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Protein kinase D (PKD) participates in activation of the transcription factor NF-�B (nuclear factor �B) in
cells exposed to oxidative stress, leading to increased cellular survival. We previously demonstrated that
phosphorylation of PKD at Tyr463 in the PH (pleckstrin homology) domain is mediated by the Src-Abl pathway
and that it is necessary for PKD activation and subsequent NF-�B induction. Here we show that activation of
PKD in response to oxidative stress requires two sequential signaling events, i.e., phosphorylation of Tyr463
by Abl, which in turn promotes a second step, phosphorylation of the PKD activation loop (Ser738/Ser742). We
show that this is mediated by PKC� (protein kinase C�), a kinase that is activated by Src in response to
oxidative stress. We also show that other PKCs, including PKC� and PKC�, do not participate in PKD
activation or NF-�B induction. We propose a model in which two coordinated signaling events are required for
PKD activation. Tyrosine phosphorylation in the PH domain at Tyr463, mediated by the Src-Abl pathway,
which in turn facilitates the phosphorylation of Ser738/Ser742 in the activation loop, mediated by the Src-
PKC� pathway. Once active, the signal is relayed to the activation of NF-�B in oxidative stress responses.

The activation of the inducible transcription factor NF-�B
(nuclear factor �B) is important for many cellular responses
because it participates in the activation of genes such as inter-
leukin-1 and TNF-� (tumor necrosis factor alpha), which con-
tribute to efficient immune and inflammatory responses.
NF-�B activation has also been shown to control both pro- and
antiapoptotic signaling (20, 36, 49). Moreover, numerous stud-
ies have shown that in a variety of cell types, NF-�B acts as a
sensor for oxidative stress (21, 29, 34). For example, cells
exposed to H2O2, or induced to produce intracellular reactive
oxygen species (ROS), show potent NF-�B activation (12, 42).

Activation of NF-�B is regulated by multiple distinct up-
stream signaling pathways, and the contribution of each path-
way to NF-�B induction is dependent on the nature of the
cellular stimulus (20). However, one feature common to many
NF-�B-activating pathways is that they converge at the level of
the I�B kinase (IKK) signalosome, a multiprotein complex
necessary for phosphorylation and down-regulation of the
NF-�B inhibitory protein I�B. Although the signaling path-
ways acting upstream of the IKK complex used by proinflam-
matory cytokines such as TNF are well characterized, the sig-
naling cascades that mediate oxidative stress-induced NF-�B
activation have remained elusive (20, 29, 41). Recent studies
have shown that activation of NF-�B in response to oxidative
stress is concomitant with tyrosine phosphorylation of a num-
ber of signaling intermediates in the canonical IKK/NF-�B
pathway (12, 42). As an example, we recently showed that in
response to oxidative stress, activation of the Src-Abl signaling
module converges on the serine/threonine kinase PKD (pro-
tein kinase D), which in turn stimulates activation of NF-�B
(42). Moreover, tyrosine phosphorylation of PKD at Tyr463 in

the pleckstrin homology (PH) domain is the key event that
controls NF-�B induction in response to ROS. Once active,
PKD participates in signal relay to NF-�B via activation of the
canonical IKK complex and I�B degradation.

The serine/threonine kinase PKD, originally described as a
novel PKC (nPKC) and named PKC�, is now known to com-
prise a distinct family of kinases that includes two other mem-
bers, PKD2 and PKC�/PKD3 (51). In the kinome, the PKD
family is more closely related to the calcium-calmodulin kinase
superfamily than it is to the PKC family (32, 37, 51). Activation
of PKD by extracellular stimuli has been shown to be mediated
by a PKC-dependent pathway (58). For example, nPKC iso-
forms such as PKC� and PKC� (3, 55) have been shown to
bind the PKD PH domain and promote the phosphorylation of
PKD at its activation loop serine residues (Ser738 and Ser742
in human PKD, Ser744 and Ser748 in murine PKD). PKD does
not autophosphorylate its own activation loop, but phosphor-
ylation of these residues is a prerequisite for kinase activity
(53). However, thus far the mechanism by which PKCs control
PKD activation, as well as the specific PKC isoforms used by
specific stimuli in the PKD activation pathway, is not well
known. Recently, Waldron et al. described an attractive model
in which direct phosphorylation of the activation loop by PKCε
facilitates release of the autoinhibitory PH domain, leading to
increased PKD activity (54). Our own studies have revealed
that phosphorylation of Tyr463 in the PH domain promotes
PKD activation, specifically in response to oxidative stress, but
not in response to other PKD-activating stimuli such as PDGF
(platelet-derived growth factor) or bradykinin (40). Thus, the
PKD PH domain appears to play a critical role in the activation
of the kinase in response to multiple stimuli.

Here we show that PKD Tyr463 and Ser738/Ser742 phos-
phorylation is essential for kinase activity and subsequent
NF-�B activation in response to oxidative stress. Activation
loop phosphorylation of PKD is mediated by the PKC path-
way, specifically, the nPKC� isoform and not other PKCs. We
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propose a model in which two distinct signaling pathways con-
verge at the level of PKD; the Src-Abl pathway, which controls
Tyr463 phosphorylation, and PKC�, which controls activation
loop phosphorylation. Synergistic activation of both pathways
is required for efficient signal relay to NF-�B in cells exposed
to ROS.

MATERIALS AND METHODS

Cell culture, antibodies, and reagents. HeLa cells were purchased from the
American Type Culture Collection (Manassas, Va.) and maintained in high-
glucose Dulbecco modified Eagle medium supplemented with 10% fetal bovine
serum. HeLa cells stably expressing the NF-�B and 	-galactosidase (	-gal)
reporter genes have been described previously (42). Anti-PKC�, anti-PKCε,
anti-PKC
, anti-PKD, anti-Abl, and anti-phospho-PKC� (pThr507) antibodies
were from Santa Cruz (Santa Cruz, Calif.); anti-	-actin and anti-FLAG antibod-
ies were from Sigma (St. Louis, Mo.); anti-Src and anti-phosphotyrosine (4G10)
antibodies were from Upstate Biotechnology (Lake Placid, N.Y.); and anti-
phospho-PKD (pSer744/748 in murine PKD, pS738/S742 in human PKD) anti-
bodies were from Cell Signaling Technologies (Beverly, Mass.). Anti-hemagglu-
tinin (anti-HA) antibody was purified from the 12CA5 hybridoma. H2O2 (30%)
was from Fisher Scientific (Pittsburgh, Pa.). BSO (DL-buthionine-[S,R]-sulfoxi-
mine) was from Sigma. Rottlerin and PP2 were from Biomol (Plymouth Meeting,
Pa.), myristoylated PKC inhibitor 19-27 was from Calbiochem (La Jolla, Calif.),
and STI-571 was from Novartis (Basel, Switzerland). The PKD-specific substrate
peptide used was AALVRQMSVAFFFK. Recombinant PKD was expressed in
insect cells after infection with baculovirus harboring HA-tagged PKD in
pFAST-Bac (Invitrogen Life Technologies, Carlsbad, Calif.) and purified on an
Ni-nitrilotriacetic acid affinity column. Purified active Abl and PKC� were from
Calbiochem. Superfect (Qiagen, Valencia, Calif.) or TransIT HeLa Monster
reagent (Mirus, Madison, Wis.) was used for transient transfections of HeLa
cells, and TransIT 293 transfection reagent was used for transient transfections of
human embryonic kidney (HEK) 293E cells in accordance with the manufactur-
er’s instructions.

Expression plasmids and RNA interference (RNAi) constructs. The cloning of
an expression vector for N-terminal HA-tagged human PKD has been described
previously (42). All expression plasmids for mutant PKDs are based on this
construct. The PKD.K612W, PKD.Y463F, PKD.Y463E, and PKD.�PH mutant
proteins have already been described (40, 42). Mutagenesis was carried out by
PCR with QuikChange (Stratagene, La Jolla, Calif.) for the following mutant
forms: PKD.SS744/748EE, 5�-ATTGGAGAGAAGGAGTTCCGGAGGGAGG
TGGTGGGTACC-3� and 5�-GGTACCCACCACCTCCCTCCGGAACTCCTT
CTCTCCAAT-3�; PKD.SS744/748AA, 5�-ATTGGAGAGAAGGCTTTCCGG
AGGGCAGTGGTGGGTACC-3� and 5�-GGTACCCACCACTGCCCTCCGG
AAAGCCTTCTCTCCAAT-3�. Constructs were verified by DNA sequencing.
Expression plasmids for PKCε or PKC
 have been described previously (6, 7).
Expression plasmids for PKC� (wild type, kinase dead [K376A], or constitutively
active [R144/145A]) were obtained from Shigeo Ohno, (Yokohama City Uni-
versity, Yokohama, Japan) or Mary Reyland (University of Colorado, Denver).
Wild-type and kinase-dead Abl expression constructs were from Naomi Rosen-
berg (Tufts University, Boston, Mass.). All of the other expression plasmids used
have already been described (40, 42).

To silence the expression of PKC�, PKC
, and PKCε, pSUPER.PKC RNAi
vectors were constructed by ligation of the following oligonucleotide pairs to pSU-
PER (5): 5�-GATCCCCGACAAGATCATCGGCAGATTTCAAGAGAATCTG
CCGATGATCTTGTCTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAAGACA
AGATCATCGGCAGATTCTCTTGAAATCTGCCGATGATCTTGTCGGG-3� for
PKC�, 5�-GATCCCCGATGGAGGAAGCTGTACCGTTCAAGAGACGGTA
CAGCTTCCTCCATCTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAAGAT
GGAGGAAGCTGTACCGTCTCTTGAACGGTACAGCTTCCTCCATCGGG-3�
for PKC
, and 5�-GATCCCCGATCGAGCTGGCTGTCTTTTTCAAGAGAAA
AGACAGCCAGCTCGATCTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAA
GATCGAGCTGGCTGTCTTTTCTCTTGAAAAAGACAGCCAGCTCGATC
GGG-3� for PKCε. To silence the expression of PKD2, a pSUPER.PKD2 RNAi
vector was constructed by ligation of the following oligonucleotide pair to pSUPER
(5): 5�-GATCCCCACATGACCCCACGTCGGCCTTCAAGAGAGGCCGAC
GTGGGGTCATGTTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAAACAT
GACCCCACGTCGGCCTCTCTTGAAGGCCGACGTGGGGTCATGTGG
G-3�. The vector used to silence the expression of PKD1 (pSuper.PKD RNAi
construct) has been described previously (42).

Immunoblotting and immunoprecipitation. Cells were lysed in lysis buffer (50
mM Tris/HCl [pH 7.4], 1% Triton X-100, 150 mM NaCl, 5 mM EDTA [pH 7.4])

plus protease inhibitor cocktail (Sigma-Aldrich, St. Louis, Mo.), and lysates were
used for immunoblot analysis or proteins of interest were immunoprecipitated by
a 1-h incubation with the respective antibody (2 �g), followed by a 30-min
incubation with protein A/G-agarose (Santa Cruz). Immune complexes were
washed five times with TBS (50 mM Tris/HCl [pH 7.4], 150 mM NaCl) and
resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) or subjected to in vitro kinase assays.

PKC kinase and PKD protein kinase assays. (i) PKC kinase assays. After
immunoprecipitation, 20 �l of kinase buffer (50 mM Tris/HCl [pH 7.4], 10 mM
MgCl2, 2 mM dithiothreitol) was added to the precipitates and the kinase
reaction was carried out for 30 min at room temperature after adding 10 �l of a
kinase substrate mixture (1 �g of myelin basic protein [MBP], 50 �M ATP, 10
�Ci of [
-32P]ATP in kinase buffer or without MBP for autophosphorylation
assays). To terminate the reaction, 30 �l of 2� SDS sample buffer was added and
the samples were resolved by SDS-PAGE. Gels were Coomassie stained and
then dried and analyzed on a Molecular Imager (Bio-Rad, Hercules, Calif.).

(ii) PKD protein kinase assays. After immunoprecipitation (with anti-PKD
antibody for endogenous PKD and anti-HA antibody for transfected PKD) and
washing, 20 �l of kinase buffer (50 mM Tris/HCl [pH 7.4], 10 mM MgCl2, 2 mM
dithiothreitol) was added to the precipitates and the kinase reaction was carried
out for 20 min after adding 10 �l of a kinase substrate mixture (150 �M
PKD-specific substrate peptide, 50 �M ATP, 10 �Ci of [
-32P]ATP in kinase
buffer). To terminate the reaction, the samples were centrifuged and the super-
natants were spotted onto P81 phosphocellulose paper (Whatman, Clifton, N.J.).
The papers were washed three times with 0.75% phosphoric acid and once with
acetone and dried, and activity was determined by liquid scintillation counting.

RNAi. HeLa cells were transfected with pSUPER or pSUPER-RNAi with the
TransIT HeLa Monster reagent (Mirus). HEK 293E cells were transfected with
the TransIT 293 transfection reagent (Mirus). In all experiments, the cells were
transfected at 30% confluency. Transfection efficiencies (95 to 100%) were
controlled with a green fluorescent protein expression vector. Experiments were
performed 48 h after initial transfection. Reduced expression of target proteins
was evaluated by immunoblotting.

Reporter gene assays. Cells were transiently cotransfected with an NF-�B–
reporter construct (NF-�B–luc [luciferase], 5 �g), 1 �g of pCS2-(n) 	-gal, and
the cDNA of interest (1 �g) with Superfect (Qiagen). Assays for luc and 	-gal
activities were performed on total cell lysates with standard assays, and mea-
surements were made with a luminometer. luc activity was normalized to 	-gal
activity. Protein expression was controlled by immunoblot analysis. For reporter
gene assays, in which RNAi was used, HeLa cells stably transfected with the
NF-�B–luc reporter and the 	-gal reporter were used as previously described
(42).

RESULTS

Oxidative stress-mediated activation of the Src/Abl pathway
leads to PKD activation loop phosphorylation. Since stimula-
tion of cells with growth factors such as PDGF stimulates the
phosphorylation of PKD at activation loop residues Ser738 and
Ser742, leading to increased kinase activity (18), we investi-
gated whether activation loop phosphorylation is also required
for oxidative stress-dependent PKD activation. Exposure of
HeLa cells to oxidative stress (H2O2) or pervanadate signifi-
cantly increased PKD Ser738/Ser742 phosphorylation com-
pared to control PMA (phorbol 12-myristate 13-acetate) stim-
ulation (Fig. 1A). Ser738/Ser742 phosphorylation was also
induced in cells transiently transfected with active alleles of Src
(Src.Y527F) and Abl (v-Abl p120), which act upstream of PKD
by inducing Tyr463 phosphorylation (Fig. 1B). Interestingly, a
mutant PKD that is predicted to mimic the net effect of phos-
phorylation at Tyr463 (PKD.Y463E) and is constitutively ac-
tive in the absence of extracellular stimuli (42) is also consti-
tutively phosphorylated at Ser738/Ser742 (Fig. 1C). This
suggests that a negative charge at Tyr463 in the PH domain
induces a conformational change that releases autoinhibition
and permits activation loop phosphorylation by upstream ki-
nases.
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Ser738/Ser742 and Tyr463 phosphorylation contributes to
PKD activity. To examine the relationship between PH do-
main phosphorylation and activation loop phosphorylation in
controlling PKD activity, we generated a series of mutant
PKDs with Ala or Glu mutations at Tyr463 and Ser738/Ser742
(Fig. 2). The mutant proteins were transiently expressed in

HeLa cells, and their activities toward a specific PKD substrate
peptide were measured in immune complex kinase assays. As
previously shown (42), the PKD.Y463E mutant enzyme has
elevated activity compared with that of wild-type PKD. How-
ever, Ala substitution of Ser738/Ser742 in the context of
Y463E results in complete loss of PKD kinase activity (Fig. 2,
PKD.Y463E.SS738/742AA). This shows that PKD activity
stimulated by Tyr463 phosphorylation also requires activation
loop phosphorylation. Secondly, a mutant protein in which the
activation loop residues are replaced with negatively charged
Glu is also constitutively active, as originally shown by Iglesias
et al. (19) (Fig. 2, PKD.SS738/742EE). However, mutation of
Tyr463 to nonphosphorylatable Ala in the context of SS738/
742EE retains considerable kinase activity (Fig. 2,
Y463F.SS738/742EE).

These data are indicative of two sequential activation steps,
whereby Tyr463 phosphorylation is permissive for the subse-
quent activation loop phosphorylation, an event absolutely re-
quired for PKD activity (18). The fact that the Y463E mutant
protein is not as active as the SS738/742EE mutant protein
may be explained by the fact that, under these conditions, the
PKD activation loop upstream kinase is likely not fully active.
Moreover, we have detected a small but reproducible increase
in Tyr463 phosphorylation when the PKD.SS738/742EE mu-
tant protein is expressed in cells, and this argues for a basal
activity of Abl, the Tyr463 kinase, in untreated cells (data not
shown). This may explain why the PKD.Y463F.SS738/742EE
mutant protein is less active than the PKD.SS738/742EE mu-
tant protein. Taken together, these observations point to a
critical role for both PH domain phosphorylation (Tyr463) and
activation loop phosphorylation (Ser738 and Ser742) in con-
trolling PKD activity.

Ser738/Ser742 phosphorylation and Tyr463 phosphoryla-
tion contribute to NF-�B activation. We next evaluated the
contributions of Ser738/Ser742 phosphorylation and Tyr463

FIG. 1. PKD activation loop phosphorylation is promoted by Tyr463 phosphorylation. (A) HeLa cells were treated for 10 min with 100 nM
PMA, 75 �M pervanadate, or 10 �M H2O2. (B) HeLa cells were cotransfected with HA-tagged PKD and either the vector alone, active Src, or
active Abl. (C) PKD or mutant protein PKD.Y463E was overexpressed, and PKD was immunoprecipitated (IP; anti-PKD antibody in panel A,
anti-HA antibody in panels B and C) and immunoblotted with an antibody that recognizes the phosphorylated PKD activation loop (anti-pS738/742
antibody). All results are typical of three independent experiments.

FIG. 2. Phosphorylation of Tyr463 and Ser738/Ser742 controls
PKD activity. The indicated mutant PKDs were transiently expressed
in HeLa cells and immunoprecipitated (anti-HA antibody), and a PKD
substrate peptide kinase assay was performed. Immunoblot assays of
immunoprecipitated PKD were used to monitor the expression of all
mutant PKDs. The results are typical of three independent experi-
ments.
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phosphorylation to the activation of NF-�B. Since the consti-
tutively active PKD.Y463E mutant protein stimulates NF-�B
in the absence of extracellular stimuli (42), we evaluated the
contribution of PKD activation loop phosphorylation in this
event. With the mutant proteins described above, we found
that PKD.Y463E potently induced maximal NF-�B activity
compared to control wild-type PKD (Fig. 3A). Moreover, the
Y463E mutant protein was as potent as the activation loop
SS738/742EE mutant protein in activating NF-�B. Mutation of
the activation loop serines to nonphosphorylatable Ala in the
context of the Y463E mutant protein completely attenuated
NF-�B activation (PKD.Y463E.SS738/742AA, Fig. 3A), con-
sistent with the complete loss of PKD activity observed with
this mutant protein (Fig. 2). Interestingly, mutation of Tyr463
to a nonphosphorylatable Phe in the context of a negative
charge at the activation loop also attenuated NF-�B activity,

although this was not complete (PKD.Y463F.SS738/742EE,
Fig. 3A). This points to an important but not exclusive role for
PKD activation loop phosphorylation in stimulating NF-�B
activity.

Finally, all of the mutant proteins used in Fig. 3A were
further mutated to kinase-inactive alleles by introducing a Trp
into the critical PKD ATP-binding site at Lys612. Activation of
NF-�B in cells expressing either PKD.Y463E or PKD.SS738/
742EE was completely eliminated in the context of a K612W
mutation (Fig. 3B). Therefore, PKD kinase activity is a pre-
requisite for NF-�B activation.

PKC� is activated in response to oxidative stress and inter-
acts with PKD. Previous studies have shown that certain nPKC
isoforms, particularly PKCε and PKC�, act upstream of PKD
by phosphorylating the PKD activation loop at Ser378/Ser742
(3, 50, 55). In order to determine whether PKCs also regulate
PKD phosphorylation and activation in response to oxidative
stress, we first evaluated which novel and atypical PKCs are
expressed in HeLa cells. By reverse transcriptase PCR and
immunoblotting with specific antibodies, we found that HeLa
cells express PKC�, PKCε, and PKC
 (data not shown). We

FIG. 3. Contributions of the phosphorylation of Tyr463 and
Ser738/Ser742 and kinase activity to NF-�B activation. HeLa cells
were transfected with NF-�B luc and 	-gal reporter genes and either
the control vector alone or the indicated mutant PKDs. luc and 	-gal
reporter gene assays were then performed. Protein expression was
controlled in immunoblot assays against PKD (anti-HA antibody)
(data not shown). All results are typical of three independent experi-
ments.

FIG. 4. PKC� activation by oxidative stress. (A) HeLa cells were
treated with H2O2 (10 �M) in a time-dependent manner as indicated,
and PKCs were immunoprecipitated (IP) with specific antibodies, after
which substrate phosphorylation kinase assays were performed. In
overexpression experiments (bottom), protein expression was con-
trolled by immunoblotting against PKCε and PKC
. (B) HeLa cells
were treated with H2O2 (10 �M) in a time-dependent manner as
indicated, PKC� or PKD were immunoprecipitated, and autophos-
phorylation kinase assays were performed. Immunoblot assays of im-
munoprecipitated PKC� or PKD were used to monitor equal amounts
of endogenous protein. All results are typical of three independent
experiments.

VOL. 24, 2004 PKC� REGULATES PKD-MEDIATED NF-�B ACTIVATION 2617



therefore evaluated which of these PKCs are activated in re-
sponse to oxidative stress. Interestingly, only PKC� was signif-
icantly (five- to eightfold) activated by oxidative stress, as
judged by immune complex kinase assays (Fig. 4A) or auto-
phosphorylation assays (Fig. 4B, left side). In contrast, PKC

or PKCε revealed little or no increased kinase activity in re-
sponse to stimulation of HeLa cells by oxidative stress, even
when overexpressed (Fig. 4A). Moreover, the kinetics of PKC�
activation induced by oxidative stress closely correlated with
those of PKD, which was evident after 1 min of stimulation,
with a peak of activity at 5 to 10 min (Fig. 4B).

These data suggest that PKC� is an upstream kinase for
PKD. We further investigated this and determined whether a
PKC�-PKD complex exists in cells. Coimmunoprecipitation
experiments revealed that following stimulation of HeLa cells
with H2O2, endogenous PKC� and PKD form a complex (data
not shown). This was also observed upon expression of an
HA-tagged PKD allele, which coimmunoprecipitated with en-
dogenous PKC� only after H2O2 stimulation (Fig. 5). Interest-
ingly, deletion of the PKD PH domain, as well as mutation of
Tyr463, did not significantly abolish this interaction, suggesting
that the interaction between PKC� and PKD is independent of
a functional PH domain.

PKC� is the upstream kinase for PKD in oxidative stress
signaling. To determine which PKC isoform(s) is responsible
for PKD activation, we first transiently expressed wild-type,
constitutively active, and kinase-inactive alleles of PKC�,
PKCε, and PKC
 and evaluated activation loop phosphoryla-
tion of cotransfected PKD. Both wild-type and constitutively
active PKC� and PKCε induced Ser738/Ser742 phosphoryla-
tion in cells, whereas PKC
 did not (Fig. 6A). Interestingly, in

cells exposed to oxidative stress, expression of the kinase-in-
active PKC� allele significantly blocked PKD Ser738/Ser742
phosphorylation compared to that in cells transfected with the
control vector alone (Fig. 6B). This suggested that the
PKC�.DKA mutant protein acts in a dominant-negative man-
ner. Conversely, expression of wild-type PKC� significantly
potentiated oxidative stress-stimulated PKD S738/S742 phos-
phorylation by 10-fold compared to that in control cells,
whereas the wild-type PKC
 allele had no effect and wild-type
PKCε had a modest effect (2.8-fold, Fig. 6B).

Because of the potential nonspecific effects observed with
dominant-negative alleles of kinases such as PKC�, we used
RNAi to specifically silence PKC� expression. A PKC�-specific
RNAi sequence, cloned in the pSUPER RNAi expression vec-
tor, significantly silenced endogenous PKC� protein by approx-
imately 80% in transiently transfected HeLa cells (Fig. 7A). In
the same experiment, phosphorylation of PKD at Ser738/
Ser742 was significantly reduced in PKC� RNAi construct-
transfected cells, compared to that in control cells transfected
with pSUPER alone. To address the generality of oxidative
stress-induced PKD activation loop phosphorylation by PKC�,
we conducted a similar experiment with HEK 293E cells, in
which we had previously shown tyrosine phosphorylation and
activation of PKD by H2O2 (42). Transient silencing of PKC�
by RNAi reduced PKC� protein levels, with a concomitant
decrease in the H2O2-stimulated phosphorylation of PKD at
S738/S742 (Fig. 7B). Note that the PKC� RNAi construct was
specific to this PKC isoform and did not cause silencing of

FIG. 5. Oxidative stress-induced association between PKC� and
PKD. HeLa cells were transfected with the indicated mutant PKDs,
and PKD was immunoprecipitated (IP; anti-HA antibody). The im-
munoprecipitates were resolved by SDS-PAGE and immunoblotted
for coimmunoprecipitated endogenous PKC�. Immunoblots were re-
probed to evaluate equivalent PKD immunoprecipitation. Immuno-
blot assays of cell lysates were also used to monitor endogenous ex-
pression of PKC�. All results are typical of three independent
experiments.

FIG. 6. PKC� is a PKD upstream kinase in oxidative stress signal-
ing. (A) PKD was expressed together with the indicated PKCε, PKC�,
or PKC
 mutant protein (myr, myristoylated; KW, kinase dead; DKA,
kinase dead; DRA, constitutively active) in HeLa cells. PKD was
immunoprecipitated (IP; anti-HA antibody) and immunoblotted with
the phosphospecific PKD activation loop anti-pS738/742 antibody.
(B) HeLa cells were transfected with the control vector, wild-type or
kinase-inactive PKC� (DKA), wild-type PKCε, or PKC
 along with
PKD, and cells were treated with H2O2 (10 �M, 10 min). PKD was
immunoprecipitated (anti-PKD antibody) and immunoblotted with an-
ti-pS738/742 antibody. Equal expression of the proteins was monitored
by immunoblot analysis (data not shown). All results are typical of
three independent experiments.
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either PKCε or PKC
 (data not shown). These data point to an
exclusive role for PKC� in the oxidative stress signaling path-
way which leads to PKD phosphorylation at Ser738/Ser742.

PKC� directly phosphorylates and activates PKD. We next
determined whether PKC� is a direct upstream kinase for the
PKD activation loop. Purified, recombinant PKC� directly
phosphorylated PKD at Ser738/Ser742 in vitro (Fig. 8A). We
then investigated the consequence of this phosphorylation on
PKD activity. We previously showed that phosphorylation of
PKD at Tyr463 by Abl in vitro results in increased PKD activity
(40). With purified, recombinant PKC�, PKD, and Abl, we
found that incubation of PKD with either Abl or PKC� alone
resulted in a two- to fourfold increase in PKD activity, as
judged by the phosphorylation of the PKD-specific substrate
peptide. However, incubation of both Abl and PKC� together
with PKD resulted in a synergistic, 11-fold increase in PKD
activity compared to that of the control (Fig. 8B). This provides
further evidence that phosphorylation of both Tyr463, medi-
ated by Abl, and Ser738/Ser742, mediated by PKC�, is re-
quired to achieve maximal PKD activity.

To further investigate the contribution of Y463 phosphory-
lation in PKD activation loop phosphorylation downstream of
Abl (the Y463 kinase) and PKC� (the S738/S742 kinase), we
transiently expressed HeLa cells with either wild-type PKD or
the activation loop mutant protein PKD.SS738/742AA, either
alone or cotransfected with activated Abl, followed by immune
complex PKD kinase assays. As predicted, activated Abl po-
tently induced PKD activity, but this was completely blocked in
the activation loop mutant protein (Fig. 9A). This again shows
that Y463 phosphorylation alone cannot support PKD activity,
which requires activation loop phosphorylation even in the
presence of pY463. In a parallel experiment, we probed the
requirement for Y463 phosphorylation in the presence of func-
tional S738/S742 phosphorylation. Again, either wild-type
PKD or the nonphosphorylatable PKD.Y463F mutant protein
was transfected alone or with activated PKC� (the S738/S742
kinase). Whereas wild-type PKD was potently activated by
PKC�.CA, the Y463F mutant protein was significantly im-
paired (approximately 50% inhibition, Fig. 9B). Therefore,

Y463 phosphorylation is still required to achieve maximal PKD
activity even when S738/S742 is phosphorylated in cells. These
data further corroborate the model in which phosphorylation
of both Y463 and S738/S742 is required to achieve maximal
PKD activity in the oxidative stress, Abl, and PKC� pathway.

Src-dependent activation of PKC� in oxidative stress sig-
naling. The data thus far demonstrate that PKC� plays an
exclusive role in PKD activation loop phosphorylation, leading
to its activation in cells exposed to oxidative stress. We there-
fore next asked the following question: how is PKC� activated
in response to oxidative stress? Previous studies have shown
that in response to oxidative stress, PKC� associates with Abl
(44) and that tyrosine phosphorylation of PKC� increases its
activity (24, 26, 30). However, it is not entirely clear if Abl is a
direct upstream kinase for PKC�. To investigate this further,
we used the Src kinase inhibitor PP2 and the Abl inhibitor
STI-571. Interestingly, PP2 reduced PKC� tyrosine phosphor-
ylation, as well as kinase activity (toward MBP) in response to

FIG. 7. Oxidative stress-mediated PKD phosphorylation is blocked
by PKC� RNAi. HeLa or HEK 293E cells were transfected with a
pSUPER-PKC� RNAi construct or a control vector. After 48 h, cells
were stimulated with H2O2 (10 �M, 10 min). Endogenous PKD was
immunoprecipitated (IP; anti-PKD antibody) and analyzed for activa-
tion loop phosphorylation (anti-pS738/742 antibody). The blot was
reprobed against PKD. Silencing of endogenous PKC� was monitored
by immunoblot analysis. All results are typical of three independent
experiments.

FIG. 8. Direct phosphorylation of PKD by PKC� stimulates PKD.
(A) An in vitro kinase reaction was performed with purified recombi-
nant PKD and PKC� (250 ng of PKD, 100 ng of PKC�, 100 �M
unlabeled ATP). PKD then was analyzed for activation loop phosphor-
ylation (anti-pS738/742 antibody). The blot was stripped and reprobed
against PKD. (B) PKD, PKC�, or Abl was added alone or in combi-
nation, as indicated, to an unlabeled in vitro kinase assay mixture (200
ng of PKD, 100 ng of PKC� and/or 20 ng of Abl, 150 �M unlabeled
ATP). PKD was immunoprecipitated, and after extensive washing in
kinase buffer, a PKD substrate peptide assay was performed as de-
scribed in Materials and Methods. All results are typical of two inde-
pendent experiments.
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oxidative stress (Fig. 10A). Conversely, inhibition of Abl by
STI-571 had no effect on PKC� activity or tyrosine phosphor-
ylation (Fig. 10A). In addition, neither inhibitor had any effect
on the phosphorylation of the PKC� activation loop residue
Thr507, which is phosphorylated by PDK-1 (phosphoinositide-
dependent kinase 1). Note that the appearance of a more
slowly migrating PKC� species in response to H2O2 in the
anti-pT507 immunoblot is likely due to tyrosine phosphoryla-
tion by Src, because this mobility shift is also blocked in cells
treated with PP2. Moreover, we did not detect any measurable
changes in the phosphorylation of PKC� at its activation loop
(Thr507).

To reinforce the results obtained with PP2 and STI-571, we
transiently transfected HeLa cells with wild-type Src and Abl,
as well as kinase-inactive alleles of both Src and Abl, and
evaluated PKC� activity. Wild-type Abl was not able to poten-
tiate PKC� MBP kinase activity stimulated by H2O2, and the
kinase-inactive allele also did not block this response (Fig.
10B). Conversely, a wild-type Src allele potentiated H2O2-
stimulated PKC� activity, whereas the kinase-inactive allele
did not (Fig. 10C). These data show that in response to oxida-
tive stress, PKC� is activated primarily downstream of Src,
whereas Abl does not appear to play a major role in PKC�
activation.

PKC� mediates PKD-dependent NF-�B activation in oxida-
tive stress signaling. Since phosphorylation of the PKD acti-
vation loop is required for NF-�B activation (Fig. 3), we next
investigated the role of PKC� in this pathway. Firstly, coex-
pression of wild-type PKC� with wild-type PKD potently in-
duced NF-�B activity, as measured with the NF-�B–luc re-
porter (Fig. 11A). This effect was not observed when the
kinase-inactive PKC� allele was used. Secondly, NF-�B activity
induced by expression of the constitutively active PKD.Y463E
mutant protein was further stimulated by coexpression of wild-

type PKC�, but again not kinase-inactive PKC� (Fig. 11B).
This lends additional support to the notion that although the
PKD.Y463E mutant protein shows constitutive kinase activity
and constitutive Ser738/Ser742 phosphorylation, the endoge-
nous basal PKC� activity is not capable of stimulating maximal
phosphorylation of the PKD activation loop in the absence of
cell stimulation. Thus, coexpression of exogenous PKC� fur-
ther stimulates PKD.Y463E-dependent NF-�B activity.

We also used two chemical inhibitors to further define the
role of PKCs in NF-�B activation. Rottlerin has been de-
scribed and used as a PKC�-selective inhibitor (14). However,
studies have shown that rottlerin does not directly inhibit
PKC� (9) and most likely acts to block its activity because it is
a potent uncoupler of the mitochondrial ATP electron trans-
port chain (39). Therefore, in rottlerin-treated cells, PKC�
activity is indirectly inhibited, and this correlates with inhibi-
tion of NF-�B activation in response to oxidative stress (Fig.
11C). More compelling was the fact that the myristoylated
PKC inhibitor 19-27, which blocks the activity of conventional
PKC� and PKC	, had no effect on H2O2-stimulated NF-�B
activation.

Finally, we used PKC� RNAi to silence PKC� and demon-
strate a specific role for this nPKC isoform in oxidative stress-
dependent NF-�B activation. HeLa cells transiently trans-
fected with a PKC� RNAi construct and stimulated with H2O2

showed a significant reduction in NF-�B activation, concomi-
tant with loss of PKC� protein (Fig. 12A). Conversely, cells
transfected with a PKCε or PKC
 RNAi construct showed no
reduction in NF-�B luc activity, despite a nearly complete
silencing of PKCε and PKC
 protein (Fig. 12B). Finally, to
probe a potential role of PKC� in NF-�B activation which may
be independent of PKD, we transiently expressed the activated
PKC�.CA allele, either alone or in combination with a PKD
RNAi construct, and measured NF-�B luc activity. The PKD

FIG. 9. Y463 phosphorylation and activation loop phosphorylation contribute to PKD activation. (A) HeLa cells were cotransfected with active
Abl (v-Abl p120) and with a control vector, wild-type PKD, or mutant protein PKD.SS738/742AA. PKD was immunoprecipitated (anti-HA
antibody), and a substrate kinase assay was performed. Expression of proteins was monitored by immunoblot analysis. (B) HeLa cells were
cotransfected with active PKC� (PKC�.CA, PKC�.R144/145A), a control vector, wild-type PKD, or mutant protein PKD.Y463F. PKD was
immunoprecipitated (anti-HA antibody), and a substrate kinase assay was performed. Expression of proteins was monitored by immunoblot
analysis. All results are typical of three independent experiments.
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RNAi construct blocked NF-�B induction by activated PKC�
by approximately 50%, suggesting that the remaining NF-�B
activity could be due to PKD-independent pathways activated
downstream of PKC�. A cautionary note must be made, how-
ever, because in this and other experiments we have not been
able to completely and quantitatively silence PKD expression
to undetectable levels, and thus, the remaining NF-�B activity
seen in this experiment may indeed be due to the residual
PKD. This issue can only be addressed by the use of cells with
the gene for PKD deleted by homologous recombination,
which are not yet available. Nonetheless, the data in Fig. 12
strongly argue that PKCε, PKC
, and conventional PKCs do
not participate in the NF-�B activation pathway in oxidative
stress signaling. Rather, PKC�, acting upstream of PKD, is
responsible for signal relay to the NF-�B module.

Intracellular ROS generation promotes PKD and NF-�B
activation through PKC�. Although numerous studies have
shown that exposure of cells to H2O2 induces intracellular
ROS generation (13), and also that exposure of cells to extra-
cellular ROS occurs in human pathologies such as cancer and

inflammation (11, 46), we wanted to more directly implicate
intracellular ROS release in the activation of the PKC�/PKD/
NF-�B pathway. Glutathione (GSH) is the major intracellular
thiol and ROS scavenger (33), and its synthesis is controlled by
glutamylcysteine synthetase. BSO is a compound that causes

FIG. 10. Src is upstream of PKC� in oxidative stress signaling.
(A) HeLa cells were treated with PP2 (40 �M) or STI-571 (5 �M) or
left untreated for 1 h. Cells were then stimulated with H2O2 (10 �M,
10 min) as indicated. PKC� was immunoprecipitated, and a substrate
kinase assay was performed or PKC� was immunoblotted with anti-
pTyr (4G10), anti-pThr507, or anti-PKC� antibody. (B, C) PKC� and
the vector alone, wild-type (wt) or kinase-inactive Abl (B), or wild-type
or kinase-inactive Src (C) were coexpressed. Cells were stimulated
with H2O2 (10 �M, 10 min), PKC� was immunoprecipitated, and a
substrate phosphorylation kinase assay was performed. Protein expres-
sion was verified by immunoblotting with anti-Abl, anti-Src, and anti-
PKC� antibodies. All results are typical of two independent experi-
ments.

FIG. 11. Role of PKC� in oxidative stress-induced NF-�B activa-
tion. (A) HeLa cells were cotransfected with NF-�B luc and 	-gal
reporters and with the control vector, PKD, PKC�, or kinase-inactive
PKC� as indicated. (B) HeLa cells were cotransfected with NF-�B luc
and 	-gal reporter genes and the control vector, PKD.Y463E, PKC�,
or kinase-inactive PKC�. (C) HeLa cells were transfected with NF-�B
luc and 	-gal reporter genes, treated with inhibitors (rottlerin at 10 �M
or myristoylated PKC inhibitor [Inh.] 19-27 at 10 �M) for 6 h, and then
stimulated with 500 nM H2O2 for 16 h. luc and 	-gal reporter gene
assays were performed. Protein expression was controlled by immuno-
blotting with anti-PKC� and anti-PKD antibodies (data not shown).
All results are typical of three independent experiments.
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GSH depletion by selectivity inhibiting glutamylcysteine syn-
thetase, such that the net effect is an increase in intracellular
ROS (1). HeLa cells exposed to BSO revealed an increase in
PKD activity as measured in immune complex kinase assays
(Fig. 13A). As expected, BSO also promoted increased PKD

activation loop phosphorylation at S738/S742, and this was
blocked by specific silencing with the PKC� RNAi construct
(Fig. 13B). This is consistent with a role for PKC� in oxidative
stress-mediated PKD regulation at the activation loop. Finally,
BSO also promoted NF-�B activation and, as predicted, this

FIG. 12. PKC� RNAi blocks oxidative stress-induced NF-�B activation. (A, B) HeLa cells stably expressing the NF-�B luc and 	-gal reporters
(42) were transfected for 48 h with pSUPER (control), a pSUPER.PKC� RNAi construct (PKC� RNAi), a pSUPER.PKCε RNAi construct (PKC�
RNAi), or a pSUPER.PKC
 RNAi construct (PKC
 RNAi) and treated with H2O2 (500 nM, 16 h), and luc reporter gene assays were performed.
Protein expression was controlled by immunoblotting with anti-PKC�, anti-PKCε, anti-PKC
, or anti-actin (loading control) antibody. (C) HeLa
cells stably expressing the NF-�B luc and 	-gal reporters were transfected for 48 h with pSUPER (control) or pSUPER PKD1/2 and either the
vector alone or the constitutively active PKC� allele (PKC�.CA), and luc and 	-gal reporter gene assays were performed. Protein expression was
monitored by immunoblotting with anti-PKD and anti-PKC� antibodies. All results are typical of three independent experiments.
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activation was blocked by both PKD and PKC� RNAi con-
structs, with a concomitant reduction in the expression of both
proteins (Fig. 13C). Thus, release of intracellular ROS leads to
PKD activation, which requires PKC�, and the signal is then
relayed to NF-�B.

DISCUSSION

Activation of the serine/threonine kinase PKD controls a
number of cellular responses, including cell growth and DNA
synthesis, Golgi organization, B- and T-cell function, and cel-
lular survival (15, 51). In addition to activation by polypeptide
growth factors such as PDGF, PKD is also potently activated
by oxidative stress and ROS (42, 52). Activation of PKD by
oxidative stress in turn activates NF-�B through the canonical
IKK/I�B pathway (42). Despite numerous reports demonstrat-
ing activation of NF-�B in response to extracellular and intra-
cellular ROS generation, the notion that NF-�B is a sensor for
oxidative stress was recently challenged by a report which sug-
gested that ROS do not mediate NF-�B activation (16). How-
ever, this is potentially misleading because the report actually
provided evidence that the antioxidants N-acetyl-L-cysteine
and pyrrolidine dithiocarbamate, which have previously been
used to block TNF-mediated ROS production and conse-
quently NF-�B activation, actually block NF-�B by lowering
the affinity of TNF receptors for ligand (in the case of N-acetyl-
L-cysteine) or blocking I�B-ubiquitin ligase activity in a cell-
free system (in the case of pyrrolidine dithiocarbamate). In
fact, numerous studies have shown that exposure of cells to
oxidative stress, such as H2O2, or intracellular ROS generation
leads to a potent NF-�B response, regardless of antioxidant

activity. As an example, BSO, which depletes the ROS scav-
enger GSH, elevates intracellular ROS with a concomitant
activation of PKD and NF-�B (Fig. 13). Our own studies have
also shown that in response to oxidative stress (H2O2), a hier-
archical Src-Abl signaling pathway is activated. Abl then di-
rectly phosphorylates PKD at Tyr463 in the PH domain. We
also showed that Tyr463 phosphorylation is restricted to oxi-
dative stress signaling and that upon Tyr463 activation, PKD is
activated and relays the signal to NF-�B. The net consequence
is increased survival of cells exposed to oxidative stress (42).
However, because it is well known that PKD activity is also
controlled by activation loop phosphorylation, we turned our
attention to the mechanisms by which PKD activation loop
phosphorylation controls NF-�B activity and the role of Tyr463
phosphorylation in this event. The data presented here point to
a central role played by phosphorylation of both Tyr463 and
Ser738/Ser742 for efficient activation of NF-�B in response to
oxidative stress.

Synergistic action of PKD Tyr463 and Ser738/Ser742 phos-
phorylation. It is well known that the PKD PH domain acts in
an autoinhibitory manner toward the catalytic kinase domain,
because a mutant protein with the PKD PH domain deleted is
constitutively active (18). A recent study by the Rozengurt
laboratory demonstrated that following growth factor stimula-
tion, phosphorylation of PKD activation loop residues Ser738
and Ser742 promotes release of the PH domain (54). They also
showed that PKCε was responsible for PKC activation loop
phosphorylation. Our present results also point to an impor-
tant role for the PKD PH domain in controlling kinase activity
but suggest an alternative model for the activation of PKD,
specifically in response to oxidative stress signaling. We pro-

FIG. 13. Intracellular oxidative stress activates the PKC�/PKD/NF-�B pathway. (A) HeLa cells were stimulated with BSO (500 �M) for the
indicated times. PKD was immunoprecipitated, and a substrate kinase assay was performed. PKD expression was revealed by immunoblotting.
(B) HeLa cells were transfected with a pSUPER.PKC� RNAi construct or the control vector. After 48 h, cells were stimulated with BSO (500 �M,
15 min). Endogenous PKD was immunoprecipitated (anti-PKD antibody) and analyzed for activation loop phosphorylation (anti-pS738/742
antibody). The blot was reprobed against PKD. Silencing of endogenous PKC� was monitored by immunoblot analysis. (C) HeLa cells were
transfected for 48 h with pSUPER (control), a pSUPER.PKC� RNAi construct (PKC� RNAi), or a pSUPER.PKD RNAi construct-pSuper.PKD2
RNAi construct combination (PKD RNAi). After 24 h, a second transfection with the NF-�B luc and 	-gal reporters was performed. PKD and
PKC� expression was controlled by immunoblotting. All results are typical of three independent experiments.
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pose that in cells exposed to ROS, Abl-mediated phosphory-
lation of PKD at Tyr463 facilitates a conformational change in
the PH domain that results in exposure of the activation loop
residues, now accessible to the upstream kinase, in this case,
PKC� (Fig. 14). The key findings that lend support to this
model are as follows: firstly, a Y463E mutant protein is con-
stitutively phosphorylated at the activation loop (Fig. 1C); sec-
ondly, a PKD.Y463E.SS738/744AA mutant protein is impaired
in kinase activity (Fig. 2); thirdly, Abl and PKC� synergistically
activate PKD in vitro (Fig. 8C); finally, a PKD Y463F mutant
protein shows impaired kinase activity even when activation
loop phosphorylation is induced by expression of activated
PKC� (Fig. 9B). Thus, phosphorylation of both Tyr463 and
Ser738/Ser742 is required to achieve maximal PKD activity,
both in vitro and in cells. Importantly, we also propose that the
mechanism by which PH domain phosphorylation controls ac-
cessibility to the activation loop is restricted to oxidative stress
signaling. This is because in response to PDGF or bradykinin,
for example, Tyr463 phosphorylation does not occur, and there
is also no induction of NF-�B (42). Therefore, in response to
mitogens, activation of PKD may be initiated by activation

loop phosphorylation, as proposed by Waldron and colleagues
(54). At any rate, one feature common to both mechanisms is
the crucial role played by the PH domain. Ultimately, valida-
tion of these models currently suggested by biochemical anal-
yses will have to come from a structural analysis of PKD by
crystallographic studies.

PKC� is the upstream kinase for PKD in oxidative stress
signaling. Our studies point to an important and exclusive role
for PKC� in the activation of PKD, which is then relayed to
NF-�B in cells exposed to H2O2. Moreover, we show that other
PKCs, most notably, PKCε and PKC
, do not participate in
PKD activation loop phosphorylation and activation (Fig. 6),
nor do they contribute to oxidative stress-mediated NF-�B
induction (Fig. 12). This is of particular interest because pre-
vious reports have shown that, at least in response to mitogens,
PKCε acts upstream of PKD and that in vitro, PKCε can
efficiently phosphorylate PKD at Ser738/Ser742 (54). Thus,
unlike PKC�, PKCε is not a relevant upstream kinase for the
PKD activation loop in oxidative stress signaling. This is de-
spite the fact that PKCε is expressed in HeLa cells and also
shows a modest increase in activity following exposure of cells
to H2O2 (Fig. 4). Moreover, although PKC� and PKCε have
been shown to associate with PKD through its PH domain (52),
we find that the association between PKC� and PKD, which
occurs in response to H2O2 stimulation, does not require a
functional PH domain (Fig. 5). One possible explanation for
the inability of PKCε to regulate PKD is that the distinct
cellular location of PKC� and PKCε determines their accessi-
bility to PKD. This is currently under investigation.

With a combination of active and inactive PKC�, PKCε, and
PKC
 alleles, as well as chemical inhibitors and isoform-spe-
cific RNAi constructs, we have shown that PKC� plays a se-
lective role in PKD activation leading to NF-�B induction.
Previous studies have addressed the role of various PKC iso-
forms in regulating the activation of NF-�B. For example,
nPKC� is crucial for the activation of NF-�B in T and B cells
(2, 8, 25, 31, 45). Conventional PKC	 has been shown to
control IKK activation, I�B degradation, and NF-�B induction
in B cells stimulated through the B-cell receptor (38, 43).
Similarly, PMA-stimulated NF-�B activation has been shown
to be mediated by PKCε (17), whereas PKC� appears to par-
ticipate in TNF-induced NF-�B induction (22, 48). However,
in the latter case, it appears that cleavage of PKC� by caspase
3 is required and subsequently has a proapoptotic function (4).
In contrast, in oxidative stress signaling, PKC� acts upstream
of NF-�B by participating in the activation of PKD, which
leads to increased cell survival in cells exposed to oxidative
stress (42). Finally, studies by the Moscat laboratory have also
indicated that atypical PKC
 participates in the activation of
NF-�B, such that PKC
-deficient fibroblasts show impaired
TNF-dependent NF-�B activation (28). Moreover, PKC
 was
recently shown to directly phosphorylate Ser311 in the RelA
subunit of NF-�B, and this was required for NF-�B antiapop-
totic signaling (10). However, with PKC
-specific RNAi, we
have shown that, at least in the oxidative stress pathway, PKC

is dispensable for NF-�B activation (Fig. 12).

Src is upstream of Abl and PKC� in oxidative stress signal-
ing. Several PKC isoforms are activated by oxidative stress
(23). In the case of PKC�, studies have shown that in cells
stimulated with H2O2, PKC� is activated by tyrosine phosphor-

FIG. 14. Proposed model of PKD activation in oxidative stress sig-
naling. Oxidative stress activates PKD by two Src-mediated signaling
events. Src lies upstream of both Abl and PKC� and induces Abl-
mediated phosphorylation of PKD at Tyr463 in the PH domain (step
1). This facilitates release of the PH domain, which exposes the cata-
lytic kinase domain and activation loop residues (step 2), which are in
turn directly phosphorylated by PKC� (step 3). This results in fully
active PKD, which relays the signal for the activation of NF-�B in cells
exposed to oxidative stress.
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ylation (24, 26, 30). It has also been shown that oxidative stress
promotes the association between PKC� and Abl (44) and also
that activation of PKC� in response to genotoxic agents is
mediated by Abl (56). However, activation of PKC� by Abl in
oxidative stress signaling has not been reported. This has been
further complicated by the fact that Src has also been shown to
interact with PKC� and thus to have the potential to regulate
PKC� tyrosine phosphorylation and activity (47, 57). We there-
fore systematically analyzed the contributions of both Src and
Abl to the activation of PKC� in oxidative stress signaling (Fig.
10). Our results demonstrate that PKC� tyrosine phosphory-
lation and activation in response to oxidative stress require Src,
but not Abl, activity (Fig. 10). Therefore, Src appears to play a
key role in the regulation of PKD because it is required for
activation of Abl and also participates in the activation of
PKC� in response to H2O2. These two signals are integrated at
the level of PKD, whereby Abl directly phosphorylates Tyr463
in the PH domain, and PKC� directly phosphorylates the ac-
tivation loop Ser738/Ser742. Finally, it is also interesting that
increased PKC� activity was not due to increased PKC� acti-
vation loop phosphorylation, because we could not detect mea-
surable increases in Thr507 phosphorylation. Thr507 is phos-
phorylated by PDK-1 in the phosphoinositide 3-kinase
pathway (27), and although activation of PDK-1 has been
reported to occur in response to oxidative stress (35), this does
not appear to be sufficient to mediate increased Thr507 phos-
phorylation. This is also consistent with the fact that phospho-
inositide 3-kinase does not participate in the activation of
PKD. Rather, the key event that controls PKC� tyrosine phos-
phorylation appears to be Src activation.

In summary, we have shown that activation of PKD by oxi-
dative stress requires two coordinated signaling events, the first
of which is Tyr463 phosphorylation, which is mediated by the
Src-Abl signaling pathway; this facilitates the second step,
phosphorylation of the activation loop Ser738/Ser742, which is
mediated by the Src-PKC� pathway. Both events are required
for full PKD activity, which in turn stimulates the activation of
NF-�B in oxidative stress responses. The remaining challenge
is to ascribe specific substrates of PKD that are responsible for
signal relay to the IKK-NF-�B module. This is currently under
investigation in our laboratory.
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