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P70 S6 kinase (p70S6K) is an important regulator of cell proliferation. Its activation by growth factor requires
phosphorylation by various inputs on multiple sites. Data accumulated thus far support a model whereby p70S6K
activation requires sequential phosphorylations at proline-directed residues in the putative autoinhibitory pseudo-
substrate domain, as well as threonine 389. Threonine 229, a site in the catalytic loop is phosphorylated by phospho-
inositide-dependent kinase 1 (PDK-1). Experimental evidence suggests that p70S6K activation requires a phos-
phoinositide 3-kinase (PI3-K)-dependent signal(s). However, the intermediates between PI3-K and p70S6K
remain unclear. Here, we have identified PI3-K-regulated atypical protein kinase C (PKC) isoform PKC{ as
an upstream regulator of p70S6K. In coexpression experiments, we found that a kinase-inactive PKC{ mutant
antagonized activation of p70S6K by epidermal growth factor, PDK-1, and activated Cdc42 and PI3-K. While
overexpression of a constitutively active PKC{ mutant (myristoylated PKC{ [myr-PKC{]) only modestly acti-
vated p70S6K, this mutant cooperated with PDK-1 activation of p70S6K. PDK-1-induced activation of a C-
terminal truncation mutant of p70S6K was also enhanced by myr-PKCC. Moreover, we have found that p70S6K
can associate with both PDK-1 and PKCC in vivo in a growth factor-independent manner, while PDK-1 and
PKCC can also associate with each other, suggesting the existence of a multimeric PI3-K signalling complex.
This work provides evidence for a link between a phorbol ester-insensitive PKC isoform and p70S6K. The ex-

istence of a PI3-K-dependent signalling complex may enable efficient activation of p70S6K in cells.

p70 S6 kinase (p70S6K) has emerged as an important reg-
ulator of cell growth, playing a positive role during progression
through the G, phase of the cell cycle (12). Earlier studies on
p70S6K regulation using pharmacological inhibitors and plate-
let-derived growth factor receptor mutants, as well as cotrans-
fection studies with a constitutively active form of phosphoino-
sitide 3-kinase (PI3-K), have revealed that p70S6K activation
depends, to a large extent, on PI3-K (9, 14, 38). The regulation
of p70S6K is complex in that phosphorylation at multiple sites
is required for full activation of the kinase. Several proline-
directed sites have been identified within the C-terminal auto-
inhibitory domain of p70S6K. In vitro and in vivo studies sug-
gest that these sites are phosphorylated by members of the
mitogen-activated protein kinase (MAPK) family, p38, and
extracellular signal-related kinases (28, 33). Phosphorylation of
these sites is thought to induce a conformational change in
p70S6K, relieving an inhibitory intramolecular interaction be-
tween the autoinhibitory and catalytic domains. This allows the
kinase to be phosphorylated at other critical sites, Thr-229,
Thr-389, and a newly identified site, Ser-371 (21, 27, 30; re-
viewed in reference 32).

Thr-229 is located in the catalytic loop of p70S6K and must
be phosphorylated for full kinase activity. Recently, PDK-1
(phosphoinositide-dependent kinase 1) (2, 31) has been iden-
tified as the kinase responsible for phosphorylation of this site.
Mutation of this site to an alanine or even an acidic residue
intended to mimic phosphorylation abolishes kinase activity.
Phosphorylation of Thr-229 has been reported to be wortman-
nin sensitive (21), suggesting a PI3-K requirement. PI3-K-de-
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pendent regulation of p70S6K phosphorylation at other sites
may promote phosphorylation at Thr-229 by a constitutively
active kinase such as PDK-1 (31). Furthermore, it has been sug-
gested that Thr-389 is phosphorylated by FRAP/RAFT/mTOR
(mammalian target of rapamycin) (8). However, the mech-
anism by which mTOR regulates p70S6K remains unclear, as
an amino- and carboxy-terminal deletion mutant of p70S6K
which contains Thr-389 and retains mitogen responsiveness is
wortmannin sensitive but rapamycin insensitive (10, 39). Ser-
371 is also a mitogen-regulated site, and interestingly, its phos-
phorylation has been reported to be rapamycin insensitive. The
wortmannin sensitivity of this site and the kinase(s) which reg-
ulates Ser-371 remain unknown.

The protein kinase Akt/PKB, the first identified substrate of
PDK-1, also requires PI3-K for its activation (1, 16, 36; re-
viewed in reference 19) and has been identified as an upstream
regulator of p70S6K (7). Akt does not appear to directly phos-
phorylate p70S6K (2), and the intermediates between Akt and
p70S6K are not known. Furthermore, it has not been shown
that a dominant negative mutant of Akt can inhibit activation
of p70S6K (7). The Rho family GTPases Racl and Cdc42 have
also been shown to regulate p70S6K (11). Moreover, the acti-
vation of p70S6K by Cdc42 or Racl requires membrane tar-
geting of these G proteins and is sensitive to wortmannin,
which is consistent with the notion that multiple PI3-K-depen-
dent pathways are required for the phosphorylation and acti-
vation of p70S6K.

Atypical protein kinase C{ (PKC{) has been identified as a
downstream target of PI3-K. This isoform differs from the
conventional and novel classes of PKCs in that it does not
require diacylglycerol or calcium for its activation. In vitro
studies have shown that the PI3-K lipid product phosphatidyl-
inositol-3,4,5-triphosphate activates PKC{ (22, 29). In vivo,
growth factors and a constitutively activated mutant of PI3-K
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activate PKC{ in a wortmannin-sensitive fashion (4, 13, 25, 26,
35). Moreover, PKC{ has been implicated in several growth-
related processes such as extracellular signal-related kinase
activation, Xenopus oocyte maturation, and fibroblast prolifer-
ation (5, 6, 18, 34). More recently, it has been reported that
PDK-1 phosphorylates and activates PKC{ (13, 24).

Since it is clear that the PI3-K signalling pathway is impor-
tant for p70S6K activation and that Akt is probably not the sole
effector of PI3-K in p70S6K activation, we sought to identify
other PI3-K-regulated kinases as mediators of p70S6K activa-
tion. Here we have investigated the possibility that PKC{ is an
upstream regulator of p70S6K. We have used constitutively
activated and kinase-inactive mutants of PKC{ to show that
this PKC isoform participates in p70S6K activation. We also
found that p70S6K can associate with both PDK-1 and PKC{
in vivo and that PDK-1 and PKC{ also associate with each oth-
er, suggesting that a multimeric PI3-K-regulated signalling
complex exists in cells. Our study provides direct evidence that
a specific PI3-K regulated PKC isoform (PKC{) regulates
p70S6K, providing a further link between PI3-K and p70S6K.

MATERIALS AND METHODS

Cell culture and transfections. 293 cells were maintained in Dulbecco’s mod-
ified Eagle medium (DMEM) containing 10% fetal calf serum. For p70S6K
transient-cotransfection studies, 293 cells were transfected by the calcium phos-
phate method. Cells were seeded at a density of 10° per 60-mm-diameter dish
16 h prior to transfection. Hemagglutinin (HA)-p70S6K (0.25 to 1 pg) was
cotransfected with FLAG-PKC{, myc-p110*, myc-PDK-1, glutathione S-trans-
ferase (GST)-Cdc42V12, FLAG-p38 plasmid DNA and/or an empty vector, as
indicated in the figure legends, for a total of 12 pug of DNA. Cells were incubated
with the calcium phosphate-DNA mixture for 5 h, washed twice with phosphate-
buffered saline supplemented with 0.8 CaCl, mM and 1 mM MgCl,, and then
recovered by incubation for 16 h in DMEM containing 10% fetal calf serum. For
PKC{ activation studies, cells were transfected by the Lipofectamine method
with 400 to 600 ng of PKC{ DNA and an empty vector for a total of 2 pg of
plasmid DNA. Cells were starved in serum-free DMEM for 24 h prior to lysis,
and lysates were prepared at 48 h posttransfection.

Cell extract preparation. Cells were stimulated with epidermal growth factor
(EGF) for 10 min for PKC{ activity measurements or for 30 min for coimmu-
noprecipitations and p70S6K activity measurements. Following stimulation, cells
were lysed in 300 pl of lysis buffer (10 mM KPO,, 1 mM EDTA, 10 mM MgCl,,
50 mM B-glycerophosphate, 5 mM EGTA, 0.5% Nonidet P-40 [NP-40], 0.1%
Brij 35, 0.1% sodium deoxycholate, 1 mM sodium orthovanadate, 40-mg/ml
phenylmethylsulfonyl fluoride, 10-pg/ml leupeptin, 5-wg/ml pepstatin, pH 7.28)
at 4°C. Lysates were cleared of debris by centrifugation at 15,000 X g.

Immunoblots. Whole-cell lysate (10% of total cell extract) or washed immu-
noprecipitates were resolved by sodium dodecyl sulfate (SDS)-7.5 or 12% poly-
acrylamide gel electrophoresis (PAGE). Proteins were transferred to a nitrocel-
lulose membrane and blotted with the appropriate antibody. All immunoblots
were detected by enhanced chemiluminescence. Anti-FLAG monoclonal anti-
body M2 was purchased from Eastman Kodak Company, New Haven, Conn.
Anti-PKC{ antibody was purchased from Santa Cruz Biotechnology Inc., Santa
Cruz, Calif. Anti-GST antibody was a generous gift from T. Rapaport. Anti-
p70S6K antibody was raised against a C-terminal peptide of the protein.

Immunoprecipitations and immune complex kinase assays. For coimmuno-
precipitation studies, precleared lysates (33% of the total cell extract) were
immunoprecipitated with an anti-FLAG or anti-myc antibody and washed twice
with phosphate-buffered saline and 1% NP-40 and once in TNE (10 mM Tris,
100 mM NaCl, 1 mM EDTA, pH 7.4). Proteins were resolved and immunoblot-
ted as described above. For S6 kinase assays, lysates prepared as described above
were immunoprecipitated with an anti-HA antibody. For cotransfection studies
with the kinase-inactive mutant of PKC{ (PKC{ K/W), lysates were normalized
for amounts of HA-p70S6K protein expressed (quantitated from Western blots
by using a Bio-Rad Fluor-S Multilmager) prior to immunoprecipitation; other-
wise, 33% of the total lysate was used for immunoprecipitations for S6 kinase
assays. Immunoprecipitates were stringently washed once in 1 ml each of buffers
A (10 mM Tris, 1% NP-40, 0.5% sodium deoxycholate, 100 mM NaCl, 1 mM
EDTA, 1 mM sodium orthovanadate, 2 mM dithiothreitol, 40-mg/ml phenyl-
methylsulfonyl fluoride, 10-pg/ml leupeptin, 5-pg/ml pepstatin, pH 7.2), B (same
as buffer A, except for 0.1% NP-40 and 1 M NaCl), and ST (50 mM Tris-HCI, 5
mM Tris base, 150 mM NaCl). Kinase assays were then carried out by using a
GST fusion of the last 32 amino acids of 40S ribosomal protein S6 as a substrate
at 30°C for 10 min as described previously (15). For Akt immune complex assays,
anti-HA immunoprecipitates from lysates which were normalized for expression
of HA-Akt were washed as described above for S6 kinase assays. Reactions were
carried out by using recombinant GST-BAD as a substrate (17) with 20 mM
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FIG. 1. PKC{ is regulated by EGF in 293 cells. 293 cells were transfected
with 400 to 600 ng of FLAG-PKC{ wt or myr-PKC{-FLAG cDNA along with an
empty vector (V [pCMV5]) or with an empty vector alone. Cells were lysed
following 24 h of starvation in serum-free medium and 10 min of stimulation with
EGF (50 ng/ml), as indicated. PKC{ activity was measured as described in
Materials and Methods and is expressed as fold activation over the basal level.
‘Whole-cell lysates were analyzed for expression of PKC{ by immunoblotting with
a PKC¢-specific antibody (lower panel).

HEPES-10 mM MgCl,-5 pCi of [y-*?P]ATP (50 uM; New England Nuclear) for
10 min at 30°C. Reactions were resolved by SDS-12% PAGE. S6 and Akt kinase
activities were quantitated on a PhosphorIlmager and expressed as Phosphor-
Imager Units. PKC{ activity was assayed as previously described, by using myelin
basic protein as the substrate (13).

c¢DNA constructs. The HA-p70S6K wild type (WT) and a C-terminal deletion
mutant form (ACT) were generated as previously described (10) and subcloned
into mammalian expression vector pRK7. FLAG-PKC{ WT and the myristoy-
lated (myr)-PKC{-FLAG constructs have been previously described (13). FLAG-
tagged PKC{ K281W (FLAG-PKC{ K/W) was generated by addition of the
FLAG epitope (MDYDDDDK) to the N terminus of PKC{ K/W (provided by S.
Ohno). The myr-PKC{ K/W-FLAG mutant was generated by site-directed PCR
mutagenesis by mutating lysine 281 to a tryptophan residue using myr-PKCZ-
FLAG as the template. Cdc42V12, myc-PDK-1, and myc-p110* were previously
described (11, 13, 23). All of the mammalian expression vectors used in this study
are driven by the cytomegalovirus promoter.

RESULTS

PKCC is regulated by EGF in 293 cells and participates in
the activation of p70S6K. It has been previously reported that
PKC{ can be activated by growth factors in different cell types
(4, 13, 25, 26, 35). We wanted to verify this in the cell line used
in this study, under our experimental conditions. Indeed, EGF
activated FLAG-tagged WT PKC{ (FLAG-PKC{ wt) 2.7-fold
following a 10-min stimulation (Fig. 1). Myristoylation of
PKC{ targets it to the membrane, resulting in a constitutively
active kinase (13). EGF did not further activate the constitu-
tively active PKC{ mutant (myr-PKC{-FLAG), whose basal
activity was six- to sevenfold higher than that of WT PKC¢{. We
used this activated PKC{ mutant to test whether PKC{ is an
upstream activator of p70S6K. In the absence of growth factor,
myr-PKC{ expression induced variable and modest activations
of p70S6K, ranging from 1.5- to 2-fold (Fig. 2A). In the same
experiment, EGF led to threefold activation of HA-p70S6K.
The variability that we observed in these experiments may have
been due to differences in the expression levels of activated
PKC¢, as well as differences in the basal phosphorylations of
other sites on p70S6K which may be required for activation of
the kinase by myr-PKC{. Since multiple signals are required



VoL. 19, 1999

A
400000
ey |
=y § 300000
2 o
5 9
x E 200000
o °
e &
o @ 100000
L
e
0
- 1 25 - ug myr-PKCL-FLAG
e EGF 30 min
~ HA-p70S6K
a-HA
: “ ! myr-PKC.-FLAG
a-PKCg
B
60000
z
2> g 40000 |
e
£~
g g 30000 |
% TE' 20000
5 I
N o
Q o 10000 |
£
.
o L '}
i = [l ke EGF 30 min
- - + + FLAG-PKC ¢ KW
(a-p70S6K)
FLAG-PKCC K/W
a-PKC ¢

FIG. 2. PKC{ is not sufficient for p70S6K activation but participates in the
activation of p70S6K by EGF. (A) HA-p70S6K (0.5 wng) was cotransfected with
an empty vector (pCMV5) alone or with the indicated amounts of myr-PKC¢-
FLAG. Cells were starved for 24 h in serum-free medium and stimulated with
EGF (50 ng/ml) or not stimulated prior to lysing. Whole-cell lysates were re-
solved by SDS-7.5% PAGE, and the anti-HA and anti-PKC{ immunoblots
(lower panels) indicate the expression of HA-p70S6K and myr-PKC{-FLAG,
respectively. HA-p70S6K activity was measured as described in Materials and
Methods. (B) 293 cells were cotransfected with 0.25 pg of HA-p70S6K and 8 g
of FLAG-PKC{ K/W or with HA-p70S6K and an empty vector (pCMVS5). Cells
were starved in serum-free medium for 24 h and then stimulated with EGF (50
ng/ml) for 30 min where indicated. HA-p70S6K immunoprecipitated for S6
kinase activity assays was resolved by SDS-12% PAGE and analyzed by immu-
noblotting using a C terminus-specific p70S6K antibody. Whole-cell lysates were
evaluated for expression of PKC{ as described in the legend to Fig. 1. S6 kinase
assays were performed as described in Materials and Methods, and activity was
quantitated by using a PhosphorImager and is represented as a bar graph. These
results are representative of at least three independent experiments.

for p70S6K activation, it is possible that PKC{ alone is not
sufficient for full p70S6K activation but participates in growth
factor-dependent activation of p70S6K. To test this hypothesis,
we coexpressed HA-p70S6K with a kinase-inactive PKC{ mu-
tant (FLAG-PKC{ K/W) which contains a mutation at the
conserved lysine residue in the ATP-binding domain. PKC{
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K/W inhibited EGF-dependent activation of p70S6K by 50%
(Fig. 2B). The partial inhibition is consistent with the existence
of multiple inputs signalling to p70S6K. In addition to PI3-K,
EGEF recruits and activates phospholipase Cvy, which activates
p70S6K in a wortmannin-independent but phorbol ester-sen-
sitive manner (14). In agreement with this, we found that PKC{
K/W did not affect PMA (phorbol 12-myristate 13-acetate)-
induced p70S6K activation (data not shown).

Consistent with the model in which PKC{ is downstream of
PI3-K and may mediate PI3-K-dependent signalling to p70S6K,
we found that PKC{ K/W partially (42%) inhibited the activa-
tion of p70S6K by a constitutively activated PI3-K, p110* (Fig.
3A). Again, it is not surprising to find a partial inhibitory effect,
since Akt, another effector of PI3-K, has been identified as an
upstream activator of p70S6K (19) and could account for the
residual activation of p70S6K.

Recent studies have shown that activation of p70S6K by an
activated allele of Cdc42 or Racl is wortmannin sensitive (11).
We have found that activation of p70S6K by PDK-1 is also
wortmannin sensitive (data not shown). These results are con-
sistent with the existence of additional PI3-K-regulated p70S6K-
activating signals. We therefore asked if these signals might be
mediated by PKC¢. To address this possibility, we tested the ef-
fect of kinase-inactive PKC{ on p70S6K activation by Cdc42V12
or PDK-1. PKC{ K/W antagonized the increase in p70S6K
activity induced by both PDK-1 and Cdc42V12. The positive
effects of both Cdc42V12 and PDK-1 on p70S6K activity were
partially inhibited, by 44 and 54% (respectively), by PKC{ K/W
(Fig. 3B and C). These results suggest an important role for
PKC¢ in p70S6K activation by various stimuli. Since it has been
reported that PDK-1 can directly phosphorylate and activate
PKC{ (13, 24), we wanted to verify that PKC{ does not merely
act through sequestration of PDK-1. We therefore tested wheth-
er PKC; K/W would interfere with the activation of Akt by
PDK-1. In a cotransfection experiment with myc-PDK-1 and
HA-Akt, we found that PDK-1 induced an 11-fold increase in
HA-AKkt activity toward GST-BAD (17) (Fig. 3D). Unlike the
activation of p70S6K by PDK-1, the activation of Akt was not
affected by PKC{ K/W (Fig. 3D).

PDK-1 cooperates with PKCC in the activation of p70S6K.
Since PKC{ was not sufficient for full p70S6K activation, we
hypothesized that it may cooperate with another upstream reg-
ulator, such as PDK-1, for p70S6K activation. We therefore co-
transfected myr-PKC{¢ with PDK-1 and found that myr-PKC¢
cooperated with PDK-1 in p70S6K activation. Coexpression of
myr-PKC{ with PDK-1 increased p70S6K activity eightfold (Fig.
4A), whereas PDK-1 alone stimulated p70S6K activity fourfold
in the absence of a growth factor. myr-PKC{ alone induced a
twofold increase in p70S6K activity. At higher levels of expres-
sion, wild-type FLAG-PKC{ also cooperated with PDK-1 (data
not shown). The enhancement of p70S6K activity was not due
to increased expression of myc-PDK-1 or HA-p70S6K, as com-
parable levels of protein were expressed in the absence or
presence of myr-PKC{-FLAG (Fig. 4A). Furthermore, coop-
erativity was not due to activation of myr-PKC{ by PDK-1, as
constitutively active myr-PKC{ is not further activated by
PDK-1 (13). These results suggest that the inhibitory effects of
kinase-inactive PKC{ are due to a lack of PKC{ function as
opposed to sequestration of an upstream effector.

PKCC{ regulates a carboxy-terminal deletion mutant of
p70S6K. Since PKC{ has been reported to be an upstream
activator of MAPK (6, 34, 37) and MAPK has been postulated
to phosphorylate several residues in the C-terminal pseudosub-
strate domain of p70S6K, we considered the possibility that
PKC{ regulates p70S6K through its carboxy-terminal domain.
We therefore tested the ability of myr-PKC{ to cooperate with
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FIG. 3. Kinase-inactive PKC{ antagonizes p70S6K activation by various stimuli. (A, B, and C) 293 cells were cotransfected with HA-p70S6K (0.25 to 5 pg) along
with 2 pg of myc-p110* (A) or myc-PDK-1 (C) or with 3 pg of GST-Cdc42V12 (B) in the presence or absence of 8 wg of PKC{ K/W, or HA-p70S6K was cotransfected
only with an empty vector (pCMV5). Cells were serum starved for 24 h prior to harvesting. myc-p110*, myc-PDK-1, GST-Cdc42V12, and FLAG-PKC{ protein
expression levels were monitored in whole-cell lysates by immunoblotting using anti-myc, anti-GST, or anti-PKC{ antibodies, respectively (lower panels). HA-p70S6K
protein expression (top of three lower panels) and activity were monitored and quantitated as described in the legend to Fig. 2B. The bar graphs represent p70S6K
activity expressed as a percentage of basal p70S6K activity. Results are expressed as the mean percentage over the basal level + the standard error of the mean (n =
3-6). Blots are representative of independent experiments. (D) Equal amounts of HA-Akt were immunoprecipitated from lysates from 293 cells which were
cotransfected with HA-Akt (1 wg) and PDK-1 (2 wg) with or without FLAG-PKC{ K/W (8 ng) or with HA-Akt and an empty vector, and HA-AKkt activity was assayed
by in vitro phosphorylation of GST-BAD as described in Materials and Methods and is expressed as fold activation over the basal level.

PDK-1 in the activation of a p70S6K C-terminal deletion mu-
tant (HA-p70S6K ACT). This mutant lacks the last 104 amino
acids of p70S6K, including the proline-directed sites which are
likely targets of MAPK (and/or other proline-directed ki-
nases). We found that myr-PKC{ alone activated HA-p70S6K
ACT almost twofold in the absence of EGF. HA-p70S6K ACT
was activated by PDK-1 in the absence of a growth factor, as
previously reported (2), and this activation was further en-
hanced by myr-PKC{ (Fig. 4B). A 7-fold activation of basal

ACT activity was detected with myr-PKC{ and PDK-1 versus
the 2.5-fold activation obtained with PDK-1 alone (Fig. 4B).
These observations are consistent with a role for PKC{ in
p70S6K regulation which is independent of its C-terminal reg-
ulatory sites.

PKC{, PDK-1, and p70S6K associate in vivo. Since PKC{
and several other PI3-K-regulated molecules participate in the
rapid growth factor-dependent activation of p70S6K, we hy-
pothesized that p70S6K-activating enzymes could rapidly and
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FIG. 4. PDK-1 cooperates with PKC{ in the activation of WT p70S6K and a
carboxy-terminal truncation mutant (p70S6K ACT). (A and B) 293 cells were
cotransfected with 0.5 or 1 pg of WT (A) or ACT (B) HA-p70S6K either with 0.5
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myr-PKC{-FLAG, as indicated. Cells were serum starved for 24 h prior to
harvesting. Protein expression levels were evaluated in whole-cell lysates by
immunoblotting as described in the legend to Fig. 3. Blots are representative of
independent experiments. p70S6K activity results are expressed as the mean
percentage over basal activity * the standard error of the mean (n = 6 for A,n =
3 for B).

efficiently converge on their targets if multiple PI3-K-regulated
signalling molecules existed in a complex. We therefore first
addressed whether PKC{ was associated with p70S6K. We
found that p70S6K coimmunoprecipitated with exogenously
expressed WT-PKC{ in a dose-dependent manner and that this
association was growth factor independent (Fig. 5A). As a
control, we showed that p70S6K did not associate with FLAG-
p38-MAPK (Fig. 5B), suggesting that the coimmunoprecipita-
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tion of p70S6K with PKC{ is not due to nonspecific interac-
tions. We then asked if p70S6K could also associate with PDK-
1. Again, a stable, dose-dependent interaction was detected
that was growth factor independent (Fig. 5C). Finally (Fig.
5D), we showed that PKC{ and PDK-1 could also be coimmu-
noprecipitated.

We also wanted to determine whether PKC{ activity is re-
quired for complex formation with p70S6K. To do this, we test-
ed the ability of FLAG-PKC{ K/W, as well as myr-PKC{ K/W,
to coimmunoprecipitate with HA-p70S6K. We were not able
to detect any p70S6K coimmunoprecipitating with PKC{ K/W,
which may be due to poor expression of this construct com-
pared to WT PKC{ (Fig. 6). However, the myr-PKC{ K/W
mutant, which was expressed to levels comparable to those
of PKC{ K/W, seems to form a more stable association with
p70S6K (Fig. 6). This increased stability may be due to the
added contribution of other signalling molecules such as Rho
family G proteins, PDK-1, and possibly yet-to-be-identified
adapter molecules which may contribute to the stable forma-
tion of a signalling complex at the membrane. From these ob-
servations, we can conclude that PKC{ activity is not required
for interaction with p70S6K, at least when PKC{ is targeted to
the membrane. Interestingly, the activated myr-PKC{ formed a
less stable complex with p70S6K than did the WT kinase and
myr-PKC¢ K/W (Fig. 6). One possible explanation for this is
that myr-PKC{ (which is constitutively active and more active
than growth factor-activated WT PKC{ (Fig. 1), participates in
p70S6K activation (Fig. 3A) and thus promotes its release from
a signalling complex.

DISCUSSION

Our data reveal an important role for PKC{ in the regula-
tion of p70S6K. Although we observed only modest activation
of p70S6K by an activated PKC{ mutant (myr-PKC¢) (Fig. 2A), a
requirement for PKC{ activity in mitogen-induced p70S6K ac-
tivation was demonstrated when a kinase-inactive mutant of
this PKC isoform was used. PKC{ K/W diminished activation
of p70S6K by EGF (Fig. 2B), as well as by PI3-K, PDK-1, and
Cdc42V12 (Fig. 3A, B, and C). However, expression of PKC{
K/W did not affect activation of Akt by PDK-1 (Fig. 3D). In
addition, we observed cooperation between myr-PKC{ and
PDK-1 in activating p70S6K (Fig. 4A). Taken together, these
data indicate that PKC{ positively regulates p70S6K through a
concerted effect with other p70S6K regulators and that the
inhibitory effects of PKC{ K/W are due to a lack of positive
function rather than to sequestration of upstream p70S6K ac-
tivators. Recently, it was reported that a kinase-inactive mu-
tant of PKC{ containing a mutation in its activation loop (thre-
onine 410 mutated to alanine) can antagonize PKCe and
PKCua activities due to a common activation mechanism (20).
We found that PKC{ K/W did not affect activation of p70S6K
by PMA (data not shown), which activates conventional and/or
novel PKCs but not atypical isoforms, such as PKC{ and -A.
This is supportive of a specific effect of PKC{ K/W in the PI3-
K-dependent activation of p70S6K rather than a nonspecific
role through the inhibition of other PKCs. The latter observa-
tion also argues against sequestration of PDK-1 as a mode of
action for PKC{¢ K/W, since such an effect would lead to de-
creased basal phosphorylation of Thr-229, which is likely to be
required for activation of p70S6K by PMA.

This work provides evidence that PI3-kinase-regulated,
phorbol ester-insensitive, atypical PKC{ participates in the reg-
ulation of p70S6K. We do not, however, rule out the possibility
that other PKC isoforms can contribute to the activation of
p70S6K. Although the precise mechanism of the activation of
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FIG. 5. PKC{, PDK-1, and p70S6K coimmunoprecipitate. (A, B, and C) 293 cells were cotransfected with HA-p70S6K (0.5 pg) and the indicated amounts of
FLAG-PKC{ wt, FLAG-p38-MAPK or myc-PDK-1 or with an empty vector (pCMVS5), as indicated. Cells were starved in serum-free medium for 24 h and stimulated
with EGF for 30 min or not stimulated. FLAG-PKC{ wt, FLAG-p38, or myc-PDK-1 was immunoprecipitated (IP) from 33% of the total cell extract by using an

anti-FLAG or anti-myc antibody, respectively. Coimmunoprecipitating HA-p70S6K

Whole-cell (W.C.) lysate was analyzed for expression of HA-p70S6K, FLAG-PKC{ wt,

was detected by immunoblotting using a C-terminal p70S6K-specific antibody.
FLAG-p38, and myc-PDK-1. (D) 293 cells were cotransfected with FLAG-PKC{

wt (2.5 pg) and the indicated amounts of myc-PDK-1 or with an empty vector (pCMV5). myc-PDK-1 was immunoprecipitated as described above. Coimmunopre-
cipitating FLAG-PKC{ was detected by immunoblotting using a PKC{-specific antibody. Whole-cell extract was also analyzed for expression of FLAG-PKC{ and
myc-PDK-1. These data are representative of at least three independent transfections.

p70S6K by PMA is not known, it is likely that conventional
and/or novel PKC isoforms are involved. The specific role of
PKC{ in the regulation of p70S6K remains to be determined.
Our data raise two possibilities that are not mutually exclusive,
i.e., (i) that PKC{ participates in the regulation of p70S6K by
allowing proper subcellular localization and (ii) that PKC{
regulates p70S6K through phosphorylation, either directly or
through another p70S6K kinase. Although PDK-1 has been
reported to be constitutively activated in cells, it is hypothe-
sized that upon stimulation of cells by growth factors, PDK-1 is
recruited to the membrane due to binding of phosphatidylino-
sitol-3,4,5-triphosphate to its PH domain (3). PKC{ is a lipid-
regulated kinase which needs to localize to the membrane in
order to be activated. p70S6K does not have a lipid-binding
domain and therefore may require interacting proteins such as
PKC{, and Cdc42/Racl to efficiently recruit it to the mem-
brane, where it is in close proximity to its activating kinases,
such as PDK-1 (2, 31). We considered the possibility that myr-
PKC¢, which is membrane targeted, regulates p70S6K by re-
cruiting it to the plasma membrane, where it could be activated
by PDK-1 and perhaps other kinases. Indeed we found that
myr-PKC{ K/W can associate with p70S6K (Fig. 6). However,
this mutant did not cooperate with PDK-1 for the activation of
p70S6K and inhibited p70S6K activation by EGF (data not
shown). Our results therefore indicate that membrane target-
ing of PKC{ is not sufficient for a positive effect on p70S6K.

It is possible that PKC{ directly phosphorylates p70S6K.
Multiple phosphorylation events are required for maximal ac-
tivation of p70S6K, and prior inputs may be required before a
PKCC¢-regulated site is revealed. It has been suggested, based
on a variety of mutagenesis studies, that the carboxy-terminal

a-FLAG IP
b - . a-HA blot
- + -

+ —t -+ -+ EGF 30 min

FLAGCwWt FLAGCKW myri-FLAG mgtc‘ glw pPCMV5

HA-p70S6K
W.C. -a-HA

FLAG-PKC{
W.C. - a-PKC{

FIG. 6. PKC{ activity is not required for association with p70S6K. 293 cells
were cotransfected with 0.5 ug of HA-p70S6K and 5 pg of FLAG-PKC{ wt or
myr-PKC{-FLAG, with 8 ug of either FLAG-PKC{ K/W or myr-PKC{ K/W-
FLAG, or with pCMV5. FLAG-PKCs were immunoprecipitated (IP) with an
anti-FLAG antibody, and coimmunoprecipitating HA-p70S6K was detected by
immunoblotting with an anti-HA antibody. Whole-cell (W.C.) lysates were an-
alyzed for expression of HA-p70S6K and the different PKC mutants. These
results are representative of three independent experiments.
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proline-directed sites must be phosphorylated to expose other
p70S6K phosphorylation sites required for full activation (32).
Furthermore, one report has suggested that PDK-1 will not
efficiently phosphorylate and activate WT p70S6K unless Thr-
389 is phosphorylated (31). In contrast, we and others (2) have
found that PDK-1 can activate full-length WT p70S6K to some
extent. These contrasting data may be due to experimental dif-
ferences such as cell culture conditions. It remains to be deter-
mined which p70S6K site(s) PKC{ regulates, although it is like-
ly to be a wortmannin-sensitive site, given that activation of
PKC{ is wortmannin sensitive. The activation of HA-p70S6K
ACT by myr-PKC{ and the cooperativity observed with PDK-1
(Fig. 4B) suggest that PKC{ does not regulate p70S6K via its
C-terminal domain. A candidate site is Ser-371, a critical p70S6K
phosphorylation site whose regulation by PI3-K has not been
determined. Moreover, this site is similar to a PKC autophos-
phorylation site.

The association of both PDK-1 and PKC{ with p70S6K, as
well as with each other (Fig. 5A, B, and C), is an intriguing
observation and suggests that efficient PI3-K-mediated signal-
ling is accomplished by the existence of effectors and their down-
stream targets such as p70S6K in preformed complexes. It is
interesting and relevant that p38-MAPK was found not to as-
sociate with p70S6K, as this member of the MAPK family can
directly phosphorylate and possibly regulate p70S6K (28, 33).
This observation emphasizes the specificity of a putative PI3-K
signalling complex. The formation of such a PI3-K signalling
complex could be mediated by a scaffolding protein that would
allow protein kinases in the PI3-K signalling pathway to be in
close proximity, facilitating phosphorylation of substrates.
Such signalling complexes could also be important for ensuring
specificity to signals emanating from different receptors in dis-
tinct cell types which may employ common effector molecules
but diverge at different levels in the signalling cascade.
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ADDENDUM IN PROOF

Following submission of this paper, an article showing that
atypical protein kinase C\ binds and regulates p70 S6 kinase
was published (Akimoto et al., Biochem. J. 338:417-424, 1998).
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