contrast, overexpression of a-PAK
induces loss of both focal adhesions and actin stress fibers (32).
Although SLK does not contain any homology to known
GTPase binding domains, overexpressions of both SLK and a
kinase-inactive mutant resulted in actin stress fiber dissolution,
suggesting that this is a kinase-independent process. Moreover,
an N-terminal deletion of SLK lacking the kinase domain ef-
ficiently promoted stress fiber disassembly and loss of focal

adhesions and induced characteristic apoptotic morphology in
transfected C2C12 cells. Similarly, exposure of C2C12 myo-
blasts to 2-chloroadenosine induces disruption of actin micro-
filaments and triggers apoptosis (48).

Immunolocalization and confocal analysis (1-pm slices) of
endogenous SLK protein revealed that it was localized to the
cytoplasm of Swiss 3T3 fibroblasts and C2C12 myoblasts. Al-
though transfected SLK was able to induce stress fiber disas-
sembly, immunostaining of the endogenous SLK failed to co-
localize it with vinculin or paxillin at focal adhesion sites. In
fact, SLK was found to localize to sites devoid of focal adhe-
sions or stress fibers, suggesting a role for SLK in the process
of cytoskeletal remodelling. Functional deletion analysis of
SLK revealed that overexpression of the C-terminal ATH do-
main of SLK led to stress fiber dissolution and cellular retrac-
tion, suggesting that this domain negatively regulates stress
fiber formation. The ATH region may interfere with regulatory
components of focal complexes, supporting a role for SLK in
the regulation of stress fiber dynamics.

The Ste20-related kinase PAK has been shown to be re-
cruited to focal adhesion sites by activated Cdc42 and Racl
(32). The presence of a putative SH3 binding domain in the
M-NAP region of SLK represents an attractive target for dock-
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ing onto such a protein scaffold. Whether activated p21s im-
pinge on SLK activity is currently being investigated.

The Rho-associated kinase ROK has been shown to be im-
plicated in the control of cytoplasmic reorganization (33) and
membrane blebbing through the control of MLC kinase activ-
ity (23). Recently, ROCK and LIM-kinase have been impli-
cated in the control of cytoskeleton reorganization through
phosphorylation of cofilin, a ubiquitous actin binding protein
required for actin depolymerization (3, 31, 61). Therefore, it
will be of interest to identify SLK substrates. In addition, the
identification of targets for the ATH domains will provide
valuable clues as to the mechanisms by which SLK regulates
stress fiber dynamics.

Caspase cleavage of SLK releases distinct functional do-
mains. Although there are several kinases that mediate cell
growth, only a few that trigger apoptosis have been identified.
Recently, JNKs have been shown to be activated by apoptotic
triggers such as Fas ligand and TNF-a (57, 60, 62). ASK1, a
mitogen-activated protein (MAP) kinase kinase kinase, has
been shown to induce cell death and to activate JNK and p38
MAP kinase (16). Recently, the SLK-related kinases MST1
and PAK2 have been shown to be substrates for caspase 3.
Caspase-mediated cleavage was demonstrated to activate their
kinase activity. In addition, MST1 has been shown to activate
MKK6, MKK7, p38, and SAPKs (15). However, the mecha-
nisms by which MST1 activates these kinases are unknown.

Similar to PAK2 and MST1 (15, 27, 28, 47), SLK is a sub-
strate for caspase 3 and is rapidly cleaved following the induc-
tion of apoptosis. Furthermore, cleavage releases an activated
kinase domain and an actin fiber-disassembling region that
appear to function independently.

Several studies have demonstrated that actin fiber disassem-
bly and cytoskeletal rearrangements represent significant steps
in the process of apoptosis (5, 11, 14, 24, 35, 41, 48). Further-
more, actin has been demonstrated to be resistant to caspase
cleavage during apoptosis, suggesting that it is required for
cellular remodeling during the apoptotic process and that re-
organization mechanisms need to be activated (45, 52, 58).
Therefore, SLK may represent a novel proapoptotic effector
for which caspase cleavage releases a cytoskeletal disassem-
bling function concomitant with kinase activation. Whether the
active kinase domain is involved in cytoskeletal remodeling,
apoptotic signaling, or both remains to be determined.

Actin stress fibers are ultimately anchored at focal adhesion
sites through interactions with proteins such as a-actinin, vin-
culin, and talin (9). Interestingly, overexpression of gelsolin, an
actin-regulatory protein found at focal sites, has been demon-
strated to protect Jurkat cells from Fas-induced apoptosis by
preventing changes in the F-actin morphology and inhibition of
caspase 3 (40). However, endogenous gelsolin protein was
found to be a substrate for caspase 3. Caspase 3-cleaved gel-
solin was demonstrated to destabilize the actin network, caus-
ing cellular retraction, detachment, and apoptosis (25). Simi-
larly, the product of the growth arrest-specific 2 (Gas2) gene is
also cleaved by an ICE-like protease activity during apoptosis
(4). Gas2 is known to be associated with the actin microfila-
ment network, and caspase cleavage induces its actin reorga-
nization activity (4). One attractive possibility is that the
caspase 3-mediated release of the ATH domain interferes di-
rectly with the function of actin-regulatory proteins such as
gelsolin or Gas2 or, alternatively, may promote their proteo-
lytic processing.

We have cloned and characterized a Ste20-related kinase,
SLK, which can mediate apoptosis and promote stress fiber
dissolution. Although the full-length protein can mediate both
effects, the individual N- and C-terminal domains were more
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efficient at inducing apoptosis and actin reorganization, respec-
tively. We have shown that SLK is a substrate for a caspase
3-like activity in vivo during the process of apoptosis. Further-
more, caspase 3-mediated cleavage of SLK increased its intrin-
sic kinase activity. These results raise the interesting possibility
that kinases such as SLK and PAK may represent a new class
of dual-function proteins playing important roles in the regu-
lation of the apoptotic response as well as cytoskeleton reor-
ganization. The identification of SLK substrates, regulatory
molecules, and interacting partners will provide further in-
sights into mechanisms underlying its regulation during the
process of actin reorganization and programmed cell death.
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