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Caspase 9 is a critical component of the mitochondrial or intrinsic apoptotic pathway and is activated by
Apaf-1 following release of cytochrome ¢ from mitochondria in response to a variety of stimuli. Caspase 9
cleaves and activates effector caspases, mainly caspase 3, leading to the demise of the cell. Survival signaling
pathways can impinge on this pathway to restrain apoptosis. Here, we have identified Ser144 of human caspase 9
as an inhibitory site that is phosphorylated in a cell-free system and in cells in response to the protein
phosphatase inhibitor okadaic acid. Inhibitor sensitivity and interactions with caspase 9 indicate that the
predominant kinase that targets Ser144 is the atypical protein kinase C isoform zeta (PKC{). Prevention of
Ser144 phosphorylation by inhibition of PKC{ or mutation of caspase 9 promotes caspase 3 activation.
Phosphorylation of serine 144 in cells is also induced by hyperosmotic stress, which activates PKC{ and
regulates its interaction with caspase 9, but not by growth factors, phorbol ester, or other cellular stresses.
These results indicate that phosphorylation and inhibition of caspase 9 by PKC( restrain the intrinsic
apoptotic pathway during hyperosmotic stress. This work provides further evidence that caspase 9 acts as a

focal point for multiple protein kinase signaling pathways that regulate apoptosis.

Apoptosis is a controlled form of cell death that plays im-
portant roles during development and tissue homeostasis
through the removal of damaged or unnecessary cells (22). A
family of cysteine proteases, termed caspases, are key media-
tors of apoptosis and are present in cells as inactive or low-
activity zymogens (45). Many apoptotic stimuli induce the re-
lease of cytochrome ¢ from mitochondria, a step that is
controlled by pro- and antiapoptotic proteins of the Bcl-2 fam-
ily (13). In the cytosol, cytochrome c binds to Apaf-1, inducing
its assembly into a high-molecular-weight complex, the apop-
tosome, which recruits and activates caspase 9, probably by
enhancing the dimerization of procaspase 9 monomers (1, 29,
38). Active caspase 9 initiates a cascade of caspase activation
by irreversibly cleaving and activating downstream effector
caspases such as caspase 3 that are responsible for the demo-
lition of the cell (6).

Induction of apoptosis must be tightly regulated to ensure
that potentially dangerous cells are efficiently removed, for
instance, those with severe genomic damage, while cells that
are transiently stressed by environmental conditions can
recover and survive. Aberrations in the balance between
pro- and antiapoptotic controls are likely to underlie dis-
eases that are characterized by inappropriate or insufficient
apoptosis, such as degenerative diseases and cancer, respec-
tively (44). The mitochondrial or intrinsic apoptotic pathway
is regulated downstream of cytochrome c release by caspase
inhibitor proteins such as XIAP (14). The activity of XIAP
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may be controlled by the release of other factors such as
Smac/Diablo from mitochondria (41). Heat shock proteins
can also bind to components of the pathway and prevent
caspase activation during cellular stress (4). In addition,
components of the pathway such as XIAP (11) and caspase
9 (3, 7, 32) are regulated posttranslationally through phos-
phorylation by protein kinases activated by signaling path-
ways. The ERK mitogen-activated protein (MAP) kinase
pathway, which can suppress apoptosis in many cell types,
phosphorylates caspase 9 in growth factor-stimulated cells at
an inhibitory site, Thr125 (3). Caspase 9 may also be tar-
geted by protein kinase B/Akt (7) and protein kinase A (32)
and appears to act as a focal point for multiple signaling
pathways that restrain apoptosis during mitogenesis and
possibly also in response to cellular stresses. Phosphoryla-
tion of caspase 9 may contribute to the suppression of ap-
optosis in cancer cells in which inhibitory pathways such as
those operating through ERK MAP kinase are constitutively
activated. However, the regulation of caspase 9 phosphory-
lation is not fully characterized, particularly with respect to
stress signaling.

A number of other protein kinases are thought to modu-
late apoptosis, including protein kinase C (PKC). The PKC
family is composed of the classical o, B, and <y isoforms,
which are activated by diacylglycerol in a Ca?"- and phos-
pholipid-dependent manner; the novel 8, €, 6, and n iso-
forms, which are also activated by diacylglycerol and phos-
pholipids but are Ca®" insensitive; and the atypical { and M/i
isoforms that are insensitive to both diacylglycerol and Ca**
(33, 36). While some PKC isoforms have been implicated in
apoptosis, loss of other isoforms can trigger this process,
implying that they promote cell survival (47). In general, the
d and 6 isoforms appear to play roles in the induction of
apoptosis, whereas the classical a/f isoforms and atypical
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{/Ni isoforms have been implicated in suppression of apo-
ptosis (20). One mechanism by which PKC isoforms might
regulate apoptosis is phosphorylation of caspase 9.

Cell-free systems that reproduce the intrinsic or mitochon-
drial apoptotic pathway have proved to be useful for dissecting
the biochemical mechanisms controlling caspase activation, in-
cluding regulation by signaling pathways (3, 9, 32). In the
present study, we have used concentrated cell extracts to iden-
tify a novel inhibitory phosphorylation site in human caspase 9,
Ser144. This site is targeted by the atypical PKC (aPKC) PKC{
both in vitro and in intact cells treated with the protein phos-
phatase inhibitor okadaic acid (OA). We show that phosphor-
ylation of Ser144 in cells is stimulated by hyperosmotic stress,
which activates PKC{, but not by growth factors, phorbol ester,
or other cellular stresses. Phosphorylation and inhibition of
caspase 9 by PKC{ may therefore provide a mechanism to
restrain apoptosis in osmotically stressed cells.

MATERIALS AND METHODS

Antibodies and reagents. A sheep polyclonal antibody was generated against
Hisg-caspase 92874 and affinity purified on a glutathione S-transferase (GST)—
caspase 92872 column. An antibody that recognizes caspase 9 phosphorylated
on Ser144 was raised in rabbits (Moravian Biotechnology, Brno, Czech Republic)
inoculated with the phosphopeptide GALEpSLRGNAD, where pS represents
phosphoserine (synthesized by G. Bloomberg, University of Bristol, Bristol,
United Kingdom). Phosphorylation site-specific antibody was purified by two
rounds of negative selection against nonphosphorylated peptide, followed by
selection against the phosphopeptide. Commercial antibodies were purchased
from Oncogene Research (pan-PKC), Santa Cruz Biotechnology (PKC{/\), and
BD Transduction Laboratories (monoclonal PKC isoform antibody sampler kit).
OA, 12-O-tetradecanoylphorbol 13-acetate (TPA), and epidermal growth factor
were purchased from Affinity, Calbiochem, and Sigma, respectively. Myristoy-
lated PKC{ pseudosubstrate (N-Myr-Ser-Ile-Tyr-Arg-Arg-Gly-Ala-Arg-Arg-
Trp-Arg-Lys-Leu), myristoylated PKCo/B pseudosubstrate (N-Myr-Phe-Ala-
Arg-Lys-Gly-Ala-Leu-Arg-Gln), and other protein kinase inhibitors were
purchased from Calbiochem; acetyl Asp-Glu-Val-Asp 7-amido-4-methylcoumarin
(AcDEVD-AMC) was from Biomol; and other reagents were from Sigma.

Plasmids and recombinant proteins. pcDNA3.Caspase 9 and pcDNA3.Apaf-
1(1-541) were generated as described previously (3). Wild-type and D386A
mutant pemv5.FLAG-PKC{ (mouse) were kind gifts from D. Alessi, University
of Dundee, Dundee, Scotland, United Kingdom. Site-directed mutagenesis was
carried out with the QuikChange kit (Stratagene). For recombinant protein
production in Escherichia coli BLR(DE3), caspase 9 was subcloned into pGEX-
4T1 (Amersham Pharmacia Biotech) or pET28a (Novagen). Expression was
induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) for 2 h at 30°C.
Recombinant proteins tagged with GST or Hiss were affinity purified on gluta-
thione-Sepharose 4B beads (Amersham) or Ni-nitrilotriacetic acid-agarose
beads (QIAGEN), respectively. Proteins were eluted from washed beads in
HEPES-buffered saline (10 mM HEPES-KOH, pH 7.5, 150 mM NaCl, 0.5 mM
dithiothreitol [DTT], 0.1 mM phenylmethylsulfonyl fluoride, 1 pg ml~' each
aprotinin, leupeptin, and pepstatin A) containing 15 to 50 mM glutathione or 25
to 250 mM imidazole, respectively. Glutathione or imidazole was removed by
filtering through a PD10 desalting column (Amersham Pharmacia Biotech), and
proteins were eluted in HEPES-buffered saline and stored in aliquots at —70°C.
In vitro transcription and translation were carried out with the TNT Quick
coupled transcription-translation kit according to the manufacturer’s protocol
(Promega), and proteins were labeled by including [**S]methionine (Amersham
Pharmacia Biotech) in the reaction mixture.

Cell culture, transfections, and extracts. HeLa, HEK293, and U20S cells were
cultured in Dulbecco modified Eagle medium supplemented with 10% (vol/vol)
fetal bovine serum, 2 mM glutamine, 50 pg/ml streptomycin, and 50 U/ml
penicillin G (Invitrogen). Plasmid DNA for transfections was purified on cesium
chloride gradients, and transfections were carried out with Superfect reagent
(QIAGEN) according to the manufacturer’s protocol. At 24 h after transfection,
U20S or HEK293 cells were cultured in Dulbecco modified Eagle medium
without serum for a further 24 h prior to treatment with 1 M OA, 25 ng/ml
epidermal growth factor, 1 uM TPA, 0.7 M NaCl, or 0.5 M sorbitol. Cells were
lysed in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
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sample buffer and analyzed by Western blotting. HeLa cells were serum starved
for 48 h prior to OA treatment and caspase 9 immunoprecipitation.

Preparation of cell extracts. HeLa cell cytosolic (S100) extracts were pur-
chased from Cilbiotech (Mons, Belgium) and were supplied in 10 mM HEPES-
KOH (pH 7.5)-10 mM KCI-10 mM MgCl,-0.5 mM DTT at a protein concen-
tration of 8 to 12 mg/ml. Extracts of NIH 3T3 and HEK293 cells were prepared
as follows. Pelleted cells were washed and resuspended in an equal volume of
cold cell extract buffer (20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 2 mM MgCl,,
1 mM DTT), lysed by repeated passage through a 25-gauge needle, and then
centrifuged at 16,000 X g, 30 min, 4°C. The supernatant (S16 extract) was
snap-frozen and stored in aliquots in liquid nitrogen.

Phosphorylation of caspase 9 in HeLa cytosolic extract. Caspase 9 was phos-
phorylated in HeLa cytosolic extract incubated with 1 wM OA and an ATP-
regenerating system (1 mM ATP, 10 ug ml~! creatine kinase, 5 mM creatine
phosphate) for 4 h at 30°C. Reactions were stopped by boiling in SDS-PAGE
sample buffer containing 5% (vol/vol) 2-mercaptoethanol and analyzed by West-
ern blotting.

Coprecipitation of PKC and caspase 9. GST-caspase 9 (5 to 10 pg) was
phosphorylated in HeLa cytosolic extract containing 1 puM OA in a total volume
of 100 pl for 2 h at 30°C. GST-tagged protein was affinity purified by incubation
with 10 pl glutathione-Sepharose 4B beads for 1 h at 4°C in a total volume of
500 pl buffer (20 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton
X-100, 2 mM EDTA, 1 uM OA). Beads were washed three times in the same
buffer and boiled in SDS-PAGE sample buffer prior to separation of proteins by
SDS-PAGE and detection by Western blotting.

Immunodepletion of caspase 9 from HeLa cytosolic extract. A 10-pl volume of
sheep anti-caspase 9 antibody was bound to 40 pl of protein A beads (Amersham
Pharmacia Biotech) by incubation overnight at 4°C in 200 .l of cell extract buffer
(20 mM HEPES-KOH, pH 7.5, 10 mM KCl, 2 mM MgCl,). Beads were washed
five times in the same buffer and then incubated with 100 pl of HeLa cytosolic
extract for 3 h at 4°C. A second round of depletion was carried out with 5 ul of
caspase 9 antibody bound to 20 ul of protein A beads, as before, generating
caspase 9-depleted extract. Successful immunodepletion was confirmed by West-
ern blotting with a mouse monoclonal antibody to caspase 9.

Immunoprecipitations. For precipitation from HeLa cytosolic extract, 200 .l
extract was diluted to 500 .l with buffer (50 mM Tris-HCI, pH 8.0, 150 mM NacCl,
1% Igepal, 1 uM OA, 0.5 mM DTT). For precipitations from cultured cells, cells
were first lysed in lysis buffer (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 1% Triton
X-100, 1 mM Na;VO,, 50 mM NaF, 5 mM B-glycerophosphate, 2 mM EDTA,
1 pM OA, 0.5 mM DTT, 1 mM phenylmethylsulfonyl fluoride, 1 pg/ml each
aprotinin, pepstatin A, and leupeptin). For caspase 9 immunoprecipitations,
200 pl lysate was incubated with 1 pg mouse monoclonal anti-caspase 9 antibody
(Chemicon) at 4°C for 1 h and then incubated with 20 wl washed protein G beads
for a further 1 h at 4°C. For immunoprecipitation of FLAG-PKC{, 2 mg lysate
was incubated with 10 pl washed mouse anti-FLAG M2-agarose conjugate
(Sigma) for 1 h at 4°C. Beads were washed three times in respective buffer and,
where necessary, boiled in SDS-PAGE sample buffer prior to electrophoresis
and Western blotting.

Kinase assays. Recombinant PKC isoforms were purchased from Upstate
Biotechnology. Five hundred nanograms of recombinant Hiss-caspase 9 was
incubated in a final volume of 10 pl of kinase assay buffer (20 mM MOPS, pH
7.2, 25 mM B-glycerophosphate, 1 mM Na;VO,) containing 0.1 mg/ml diglycer-
ides, 0.01 mg/ml phosphatidylserine (PKC Lipid Activator; Upstate), 100 uM
ATP, 10 mM MgCl,, 0.5 mM DTT, and 18.5 MBq [y-**P]ATP, where necessary,
for 30 min at 30°C. One millimolar CaCl, was added to reaction mixtures with
the «, B, and y PKC isoforms. Reactions were stopped by boiling in SDS-PAGE
sample buffer and analyzed by electrophoresis, followed by autoradiography or
Western blotting. For immunoprecipitated FLAG-PKC{ kinase assays, anti-
FLAG-agarose bead complexes were resuspended in a final volume of 25 pl
kinase assay buffer, as described above, containing 50 uM PKCe substrate pep-
tide (Upstate) and incubated for 10 min at 30°C. Reactions were stopped by
spotting onto P81 phosphocellulose paper (Whatman), which was washed four
times in 150 mM H;PO,, and incorporation of [**P]phosphate was determined
by scintillation counting.

Caspase activation. To activate caspases, HeLa cytosolic extract was incubated
at 30°C with addition of an ATP-regenerating system (1 mM ATP, 10 pg/ml
creatine kinase, 5 mM creatine phosphate) and 7.5 uM cytochrome c. For
reconstitution of caspase 9-depleted HeLa cytosolic extract, 2 wl in vitro-trans-
lated caspase 9 was included. At the times shown, 4 pl of the reaction mixture
was incubated for 15 min at 30°C with 16 pl assay buffer (50 mM HEPES, pH 7.5,
10 mM EDTA, 50 mM KClI) containing Ac-DEVD-AMC at a final concentration
of 50 wM. Reactions were stopped by adding 20 pl 50 mM Na acetate (pH 4.0)
and 160 pl H,O. Released AMC was measured with a fluorescence microtiter
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FIG. 1. Phosphorylation of caspase 9 on Ser144 in a cell-free system. (A) Caspase 9 (Casp-9) is phosphorylated at a site other than Thr125 in
response to OA. ¥S-labeled, in vitro-translated wild-type (wt) or T125A caspase 9 was incubated in HeLa cytosolic extract with DMSO vehicle
(ctrl [control]) or 1 pM OA. Reactions were analyzed for mobility-shifted caspase 9 by SDS-PAGE and autoradiography. (B) Diagram of caspase
9 protein with potential novel phosphorylation sites indicated in bold. The underlined sequence containing phosphorylated Ser144 was used to raise
a specific antibody. (C) As for panel A, with wild-type and mutant caspase 9, as indicated. (D) Recombinant inactive His-caspase 9 (C287A)
mutants were incubated as for panel A. Samples were immunoblotted with phospho-Ser144, phospho-Thr125, and caspase 9 antibodies.

plate reader at excitation and emission wavelengths of 340 nm and 440 nm,
respectively. For induction of caspase 9 processing with recombinant Apaf-1(1-
541), 1 pl 3°S-labeled, in vitro-translated caspase 9 was incubated with 5 ng
recombinant Hisc—Apaf-1(1-541) in a final volume of 10 wl assay buffer (20 mM
HEPES, pH 7.5, 10 mM KCl, 1.5 mM MgCl,, 1 mM EDTA, 1 mM DTT) for 90
min at 30°C. Reactions were stopped by boiling in SDS-PAGE sample buffer.

RESULTS

Caspase 9 is phosphorylated on Ser144 in human cell ex-
tracts. We have previously shown that OA, an inhibitor of
protein phosphatases PP-1 and PP-2A, blocks cytochrome c-
induced caspase 3 activation in HeLa cytosolic extracts by
promoting the direct phosphorylation of caspase 9 at Thr125
by ERK MAP kinase. In HeLa cytosolic extract diluted fivefold
(~2 mg protein/ml), Thr125 was the only major site of phos-
phorylation in caspase 9 that was induced by OA and was
responsible for inhibition of caspase 9 activation (3). In undi-
luted HeLa cytosolic extracts (~10 mg protein/ml), we found
that OA induced a decrease in electrophoretic mobility of in
vitro-translated caspase 9, indicative of phosphorylation. How-
ever, this shift was altered, but not abolished, when Thr125 was
mutated to nonphosphorylatable alanine (Fig. 1A), indicating
that an additional site in caspase 9 was phosphorylated under
these conditions. We therefore sought to identify this novel
phosphorylation site and investigate its possible role in the
regulation of caspase 9.

The shift in electrophoretic mobility of fragments of caspase
9 incubated in OA-treated HeLa cytosolic extract indicated
that the novel phosphorylation site was restricted to amino
acids 130 to 160, which encompasses four potential phosphor-
ylation sites, Ser133, Ser144, Tyr153, and Serl156 (data not
shown; Fig. 1B). Mutation of Ser144 (but not any of the other
three residues) to alanine abolished the mobility shift of full-

length caspase 97'%*, indicating that Ser144 was the phos-

phorylation site (Fig. 1C and data not shown). To confirm that
Ser144 was phosphorylated under these conditions, we raised
an antibody against a peptide corresponding to residues 140 to
150 of caspase 9 in which the serine residue was phosphory-
lated. This antibody recognized recombinant human caspase 9
when incubated in HeLa cytosolic extract only after OA treat-
ment, while mutation of Ser144 to alanine abolished recogni-
tion, confirming that Ser144 was phosphorylated under these
conditions (Fig. 1D). Mutation of Thr125 to alanine did not
prevent recognition of caspase 9 by the antibody directed
against phospho-Ser144 and vice versa, showing that each site
was phosphorylated independently. These data also show that
the two antibodies are specific for the individual phosphoryla-
tion sites.

Ser144 phosphorylation inhibits caspase 9 activation. Since
Ser144 in caspase 9 was phosphorylated under conditions that
antagonize cytochrome c-induced caspase 9/3 activation, i.e.,
when OA was added to cell extracts, we wished to test if
phosphorylation at this site contributed to this inhibition. To
this end, in vitro-translated caspase 9 was incubated with con-
stitutively active Apaf-1(1-541), which, due to the lack of the
regulatory WD-40 repeat region, does not require cytochrome
¢ for oligomerization (21, 43). Autocatalytic processing of
caspase 9 to a 35-kDa fragment, which is associated with its
activation, was induced by Apaf-1(1-541). However mutation
of Ser144 to a potentially phosphomimetic aspartic acid resi-
due (S144D) abrogated processing, suggesting that phosphor-
ylation at this site may inhibit caspase 9 activation (Fig. 2A).

To assess whether Ser144 phosphorylation affects caspase 9
activation, we used reconstituted HeLa cytosolic extract in
which endogenous caspase 9 had been immunodepleted and
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(B) HeLa cytosolic extract depleted of endogenous caspase 9 was incubated with in vitro-translated, **S-labeled wild-type or S144A mutant caspase 9.
Caspase activation was induced by incubation with cytochrome ¢ (cyt ¢), where shown, for 4 h at 30°C. One micromolar OA was added as indicated.
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or mutant caspase 9, and then caspase activation was induced as for panel B. Caspase 3 activity was assayed by measuring DEVD-AMC cleavage.
The top part of panel C shows the removal of caspase 9 from the extract by two successive rounds of depletion (1, 2) compared to predepleted

extract (Pre) and the addition of in vitro-translated wild-type or mutant

replaced with in vitro-translated wild-type caspase 9 or caspase
981444 Addition of cytochrome ¢ induced the processing of
wild-type caspase 9 to its autocatalytic p35 and caspase 3-gen-
erated p37 proteolytic fragments, and this processing was
strongly inhibited by OA, as expected (3) (Fig. 2B). However,
although caspase 95'%** was processed to a similar extent as
wild-type caspase 9 following the addition of cytochrome ¢, OA
only partially inhibited the processing of this mutant. This
result indicates that the phosphorylation of Ser144, induced by
OA, attenuates caspase 9 activation and processing.

To confirm that the inhibition of caspase 9 activation
through phosphorylation at Ser144 also regulated the subse-
quent activation of caspase 3, we carried out a similar experi-
ment whereby the caspase 9-depleted HeLa cytosolic extract
was reconstituted with in vitro-translated caspase 9, and cyto-
chrome c-induced caspase 3 activation was assayed by measur-
ing the cleavage of the fluorogenic tetrapeptide substrate Ac-

caspase 9 to depleted extract.

DEVD-AMC (Fig. 2C). Depletion of caspase 9 from the
extract abolished cytochrome c-induced caspase 3 activation,
which was restored by the addition of in vitro-translated wild-
type caspase 9 or its phosphorylation site mutants. As ex-
pected, OA strongly inhibited the activation of caspase 3 by
wild-type caspase 9. This inhibition was partially attenuated by
caspase 95'*** or caspase 97'%*, while the inhibitory effect of
OA was further decreased by a double phosphorylation site
mutant, caspase 951441254 Jindicating that the inhibitory ef-
fect of OA on caspase 3 activation is due in part to the phos-
phorylation of caspase 9 at Ser144 and this phosphorylation is
additive to the inhibitory effect of phosphorylation at T125A.
The persistent partial inhibition of caspase 93'#4A/T1254 g0
gests that an additional inhibitory mechanism is also induced
by OA.

Effects of protein kinase inhibitors on Ser144 phosphoryla-
tion in cytosolic extracts. The Ser144 site occurs within a se-
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FIG. 3. Inhibition by PKC inhibitors of caspase 9 phosphorylation
at Ser144. Recombinant T125A (C287A) His-caspase 9 (Casp-9) was
incubated in HeLa cytosolic extract treated with 1 pM OA. Samples
were analyzed by immunoblotting with phospho-Ser144 and caspase 9
antibodies where indicated. (A) Effect of kinase inhibitors on Ser144
phosphorylation. Ten micromolar UO126, 5 pM LY294002, 10 pM
SB203580, 5 wM Ro318220, and 1 wM staurosporine were included as
indicated. (B) Concentration-dependent effects on Ser144 phosphory-
lation of R0318220, Bis-1, Go6976, Go6983, UO126, and H89.

quence that does not have strong similarity to known protein
kinase consensus motifs, although the presence of a basic ar-
ginine residue at position +2 is suggestive of a PKC phosphor-
ylation site (Fig. 1B). As a first step to identify the protein
kinase that targets Ser144, we screened a number of protein
kinase inhibitors for the ability to abrogate phosphorylation of
this site induced by OA in HeLa cytosolic extract. Notably,
UO126, which inhibits the activation of MEKI, the upstream
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FIG. 4. Phosphorylation of caspase 9 (Casp-9) at Ser144 in cells.
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cells were serum starved for 24 h and then treated with 1 uM OA for
60 min. Cell lysates were immunoblotted with phospho-Ser144 and
caspase 9 antibodies as indicated. (B) Effects of PKC inhibitors on Ser144
phosphorylation. U20S cells transfected with caspase 9 (C287A) were
serum starved for 24 h and then treated with 5 pM Ro-318220, 10 uM
Bis-1, 10 pM Go6976, or 10 uM Go6983 for 15 min prior to treatment
with 1 M OA for a further 60 min. Cell lysates were analyzed as before.
(C) Phosphorylation of endogenous caspase 9 on Ser144. HeLa cells were
serum starved for 48 h and then treated with 5 .M Ro-318220 for 15 min,
followed by 1 uM OA for 60 min. Caspase 9 immunoprecipitates were
Western blotted as in panel A.

activator of ERK1/2, had no effect on Ser144 phosphorylation
(Fig. 3A and B), ruling out involvement of the ERK MAP
kinase pathway that phosphorylates caspase 9 on Thr125 (3).
Furthermore, LY294002, SB203580 (Fig. 3A), and H89 (Fig.
3B), inhibitors of phosphatidylinositol-3-OH kinase (which
functions upstream of protein kinase B/Akt), p38 MAP kinase,
and protein kinase A, respectively, were also without effect. By
contrast, the PKC inhibitor Ro318220 and the broad-specificity
protein kinase inhibitor staurosporine strongly inhibited
Ser144 phosphorylation (Fig. 3A). These results suggest that
phosphorylation of this site requires a kinase other than PKB/
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being analyzed by SDS-PAGE and autoradiography. (B) Coprecipitation of PKC from HeLa cytosolic extract with caspase 9. Wild-type (wt) or
S144A GST-caspase 9 (C287A) was incubated in HeLa extract with 1 puM OA, as shown, before being recovered on glutathione-Sepharose beads.
Samples were immunoblotted with an antibody which detects all PKC isoforms (PKCpan) or a caspase 9 antibody, as indicated. The upper band
detected by the caspase 9 antibody corresponds to full-length GST-caspase 9, whereas the lower bands correspond to an N-terminal fragment
tagged with GST that also contains the S144 site. (C and D) Coprecipitation of PKC{ with caspase 9 from HeLa cell extract. Wild-type or S144A
(both C287A) GST-caspase 9 was incubated in OA-treated HeLa cytosolic extract and recovered on glutathione-Sepharose beads. Samples were
analyzed by immunoblotting with antibodies to caspase 9 and PKC¢/\ (C) or PKC\ (D).

Akt (7), ERK1/2 MAP kinase (3), or PKA (32), which have
been reported previously to phosphorylate other sites in
caspase 9. The stress-activated p38 MAP kinase is also not
required.

To investigate further the potential involvement of PKC in
Ser144 phosphorylation, additional inhibitors known to target
this family of kinases were tested (Fig. 3B). Phosphorylation of
Ser144 was strongly inhibited by Ro318220 at 5 uM and com-
pletely abolished at 10 wM. Other PKC inhibitors, bisindoyl-
maleimide 1 (Bis-1), Go6976, and Go6983, substantially re-
duced Ser144 phosphorylation at 0.1 pwM, although some
phosphorylation persisted with each inhibitor at up to 5 uM.
By contrast, UO126 and H89 had no effect, even at 10 pM.
While it should be noted that all of the PKC inhibitors tested
are known to target kinases other than the PKC family (2, 12),
these results are suggestive of a role for members of the PKC
family in Ser144 phosphorylation.

Phosphorylation of caspase 9 at Ser144 is induced by OA in
cells. To test if caspase 9 was phosphorylated at Serl44 in
intact cells, we transfected HEK293 cells and U20S cells with
catalytically inactive caspase 9 containing Ser144 or a mutant
in which this site was abolished (caspase 954**). In both cell
types, treatment with OA induced strong phosphorylation at
Ser144 that was absent in the S144A mutant (Fig. 4A). Phos-

phorylation of Ser144 induced by OA in U20S cells was in-
hibited by Ro0318220 and Bis-1, although Go06976 had less
effect and Go6983 had none (Fig. 4B). Similarly, OA-induced
phosphorylation of endogenous caspase 9 retrieved by immu-
noprecipitation was also partially inhibited by Ro0318220
(Fig. 4C). These data confirm that Ser144 is indeed phosphor-
ylated in cells treated with OA and are consistent with a role
for PKC in this response.

Phosphorylation of caspase 9 by PKC isoforms and their
interaction in cell extracts. Eight recombinant PKC isoforms,
spanning each of the three subfamilies (classical, novel, and
atypical), phosphorylated recombinant Hisg-caspase 9 to sim-
ilar extents in vitro, suggesting that caspase 9 could be a direct
substrate for one or more PKC isoforms (Fig. SA). The phys-
iological selection of targets by protein kinases often involves
the formation of complexes with their substrates. To determine
if PKC isoforms interact stably with caspase 9, we incubated
recombinant GST-caspase 9 in HeLa cytosolic extracts and
analyzed coprecipitating proteins with specific antibodies. An
antibody that recognizes all PKC isoforms detected a polypep-
tide of approximately 70 kDa (corresponding in mass to some
PKC isoforms), which coprecipitated with GST-caspase 9 when
the extract was treated with OA (Fig. 5B). In addition, a
polypeptide of approximately 45 kDa, most likely a proteolytic
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fragment of PKC generated during preparation of the extracts
(36), interacted strongly with GST-caspase 9 in the same man-
ner. The requirement for OA suggests that either activation of
the kinase by phosphorylation or phosphorylation of caspase 9
itself is required to stabilize the interaction. Consistent with
the latter possibility, caspase 95'#** did not interact with PKC
in the extracts, indicating that phosphorylation of Ser144 sta-
bilizes the binding of PKC to caspase 9. Together, the obser-
vation that one or more PKC isoforms can phosphorylate
caspase 9 and interact with the protease in a Ser144-dependent
manner strongly suggests that this site is directly phosphory-
lated by PKC.

Only the a, 3, , and \/; isoforms of PKC were detected in
HeLa cytosolic extracts by Western blotting with isoform-spe-
cific antibodies (data not shown), indicating that it must be one
or more of these isoforms that interact with caspase 9. Anti-
bodies to PKCa or -8 failed to detect any proteins coprecipi-
tating with GST-caspase 9 (data not shown). By contrast, an
antibody that recognizes both aPKCs PKC{ and -M\/i (Fig. 5C)
detected 70-kDa and 45-kDa proteins that coprecipitated with
GST-caspase 9 from extracts treated with OA. Similar to the
results obtained with the pan-PKC antibody, this interaction
was dependent on the presence of Serl44. Furthermore, an
antibody that recognizes PKCMN/; but not PKC{ did not detect
these proteins in the GST-caspase 9 precipitate (Fig. 5D). This
shows that caspase 9 interacts specifically with PKC{, strongly
suggesting that this isoform regulates caspase 9 phosphory-
lation.

Phosphorylation of Ser144 in caspase 9 by PKC{. We found
that purified recombinant PKC{ did indeed phosphorylate

caspase 9 at Ser144 in vitro, as detected by the site-specific
antibody (Fig. 6A). Similarly, cotransfection of HEK293 cells
with catalytically inactive caspase 9 and a constitutively active
mutant of PKC{ with a mutation in the inhibitory pseudosub-
strate region (PKC{*''°F) resulted in strong phosphorylation
of caspase 9 at Serl44 (Fig. 6B). Furthermore, an inhibitor
peptide derived from the pseudosubstrate region of PKCg, but
not one derived from the pseudosubstrate region of PKCa/B
(26), substantially inhibited phosphorylation of caspase 9 on
Ser144 in OA-treated HeLla cytosolic extract, showing that
PKC{ is the principal Ser144 kinase activity in the extract (Fig.
6C). Residual phosphorylation that was not inhibited by high
concentrations of the pseudosubstrate inhibitor may be due to
phosphorylation by another PKC isoform. This could account
for the inhibition of Ser144 phosphorylation in HeLa cytosolic
extracts by Go6976 (Fig. 3B and 6D), which inhibits classical
PKC isoforms. Neither the PKC{ pseudosubstrate inhibitor
nor the other PKC inhibitors tested inhibited caspase 9 phos-
phorylation in extracts at the other major inhibitory site in-
duced by OA, Thr125 (Fig. 6D).

Inhibition of PKCC reverses the suppression of caspase ac-
tivation by OA in cell extracts. The PKC{ pseudosubstrate
inhibitor that prevented caspase 9 phosphorylation at Ser144
also restored cytochrome c-induced caspase 3 activation in
HeLa extract treated with OA (Fig. 7A), demonstrating that
PKC{ suppresses caspase activation in this system. Similarly,
Bis-1 (Fig. 7B) and Ro318220 (Fig. 7C), as well as other in-
hibitors of Ser144 phosphorylation (data not shown), also re-
versed suppression of caspase activation by OA. Restoration of
caspase 3 activation in these experiments was not attributable
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FIG. 7. Reversal of OA-induced inhibition of caspase activation by PKC{ inhibitors. Cytosolic extracts from human HeLa (A, B, and C) and
mouse NIH 3T3 (D) cells were incubated with 7.5 pM (HeLa) or 1 pM (NIH 3T3) cytochrome ¢ (cyt ¢), 1 pM OA, and 10 pM PKC{
pseudosubstrate, Bis-1, or Ro318220 as indicated. Caspase 3 activity was assayed by measuring DEVD-AMC cleavage.

to changes in phosphorylation at Thr125, since none of these
inhibitors affected phosphorylation at this site (Fig. 6D). These
results, together with those shown in Fig. 2C, are consistent
with a significant role for phosphorylation of Ser144 in human
caspase 9 in the suppression of caspase 3 activation. Neverthe-
less, OA also partially inhibited caspase activation in mouse
NIH 3T3 cell extract, albeit less efficiently than in human HeLa
cell extract, and this inhibition was reversed by the PKC{
pseudosubstrate inhibitor (Fig. 7D). Since the Ser144 site is
apparently not present in rodent caspase 9 (data not shown),
this suggests that PKC{ can also act through additional sites in
caspase 9 or other targets.

Hyperosmotic stress induces caspase 9 phosphorylation.
We were interested in determining the physiological conditions
under which caspase 9 might be regulated by PKC{. Unlike
classical and novel PKC family members, which are character-
istically activated by generation of diacylglycerol in response to
growth factors or pharmacologically by phorbol esters (36),
activators of aPKC signaling pathways are less well character-
ized. We therefore tested the abilities of a variety of stimuli to
induce Ser144 phosphorylation in human cell lines transfected

with catalytically inactive caspase 9. The phorbol ester TPA did
not induce phosphorylation at this site (Fig. 8A), which is
consistent with the finding that TPA-insensitive PKCg, as op-
posed to the TPA-sensitive classical and novel PKCs, is the
principal Ser144 kinase. In addition, we did not detect phos-
phorylation in response to serum stimulation, epidermal
growth factor, or insulin (Fig. 8B and data not shown). By
contrast, incubation of cells under conditions of acute hyper-
osmotic stress induced by treatment with 0.7 M sodium chlo-
ride or 0.5 M sorbitol, but not other stress stimuli such as heat
shock or oxidative stress, promoted rapid and sustained phos-
phorylation of caspase 9 at Serl144 to a level similar to that
induced by OA (Fig. 8C and D and data not shown).
Activation of PKC{ and its role in the phosphorylation of
caspase 9 in response to hyperosmotic stress of cells. To in-
vestigate if Ser144 phosphorylation following osmotic stress
occurs via a pathway involving PKC{, we first assessed
whether osmotic stress can increase the activity of this ki-
nase (Fig. 9A). Wild-type FLAG-PKC{ was expressed in
HEK293 cells and precipitated with an anti-FLAG antibody,
and its activity was measured by assaying the incorporation
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of **P from [y-**P]JATP into a PKCe substrate peptide,
which can also be used to assay the activity of the { isoform
(35). A catalytically inactive mutant of PKC{ (D386A) was
used to control for background precipitated kinase activity,
while the constitutively active mutant of PKC{ (A119E) was
used as a positive control for full activation. Treatment with
0.7 M NaCl resulted in three- and fourfold increases in the
activity of wild-type PKC{ after 15 and 30 min, respectively,
achieving about 80% of the activity of PKC{*''*F, demon-
strating that PKC{ is strongly activated by hyperosmotic
stress in these cells.

To determine whether PKC{ activated by hyperosmotic
stress can phosphorylate caspase 9, HEK293 cells were co-
transfected with wild-type PKC{ and catalytically inactive
caspase 9. In the absence of a stimulus, increased expression
of PKC{ caused only weak phosphorylation of caspase 9 at
Ser144. However, the phosphorylation of this site in re-
sponse to treatment with NaCl was markedly increased in
cotransfected cells, showing that hyperosmotic stress can
induce Ser144 phosphorylation via PKC{ (Fig. 9B). By con-
trast, cotransfection of caspase 9 with catalytically inactive
PKC{P3#4 did not promote Serl144 phosphorylation (data
not shown). Furthermore, pretreatment with a cell-perme-
able myristoylated PKC{ pseudosubstrate inhibitor substan-
tially inhibited hyperosmotic stress-induced Ser144 phos-
phorylation in cells transfected with caspase 9 alone,
providing compelling evidence that a PKC{-dependent
pathway phosphorylates this site under these conditions
(Fig. 9C).

Interaction of PKCC and caspase 9 in cells is regulated by
hyperosmotic stress. In cotransfected HEK293 cells, immu-
noprecipitation of FLAG-PKC{ resulted in coprecipitation
of caspase 9 but not caspase 3 (Fig. 10A). When these cells
were subjected to hyperosmotic shock with 0.7 M NaCl, the
interaction between PKC{ and caspase 9 was disrupted
within 15 min of NaCl treatment (Fig. 10A and B). These

data show that a population of caspase 9 molecules interacts
with PKC{ in nonstressed cells, and this interaction is reg-
ulated dynamically following hyperosmotic stress. However,
phosphorylation of caspase 9 at Ser144, which occurs under
similar conditions (Fig. 8), was not required for the change
in interaction with PKC{ (Fig. 10B), suggesting that addi-
tional mechanisms regulate this interaction in cells.

DISCUSSION

Caspase 9 is a major point of control in the apoptotic path-
way that is induced by a wide variety of stimuli that act through
mitochondria. Caspase 9 activation also plays an important
role in the amplification of caspase activation initiated through
other pathways. In this report, we have identified a novel path-
way that inhibits caspase 9 activation through the aPKC iso-
form PKC{, which phosphorylates Ser144 in human caspase 9.
This mechanism is activated pharmacologically both in a cell-
free system and in cultured cells by the protein phosphatase
inhibitor OA. We have also found that phosphorylation of
caspase 9 in cells is induced by hyperosmotic stress, which
activates PKC{ and regulates its interaction with caspase 9.

In a previous analysis (3), we identified Thr125 as the only
major site in caspase 9 that was phosphorylated in diluted,
OA-treated HeLa cytosolic extracts. Thr125 is targeted by
ERK MAP kinase in these extracts, as well as in growth factor-
stimulated cells. With concentrated HeLa cytosolic extracts, we
have now found that caspase 9 is phosphorylated at an addi-
tional site, Ser144. The loss of phosphorylation at Ser144 fol-
lowing dilution of extracts is apparently due to the labile ac-
tivity of the kinase acting on this site, which has so far
prevented successful purification of the native enzyme or im-
munodepletion studies (data not shown). Nevertheless, inhib-
itor studies showed that PKC{ is the predominant kinase acting
on Ser144, although residual phosphorylation of this site in cell
extracts when PKC{ is inhibited may be due to another kinase,
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FIG. 9. Hyperosmotic stress induces PKC{ activation and caspase 9
(Casp-9) phosphorylation at Ser144. (A) Hyperosmotic stress increases
PKC{ activity. HEK293 cells were transfected with wild-type (wt),
constitutively active (A119E), or kinase-dead (D386A), FLAG-tagged
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cotransfected with caspase 9 (C287A) and PKC{ or empty vector. Cells
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aPKC antibodies, as indicated. (C) Phosphorylation of endogenous
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serum starved for 48 h and then treated with 100 wM pseudosubstrate
inhibitor (PS) for 45 min, followed by 0.7 M NaCl for 45 min. Caspase
9 immunoprecipitates were Western blotted as in panel A.

most likely another PKC isoform. In cells, however, the lack of
phosphorylation of Ser144 in response to phorbol ester argues
against a role for classical or novel PKC isoforms in the phos-
phorylation of this site in vivo, whereas strong inhibition by a
specific pseudosubstrate inhibitor demonstrates a requirement
for PKCL.

MoL. CELL. BIOL.

Although both Ser144 and T125 are phosphorylated when
caspase 9 activation is inhibited by OA in concentrated cyto-
solic extracts, we have found that selective inhibition of either
PKC{ or the ERK MAP kinase pathway in these extracts is
sufficient to reactivate caspase 9 and subsequently caspase 3.
The apparent lack of redundancy between the two inhibitory
pathways is most probably due to a requirement for only a
fraction of the total caspase 9 molecules to be activated in
response to cytochrome ¢ in order to restore full caspase 3
activation. Thus, our analysis does not preclude other inhibi-
tory sites being targeted by PKC{ or other kinases in OA-
treated cell extracts. Indeed, PKC{ may phosphorylate both
human and mouse caspase 9 at additional sites that could
contribute to the suppression of caspase activation. It will
therefore be of interest to identify such additional sites to
determine what role they might also play in caspase 9 regula-
tion. Nevertheless, we have shown that phosphorylation of
Ser144 of human caspase 9 plays a significant inhibitory role in
its regulation and this site acts as a marker for the activity of
PKC{ toward caspase 9 in cells.

The results presented here provide a novel insight into the
functions and mechanisms of action of PKC{. Previous work
supports a role for PKC{ in the promotion of cell survival. For
example, expression of par-4 protein in NIH 3T3 cells inhibits
aPKC and induces morphological changes typical of apoptosis
that are antagonized by overexpression of PKC{ or PKCA (16).
Conversely, UV irradiation of NIH 3T3 cells causes a reduc-
tion in aPKC (PKC{/M/i) catalytic activity that precedes apo-
ptosis (5). Furthermore, PKC{ can be cleaved by active
caspases following etoposide treatment, and although this re-
sults in an initial increase in PKC{ activity due to the removal
of the regulatory domain, the PKC{ fragments are subse-
quently degraded rapidly by the proteasome (42). The down-
regulation of components of survival pathways or damage re-
pair mechanisms is a common feature of apoptosis, and
degradation of PKC{ therefore implies that this kinase other-
wise plays a role in cell survival. One mechanism by which
PKC{ might mediate antiapoptotic responses, at least in some
cell types, is activation of the transcription factor NF-kB (15,
28, 34). We have now identified a direct mechanism for the
regulation of apoptosis by PKC{ through inhibition of caspase
9 by phosphorylation.

We have observed phosphorylation of human caspase 9 at
Ser144 in HEK293 cells following hyperosmotic shock, a stress
that strongly activated PKC{ in those cells. This finding is
consistent with a previous report of increased PKC{ activity in
adipocytes treated with sorbitol (40). It will be of interest to
investigate the mechanism of PKC{ activation during the os-
motic stress response. One well-characterized pathway to
PKC{ activation involves its recruitment to Cdc42 and Rac
GTPases via the adaptor protein Par6, which plays a critical
role in cell polarity (23, 30, 37). While this complex is clearly
involved in aPKC activation in response to signals such as
integrin ligation (18), it is interesting that both Cdc42 and Rac
can also be activated by hyperosmotic stress (39, 46), and
Cdc42 has been implicated in the regulation of apoptosis (17).
In addition, we have shown that hyperosmotic stress regulates
the interaction of PKC{ with caspase 9. Although the stable
binding of PKC{ to caspase 9 in cytosolic extracts appears to
require Serl44 phosphorylation, in cells this interaction oc-
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secondary antibody used to detect mouse anti-caspase 3. (B) Time course of the effect of 0.7 M NaCl on the interaction between PKC{ and caspase

9 and the effect of mutation of Ser144 to Ala (S/A).

curred even when Ser144 phosphorylation was abolished by
mutation and it was reduced following hyperosmotic stress.
This suggests that the interaction of PKC{ and caspase 9 in
cells is dynamic and is regulated by additional mechanisms
in response to hyperosmotic stress, possibly through changes
in the subcellular localization of the components. Interestingly,
several PKC isoforms, including PKC{, have been reported to
undergo translocation to intracellular membrane compart-
ments in response to osmotic and mechanical stresses (31).

In most cells within tissues, exposure to the extracellular
fluid maintains a normal osmotic balance. However, particular
cell types, such as those in the kidney medulla or mouth, can be
exposed to severe changes in extracellular osmolarity. To sur-
vive in this environment, cells exposed to osmotic stress initiate
an adaptive response involving modulation of ion transport
and cell shrinkage, followed by accumulation of organic sol-
utes, such as amino acids, to balance the osmotic pressure (8,
10). Such homeostatic responses to acute osmotic stress may



10554 BRADY ET AL.

require the restraint of apoptosis, and we propose that inhibi-
tion of caspase 9 through phosphorylation by PKC{ plays a role
in this process. Nevertheless, abnormal osmotic stress can re-
sult in apoptosis in a number of cell types (19, 24). Embryonic
fibroblasts and thymocytes derived from caspase 9-null mice
are resistant to sorbitol-induced apoptosis, demonstrating that
osmotic-stress-induced death in these cells requires caspase 9
(25). This strongly suggests that regulation of caspase 9 plays an
important role in determining cell survival following osmotic
stress. Pathologically, an inability to regulate apoptosis under such
conditions may contribute to diseases like diabetes, in which hy-
perglycemia imposes an osmotic pressure on cells such as those of
the lens epithelium, and this appears to be a prime factor in the
development of diabetic cataracts (27). Conversely, constitutive
activation of stress response pathways that restrain apoptosis may
contribute to abnormal cell survival in diseases such as cancer.
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