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a b s t r a c t

Akt signaling plays a central role in T cell functions, such as proliferation, apoptosis, and regulatory T
cell development. Phosphorylation at Ser473 in the hydrophobic motif, along with Thr308 in its activa-
tion loop, is considered necessary for Akt function. It is widely accepted that phosphoinositide-depen-
dent kinase 1 (PDK-1) phosphorylates Akt at Thr308, but the kinase(s) responsible for phosphorylating
Akt at Ser473 (PDK-2) remains elusive. The existence of PDK-2 is considered to be specific to cell type
and stimulus. PDK-2 in T cells in response to TCR stimulation has not been clearly defined. In this
study, we found that conventional PKC positively regulated TCR-induced Akt Ser473 phosphorylation.
PKC-alpha purified from T cells can phosphorylate Akt at Ser473 in vitro upon TCR stimulation. Knock-
down of PKC-alpha in T-cell-line Jurkat cells reduced TCR-induced phosphorylation of Akt as well as
its downstream targets. Thus our results suggest that PKC-alpha is a candidate for PDK-2 in T cells
upon TCR stimulation.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Akt is a well-characterized effector of phosphoinositide 3-ki-
nase (PI3-K), and has been shown to be involved in a number of
biological functions including cell proliferation, differentiation,
and survival [1]. Its dysregulation occurs in some human cancers
[2,3]. In T cells, Akt can be activated by TCR and/or CD28 signaling,
but the underlying mechanism is still unknown. The PI3K/Akt
pathway is involved in T cell development, survival and migration,
and has been recently implicated in the generation of regulatory T
cells which play important roles in peripheral tolerance [4–15].
Understanding the mechanism of Akt regulation in T cells may pro-
vide new insights into the pathogenesis of autoimmune and
inflammatory diseases.

Akt activation is regulated primarily by phosphorylation at
two sites: a conserved threonine residue (Thr308) in the activa-
tion loop and a serine residue (Ser473) in the hydrophobic motif
(HM) near the COOH terminus. Both residues are conserved
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among members of the AGC kinase (cAMP dependent, cGMP
dependent, and protein kinase C) family [16–18]. Under physio-
logical conditions, the phosphorylation of Thr308 appears to be
coordinately regulated with the phosphorylation of Ser473 [19].
Phosphoinositide-dependent kinase 1 (PDK-1), the kinase that
phosphorylates the activation loop site Thr308, has been unam-
biguously identified. However, PDK-2, the kinase that is hypoth-
esized to phosphorylate Ser473, remains elusive. So far, at least
10 kinases have been suggested as an HM kinase or the so-called
PDK-2, including mitogen-activated protein (MAP) kinase-acti-
vated protein kinase-2 (MK2), integrin-linked kinase (ILK), p38
MAP kinase, protein kinase C-a (PKC-a), PKC-b, the NIMA-related
kinase-6 (NEK6), the mammalian target of rapamycin complex 2
(mTORC2), the double-stranded DNA-dependent protein kinase
(DNK-PK), and the ataxia telangiectasia mutated (ATM) gene
product [16,20–24]. It is generally accepted that PDK-2 is spe-
cific to cell type and stimulus. Whether any or all of these ki-
nases act as a physiological Ser473 kinase in T cells remains to
be established. Since PKC-b plays the role of PDK-2 in B cells
downstream of the BAFF signal [25], we wondered whether
PKC(s) plays similar roles in T cells.

In this study, we first found that conventional PKC but not
PKC-h positively regulated TCR-induced Akt phosphorylation.
Then, using an in vitro kinase assay, we demonstrated that
PKC-a from T cells could phosphorylate Akt in a TCR-dependent
way. Finally, we discovered that knockdown of PKC-a in Jurkat
cells decreased TCR-induced phosphorylation of Akt as well as
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its downstream target. Therefore, we demonstrate here that PKC-
a serves as the PDK-2 in T cells upon TCR stimulation.

2. Materials and methods

2.1. Mice

All animal experimentation was carried out according to NIH
guidelines and was approved by the animal care committee of
the University of Chicago. C57BL/6 mice were purchased from
The National Cancer Institute (Frederick, MD). PKC-h�/� mice were
purchased from The Jackson Laboratory (Bar Harbor, ME), and have
been backcrossed onto the C57BL/6 background for 10 generations.
All mice used for experiments were 6 to 10 weeks old.

2.2. Reagents

Purified anti-mouse CD3 (145-2C11), anti-human CD3 (OKT3)
and all antibodies used in flow cytometry were purchased from
BD PharMingen (San Diego, CA). Donkey anti-mouse secondary
antibody was obtained from Sigma (St. Louis, MO). Protein G-Se-
pharose was purchased from GE Healthcare (Piscataway, NJ). Phos-
pho-antibodies against Akt (Ser473 and Thr308), p70S6K and S6
were purchased from Cell Signaling, Inc. (Danvers, MA). Anti-
PKC-a, anti-PKC-b and anti-Akt were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). HRP-conjugated goat anti-rabbit
IgG or rabbit anti-mouse IgG were purchased from Kirkegaard &
Perry Laboratories (Gaithersburg, MD). Recombinant inactive Akt
was obtained from Upstate Biotechnology (Lake Placid, NY). The
Cell Line Nucleofector kit V was obtained from Amaxa Biosystems
(Cologne, Germany), and siRNAs were bought from Ambion
(Austin, TX). Cell culture reagents were purchased from Invitrogen
(San Diego, CA). Bisindolylmaleimide I and Gö6976 were bought
from Calbiochem (San Diego, CA).
2.3. T cell isolation and activation

Spleen and lymph node T cells from WT (C57BL/6) or PKC-h�/�

mice were purified (purity >98% as determined by FACS analysis of
CD3 cell surface expression) on T cell enrichment columns (R&D
Systems, Minneapolis, MN). For in vitro acute stimulation, T cells
were incubated with anti-CD3 (1 lg/ml) mAb for 30 min on ice,
followed by cross-linking with rabbit anti-hamster IgG (5 lg/ml)
for the indicated time periods, then lysed. T cell lysates were sub-
jected to Western blot analysis or in vitro kinase assays. For chem-
ical inhibition experiments, T cells were pretreated with pan-PKC
inhibitor or selective PKC-a/b inhibitor for 1 h at 37 �C prior to
anti-CD3 stimulation.
2.4. Cell culture, transfection and stimulation

Jurkat T cells were purchased from the American Type Culture
Collection (Rockville, MD), and maintained in RPMI 1640 supple-
mented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/
ml penicillin–streptomycin, and 2 mM L-glutamine (C medium).
Cells were cultured in a density between 0.5 � 106 to 1.5 � 106/ml
and passaged every 2–3 days. A total of 1 � 106 Jurkat cells was
transfected with 5 lM nonsense siRNA or PKCa-siRNA. Nucleofec-
tion was carried out according to program X-001 with the Cell Line
Nucleofector kit V. The transfected cells were incubated in C medium
at 37 �C for 48 h, then washed twice with RPMI 1640 and starved in
RPMI 1640 at 37 �C. After overnight serum starvation, the cells were
harvested for stimulation with mouse anti-human anti-CD3 anti-
body (OKT3; 1 lg/ml) followed by cross-linking with donkey anti-
mouse secondary antibody (1 lg/ml).
2.5. Western blotting

Cells were lysed in RIPA buffer [150 mM NaCl, 100 mM Tris
(pH8.0), 0.5% Nonidet P-40, 1% deoxycholic acid, 0.1% SDS, 5 mM
EDTA, 10 mM NaF, 1 mM Na3VO4, 2 mM leupeptin, 2 mM aprotinin
and 1 mM phenylmethylsulfonylfluoride] and centrifuged at
13,200 rpm for 15 min. Bio-Rad protein assay reagent (Richmond,
CA) was used to determine protein concentration. Equal quantities
of proteins were separated by SDS–PAGE and transferred onto
nitrocellulose membranes. The membranes were blocked for 1 h
using 5% milk in Tris buffered saline with 0.1% Tween, then blotted
with primary antibodies for 2 h at RT. The membranes were
washed three times in TBST (10 min each) and incubated with
HRP-conjugated secondary antibodies for 1 h at RT. The mem-
branes were washed three times as above and the specific proteins
were visualized with an enhanced chemiluminescence reagent
(NEN, Boston, MA). The protein bands were then quantified with
Image J software.
2.6. In vitro kinase assay of PKCa/b

T cells were isolated and activated as described above. Immuno-
precipitation was performed as described previously [26–28]. In
brief, cells were lysed in RIPA buffer and centrifuged at
13,200 rpm for 15 min, and supernatants were transferred to
new tubes. Protein concentrations were determined by Bio-Rad
protein assay reagent. 500 lg protein in 500 ll RIPA buffer was
incubated with 3 lg anti-PKCa/b antibody or isotype-matched
control immunoglobulin with continuous agitation for 2 h at 4 �C,
followed by incubation with protein G-agarose for another 2 h at
4 �C. Immunoprecipitates recovered by centrifugation were gently
washed three times with RIPA buffer, then washed twice with
PKCa/b kinase buffer containing 25 mM Tris–HCl pH 7.5, 10 mM
MgCl2, 0.1 mM Na3VO4, 5 mM b-glycerophosphate, 2 mM dithio-
threitol (DTT). Then the immunoprecipitated PKCa/b proteins were
incubated with 0.5 lg recombinant inactive Akt and 500 lM ATP in
a final volume of 15 ll kinase buffer for 30 min at 37 �C. At the end
of the reaction, 150 ll SDS loading buffer (�2) was added into each
sample. The samples were boiled for 5 min, then resolved by SDS–
PAGE, blotted with anti-phospho-Akt (Ser473), and reprobed with
anti-PKCa/b as loading control.
3. Results

3.1. Conventional PKC positively regulates TCR-induced
phosphorylation of Akt

Since it has been shown that PKC-b phosphorylates Akt at
Ser473 in B cells [25], we wondered whether PKC(s) played sim-
ilar roles in T cells. PKC-h is mainly expressed in T cells and is
crucial for T cell activation [29,30], we first explored the possi-
bility that it functioned as the PDK-2 in T cells. T cells isolated
from wild-type (WT) or PKC-h�/� mice were stimulated with
anti-CD3, and lysed. The cell lysates were blotted with phos-
pho-antibody against Akt at Ser473. The Western blot showed
that PKC-h deficiency did not impair TCR-induced Akt phosphor-
ylation at Ser473, suggesting that PKC-h is not the PDK-2 in T
cells (Fig. 1A). To further determine whether other PKC iso-
form(s) function as the PDK-2 in T cells, we pretreated C57BL/
6 splenic T cells with bisindolylmaleimide I (BIM), a pan-PKC
inhibitor, and then stimulated them with anti-CD3. We found
that inhibition of pan-PKC significantly suppressed TCR-induced
Akt Ser473 phosphorylation (Fig. 1B). Therefore, our data suggest
that other PKC isoform(s), but not PKC-h, may function as the
PDK-2 in T cells. In addition to PKC-h, several other PKC isoforms
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Fig. 1. Conventional PKC positively regulates TCR-induced phosphorylation of Akt. (A) T cells purified from C57BL/6 (B6) or PKC-h�/� mice were stimulated with anti-CD3
(1 lg/ml) for the indicated time points and lysed in RIPA buffer. Proteins were subjected to immunoblotting using a specific phospho-antibody against Akt Ser473. The
membrane was stripped and reprobed with anti-Akt. (B) T cells from B6 mice were pretreated with pan-PKC inhibitor BIM (5 lM) for 1 h at 37 �C, then stimulated with anti-
CD3 and lysed. Phospho-Akt (Ser473) and total Akt were detected as in (A). (C) T cells purified from B6 mice were pretreated with the selective conventional PKC inhibitor
Gö6976 (1 lM) or an equal volume of DMSO at 37 �C for 1 h, then stimulated and analyzed as in (A) and (B). Data shown represent one of three independent experiments.
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are also expressed in T cells. PKC-a, which is highly expressed in
T cells, together with PKC-h, is involved in TCR down-regulation
[31]. PKC-a and PKC-h together have also been shown to activate
NF-AT in T cells, which may account for the additive defect in
adaptive immunity in PKC-a�/�PKC-h�/� mice [32]. We next
tested whether PKC-a was the PDK-2 in T cells. We employed
the specific conventional PKC inhibitor Gö6976, which inhibits
both PKC-a and PKC-b [33–35]. Primary T cells were
pretreated with Gö6976, then stimulated with anti-CD3 and
lysed. The cell lysates were resolved by immunoblotting. As seen
in Fig. 1C, inhibition of PKC-a/b significantly inhibited TCR-in-
duced Akt phosphorylation at both Ser473 and Thr308.
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Akt phosphorylation. However, after 1–5 min of TCR stimulation,
Akt Ser473 phosphorylation caused by PKC-a increased twofold.
In contrast, PKC-b was not able to phosphorylate Akt at Ser473

in vitro even with TCR stimulation (Fig. 2B). Therefore, our data
suggest that PKC-a may be the PDK-2 in T cells in the TCR signaling
pathway.

3.3. Knockdown of PKC-a in Jurkat cells decreases TCR-induced Akt
phosphorylation

To verify the role of PKC-a in phosphorylating Akt at Ser473 in a
more physiological setting, we employed commercial siRNA to
decrease the expression level of PKC-a in T-cell-line Jurkat cells.
Jurkat cells were transfected with PKC-a or nonsense siRNA,
cultured for 3 days, then stimulated with human anti-CD3 for
5 min in vitro. Phospho-Akt was determined by Western blot.
TCR-induced Akt phosphorylation was significantly decreased in
Jurkat cells expressing lower levels of PKC-a (Fig. 3).p70S6K is a
downstream target of Akt. Activation of Akt leads to the phosphor-
ylation of p70S6K, which participates in the regulation of cell
growth and proliferation by phosphorylating and activating its
further downstream substrate, S6. As shown in Fig. 3, TCR stimula-
tion increased the phosphorylation of both p70S6K and S6, but
reduced PKC-a expression significantly decreased such phosphor-
ylation.
4. Discussion

It has been well documented that Akt phosphorylation at both
Ser473 and Thr308 are essential for its full activation [16,36]. The
Thr308 kinase PDK-1 has been well defined, but the Ser473 kinase
PDK-2 is still controversial and is considered to be specific to cell
type and stimulus.

Although it has been suggested that PKC-a acts as the PDK-2 in
other cell types [21], its role in Akt Ser473 phosphorylation in T cells
is unknown. We tested the role of PKC-a in the phosphorylation of
Akt at Ser473 using several approaches. First, using the pan-PKC
inhibitor BIM in combination with PKC-h�/� T cells, we found that
other isoform(s) of PKC but not PKC-h were involved in the regula-
tion of TCR-induced Akt Ser473 phosphorylation (Fig. 1A and B).
Consistent with this finding, the selective PKC-a/b inhibitor
Gö6976 inhibited TCR-induced Akt phosphorylation at Ser473 and
Thr308 (Fig. 1C). Further confirmation of the involvement of PKC-a
in the regulation of Akt Ser473 phosphorylation came from the
in vitro PKC kinase assays using recombinant inactive Akt as a sub-
strate. With this approach, we demonstrated that PKC-a but not
PKC-b could phosphorylate Akt at Ser473 in a TCR-dependent man-
ner (Fig. 2A and B), which is consistent with other publications
[22]. Furthermore, we found that Jurkat cells expressing lower lev-
els of PKC-a displayed defective phosphorylation of Akt at Ser473

upon TCR stimulation (Fig. 3). These data not only indicate that
PKC-a is the potential PDK-2 in T cells downstream of TCR stimu-
lation, but also support the notion that phosphorylation of Akt at
Ser473 can facilitate the phosphorylation of Akt at Thr308 (Fig. 1C)
[16,37].

In conclusion, our data collectively indicate that PKC-a is
responsible for TCR-induced phosphorylation of Akt at Ser473.
Therefore, PKC-a functions as the PDK-2 in T cells.
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